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found at the time being due to a lot of emissions of the carbon dioxide from anthropogenic
sources into the atmosphere is justified by a lot of sound research results.
Many projects supported by EU brought together scientists to study the evolution of the
European climate. They do research on ice core and sediments which show the history 'of the
earth's climate caused by natural phenomena back to more than hundred thousand years ago.
From some of their founding it can be seen that many icebergs were thorn from the Atlantic
coast and driven by ocean currents to the South during a warm period previous to the last ice
age. They brought a lot of cold water to the ocean to these latitudes and influence the general
scheme of currents blocking the transport of warm water of Gulf Stream to the North. This
perturbation lasting two thousand years caused an important cooling of northern Europe that
was than followed by a quick warming, etc.
Phenomena like those can help to understand the observation found nowadays. The increase
of carbon dioxide due to athropogenic emissions in the last century causes increased
precipitation at high altitudes of the North Atlantic Ocean. This will bring cold water to these
latitudes again. And as the scientist Jean-Cloude Duplessy sees it: This process could led to
block the Gulf Stream again and displace its influence more to the South.
The oceans play an important role in the carbon cycle among the atmosphere, physical
environment of the globe and the biosphere. Three big European projects tried to analyze
those complex relations. They use all means of research starting from laboratory and field
experiments up to mathematical modeling. Those are ESCOBA, ASGAMAGE and
CARUSO.
In the project ESCOBA the balance of carbon dioxide between the ocean and the atmosphere
has been studied. Namely, carbon dioxide of the atmosphere is dissolving in the ocean at its
surface. Than it is driven by ocean currents around the globe. A part of it is used by
phytoplancton. The most of it there, were the phytoplancton is the most abundant. There, a
sink of carbon dioxide can be found. But, if there is a lot of carbon we don't know yet how
big part of it will be used by phytoplancton and where? Numerous mathematical models
which will try to explain those processes where developed in the frame of the project
ESCOBA.
Another important task is investigated by project ASGAMAGE. It is not known yet how to
calculate and measure the absorption of carbon dioxide emitted by antropogenic sources in
the ocean. Scientists working in the frame of this project try to develop and test new methods
for measuring this exchange.
There is a difference in the absorption of carbon dioxide between the oceans of the Northern
and Southern hemi-sphere. It is known that grater quantities are absorbed in the oceans of the
Southern hemi-sphere. This observation is unexpected due to the fact that the winter and the
nights at the Southern atmosphere are longer than at the Northern hemi-sphere. This
phenomenon is studied by the project named CARUSO.
The interaction among the humans and the ocean is the most expressed along the 600 000 km
long border, which separates the oceans and the continents. Close to this border - less than
100 km away of it live more than 2.7 milliards of people. In this dynamic area important
economic activities take place like fishery, aqua-culture, extraction of minerals, industrial
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development, energy production, tourism, garbage deposition, etc. A large research program
entitled in French "Gestion Integree Des Zones Cotieres" has been set up to study these
complex relations.
It is impossible even to mention all the projects, which deal with the problems of oceans itself
and with the ones which are coupled with weather, climate, hazards of various types and their
economic consequences. The main ones are doing research on - Ocean currents (example:
ESOP2), carbon dioxide balance over the globe, already mentioned, specific target regions
like Mediterranean (EROS 2000, MTP) and Baltic (BASYS, POPCYLING), the currents
between Mediterranean and Atlantic Ocean (CANIGO), sea deep water (MAST I, MAST 2
MAST 3 and the ones like ALIPOR, ROMAN, SIRENE or AMADEUS under the umbrella of
EUROMAR) and marine transport (SES "Surface Effect Ships", SEABUS-HYDAER and
ARCDEV) - identifying just few of them.

The research results obtained by the numerous projects have been presented to the public very
often. In 1993 and 1995, MAST, the Marine Science and Technology Programme of the
European Union, managed by Directorate General XII (Science, Research and Development)
of the European Commission, and EUROMAR, a marine technology "umbrella" within the
EUREKA initiative, organized the first 2 sessions of the so-called "MAST Days and
EUROMAR Market".
In May of 1998, in Lisbon the third one was held at the occasion of the International Year of
Oceans. By and large, public awareness of the oceans as a major controlling factor of
mankind's future seem to be growing, but there remains much to be done for promoting
marine research and international co-ordination on this matter. The time has come to present a
more complex view of research efforts carried out and coordinated on European scale.
Therefore, other actors have joined MAST and EUROMAR in organizing the Lisbon
Conference: Directorate General XIV (Fisheries) of the European Commission, the
Environment and Climate Program in DGXII, and the secretariat of the European Marine and
Polar Science (EMaPS) Boards. Hence the change of denomination to: Third "European
Marine Science and Technology Conference". On it an overview of the work done and ideas
for work in the future were presented. A really complete overview of marine and maritime
research supported by the EU should include activities on renewable energy and industrial
and material technologies managed by DGXII, s well as marine related activities in DGXVII
(ENERGY), DG VII (TRANSPORT) and the Joint Research Centre (JRC) of the European
Commission.
MAST dates back to 1989. The present programme, MAST-Ill will terminate at the end of
this year; its budget was 244 million ECU, a five-fold increase to MAST-I. The ultimate
objective of research is to understand the functioning of marine systems around Europe, both
in shelf and deep seas, and thus to help establishing the scientific and technical basis for their
exploitation, management and protection.
Fisheries and aquaculture research was initiated at European Community level in 1988 and
has taken since than several denominations: FAR '1988-92, AIR 1990-94, and now FAIR
1994-98. The programmes concentrated on the promotion of research in support of the
Common Fisheries Policy, dealing with fischeries management, aquaculture, product
development and, more recently, the interactions between fisheries, aquaculture and the
marine development.
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4. Trans ocean shipping. Designers (naval architects) and operators.
There is a demand to improve planning of ocean routes by taking advantage of knowledge of
the changing positions and strengths of ocean. currents and the eddies and storm tracks with
which they are associated.
5. Oil and gas production in remoter areas. Industry and regulatory bodies.
The users will need to know both climatology and forecasts of ocean conditions in areas less
covered by the traditional meteorological network. Although, ,increasingly, production will
take place from well-heads at seabed, there will still be surface platform production, and ice
information at a longer term will become essential.
6. ENSO exposed areas. Farmers, fisheries, coastal zone managers.
Improved knowledge and information is needed about ENSO control of cyclical droughts,
floods and upwelling events, for instance around the Pacific basin. Skill in ENSO prediction
requires not only the continuation and upgrading of the TAO array in the equatorial Pacific.
but also the backing by satellite observations of sea surface temperature and by ocean
modelling.
7. Countries facing the Indian Ocean. Disaster prevention planners/managers.
Knowledge and information is needed about medium and long term variation of the monsoon
system, which can wreck havoc on coastal zones and agriculture alike, as well as being
associated with lowland flooding.
8. Major seaports and densely operated ship lanes. Operators and authorities.
Information is needed in support of planning of safe navigation and local environment
protection. The variability of water circulation has great impact in both aspects. Coastal
circulation is forced partly by the variation in high sea circulation, partly by tidal effects, local
topography and water stratification. Pollution emergency response systems need the same
information both for their planning purposes and for their realtime operation.
CONCLUSION
Numerous user scenarios requiring wide coverage of ocean data can be imagined from «the
real life». During this conference, based on the state of art of ocean remote sensing as well as
expressed view from outstanding user representatives, we shall be able to define 2 or 3 users
scenarios with more details and much better adapted to the needs and self contributions of the
user communities. The VAGSAT project to be presented later in this conference, will show
strong links to services and applications concerning wave data. The users scenarios shall be
further developed under the terms of reference of COST714, and ultimately be formalised as
project proposals submitted to appropriate sponsoring organisations.
References
GOOS Project Office, IOC, UNESCO: GOOS 1998.
Hauser, Daniele, et al: Measurements of Surface Ocean Directional Spectra using Real
Aperture Radars. Included in these proceedings.
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THE CONCEPT AND FEATURES OF
THE OCEAN WAVE SPECTRUM
L.H. Holthuijsen
Associate Professor, Delft University of Technology, the Netherlands

1. INTRODUCTION
The ocean wave spectrum is a convenient way of describing the random motion of the
ocean surface at a time scale of typically half an hour and a space scale of a (few) dozen
kilometres. Within these scales the spectrum distributes the wave energy over frequencies,
wave numbers and directions. Variations in the wave field over larger scales are described with
corresponding variations of the spectrum. The concept of the ocean spectrum is fundamental
to our understanding of ocean waves. The generation, dissipation and propagation of these
waves over the ocean intrigue many scientists and engineers whose observations and models
are mostly formulated in terms ofspectra. Waves interact with the atmosphere and thus affect
the (global) climate. They also interact with the ocean's coasts thus affecting the fine structure
ofthe coastal morphology (e.g., beaches). This ties wave research very much to atmospheric
and coastal studies with important scientific and practical implications. The concept of the
ocean wave spectrum is also fundamental for operational applications. Marine forecasting and
monitoring provide wave information to the seafaring community and to the coastal
community for reasons of economy and safety (planning and design), both on a day-to-day
basis and on an ad-hoc basis. A good example is the safety ofa large fraction of the world's
population that live in low-lying countries protected by coastal dunes or dikes.
Wave monitoring based on a spectral representation of the ocean waves has been
routine for many years with wave hindcasting on computers lagging by only a few years. The
theoretical basis ofwave hindcasting was rather poor until recently when the wave modellers
of the world accepted a community model that is based on an explicit representation of all
relevant processes of generation, dissipation and propagation of ocean waves -(the WAM
model). This confidence of the scientists and the demonstrated capability of the model has
convinced many in the engineering community to use this technique as a supplement to
observation programmes.
The following will give a concise review ofthe concept and features of the ocean wave
spectrum (in particular its definition, physical evolution and acquisition).
2. THE CONCEPT OF THE OCEAN WAVE SPECTRUM
The key elements of describing ocean waves with a spectrum are harmonic wave
components that are used in many models in science and engineering. It is commonly assumed
for ocean waves that the phases ofthese wave components are random and independent. This
is reasonable for many applications although phase information can be retained in spectral
descriptions if required.
2.1

Definition of the ocean wave spectrum
In the random-phase/amplitude description of ocean waves, the surface motion at one
location 11 (t) is represented by a linear superposition of a large number of harmonic waves,
each with its own (random) amplitude fL frequency wjand (random) phaseg.:
I
I
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11(t)

=La.cos(wJ
+ g.)
i
I

(1)

I

If the distribution of the phase is uniform (between 0 and 21t) and if the phases are
independent, such summation ofharmonic wa~es is generally a fair representation ofthe ocean
wave surface. The variance density spectrum, that contains essentially the set of amplitudes of
the constituent harmonics, is then defined as
(2)

whereE { . } is the expected value operator, 8w is a frequency band and the summation is over
all (infinite number of) frequencies in the spectral band 8w-O. To the extent that the ocean
wave surface is Gaussian and stationary, this spectrum provides a complete description of the
stochastic process 11 (t). The spectrum is preferred over the random phase model itself because
(a) E(w)8w can be interpreted as the contribution of the frequency band 8wto the total
variance ofthe surface elevation and (b) the energy per unit surface ocean area is pg times the
variance (where p is the specific density of sea water a~ld g is the gravitational acceleration)
thus relating the statistics of the waves to the physics of the waves. This spectrum describes
a function of time without spatial information. Such spatial information for ocean waves is
readily added by invoking the dispersion relationship from linear wave theory (e.g. , Mei,
1983) and by extending the definition with the direction of propagation 8 of the wave
components: E( w, 8)or by considering the wave number spectrum: E(Is.) or E(k, 8)(where Is.
is the wave number vector and k its magnitude). Other definitions show more explicitly the
relation with the stochastic description of the wave surface by distributing the second order
moment (variance) of the surface elevation in spectral space. These are based on Fourier
transforming the covariance function of the ocean wave surface in space and/or time, e.g.
C ( 't') = E { 11 (t) . 11 (t + 't' ) } (where 't' is a time lag) but these are rarely used.
The fact that waves are only approximately Gaussian is often overlooked. However,
some nonlinear phenomena in ocean waves can be accounted for by retaining part of the phase
information in the spectral description (rather than assuming the above random, independent
phases). The essence ofsuch alternative analysis is that in addition to distributing the secondorder moment of the surface elevation (variance), also the third-order moment (skewness) is
distributed in spectral space. This is achieved by Fourier transforming the skewness function
C ('t'l' 't'2) =E { 11 (t). 11 (t + 't'l)' 11 (t + 't'2) } (where 't'l and 't'2 are time lags), resulting in the bispectrum of the waves. This spectrum is not often used in the description of ocean waves
possibly because it has virtually no counterpart in wave models of ocean scientists and
engineers. Short-term transient phenomena (other than time variations in spectra) are likewise
often overlooked in ocean waves description. Such phenomena, e.g., the response of waves
to wind gusts or the occurrence of breakers, can in principle be described with wavelets
supplementing the spectral description (e.g., Liu, 1994).
2.2

The physical evolution of the ocean wave spectrum
The evolution ofthe ocean wave spectrum is qualitatively well understood. Each wave
component of the spectrum starts its life at some arbitrary time, at some arbitrary point on a
coast (or at the edge ofthe pack ice) in some arbitrary direction. It proceeds in deep water with
a frequency-dependent velocity along a great-circle to the opposite coast where it will end in
the surfzone. Initially the energy of the wave component grows slowly by resonance with the
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turbulent wind (phillips, 1957). Ifthe wind continues to blow (roughly in the wave direction),
the wave component at some point in time starts to grow very rapidly due to air pressure
fluctuations that it induces across its own crest (Miles, 1957). Moreover, the wave component
starts to resonate with other wave components, thus absorbing even more energy from other
wave components (quadruplet resonant wave-wave interactions, Hasselmann, 1960). Some
energy is simultaneously lost due to occasional breaking (whitecapping; Hasselmann, 1974)
but on balance the wave component gains energy rapidly (exponential growth in time). At a
certain level it cannot absorb more energy and the wave component starts to transfer the energy
that it receives from the wind to lower frequencies by quadruplet wave-wave interactions thus
down-shifting the spectral peak (Hasselmann et aI., 1973). Ifthe wind varies sufficiently slowly
(as in a typical extra-tropical storm but also in certain regions of a hurricane), these nonlinear
wave-wave interactions force the spectrum into a universal shape, approximated with the
shape ofthe JONSWAP spectrum (Hasselmann et aI., 1973) that is widely used by engineers
as the design spectrum for marine structures. Details ofthe corresponding universal directional
distribution of the wave energy are less well-known, primarily because of a lack of highresolution observations (e.g., Donelan et aI., 1985) but generalized results of a large number
oflow-resolution directional observations have recently been published (Forristall and Ewans,
1998).
If the wind varies rapidly, the quadruplet wave-wave interactions cannot respond
quickly enough to maintain a universal spectral shape and an arbitrary spectral shape may
evolve. This is also the case if, instead of continuing to blow, the wind decreases to' a value
below the phase velocity of the wave component. Wave growth stops and because of
differences in wave propagation speed and direction in the spectrum, the energy in the
spectrum starts to disperse over the ocean surface. The waves become lower and less steep,
the quadruplet wave-wave interactions vanish and the JONSWAP shape of the spectrum is no
longer maintained. Of course the wind may increase again and regain its influence over the
spectrum with all that this implies for the shape-restoring qualities of the quadruplet wavewave interactions. If the wind speed remains too low to achieve this, the energy continues to
disperse and the narrow spectrum that is typical for swell from distant storms evolves.
When the wave component enters shallower water (a shelf sea, say) the processes of
generation, dissipation and propagation become slightly more complicated. The wave
component slows down (shoaling) and turns towards shallower regions (refraction). This
generally results in spatial variations in the wave field that are unrelated to the wind. This
slowing down ofthe waves also slightly alters the generation by the wind and the quadruplet
wave-wave interactions. Moreover, dissipation processes near the bottom (e.g., friction) will
start to affect the waves. All these processes intensify as the wave component approaches the
coast. Ifthe waves encounter obstacles such as small islands, rocks or breakwaters, reflection
occurs in front of the obstacle and sheltering behind the obstacle. These effects are usually
noticeable only on a local scale. Reflection is often of a scattering nature and at some distance
its effects are quickly lost in the unaffected waves. Near large-scale obstacles (coastlines) such
reflections will obviously be more noticeable, also at larger distances. Behind the obstacles the
waves will turn towards the sheltered regions (diffraction) but very often this phenomenon is
obscured by refraction and by the short-crestedness of the waves (but vertical obstacles do not
induce refraction and swell is not sh01t-crested so that diffraction can occasionally be
important). If the waves enter very shallow water, where the depth is only a small fraction of
the wave length, near-resonant triad wave·-wave interactions may become important (Madsen
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and Sl2Jrensen, 1993). In fact, their effect of shifting energy to the higher frequencies may
rapidly dominate the opposite effect of the quadruplet wave-wave interactions of shifting
energy to the lower frequencies. If moreover the depth reduces to become comparable to the
wave height, the waves will start to break. In the surf zone, these nonlinear processes of wavewave interactions and depth-induced wave breaking are sufficiently strong that the concept of
a spectral description with random phases (linear superposition. of wave components) breaks
down. The wave modelling must continue with due regard for the phase evolution of the wave
components. This can be done in bi-spectral models (e.g. Herbers and Burton, 1997) or with
deterministic (phase-resolving) models that simulate the actual sea surface elevation in space
and time (e.g., Boussinesq models; Madsen and Sl2Jrensen, 1993).
3. ACQUISITION OF THE OCEAN WAVE SPECTRUM
The ocean wave spectrum as generated by the wind and modified by all of the above
mentioned processes can be acquired in two very different ways: directly from observations
and indirectly from computational models using geophysical data such as winds, bathymetry
and currents. Both are equally relevant to scientists and engineers because each often needs
to be supplemented by the other or one is often the alternative for the other. Observations are
always limited to certain areas and certain periods so that they need to be interpolated or
extrapolated both in space and time (with wave models). Wave models need to be continuously
validated with observations both to verify new model developments and to analyse their
operational use. These two approaches of acquiring the spectrum can be· integrated in
operational wave forecasting by a technique called data assimilation. The essence of this is that
wave observations just prior to the forecast (in near real-time) are used to continuously adapt
the forecasting system, including its driving wind fields.
3.1

Ocean wave observations
The observation (measurement) of ocean waves is always indirect through some sensor.
It may be linearly related to the surface elevation itself or to wave induced quantities such as
the wave induced orbital motion or it may be a very complicated (nonlinear) function of that
elevation such as the image provided by an imaging radar. The techniques can be divided into
in-situ techniques and remote sensing techniques. The former has been fairly routine over the
last few decades whereas the latter is relatively young and often experimental. However, the
potential of remote sensing is large because of the global coverage of ocean-looking satellites.
The variation of in-situ observation techniques is large, ranging from rather simple and
robust techniques, such as the heave buoy (see below) to rather sensitive and experimental
techniques, such as wave-followers (e.g. Snyder et aI., 1981). Only the most common
techniques will be addressed here such as the heave buoy. The most popular of these is the
WAVERIDER buoy which measures its own vertical motion with an on-board vertical
accelerometer. With some 3500 copies sold over the last 30 years, this buoy dominates the
field (H.P. Joosten, Datawell b.v., personal communication, 1998). A recent development is
to measure the buoy motion with satellite supported positioning (the SMART buoy, based on
differential global positioning, GPS; Krogstad et al. 1997). Other techniques measure the sea
surface elevation along a surface-piercing wire (e.g., Cavaleri and Zecchetto, 1987). A good
example of an underwater technique is the inverted echo-sounder which measures the distance
between the sensor (usually at or near sea bottom) and the sea surface (Takayama et al., 1994).
All these techniques provide fairly direct observations of the sea surface elevation that can be
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used to obtain the wave spectrum through Fourier analysis. Indirect quantities such as waveinduced pressure fluctuations or orbital motions can also be used to estimate wave spectra. The
analysis of such indirect measurements depends almost always on spectral response
computations based on the linear theory for surface gravity waves (with very reasonable
success, e.g., Battjes and Van Heteren, 1984).
Directional wave information can be derived in-situ by measuring other (wave induced)
quantities or by combining several point measurements. The horizontal motion of the sea
surface can be measured by the same buoy that measures the vertical motion (the
DIRECTIONAL WAVERIDER with horizontal accelerometers, or the SMART buoy with
GPS). Alternatively the local slope of the sea surface can be measured with a pitch-and-roll
buoy (e.g., Longuet-Higgins et aI., 1963) or with an array of sensors. Indirect measures such
as wave induced pressure fluctuations or orbital motions can also be observed with sensors
below the water surface (e.g., Battjes and Van Heteren, 1984). The signals of all these
techniques can be cross-spectral analyzed to estimate a mean wave direction and the width,
skewness and kurtosis of the directional distribution per frequency (e.g., Kuik et aI., 1988).
Such data is sometimes supplemented with a priori knowledge (e.g. energy density is always
positive) to estimate more details of the directional energy distribution (e.g. bi-modal
distributions, Lygre and Krogstad, 1986). Or, a universal shape of the directional distribution
is assumed and the width, skewness and kurtosis are expressed in terms of the corresponding
model parameters (e.g., the s-value ofa cos(6)2S-distribution, Mitsuyasu et aI., 1975). With
some extra effort (more sensor locations and dedicated software, e.g. Young, 1994a or
Takayama, 1994) rather more detailed directional information can be obtained, resulting in
extra features visible in the directional spectrum. However, such extra effort is difficult to
maintain over any extended period of time. Long-term programmes aimed at collecting wave
directional information in-situ are therefore based on point observations with relatively robust
techniques such as directional buoys (e.g. Forristall and Ewans et aI., 1998).
The variation in remote sensing techniques is rather large and only a few techniques
will be briefly addressed here, primarily the ones that are based on distance measurements and
imaging techniques. Laser and radar can be used to measure the distance between the sensor
and the sea surface from a fixed or airborne platform. If the foot print is small compared to the
ocean wave length and the platform is fixed (laser or radar altimetry from an ocean platform),
the wave record is similar to that ofa buoy or a wire (see above). Ifthe foot print is larger (e.g.,
radar aItimetry from a satellite), the distance is averaged over an area that is too large for an
interpretation in terms of individual waves or spectra. However, the distortion of the return
radar signal is a measure of the sea surface roughness within the foot print (Barrick, 1968)
which in turn is related to the significant wave height in the foot print. It also seems possible
to infer a characteristic wave period from the radar return (e.g. Davies et aI., 1997). It does not
produce any detail ofthe sea surface (and certainly not the wave spectrum) but it does provide
the most important wave parameter(s) with a relatively high spatial sampling rate over the
whole globe (e.g., Young, 1994b). The raclar altimeter has thus achieved a prime place among
the remote sensing techniques for ocean wave ob~.ervation from satellites (GEOSAT,
Topex/Poseidon, ERS, etc).
Other remote sensing techniques can be used to provide a spatial image of the sea
surface. A traditional technique which llses visible light and which is well established over
land is stereophotography. It provides a three-dimensional image of the sea surface (e.g.
Holthuijsen, 1983). However, over sc:a it requires considerable efforts (aeroplanes or
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helicopters flying in tandem) and the analysis remains cumbersome. Another technique that
provides a three-dimensional image ofthe sea surface is direct-ranging radar wich scans the
seas surface along closely spaced lines beneath an airplane normal to its flight path (Walsh et
aI., 1989). Other radar techniques that produce images of the sea surface are the traditional
ships radar and synthetic aperture radar (SAR). The ships radar contains sea clutter that can
be digitized and analyzed to estimate the two-dimensional ocean Viave spectrum (Young et aI.,
1985). The SAR is the most promising radar technique for global-scale applications. It
provides radar images of the sea surface from satellites which, unfortunately are highly
distorted. The analysis is therefore a complicated, nonlinear procedure that requires a first
guess ofthe two-dimensional spectrum (usually obtained from a numerical wave forecasting
model; Hasselmann et aI., 1996). SAR seems to be the only feasible technique to obtain the
two-dimensional ocean wave spectrum on a global scale. As such it deserves support for its
continued development.
Other radar techniques are based on non-imaging returns of radar signals from the
ocean surface. This can be exploited in different radar frequency bands, each providing
operationally different (land-based or airborne) systems. One type oflow-frequency radar can
observe ocean waves from a long distance (reflecting offthe ionosphere with a range of several
thousand kilometre; sky-wave radar, e.g. Georges and Harlan, 1994) while high-frequency
radar observes ocean waves at shorter ranges (up to just over the horizon; ground-wave radar,
e.g. Wyatt, 1997). They all require an analysis of the Doppler-shifting and/or nonlinear
distortion ofthe radar return signal that eventually produces estimates of the two-dimensional
spectrum of the waves.

3.2

Ocean wave models
The development of numerical wave models requires a quantification of the above
qualitative understanding ofthe evolution of ocean waves and a transfer of this understanding
to computer codes in operational environments. The above (Lagrangian) model of an
individual wave component propagating across the ocean from one coast to the opposite coast
is conceptually attractive but numerically inefficient. A more efficient alternative is a Eulerian
model in which the evolution of the wave field in each of a large number of grid points in the
ocean is considered. For deep water the conventional equation for this approach is the energy
balance equation for each individual spectral wave component in each individual grid point
(e.g. Hasselmann et at, 1973):

a
at

a c E + -a c E = S
ax x
ay Y
in which E = E (w, e;x,y, t) and S = S ({Il, e ;x,y,t) and
-E + -

(3)

x and y are space coordinates. The
first term in the left-hand side represents the rate of chal'.ge of the spectral density in the grid
point, the second and third term represent the effects of propagation of the waves in that point
(with energy propagation speeds cxand c in x- and y-direction respectively). The effects of
ambient currents and the curvature ofthe g{obe are readily added but omitted here for the sake
ofsimplicity (for a full expression see Komen et aI, 199~t). The term S at the right-hand side
of this equation is the source term representing the effects of generation, dissipation and
nonlinear wave-wave interactions.
The model would be best served by well founded theories of wave evolution, but for
deep water, first-principle formulations are only available for the propagation of the waves
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(e.g., Mei, 1983) and for the quadruplet wave-wave interactions (Hasselmann, 1960). The
theoretical formulation for wave generation by wind is based to a large extent on empirical
information from field experiments (see Plant, 1982). This empirical information is not very
precise and it allows a fairly wide range of theories that are used in operational wave models
(e.g. Snyder et al., 1981; Janssen, 1991; Burgers and Makin, 1993). Information on
whitecapping could theoretically be used to select the proper theory of wave generation by
comparing the net wave growth with observations. But whitecapping is poorly understood and
cannot be used for that purpose. In fact, the uncertainty in the formulation ofthe whitecapping
is used to compensate the uncertainty in the formulation of wave generation in the calibration
of both, to reproduce observed net wave growth (Komen et al., 1984).
A full computation of the quadruplet wave-wave interactions requires considerable
computing power which is normally not available in an operational environment. In the past
this has seriously hampered the development of wave models. Models without explicit
quadruplet wave-wave interactions or with parametric representations are called first- and
second-generation models respectively. The problem was reduced to manageable proportions
when Hasselmann et al. (1985) developed a reasonable approximation of the quadruplet
wave-wave interactions for deep water (the Discrete Interaction Approximation, DIA). This
has led to deep water wave models that explicitly account for all relevant processes with great
success (third-generation models, e.g., the WAM model, WAMDI group, 1988 and Komen et
aI, 1994 or the WAVEWATCH model ofTolman, 1991). Bauer and Staab (1998) recently
reported some global error statistics of the WAM model as used at the European Centre for
Middle Range Weather Forecasts (ECMWF, Reading, England). The worldwide errors in the
significant wave height (the mean ofthe one-third highest waves in a wave record of about 1530 minutes but estimated from the computed spectrum) was typically 0.35 m (root-meansquare error) with an average error (bias) typically less than 0.10 m (without data assimilation,
see below).
For shallow water the basic energy balance equation is readily supplemented with the
effects of shoaling and refraction (and currents if required). The situation as regards
quantitative formulations is somewhat similar to that in deep water: first-principle theories are
available only for propagation (shoaling, refraction and diffraction from linear wave theory)
and for triad wave-wave interactions (e.g., Madsen and S0rensen, 1993). However, for
diffraction and triad wave-wave interactions, these formulations are not available in terms of
spectral densities but attempts to achieve this are in progress. The mild-slope equation
(Berkhoff, 1972) is the basis for the attempts to include diffraction in spectral energy balance
models. The essence is that diffraction modifies the conventional dispersion relationship from
the linear wave theory and consequently the refraction term in the energy balance (the
propagation velocity ca in 8-space, Booij et al., 1997; Rivero et al., 1997). The available
theories for triad wave-wave interactions (e.g. Madsen and S0rensen, 1993) are formulated in
terms of the bi-spectrum and therefore require bi-spectral models. This leads to an extra
spectral equation to compute the evolution of the bi-phase of the spectrum in addition to the
energy balance equation (Herbers and Burton, 1997). This is numerically rather demanding.
Instead, a pragmatic approach is to estima,:e the bi-phase from local information e.g. the wave
length, the significant wave height and the local water depth (Eldeberky and Battjes, 1995).
To further reduce the computational eifort, a DIA-type approach to the triad wave-wave
computations can be used (the Lumped Triad Approximation, LTA, Eldeberky, 1996). The
other shallow water processes (bottom friction, depth-induced breaking) can be represented
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with different formulations which need each be tuned to observations. No bottom friction
theory seems to produce superior results and the choice is very much one of convenience
(Tolman, 1992; Luo and Monbaliu, 1994). As observed earlier, depth-induced wave breaking
cannot be properly represented in a spectral model. However, the spectrum can still be
determined from observations in the surf zone (even if it does not provide a complete
description ofthe waves) and hence the effect ofwave breaking ,on the spectral evolution can
be inferred. It appears that the shape ofthe spectrum is not or only weakly affected by this type
of breaking (Battjes and Beji, 1992: Chen and Guza, 1997) so that a model for the overall
effect ofwave breaking (that is, for the total energy dissipation) is sufficient to simulate depthinduced wave breaking in a spectral model. Such an integral model is available (Battjes and
Janssen, 1978; Thornton and Guza, 1983). It estimates the dissipation of the breaking waves
as the mean dissipation in a random field of bores.
Third-generation models that include these formulations for propagation, generation
and dissipation for waves in shallow water in terms of the energy balance (except diffraction)
are SWAN (Booij et aI., 1996) and TOMAWAC (Benoit et aI., 1996). Holthuijsen et al. (1998)
recently reported some results with SWAN along the coast of the southern North Sea in
complex tidal areas with barrier islands, shoals, channels, currents and local wind generation.
The rms-error in the significant wave height was nearly equal to those ofthe WAM model in
deep water (see above): typically 0.30 m (10% of the incident observed value or 37% of the
average observed values) with a bias of 0.15 m.
4.

DATA ASSIMILATION
The operational acquisition of the spectrum through numerical modelling is usually
independent from the operational (routine) acquisition through observations. The relation is
at most to use observations to verilY model forecasts. However, during the last decade the two
approaches have been integrated using data assimilation techniques. The essence of data
assimilation in wave forecasting is that wave observations just prior to the forecast are used
to continuously adapt the forecast system, including its driving wind fields. Assimilation
techniques for wave forecasting are commonly divided into sequential techniques and
variational techniques (e.g., Komen et aI., 1994). The simplest sequential technique is to
impose the observed wave spectrum in the wave model at the time and location of the
observation (Komen, 1985). This local correction in the model will propagate through the
model but it will rapidly submerge in the uncorrected parts of the model wave field. Also, the
(erroneous) model winds will rapidly modilY the corrected waves back to their erroneous
model state. More advanced sequential tec:hniques spread the correction over larger areas but
these corrections are still inconsistent with the rest of the model (e.g., Janssen et aI., 1989).
Variational techniques avoid this problem by correcting the driving wind field and thus
maintain the physical consistency of the waves in the model. It is based on minimizing the
differences between the observed and computed waves and maximizing the confidence in the
driving wind fields and the wave model itself. The most advanced ofthese techniques is the
adjoint technique which is still under devdopment. It is usually employed to determine a very
large number of local corrections (every single wind vector in space and time, e.g., de las .
Heras, 1994) which requires considerable computer resources (normally not operationally
available). Unfortunately this approach is very sensitive to noise in the computed wave fields.
Both problems of computer capacity and noise can probably be avoided by not considering this
degree of detail. It is not required anyway because, first the waves are an integral effect of the
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wind over space and time so that details of the wind are lost and second, the wind errors that
induce the wave errors are highly correlated in space and time so that many corrections in this
approach are redundant. Some reduction in the number of corrected wind vectors has been
achieved in the impulse response function technique ofBauer et al. (1996). Holthuijsen et al.
(1997) have suggested a further reduction by correcting integral parameters of wind fields
rather than individual wind vectors. It has the added advantage that such corrections can be
readily extrapolated into the forecasted wind field. Data assimilation in wave forecasting is still
under development but the results are very promising as Bauer and Staabs (1988) show a
reduction of25% to 50% in the global errors of significant wave height in the WAM model.
CONCLUSIONS
Perhaps the most important conclusion of the above is that the success of applying the
concept of the ocean wave spectrum t,1 observations and modelling has encouraged the
continued development of many measufl;~ment techniques and numerical wave models. This
is true even for situations where the concept of the spectrum is strictly speaking not
applicable such as in rapidly varying hurricane conditions or in the surf zone. This popularity
ofthe concept ofthe ocean wave spectrum is enhanced by the fact that many of the conceptual
models of the end-users of wave data are also formulated in terms of spectra (or the related
harmonic waves). In particular the engineering community is using more and more the concept
ofthe spectral response function to compute from a given wave spectrum the motions of, and
forces in, man-made structures such as ships, platforms and coastal barriers. The
understanding of the physical evolution of the wave spectrum at the ocean surface is
qualitatively reasonable, even in such complex situations as the surf zone along the coast.
Uncertainties in quantitative theories (partly due to a scarcity of detailed observations) are
compensated by calibrating wave models with reliable observations of the overall evolution
ofthe waves, both in the deep ocean and along the coast. The other sources of uncertainty in
ocean wave forecasting, which are the driving wind fields, can also compensated by (near realtime) observations with a technique called data assimilation. This requires routine observations
for which the heave buoy presently provides the mmt popular in-situ technique (slowly
overtaken in popularity by directional buoys) and the satelite radar altimeter provides the most
popular remote sensing technique (in thl~ long term probably overtaken in popularity by the
SAR) at least for global scale observations.
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Abstract
Ocean surface waves in coastal regions are influenced by bathymetry and other
local factors (currents, wind, etc), which could enhance the nonlinear nature of the
waves, inducing complex patterns and certain spatial variability. Satellite synthetic
aperture radar images are used to study the spatial detail of the wave spectra in a
shallow water region in the northwest of Baja California, Mexico. Complex structure
wave spectra are retreived from the image information usually resolving (if present)
two or more wave systems from different sources, with different frequencies and directions of propagation. Insitu sensors provide rather smooth spectra, even if it is clearly
evident from the radar images the presence of more than one wave system. Directional wave spectrum shape variation within the study region can easily be detected
from the radar information. Further study of these aspects of waves in shallow water
environments will result in some benefit to operational wave modelling and forecast
in the area, where oil tankers unloading operations are routinely performed. Details
of the spectral shape and total wave energy are investigated in relation to the mixing
process waves can induce, since potential oil spills would require advance modelling
in order to improve prediction of any contaminant dispersion and movement.

1

INTRODUCTION

Directional wave spectra information is of importance for a good number of applications on
coastal processes. In particular, a detailed spatial description is desirable for safe navigation
and operations in coastal waters as well as for design of coastal engineering projects and to
implement nourishment and beach protection programs. Wave activity can also influence
on mixing and on dispersion of contaminants.
Directional wave spectra can be derived from various types of wave measurements. Conventional techniques provide rather smooth or excessively broad directional spectra, for the
number of measured quantities is limited. Directional resolving power of a sensor can be
improved by increasing the number of measurement elements. The performance of various
array configurations has already been studied [11].
An instantaneous picture of the ocean surface can also give an accurate spatial description
of the wave field and possibly a convenient estimation of the directional spectrum. While
this type of information can be obtained by several techniques, the images acquired by
synthetic aperture radar (BAR) are the main subject of the present work.
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The transformation of the wave field as it :IJtQPagates to coastal regions can easily be
observed on radar images. In particular, the spatial resolution achieved by the SAR on
board the Earth Resources Satellites (ERS) from the European Space Agency (ESA), allows
us to carefully study the wave field in areas of the order of 100km by 100km.
Determination of the wave spectra near the coast, resolving spatial variations of the order
of few kms, is proven to be feasible, with great potential for nearshore oceanography and
coastal engineering applications:
.
Numerical simulations may assist us to better determine the important mechanisms for the
evolution of wave spectra in intermediate to shallow water regions. Results from a recently
released third generation model for simulation of waves nearshore (SWAN) are compared
with spectra estimated from SAR images near the coast of Baja California.
The study area is of particular interest from various different points of view. Basis for the
economy of the region is the tourism activities as there is a nice sandy beach stripe several
kms long. So, the area seems perfect for leasure and relax. However, there is an Electricity Board power generating plant requiring fuel to operate and sea water for its cooling
system. PEMEX (Mexican Oil Company) supply fuel to the power plant and mantains
in operation a storage and distribution program. Routinely fuel unloading is performed
through underwater pipes. For the cold water intake jetties were built, resulting in some
influence to the nearshore dynamics and changes in the erosion/sedimantation process.
Furthermore, there are plans to expand the plant, requiring therefore some modifications
to the water intake system.
Minor oils spill are not rare, but they have never been of drastic results.
The purpouse of this study is to understand the evolution of the wave field in coastal regions in terms of the directional wave spectrum, by taking advantage of the relatively high
spatial resolution of SAR images and a novel numerical wave model. The spatial variation
of the wave (image) spectra within an area of the order of tens of kms is described, and
comparisons of the spectral shape are made from radar image estimations and modelled
results. Some milestones on radar image information and the retrieving of wave characteristics are given in section 2, as well as some results of image spectra from the coastal area
of interest. The numerical model used and some results are presented in section 3, while
discussions and some plans for future work are given in section 4.

2

IMAGING RADAR SYSTEM AND WAVE INFORMATION

We make use of SAR images obtained by the Active Microwave Instrument on board
of the ERS satellites, while operating under its image mode where the SAR illuminates
and acquire surface information over a swath of about 100km wide. Through this type
of images ocean surface information and wave details can be analized. Measuring the
spectrum of ocean waves from space was somehow questioned for some time. Nevertheless,
SARs are now considered very useful in providing adequate information to study ocean
surface waves. Much effort has been devoted to understand the basic imaging mechanisms
for the radars to detect waves. Theory was developed [4] to solve the direct problem
(estimate image spectra from wave spectral information) and has been already successfully
applied [2]. Furthermore, some analysis of the modulation transfer functions have been
detailed [1, 7, 6, 10]. The inverse problem however, had not been solved for some time.
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ERS-2 SAR, orbit 3488 frame 2961
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Figure 1: ERS-2 SAR image (orbit 3488, frame 2961) for the northwest coast of Baja California acquired by Norman Station on December 20, 1995 at 18:26 (GMT). Coordinates for
image center are 32.07N and 116.88W. The coastline is well depicted and the 13 subimage
regions for spectral calculations are shown. Subimages 1-7 are for the shallow water region
between Coronado Islands and Rosarito Beach, while those 8-13, are for the deep water
case. Each subimage is 512 by 512 pixels (6.14 km by 6.14 km approximately). Some
surface slicks are apparent close to subimage 2, while typical swell is observed over most
of ocean side part of the image. On open waters these waves travel to 115° approximately.
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Recently, a method was achieved to solve the inverse problem through an integral spectral
transformation [3]. It requires iterations between wave and image information, and a
first guess ocean wave spectrum generally provided by a numerical wave prediction model.
A relative simplification has been already obtained [5], still requiring a first guess wave
spectrum and minimizing a cost function.
However, in order to study the relative variations of wave spectra within a full image, we
simply deal with the image spectra as a first step. For the particular cases analyzed in this
work, waves are mainly travelling in the range direction, therefore, the assumptions of linear
mapping between image and wave information is not at all out of question. Furthermore,
the possible distortion of the wave spectrum estimate due to' azimuthally travelling waves
is realy minimum for these cases.
An example of a SAR image for the region of interest is shown in Figure 1. In particular,
this scene has been averaged (8 by 8 pixels) in order to print it out so we can call it a
quick look version. The bright region at the northernmost part, close to the coastline, is
the City of Tijuana. In the lower part of the image, Todos Santos Bay can be observed.
We can observe interesting features on the ocean surface that might be related to ocean
and!or atmospheric fronts, the presence of surfactants, and calm sea on the lee of coastal
point or capes. Full resolution subimages are extracted from the original image for further
analysis.
ER8-2 SAR, ortJR 3488 frame 2961
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Figure 2: Average image spectrum for deep water region from frame 2961, orbit 3488, of
ERS-2 SAR acquired on December 20, 1995 at 18:26 (GMT) for the northwest of Baja
California, Mexico. Spectral estimate is actually from subimages 8-13. Contours are from
0.5xl0 8 in 0.5xl0 8 increments [arbitrary squared intensity units x m 2 ].
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Figure 3: Image spectrum from subimage 7 in intermediate waters from frame 2961, orbit
3488, of ERS-2 SAR acquired on December 20, 1995 at 18:26 (GMT) for the northwest
of Baja California, Mexico. Contours are from 0.5x10 8 in 0.5x10 8 increments [arbitrary
squared intensity units x m 2 ].
Wave spectral information can then be estimated in the nearshore region along the coast.
Spatial variations from these spectra can easily be observed. Key parameters like spectral
peak wavelength and significant wave height can also be obtained as a function of distance
along the coast. However, the analysis in this case, is focused on the spectral shape.
In order to characterize the deep water wave field image spectra are estimated from subimages 8-13. Trend removal, cosine window tapering, 2 by 2 pixel smoothing, 6 (512 by
512) subimage spectra averaging, and 4 adjacent bands average result in a 48 degrees of
freedom spectral estimates. Energy spectrum as a function of wavenumber (Kx in range,
and K y in azimuth directions) is illustrated in Figure 2. Dotted circles represent the loci
for components with 400m, 200m and lOOm wavelength. Spectral peak components have
approximately 300 m wavelength propagating to about 115° (consider satellite path about
10° from North). Wave direction is deviated only 15° from radar range direction (along
K x axis or horizontal coordinate in the image). This wave field can be considered a very
well defined swell with a characteristic direction and components with wavelengths practically varying from 400m to 200m. A tail of low and shorter wave components can also be
observed in this spectrum.
Spectra have been obtained from subimages numbered from 1 to 7 in the image. Each
subimage is 512 by 512 pixels. A 2 by 2 smoothing filter (average) is applied to the original
subimage, after trend removal and Hanning window tapering, FFT procedure is applied,
and finally 4 by 4 average spectra is obtained.
From the image spectrum shown in Figure 3, it can be observed that the wave field within
the continental shelf is already affected by at least, the refraction process. Waves mainly
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Figure 4: Similar to Figure 3, but from subimage 6 in shallow waters.
propagate along the radar range direction. A secondary peak is noticed representing wave
components with approximately 180m in length.
As the wave field propagates toward the coast, shallow water processes continue to act.
Mean wave direction turns slightly north (Figure 4) and further enhancement of even
shorter waves is noticed. as the secondary peak is now shifted towards slightly higher
wavenumbers.
Near the coast, it seems that only those waves slightly longer that 200m survived, as it can
be observed in figure 5. However, the wave field decomposed in two wave trains travelling
about 10° and 50° north from the range direction. Depending on the directional resolving
power of the measuring device, this could tell about some broadening of the wave spectrum.

3

WAVE MODEL IMPLEMENTATION AND SOME RESULTS

In order to study in detail the spatial evolution of the wave field a novel third generation
wave model is applied to the area of interest. The Simulation of WAves in the Nearshore
numerical model [9, 8] is based in the action balance equation

and describes the evolution of the wave directional spectrum E(u, fJ) solving for the action
density spectrum N (u, fJ) = E (u, fJ) / u. The first term in the left-hand side is the rate of
change of action density. The second and third terms represent rectilinear propagation
(with velocities C x and Cy ) of action density over the geographical space. The effect of
shifting of the relative frequency u due to the effect of currents and the change in action
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Figure 5: Similar to Figure 3, but from subimage 5 in shallow waters.
density due to current- and/or depth-induced refraction are given by the last two terms,
respectively. These are associated with propagation velocity in the spectral domain with
components C u and Co.
The variations on the action density spectrum are balanced by the energy source function
S = S(a, 0) = Sin + Sds + Snl, the sum of wave energy input from the wind (Sin), energy
lose due to dissipation processes (Sds) , and the redistribution of energy associated with
wave-wave nonlinear interactions (Snl)'
The model is applied to a 60 by 60 points grid covering the area of interest with a resolution
of 925m approximately, in both x and y directions. A typical swell spectrum (JONSWAP
type with 'Y = 3 and cos 2 directional spread) with mean wave propagation direction of about
115° (clockwise relative to North) and significant wave height equal to 3m is considered
as boundary conditions. A part of the modelled area is shown in Figure 6 where the
bathymetry is represented by gray tones. Significant wave height (arrows) and mean wave
direction are shown as example. Decrease in wave height is noticed in the area behind the
islands. Directional wave spectra are obtained at grid points specified with the numbers
1-7. In particular, we compare those from 5 and 7 output points (see Figures 7 and 8) to
the spectra obtained from the corresponding subimages 5 and 7. There is practically no
variation in the modelled spectra from output points 7 through 5, although slight changes
can be noticed at the high frequency region. The model results cannot reproduce the
directional brodening of the spectra when the waves propagate to shallow waters.
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Figure 6: Example of model results for the Rosarito Beach region, northwest of Baja
California, Mexico. The modelled area covers 55km by 55km approximately, although
only a part is shown in the figure. Axes are from 22km to 55km in both coordinates.
Spatial resolution is b:..x = b:..y = 925km. Arrows represent significant wave height (3m
in waters of 330m or deeper) and mean wave direction. Solid lines are depth contours for
0, 10, 20, 30, 40, 50, 100, 200, and 300m. The numbers (1-7) indicate grid points for
directional wave spectra output.
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DISCUSSION AND PLANS FOR FUTURE WORK

The present analysis is limited by the oversimplification of the transfer problem between
wave and image information. However, this can be considered as a first step, and it is a
feasibly way of providing detailed information on the spatial variation of the wave field,
in particular, if we are dealing with waves mainly travelling about the range direction.
Therefore, we can assume negligible the azimuth cut-off due to possible nonlinear mapping
between image and wave spectra information.
Wave difraction and shoaling processes are probably not yet properly included in the
numerical model used. This might be a fair reason to adopt the idea of exploiting the SAR
imaging capabilities, to provide the required wave spectral information near the coast.
The wave field directional structure from the model results is not that similar to the SAR
inferred wave field. A striking point is that the spatial variation observed by SAR is difficult
to be reproduced by the model.
We plan to apply one of the available inversion methods to infer wave spectra, including
the nonlinear features associated to the mapping schemes and the full transfer functions,
for a more detailed validation of our results.
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Figure 7: Directional wave spectrum output from SWAN for station 7 (at 32000,36000)
in the Rosarito Beach region, northwest of Baja California, Mexico. Frequency is measured from the origin 0,0 outward and given in Hz as in the scales of both axes. Vertical
corresponds to North. The main wave direction in this case is East-NorthEast.
Mixing over this region is important and some in-situ data of waves and temperature is
to be analized, in conjunction with some other SAR images to determine the effect of the
wave field and its spatial distribution.
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1. INTRODUCTION
Improving sea-state prediction and surface wave observations is vital for many applications:
ship route, offshore industry, coastal survey, .. ... Nowadays, most of meteorological
operational centers run numerical models to provide wave predictions over the oceans.
However, in opposite to the case of atmospheric circulation models, these wave prediction
models do not incorporate many observations to constrain their variables. In most of the cases,
assimilation in wave prediction models is based upon observations of the total energy (or
significant wave height) of the wave spectrum, ignoring their spectral properties (Janssen et aI,
1989, Lionello et aI, 1992, Breivik and Reistad, 1994). Only in recent studies attempts have
been done to include spectral infonnation in the assimilation process (De La Heras et al, 1994,
VOOlTips et aI, 1997, Breivik et aI, 1997), but these studies remain limited to small geographical
zones (part of the North Sea or NOlwegian Sea). Assimilation of spectral properties of the
waves is however important since the assimilation of the sole significant wave height requires
assumptions on the characteristics of the wave field, and in particular on the separation between
swell and wind-sea, which might cause errors or weak impact of the assimilation.
Applications like naval constmction, offshore industry, coastal development also require a good
knowledge of statistical properties of the smface waves. Only satellite observations provide
both large spatial coverage and long-time series which are necessary for most of these
applications.
Today, Synthetic Apelture Radars (SAR) provide the only opportunity to estimate the
directional ocean wave properties from a space bome sensor. Unfortunately, it is now well
known that the wave-like pattems visible in SAR image of the ocean surface may be
considerably different from the actual ocean wave field. As a result, extraction of meaningful
two-dimensional wave spectral properties from a SAR scene is not straightforward. The
capacity of SAR to provide usable ocean wave spectra is limited by the motion of the ocean
surface. Doppler misregistrations in azimuth (along-track) are induced by long wave orbital
motions and lead to a distortion of the imaged spectmm and a strong cut-off in the azimuth
direction. This effect is proportional to the range-to-velocity ratio of the platfOlm. For the
present and future planned missions (ERS, Radarsat, Envisat), this ratio is high (about 120 s)
and considerably limit the cases for which SAR products alone can be inverted and used for
various applications.
Methods have been proposed and developed to extract the directional ocean wave spectmm
from SAR data. These algorithms combine the SAR image spectmm and numerical model wave
spectmm in an inversion procedure (Hasselmann and Hasselmann, 1991, Krogstadt et al,
1994, BrUning et aI, 1994, Engen and Johnsen, 1994, 1995, Hasselmann et al 1996). However
these methods are still a matter of controversy, because it has not yet been clearly demonstrated
that the invelted SAR spectra provide significantly more infOlmation than that contained in the
model itself. Other methods do not use numerical wave model outputs but are based upon some
assumption on the wind speed and/or sea-state development, which also limits their application
(Mastenbroek and De Valk, 1997). Therefore, the interest of the SAR measurements remains a
matter of debate and these measurements are not widely used in the engineering or forecasting
community.
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For all these reasons our group is involved since the beginning of the 90' s in the design,
development, and use of radar systems conceived for the measurement of Directional Wave
Spectra but based upon the Real-Aperture Technique and not the Synthetic Apelture Radar
Technique.
In the 1990's the airborne radar-system called« RESSAC » (Radar pour l'Etude du Spectre de
Smface par Analyse Circulaire) has been developed. It can be mounted on the French Research
airplane «MERLIN-IV» belonging to Meteo-France and has been used during several
cooperative experiments CValidation campaigns of the ERS- \ satellite in 1991, SWADE
experiment in 1991, SEMAPHORE experiment in 1993, and FETCH experiment in 1998). The
good results obtained from this system as well as those obtained by a NASA group which owns
a similar system (the ROWS, Jackson et aI, 1985a-b) incited us to propose a space-borne radar
based on the same principle of measurement. This project, called VAGSAT has been submitted
both to the French Space Agency (CNES) and to the European Space Agency (ESA).
In this paper we first present the principle of measurement (section IT) and the intIinsic limits of
this type of radar observations (section Ill). The RESSAC system is then descIibed in section
IV and some results are given to illustrate its performances. In section V, the VAGSAT project
is presented (general characteristics of the mission and of the instrument, results obtained from
simulations). Finally we conclude in Section VI.

11- PRINCIPLE OF MEASUREMENT
The principle of measurement was first proposed and used at NASA for an airborne system
. (Jackson et aI, 1985 a-b). It is based upon the backscatteIi.ng mechanism of the electromagnetic
waves by the ocean smface. At small incidence, the backscattering mechanism is dominated by
the quasi-specular ret1ection from facets Oliented perpendicular to the radar look direction.
Facets with wavelengths larger than a few times (3 to 5) the electromagnetic wavelength
participate to this process. The nOlmalized radar-cross section if is related to the probability
density function of the slopes of the short waves which are created by the wind stress.
If a radar looking at small incidence angle (10 to 15°) illuminates the smface with a large
footplint (larger than several hundred of meters), then a modulation of the backscattered signal
within the footprint is observed, due to modulation of the local incidence angle related to the tilt
of the long waves. It can be shown that this modulation is proportional to the slope of the long
waves. So, the analysis within the footprint of the signal modulation enables the retIieval of the
slope spectrum of the long waves.
The principle of the RESSAC and VAGSAT radars is to measure the modulation of if from
which the slope (and height) spectrum is deduced. The directional infOlmation is obtained by
using a conical scanning of the radar-beam which covers 360° in azimuth. The geometry is
shown in Fig. 1.
It can be shown (Jackson, 1985a-b) that for each look direction <!l, the slope spectrum of the
waves k 2F(k,<!l) is linearly related to the signal modulation Pm(k,<!l):

.../2n
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Pm(k,ifJ}=--a k F(k,ifJ)
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The assumptions used to obtain (1) are the following:
i) the long-waves slope is small (less than 10%), which a quite reasonable assumption
ii) the sole mechanism of modulation is the one due to the tilt of the long waves; this assumption
is valid for incidence angles smaller than about 20° and limits the analysis to wavelengths larger
than a few tens of meters.
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iii) the footpIint azimuthal length (Ly) is large with respect to the cOlTelation length of the surface
in the same direction; this assumption is valid when Ly is larger than the longer waves to be
analyzed.
Several methods can be used to estimate the Cl parameter of Eq.(1). The first one, developed and
used for the processing of the RESSAC data (Hauser et aI, 1992a) consists in calculating Cl
according to Eq.(1b), using the delivative aO with respect to the angle 8. This method requires to
estimate the mean profile of if over a large range of incidence angles taking into account
cOlTections of the backscattered power due to geometIical effects. It hence requires the use of a
large beam apelture in the elevation direction and the calculation of the antenna gain for each
point sampled hOlizontally taking into account the attitude of the platfollll (pitch, roll). In the
second method, the Cl parameter of Eq.(l) is estimated from an independent measurement of the
total energy E of the height spectrum (related to the significant wave height H s through Eq.2a):

This method is chosen for VAGSAT. In this case, the nadir-beam will provide the estimate of
Hs as done on satellites like ERS or TOPEX/POSEIDON.

111- INTRINSIC LIMITATIONS OF THE MEASUREMENT
The main limitations which affect the retlieval of the directional wave spectrum from a realaperture radar system as described in section 11 are those related to i) the speckle noise, ii) the
thelmal noise, and iii) the effective hOlizontal resolution on the surface, taking into account the
displacement of the resolution cell dllling the time integration of the measurement.

1- Limitation due to the speckle noise
The main limitation of the pIinciple of measurement is related to the speckle noise which affects
all the radar measurements. This noise is due to intelference of the electromagnetic field by the
surface scatters. In the spectral domain (wavenumber domain), it can bee shown that the
contlibution of the speckle is to add to the modulation spectrum Pm(k,<!», a spurious density
spectrum of noise, Ps(k, <!», which is a function of the intIinsic resolution of the radar projected
on the surface (i1xO) of the number of independent samples used to estimate the backscattered
signal (Ni):

2~2h12
(3)
Ni 21tK p
2K p
L1xo
The better is the resolution i1xO, or the larger is the number of independent samples Ni, then the
smaller is the speckle effect with respect to the modulation due to the waves. Analytical
calculation using (3) and (1) show that the contIibution of Ps may be important, in particular for
the satellite case in which Pm decreases when the azimuthal length Ly increases (Eq. 1).

Ps(k,<I» =

I

..j2ii

k2

exp(--2) with

Kp

Therefore a good optimization of Ni and i1xO is necessary in the design of such systems.

2- Limitation due to the displacement of the resolution cell during timeintegration
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Because of the electromagnetic wave front curvature, the displacement of the radar horizontal
cell during an integration time Tint may degrade the effective resolution. If the requirement is to
get an effective resolution~, then Tint is limited by:
T;nt~t1Xsine/(Vf3t/J/2)
et· T;nt~t1Xtgel(Vf3e/2)
(4)
where V is the velocity of the platfonn, . f3t/J et f3e are the beam-apelture in azimuth and
elevation, respectively.
Since the number of independent samples is proportional to Tint, the limitations of Eq.(4) are in
fact a limitation on the number of independent samples.

3- Limitation due to the thermal noise
The thelmal noise of the system may affect the estimate of the wave spectrum only if the
fluctuations due to thennal noise m'e of the same order of magnitude as the modulations due to
the tilt of the waves. From simulations perfOlmed to estimate this effect, we could show that this
condition is fulfilled if the signal-to-noise ratio is at least 8 dB.

z
Z

~,......---'t,-T----'--' 'I

Y (azimuth)

look direction

Figure 1: Geometry of observation for a
system like RESSAC or VAGSAT: in each
look direction cP, the fluctuations of the
backscattered signal (m(X, cP)) are calculated
within the footprint which is limited by the
beam-aperture f3 in elevation, and integrated
along the azimuthal direct/on Y. The
spectrum Pm(k, cP) of the fluctuations
m(X, cP), is then related to the spectrum of
the long waves in the direction cP, taking
into account corrections due to noise sources
(speckle, thermal noise), For waves
propagating in the look-direction the
modulations are maximum. All the azimuthal
directions are explored using a scanning
beam antenna.

111- RESSAC
RESSAC is operational since 1990 and is designed to be mounted on an airplane. In most of the
occasions, it has been implemented on-board the MERLIN-IV (research aircraft of MereoFrance). It has been used during several cooperative experiments dedicated to the study of the
air/sea interface (SWADE 1991, SEMAPHORE 1993, FETCH 1998) or to the validation of
satellite-observations (RENE90-RENE91 validation campaigns of ERS-1) (Hauser et aI, 1992a,
1992b, Hauser et aI, 1995, Hauser and Caudal, 1996, Eymard et aI, 1996). Its design, building
and use has been supported by CNES, and CNRS/INSU in France, and ESA in Europe.
The charactelistics of RESSAC are given in Table 1. The instlUment and processing is also
described in Hauser et aI, 1992a, Hauser et aI, 1995). The instlUment has been recently
improved for the FETCH experiment. First, the analogic frequency sweep that produces the
modulated wave fmm has been replaced by a digital one, which improves the response function
of the system. The minimum wavelength that can be detected (in absence of speckle) is now
about 20 m. Secondly, the rotation speed has been increased from 1 to 3 rotations per minute.
Since 5 rotations are used to estimate directional wave spectra (in order to decrease the statistical
fluctuations), this allows us to estimate directional spectra every 10 km along the flight-track
(instead of 30 km prior to this modification), accounting for a 100 m S-l speed of the airplane,
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Figures 2, 3 and 4 illustrate some examples of results. Figure 2 shows the good agreement
found for the significant wave height estimated by RESSAC with respect to buoy measurements
perfonned during the SEMAPHORE expeliment (Eymard et ai, 1996). Figure 3 illustrates a
compmison between a directional spectmm retrieved from RESSAC dming the same campaign,
and output of the wave prediction model VAG of Meteo-France. Although the RESSAC
spectmm exhibits a 1800 ambiguity in direction, the different components of the waves can be
well identified: wind-sea at a frequency of about 0.13 Hz with two components in direction
(propagation to North and NOlthwest) and swell at a frequency of about 0.08 Hz propagating to
the Southeast). Figure 4 shows some preliminary results obtained from the FETCH experiment.
This campaign was aimed at studying the air/sea intelface processes and remotely-sensed
parameters in fetch-limited conditions. In Figure 4, ID frequency spectra obtained from
RESSAC are shown for different distances of fetch. Work is under progress about these data to
compare these results with buoy measurements and well-known parametlic representations of
fetch-limited spectra.
Table 1: Characteristics of RESSAC (J998 vprsion)
Optimal flight altitude
4500 to 6000 m
5.35 GKz
Radar Frequency
HH
Polarization
Peak Power
1.3 Watt
Frequency Modulation / Continuous Wave,
Transmitted wave form
Bandwidth: 168 MHz or 200 MHz
142 Hz
Pulse Repetition Frequency
4 ms
Pulse duration
14
Incidence at the center of the beam
u
14
in
elevation,
3.4 u in azimuth
Beam aperture
j rpm (l rpm for the old version);
Beam rotation speed
1.6 m
Range resolution
Real-time integration
56 ms
U
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In addition to the possibility of measming directional spectra of waves from RESSAC, the
instmment is also capable to provide measurements in a wind-scatterometer mode (incidence 30
to 40 0 ), by using a circle-night mode with the airplane. Combining both modes of operation
allows to study the relationship between wind, radar cross-section, and waves at the mesoscale.
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Figure 3: Directional spectra obtained during SEMAPHORE on October 20th 1993.
a} frol11- RESSAC; b} from the VAG prediction model. Contours of the energy
density of the 2D-frequency spectrum are shown in a normalized way (with respect
to the peak) as afunction offrequency (distance from the center, with frequency of
0.05 to 0.25 Hz indicated as labels), and as afunction of the propagation direction
(North towards the top of the figure). In a} the spectrum is shown with the inherent
180 0 ambiguity obtained with radar observations.

RESSAC 1D spectra
during FETCH (March 24th, 1998)
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Wind speed was about 13 to 14 mls, in that case.

IV- VAGSAT
VAGSAT is a proposal of a satellite mission devoted to the measurement of the directional
spectra of ocean waves. The objectives are three-fold:

37
1) to provide observations which can be assimilated in wave prediction models.
The proposed mission and system should improve the quality of the wave prediction models,
not only in terms of the obtained significant wave height (or energy) of the waves, but also in
telms of wavelength and direction properties of the wave field. Because the surface waves of
the ocean are closely related to the "history" of the wind-field, this procedure can even allow to
correct forecast wind-fields, improving then not only the sea-state prediction but also the
atmospheric prediction.
2) to provide statistical characteristics of the directional spectra of the waves
over the ocean. This should remedy to the shOltcomings of in situ data which are
concentrated along inhabited coasts and which are difficult to maintain in all conditions.
3) to provide spectral characteristics of the wave field in order to improve the
estimate of the electromagnetic bias affecting the sea-level topography
measurements in space-borne radar-altimetry. As a matter of fact, it is now recognized
that the source of error which remains most poorly estimated is related to the sea-state. Recent
studies tend to show that the spectral characteristics of the waves have an effect on this error.
The proposed mission is to develop a polar orbiting system (for a good coverage of the oceans)
at about 500 km height, with a payload consisting of a dual-beam, real-aperture radar
transmitting at a frequency of 13.6 GHz. The nadir-looking beam will be used in a way similar
to other radar-altimeters (ERS-2, Topex-Poseidon), whereas the off-nadir beam (10° from
nadir) will be used in a conical scanning mode over 360° in azimuth. This latter beam is
designed to estimate the spectral properties of the wave field (direction, wavelength) in a way
similar to that used from already existing airborne systems like RESSAC, whereas the nadir
beam is designed to estimate the significant wave height and wind-speed at nadir.
The project has been submitted in response to calls for satellite missions issued in 1998 by the
French Space Agency (CNES) and by the European Space Agency (ESA). The evaluation by
the competent committee of CNES indicated that the project was good and that it could enter in a
Phase A process in the future if other organizations are ready to share the support for the
development and/or use. The evaluation by ESA is under progress.
The main characteristics of the mission and the instlUment are given in Tables 2 and 3. The
geometry is shown in Fig 5.

... of VAGSA T
Table 2' Mi Hion characteri'ltic'l
Orbit altitude
450 to 600 km
Orbit angle
to be chosen (65 to 115°)
Duration of the mission
3 years
Payload descliption
dual-beam radar composed of one antenna system, 5
microwave or processing boards (transmitter tube,
microwave receiving board, alimentation, processing)
Payload electlic requirements
164 Watt
70kg
Payload weight
.,

I'

Dming the last three years a number of technical and scientific studies have been pelfOlmed with
the support of CNES at CETP and ALCATEL/ESPACE, to detine in details its characteristics
(see table 3) and to further assess the performance of the VAGSAT system. A detailed study of
the influence of the speckle noise and of the thelmal noise has been callied out (Soussi, 1997)
by developing a simulation code. In this simulation, a 20 surface of slopes is first calculated
using a presclibed sea-state given by its 2D slope spectlUm (see Fig. 6a for a case of swell).
Then, a simulation of the radar signal is performed, using this wavy surface as input and taking
into account the geometry of the observations and noise sources (thelmal noise, speckle).
Finally the retlieved spectlUm is calculated as it would be done in the real-time processing chain.
By compating the rettieved spectrum with the input spectlUm (see Fig.6b as an example), we
could quantify the intluence of various parameters (range resolution, number of independent
samples, thelmal noise level). From this study an optimal trade-off between the parameters of
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VAGSAT could be obtained (see Table 3) and the perfonnance of the system could be estimated
(see Table 4).

Incidence...' 0°

satellite speed: 7 km/s
satellite height: 500 km
rotation rate: 6rpm
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Figure 5: Geometry of VAGSAT
Table. . 3' Characteri')tics of the VAGSATradar
•

-

-I

•

Incidence
Frequency
Peak power
Transmitted wave fmm
Modulation bandwidth
Pulse duration
Pulse repetition Frequency

VAGSAT-nadir-beam
VAGSAT off-nadir beam
(f
10°
Microwave part
13.575 GHz
13.575 GHz
5 Watt
100 Watt
Frequency modulated (Chirp)
Frequency modulated (Chirp)
200 MHz
320 MHz
80lls
2000 Hz

50lls
4000 Hz

Antenna
Polmization
3 dB beam-width
Rotation
Compression
Range resolution after
compression
Time-integration

2"U level processing

W
2°x2°
6 rpm

HH
2°x2°
6 rpm

Real-time processing
Numetical technic
Full-dermnp technic
OA7 m
0.75 m
50 ms
with motion compensation
Real-time processing through
MLE estimator of:
distance, 0'0, Hs

37 ms
with compensation for the
displacement of the footprint
due to the platfmm motion
Real-time processing of the
modulation spectlUm and
averages over 15° in azimuth
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Figure 6a Part ofa suiface (here 2 x 2 km)

simulated with an horizontal sampling of 18 x
18 m for a case ofswell with a significant
wave height of 4 m and with a traveling
direction towards the right of the figure. The
total size ofthe simulated surface is 36 x 36
km
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Figure 6b: spectrum of signal modulation
(versus wave number) corresponding to the
sU1tace shown in ?? (swell with Hs = 4m).
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The geophysical products which will be provided from the system will be the directional
spectlum of waves for wavelengths between 50 et 500 m, and for direction of propagation
given every 15° in azimuth. Wave spectra obtained from VAGSAT will be representative of a
scale of about 90 km (radius of the swath from a 500 km height orbit).
From the simulation studies we could define the expected performances of the system with the
characteristics desclibed here-above. These perfonnances are given in Table 4. It shows that
VAGSAT is capable of measming waves longer than about 50 m. However swell will be better
detected than wind-sea for which only cases with significant wave heights above 3 m can be
detected. Anyway this is even an improvement with respect to observations from existing
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Synthetic Aperture Radar from which only wavelengths larger than 100 to 200 m can be
detected.
Table 4: Expected performance on the geophysical product provided by VAGSATfor the
. .Riven
. .In T.abie 3
Instrument charactenstlcs
1.5 m
Minimum detectable significant wave height" (swell
case)
Minimum detectable significant wave height (windabout 3 m
sea case)
:=::50m
Minimum detectable wavelength
Largest sampled wavelength
> 1000 m
:=::lOm
Wavelength accuracy
(for a wavelength of lOOm)
Directional accuracy
15° after averaging process
:=::20%
Spectral level accuracy

CONCLUSION
The airbome radar RESSAC is in use since several years and provides the directional spectmm
of the ocean waves (for wavelengths in the range 50 to 350 m) with an accuracy probably better
than can be obtained from buoy measurements, at least for the angular distribution (angular
resolution of about 15°). It can also be used in a wind-scatterometer mode to provide the windvector over the ocean. The main interest of RESSAC is to provide mesoscale measurements of
the wave field which can be analyzed in relation with characteristics of the atmospheric forcing
(wind speed, turbulent fluxes) or ocean conditions (cun'ent, coastal or depth effects,...).
The VAGSAT project has been proposed in response to call for ideas issued by two Space
Agencies (CNES and ESA). The main interest of this system is to provide on the global scale,
the directional spectra of the waves, without the limitations of the Synthetic Apetture Radar data
(azimuth cut-off of the waves shorter than about 150 to 200 m). These data will be provided to
be assimilated in numetical wave prediction models. This should provide improvement in the
sea-state forecast. In addition, from the VAGSAT data statistical data will be available for all
applications which require a good knowledge of the spectral characteristics of the waves.
Finally, VAGSAT will allow to improve the estimate of the electromagnetic bias due to sea-state
in the estimate of the sea-level topography from space-bome radar-altimeter measurements.
It is now impOltant to develop collaborations in the wave-community to keep our community
competitive in the choice of Space Agencies and to incite organizations involved in observations
or prediction of sea-state to support this prqject. The European COST714 Action has to play a
role for that.
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The use of HF radar systems for wave monitoring
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1 Introduction
The development of oceanographic applications for HF radar systems, which can make
simultaneous observations of waves, currents and surface winds over wide areas of water, is
central to the EuroGOOS goal of creating new operational marine services. The systems are
located on the coast and provide the measurements to ranges of 20-200km and with spatial
resolutions of 300m-10km depending on the radio frequency used. For example the OSCR
system (Prandle, 1991) developed in the UK provides current measurements every twenty
minutes to 40km and waves every hour to 20km with a spatial resolution of 1km; the WERA
system (Gurgel & Antonischki, 1997) developed at the University of Hamburg has a similar
range and can provide wave measurements every twenty minutes; the PISCES radar
(Shearman & Moorhead, 1988) measures currents to 300km and waves to 150km with a
7.5km resolution. Current measurements have been available operationally for some years
using the OSCR, the US CODAR (Paduan & Cook, 1997) or the Australian COSRAD (Heron
& Prytz, 1995) radars. Waves and winds are still at the research stage although very promising
results have been obtained. Wind directions can be measured to ranges of 30-40km (Wyatt et
aI1997). Measurements can be made of the full directional spectrum and of derived parameters
such as significant waveheight and mean period. The spatial coverage ofHF radars means that
measurements can be made that show, for example, the refraction of swell as it propagates into
a region of shallow water near the coast (see figure 1). The coverage in space and time means
that the response of the wave field to changes in wind speed and/or direction can be monitored
(see figure 2). Data presented in this paper were collected as part of the SCAWVEX project
(Wyatt et aI, 1998a).
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Figure 1. Swell refracting towards the Holderness coast. The directional spectrum
is measured at each position (cell) marked with an arrow.
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The potential uses of and needs for wave and particularly directional wave data were
considered in a WMO report in the mid~80s (Barstow & Guddal (1987)) and in a more recent
US survey (Neptune Sciences (1995)). The potential use ofHF radars for wave measurement
was identified in the WMO report with cost and ease of use being the major problems
identified at that time. The US report was more limited in scope and didn't address the
measurement system issue although a number of the individual comments included in the report
point to a need for greater spatial resolution in measurements in coastal waters.
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Figure 2. Wind and wave monitoring at Petten, the Netherlands on 20/11/96. Significant waveheight is scaled
in metres in five grey shades from <lm (light) to >5m (dark). Arrows show wind direction which changes from
south-easterly to north-westerly during this period.

44
In order to discuss with the wave user community whether wave data of the type measured by
HF radar would be useful to them, the following issues need to be addressed:
•

how accurate are the data in both absolute terms and relative to other measurement
systems; what accuracy is required (likely to be different for different applications)?

•

how reliable are the systems?

•

why is spatial coverage important i. e. what evidence is there of significant spatial variability
in waves and what are the implications?

•

will the gain in terms of spatial coverage of both waves and currentS be worth possible
additional costs compared to buoys or models; what price are users prepared to pay?

.

This paper will consider the first three of these points using examples :from Holdemess in the
UK with the OSCR HF radar and from the Netherlands using the WERA HF radar.

2 The accuracy of HF radar wave measurement
Wave measurements are obtained using a numerical procedure to solve a non-linear integral
equation (Wyatt, 1990). A number of approximations are involved and hence there are intrinsic
limitations in the accuracy of the measurements. These have been studied using simulation
techniques and no serious errors have been identified. The equation that has been
approximately solved is itself increasingly inaccurate as the significant waveheight increases
(Wyatt, 1995). This effect has been studied by comparing the radar measurements with those
of a wavebuoy and is discussed further below.· Other potential sources of error in the radar
wave measurements are associated with the radar system and radio environment. For example:
how well can the radar form beams to get the azimuthal resolution required? What is the
impact of noise and/or interference on the wave measurements? To answer these questions,
comparisons with measurements made using instruments that are well understood and trusted
are needed. In making such comparisons a number of factors need to be taken into account.
The most useful comparator is obviously a wave buoy capable of making directional
measurements. For sensible comparisons cotemporal measurements should be made. For both
measurements temporal stationarity is assumed for the duration of one measurement. Because
of the very different measurement processes, any departure :from temporal stationarity is likely·
to have a different effect on the two measurements. It is necessary to bear in mind that the
radar measurement is derived from backscatter from an area of sea surface which might be
1km2 whereas the wave buoy·provides essentially a point measurement. Some degree of spatial
homogeneity must therefore exist if the two measurements can be assumed to be of the same
wave field. Even when temporal and spatial stationarity can be assured there are likely to be
differences in the error bars associated with any parameter of interest because of the different
ways in which the data are analysed and the parameters extracted. This also needs to be taken
into account before coming to a judgement aboutthe accuracy of the radar measurement.
Figure 3 presents comparisons between HF radar and Datawell waverider measurements of
significant waveheight, mean direction and period and peak amplitude, direction and period for
the OSCR radar at Holdemess and the WERA radar at Petten. As can be seen the Petten
experiment includes rather more data at high sea-states and it is clear that the radar algorithms
overestimate waveheight in these conditions although peak amplitude is, if anything,
underestimated. The statistics of the comparison are presented in table 1. Figure 4 shows time
series of significant waveheight, high frequency amplitude and peak amplitude during the
Petten experiment. These show that the major factor in the large Hs measured by the radar in
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Figure 3. Scatter plots of wave parameters with 90% confidence limits measured using OSCR at Holderness,
H, and WERA at Petten, P, compared with a Datawell directional waverider.

Table 1. Statistics of the Holderness and Petten radar wavebuoy comparisons of spectral mean and peak:
amplitudes and directions.
Amplitude biases are coded as: +4: >15%, +3: 10-15%, +2: 5-10%, +1: 0-5%,0: 0% and similar for negatives.

parameter

Holderness
bias

Petten
st.dev.

amp
low

high

amp

significant waveheight

-1

+1

peak amplitude

-3

-4

bias

st. dev.

amp
low

amp
hi~

18%

+3

+1

28%

22%
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51%

mean direction
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Figure 4. Time series of WERA measurements (grey line) of significant waveheight, short wave and peak
amplitude during the Petten experiment compared with a Datawell directional waverider (black line).

high sea-states is the overestimation in high frequency amplitude. This has been shown to be
clearly related to the limitation in the backscatter theory mentioned above (Wyatt, 1995). This
error can be substantially reduced by imposing a waveheight dependent high frequency cutoff
to the radar measured spectrum. The accuracy of the HP radar measurements is discussed in
detail in Wyatt et al (1998b).
Other noticeable features of the comparison are the large scatter in both mean and peak
direction at Petten. This seems to be due to a greater influence of the current variability and
antenna sidelobe effects, referred to below, on the WERA radar data at this site. However,
although the average direction at a particular frequency or over a range of frequencies can
exhibit large errors, comparisons of the detailed directional spectrum show much better
agreement than might be expected. This is because the errors are usually associated with
identifiable features in the spectrum which are well separated in direction from the wave
components that are measured by both the radar and the wavebuoy. Examples from
Holderness that illustrate this point are presented in figure 5. The wavebuoy directional spectra
have been determined from the measurements using a maximum entropy method (Lygre &
Krogstad, 1986). The method tends to produce directional spectra that are rather too peaky
but this effect is minimised in figure 5 by scaling the wavebuoy spectra using the radar
maximum so that, as can be seen, away from the peaks the shapes of the radar and wavebuoy
measured spectra are rather similar.

3 The reliability of HF radar wave measurement
Good quality wave measurements from HP radar systems require much better signal-to.,.noise
than current measurements. That is the reason for the reduced range over which wave
measurements can be obtained. There are other characteristics of the power spectrum of the
backscattered signal that are also much more important for wave than for current
measurement. These concern the ability to automatically separate the first order part of the
spectrum (used for current measurement) from the second order part (used for waves). If there
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is any variability in the surface current during the period of the measurement or if there are
strong signals coming in along the antenna sidelobes the separation can be difficult. The
sidelobe signals or current variability can often be misinterpreted as long waves during the
inversion process or the separation procedure can fail certain quality checks and the data is
rejected for further processing. As a result it has been found that continuous wave
measurement at one particular location cannot be guaranteed with the systems that have been
tested to date. However continuous coverage with a spatial resolution of say 3krn2 is feasible
with existing systems since there is usually a measurement available from a nearby cell. Data
return at and near the location of a directional waverider at Holderness and at Petten is
presented in table 2.
Table 2. Wave data availability with the OSCR and WERA HF radars.
1 AtPetten there were potentI.allly three wave measurements per h our at each ce11

Experiment
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number
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The maximum range of the wave measurements does vary with time due to some variation in
the background noise level, occasional interference, current variability and most importantly to
sea-state itself. Range reduces in high sea-states as can be seen at the later times in figure 2.
The occasional introduction of spurious peaks into the radar measured spectra has already been
mentioned and was noted in figure 5. As has already been shown these can lead to large errors
in mean direction estimates and can also lead to errors in amplitude at frequencies below
O.IHz. This is a limitation for swell measurement. However, as was seen in figure 5, the
spurious peaks are usually clearly identifiable by eye in the· directional spectra. A method for
automatically detecting them and removing them before estimatIng mean wave parameters is
under development (Isaac & Wyatt, 1997). Figure 1, that showed swell at Holderness, was
obtained using spectra that had been partitioned using this method into separate features that
were then identified as swell, wind-sea or of spurious origin. Parameters of the individual
components· of the spectrum can therefore be determined. Significant waveheight and mean
direction for the swell component were plotted in figure 1.

4 The variability of ocean waves
Some examples showing the spatial and temporal variability of ocean waves were presented in
figures 1 and 2. A large number of directional wave buoys would be needed to provide this
degree of detail about the wave field. Comparisons with wave models are being carried out but
the good comparisons with directional waveriders already reported here suggest that a lot of
the variability seen in the spatial maps is real. Some of the spatial variability is associated with
variations in bottom depth, the refraction of swell seen in figure 1 is one example. Other
variability might be due to surface current variations or simply to spatially inhomogeneous
wind fields (figure 2). All of these factors are particularly important in coastal regions and
hence the monitoring of the spatial structure of the wave and current fields is of importance to
port and harbour management, and to coastal erosion and flood protection agencies.
Another example to illustrate the importance of measuring the full directional spectrum over a
region is presented in figure 6. Winds and seas on the 20th of December 1995 were dominated
by a ridge of weak high pressure over the British Isles. During the 21 st fronts associated with a
low pressure were approaching the measurement region from the west and the influence of this
system began to be felt during the early hours. The wind direction measurement at 0200hrs
shows a complicated pattern as the short wind waves (~0.5Hz in frequency) which provide this
measurement are adjusting to a change from a north-easterly (seen here at 2000hrs on
20/12/95) to a south-easterly pattern which, as can be seen, is full established by 0800hrs on
21/12/95. The second and third columns show amplitude and direction of short and long waves
extracted from measured directional wave spectra during this period of change. As can be seen
there is very little effect on the long waves except to the very south of the region by 1400hrs
on 21/12/95 where there is some evidence of a change of direction towards the wind. The
shorter waves are already responding in the north of the region by 0200hrs but do not settle
down to the new direction across the whole region until the afternoon.

5 Concluding remarks
The directional spectrum contains information about the amplitude and direction of
propagation of waves over a range of frequencies the maximum and minimum of which
depends on the measurement instrument. HF radar can make this measurement from 0.05Hz to
about O.4Hz. Good accuracy in many conditions has been reported. The particular advantage
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of the use of such systems for monitoring waves in coastal waters with good spatial and
temporal resolution has been demonstrated. The wave measurements presented here were
made from about 1km to 20 km offshore with wind direction measurements over a longer
range. This is a unique capability that must be of interest to those responsible for coastal and
port and harbour management. Longer range systems have been developed that could provide
similar information with coarser spatial resolution over larger areas of the continental shelf
The shorter wave amplitudes become increasingly inaccurate in high sea-states because the
theory that underpins the measurement process becomes increasingly inaccurate. However this
problem can be overcome by introducing a high frequency 'cutoff which decreases with
significant waveheight and modelling waves beyond the cutoff with a (for example) f5 tail.
Other factors that affect accuracy are short timescale current variability and poorly formed
beams which introduce spurious signals along sidelobes. These are particular problems for both
data availability and for the accurate determination of swell. Methods to deal with these
problems are being developed at Sheffield. One approach has been to partition the spectra into
component parts motivated by the observation that the spurious contributions are clearly
identifiable by eye. Figure 1 showed the success of this approach.
Wave measurements of the type illustrated in this paper will be made during the EU MAST
funded Eurorose project at selected ports in Europe. Together with surface current
measurements made simultaneously, X-band radar wave measurements nearer to the coast, and
wave and current models, these experiments will provide a clear demonstration of the potential
benefit of spatial information of the sort presented here.
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Abstra:ct
WaMoS: ]I is an; operational wave monitoring· system that was, developed' at the: German research
centeI' GKSS during the' fast 15, years.. This now commercialTy availabfe system uses any ordinary nautiCal'
radar w.orking in X band as the sensor. The measurement pI'inciple is based on the backscatter of
microwaves from the ocean surface" which is visible as a 'sea clutter' on the nautical[ radar screen,. From
that observable sea clutter an analysis is carried' tnrough to deduce the unambiguous directional wave
spectrum and' the surface' cmrents. Sea state' parameters as significant wave height,. wa:ve periodil. and' wave
lengths, as wen: as wave propagation directions are' pfOovide:dl iIneal[ tilne~

For surveying the ocean wave field a .cOnmJ:on marine J{-Band. radar can The used'.
Mounted on a ship, oil rig or onshore it is a proven instrument that measures the. wave
energy its directions and heights, as weH as the surface currents.. In the· near Fange of
every nautical radar a noise signal, the so called sea clutter, is received. The Wave
Monitming §ystem WaMo'S: ]I analyses, exactly that signal,. which is normally
suppressed for navigational purposes, to descdbe the spatial and temporal variability of
sea surface (Young et at:, 1985).. WaMoS 11 needs a rninimum wind speed of about 3m1s
to provide the wave and current information. The system easily detects wave lengths
from 40m - 600111 and covers periods from 5s~ -40 seconds.
This method which is, based on a commercia.Hy available marine X-Band radar has
been developed at the GeEITlan GKSS, research center during the last 15 years: and is now
commercialized.

2.. Theoretical Background·
The vertical displacements of the sea surface are commonly described by mean of the sea
state. A sea state corresponds to those wave fields with invariant statistical properties
along the position r= (x, yJ and the time t. These wave fields are spatially homogeneous
and stationary in their temporal evolution.
Sea states are usually described in the spectral domain by the three dimensional
power spectmffi P(3)Ck,ill) , where k =Ckx,ky ) is the two dimensional wave number
vector and ill is the angular frequency. For linear wave fields there is a relationship
between the temporal evolution and the spatial dependence. This relationship is known as
dispersion relation
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m = ~gk tanh(kd) + k· U

(1)

where U=(Ux,Uy ) is the two dimensional surface current, d is the water depth, and gis
the acceleration due to gravity.
The wave spectral power density dependerice holds for the dispersion relation (1)
in the (k,m)-space (see Figure 1).

-k

Fig. 1: Distribution of the wave energy in the spectral (k,m)-space. In presence of a two dimensional

U,

current
the frequency of encounter m is shifted up for waves traveling in the same direction as
the opposite directions m is decreased.

U,

for

Starting from the three dimensional spectrum F(3)(k, m) and the dispersion relation
(1) other sea state spectral description can be obtained:

f

- Frequency spectrum: S(m)=2· F(3)(k,m)d 2k , with m> O.
k

- Directional wave number spectrum: F(2)(k) =2 .

fF(3\k,m)dm .
w>o

- Directional frequency spectrum: E(2)(m,8) = F(2)(k(m,8)) k dk .
dm

The one dimensional frequency spectrum S(m) can be obtained from the function
E(2)(m,8) integrating over all the wave propagation directions 8

fE(2)(m,8)d8
Tr

S(m)=

(2)

-Tr

In addition, the functionE(2)(m,8) defines other common directional wave parameters,
such as mean wave direction e(m), angular spreading (f(m), pitch and roll cross-spectra
Cllm(m)-i· QIlIll(m), etc.
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3. Analysis of Nautical Radar Data Sets with WaMoS II system
The Wave Monitoring .§ystem (WaMoS II) measures the spatial and temporal
information of the sea state providing the fun directional spectrum and current
estimation in real time (Ziemer and Gilnther,. 1994; Dittmer, 1995). This Wave
Monitoring System is composed by an AID converter plus a processing software to
analyze the· video signal from a conventional marine X-band radar and extract the
information from the backscatter image of the sea surface, formally known as sea clutter.
The system transfers the analog radar signal to a standard PG, where the data are stored
and processed. The Figure 2 illustrates a scheme ofa WaMoS n installation.
Rada<
Anlenn;l

11

Rad:U:
Displ(W
Bnit

WaMo£IIi
AlID'€onvertelC .

€bmpUle£

Fig. 2: Scheme of a WaMoS

n installation.

To derive the sea state information from the WaMoS: II device, a consecutive
series of N t images is taken (see Figure 3). The spatial and temporal resolution depends
on each radar device~ The temporal sampling interval is given by the antenna rotation
time, which is approximately two seconds. The spatial resolution lies typically around 10
m x 10 m. To analyze the data a rectangular subgrid with the size of 1 km x 2 km is cut
out ofthe full radarimage. This is to reduce the amount of data and the computation time.
So, the results are delivered in real time.
The sampled data set is transformed into, the spectral domain to obtain the three
dimensional image spectrum estimation /(3)( k,co).
The estimation of the wave spectrum F(3)(k,co) is obtained by applying an inverse
modeling technique to the image spectrum 1(3)(k,co). The wave spectrum inversion
method involves the /ollowing steps:.
- Calculation of the surface current U:This parameter is obtained by minimizing a
cost function which depends on the square distance of the wave components (k, co) of the
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image spectrum /(3)(k,m) to the dispersion shell (3) (Senet, /997). In a similar way than
the current fit is carried out, recent studies have shown that the mean water depth d can
be derived (Outzen, 1997).
- Filtering of the image spectrum: The purpose of this step is to remove all the
(k,m) components of /(3)(k,m) which do not belong to the wave field. Therefore, once
the surface current is estimated, the dispersion relation (1) is applied as a pass-band filter
in the three dimensional spectral space. Hence, an estimation of the wave field three
dimensional spectral density is obtained (Young et aI., 1984).
- Estimation of the significant wave height: The filtered spectral density obtained is
related to the scale of the sampled gray levels provided by the WaMoS IT system. The
filtered spectrum is scaled using a similar technique than for SAR system (Alpers and
Hasselmann, 1982). This method is based on the computation of the signal-noise ratio
.8NR, where the signal is the energy of the filtered spectrum and the noise is the total
energy of the background noise components. The parameter SNR is closely related to the
wave field energy mo and the significant wave height Hs=4.~mo (Nieto, 1998). In a
similar way the wind field is derived (Hatten, 1998).

Fig. 3: Example of a temporal sequence of sea clutter images sampled by WaMoS II system.

Once the three dimensional wave spectrum p(3)(k,m) is estimated, it is possible to
obtain other sea state spectral densities, such as P(2)(k) , E(2)(m,8) or S(m) and their
related integrated parameters. Table 1 shows an example of these integrated parameters
provided by the system in real time.

4. Results
In this section some intercomparisons between nautical radar results and in-situ sensor
data are discussed. The shown results were taken from three different locations (e.g. two
sites in the Bay of Biscay and a site in the North Sea).
The first shown results (figures 4 to 7) come from an oceanographic campaign
(EXBAYA 95) carried out close to the Spanish city of Bilbao in February 1995. The
purpose of this experiment was to analyze the capabilities of nautical radars for studying
sea states. For that purpose, a directional pitch-roll buoy moored at 600 meters depth was
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used. During this experiment several cases of swell coming from North-west were
measured.
Hs

Significant wave height

MDIR

Integrated mean direction

Tp

Peak period

Spr

Integrated wave spreading

Tmo!

Spectral mean period

Sp

Peak direction

T pl -

1si peak period 'of multi-modal spectrum

8PI

Tp.!

2 peak period of multi-modal spectrum

1Si peak direction multi-modal
spectrum
2 0d peak direction of multi-modal
spectrum

At>

Peak wave length

;API

1SI peak wave length of multi-modal
spectrum
0d
2 peak wave length of multi-modal
spectrum

AP2

00

or

8P2

u

Surface current speed

80

Surface current direction

Table 1: Sea state parameters provided by WaMoS II in real time.
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Fig. 4: Directional spectrum estimations from a pitch-roll buoy record and a radar measurement: Extended
Maximum Likelihood Method (a), Maximuni Entropy Cb), Gaussian Instantaneous Direction Method (c)
and nautical radar estimation (d). Measurementtaken during the EXBAYA 95 campaign.

57
The results from the second location (figure 8) were obtained from Februa..)' to
April 1998 using an on-shore WaMoS IT station, installed at the Northern coast of Spain
(close of the city of Gijon), and a horizontal displacement directional buoy deployed at
200 m depth.
.
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Fig. 5: One dimensional spectrum comparisons between the pitch-roll buoy estimation and the nautical
radar result. Measurement taken during the EXBAYA 95 campaign.
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Fig. 6: Mean direction comparisons between the pitch-roll buoy estimation and the nautical radar result.
Measurement taken during the EXBAYA 95 campaign.

Finally, some additional data (figure 9) have been used from a WaMoS IT station
installed in the FPSO Name (operated by STATOIL, Norway) and from a scalar heave
buoy. These data were measured at Northern NOlth Sea from November 1997 to January
1998.
To estimate the directional spectrum at a fixed location of the ocean it is necessary
to know the geometrical propelties of the wave field (e.g. heave, slopes, curvatures,
etc.). A buoy delivers the temporal information about a limited number of sea state
properties, such us pitch and roll or horizontal wave displacements. Therefore the
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directional spectrum E(2)(m,8) can only be obtained by applying different families of
interpolation methods. Hence, the fInal result depends on each used method. The
estimation of the directional spectrum from spatial measurements is better defined,
especially for multi-modal sea states composed by the superposition of single wave fields
with different propagation directions {Nieto, 1993}.
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Figure 4 illustrates directional spectrum estimations from a pitch-roll buoy and a
nautical radar mounted on a ship, showing a swell system approaching from North-West.
The first three directional spectra were obtained from the same buoy record by using
different interpolation techniques (Figlires 4ato4c). The last one (Figure 4d) was derived
from the nautical radar measurement. The directional spectrum in figure 4a was obtained
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by the Extended Maximum Likelihood Method ( EMLM ) (lsobe et al., 1984). Figure 4b
corresponds to the Maximum Entropy ( AR(2) ) estimation (Lygre and Krogstad, 1986).
The Figure 4c contains the directional spectrum estimation by the Gaussian Instantaneous
Direction Method ( GIDM ) (Egozcue and Arribas, 1991). It can be seen that EMI.M
provides the largest directional dispersion for the wave field. AR(2), instead, presents the
narrowest spectrum. GIDM provides an intermediate solution. All of these different
estimations belong to the same buoy record. In this case, the nautical radar result (Figure
4d) delivers a similar result than GIDM.
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Fig. 9: Time series of significant wave height estimated by WaMoS II and by a scalar buoy.

The comparisons between the pitch-roll buoy and nautical radar estimation of the
one dimensional frequency spectrum can be seen in Fig. 5. The shape of both functions
are very close together. Similar results appear in the comparison of the mean direction
depending on the frequency (Fig. 6) and the angular spreading (Fig. 7). The Figure 8
shows the temporal evolution of the peak direction obtained from a land-based WaMoS II
station and a horizontal displacement buoy moored in the Bay of Biscay. Both data sets
have a similar behavior in their evolution. The directions close to the North are swell
dominated sea states and the easterly directions correspond to wind sea wave fields.
As it was mentioned above, WaMoS IT leads to the significant wave height due to
the estimation of the signal-noise ratio. Figure 9 shows time series of this sea state
parameter and the comparison with the obtained results from a scalar buoy. These data
were measured in Northern North Sea in the FPSO Nome (STATOIL).

5. Conclusions
Good estimations of the directional spectra are especially important to observe
multi-modal sea states that occur due to the superposition of two or more wave fields
generated by different meteorological situations.
WaMoS II is a remote sensing instrument based on a nautical X-band radar. This
system is able to measure time series of sea surface images. Hence, the temporal and
spatial dependence of wave fields is analysed. This spatial sea state information is
required to estimate the directional surface motions of the wave fields and their
directional wave spectra. From those estimated directional wave spectra the sea state
parameters are delivered in real time, such as wave periods, propagation directions and
significant wave heights.
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EuroROSE - European Radar Ocean Sensing
by

The EuroROSE Groupl
Introduction
The EuroROSE project is funded within the 4th framework of the European Commission's
research program MAST III (1998 - 2001). It aims to develop a transportable methodology
for monitoring and forecasting winds, waves, water levels and currents with high temporal and
spatial resolution in limited areas (typical extent 40 by 40 km). This operational tool shall
support those in charge of safety and regulation in coastal and port approach areas.
The methodology will be a combination of area-covering remotely sensed data and high resolution numerical forecast models including data assimilation, co-ordinated with the Vessel Traffic
Services (YTS) at ports and coastal monitoring centres. The term 'transportable' means that
the methodology shall easily be adaptable to different basins.
To achieve the above mentioned objectives, the EuroROSE consortium was formed consisting
of:
- GKSS Forschungszentrum Geesthacht, co-ordinating the project and contributing with its
experience in coupled numerical models and radar-based field experiments.
- Institut fiir Meereskunde (University of Hamburg) working in HF-Radar techniques and
telecommunications.
- Nansen Environment and Remote Sensing Center providing the data assimilation.
- Sheffield Centre for Earth Observations Sciences (University of Sheffield) contributing with
its expertise in the development and evaluation of oceanographic applications ofHF radar
systems.
- Det Norske Meteorologiske Institutt, the marine forecasting institute providing the operational numerical models, and the interfacing with the user communities.
- Ente Publico Puertos del Estado, a governmental authority responsible for the protection of
harbours, building the software link to the end users environment.
Nowadays the sea state variabilities are monitored by different in situ sensors (e.g. buoys)
mostly providing point measurements. To support the decision-making authorities, additional
model forecast information is given on a coarse grid (about 5 km) and updated every 3-6 hours.
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L. R. Wyatt, Sheffield Centre for Earth Observations Sciences, University of Sheffield, Sheffield, England
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6,2
For some harbours witrl a shallow or narrow approach channel a fmer temporal and spatial
resolution is demanded. For example, a crude oil tanker that cannot stop or change course
within the rast hours before reaching the harbour needs the environmental parameters on scales
ofa few hundred meters and one to two hours. "
For several years, ground-based radar sensors and fme-mesh numerical models have, been de':"
vdoped', They are now available to provide the spatial coverage in a, coastal area'resolviligthe
variability of environmental parameters in necessary space arid time scales (Guddal,. 1995;
Graber et al. 1998). Those sensors, the high frequency (HF}and the microwave radar (MR)
are able to map the ocean surface continuously and deliver the data in real time. In this project,
a chain ofnumerical prediction models of wind waves, currents and water levels will be used.
The high resolution model will be updated every hour, initialised with spatial radar measure:..
ments using data assimilation techniques. These nowcast and forecast results of the models,
and the measured data win be provided to the YTS centres.
The flow chart in figure 1 illustrates the interaction between measured data and the numerical
models. The sensed data win be ddivered from three types of monitoring sources, assimilated
into the numerical model set-up,. and. transferred to any operational environment.

IEuroROSE contribution

Merge Qf sensed area
data, point measurements
and fme mesh numerical
....-~models delivered: into the
end users environment

I--

risplaying:
local! measurementsandfmemesh
model now &
forecasts

Figure I, The flow chart shows the flow ofsensed data from three types. of monitoring sources, assimilated in a
numerical model set-up, from where a specified contribution is formulated and transferred to any operational environment.
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1. High frequency radar

High Frequency (HF) radars can be used to remotely measure surface current and wave fields.
The radial component of the surface current can be derived from the Doppler shift of the
backscattered signal (Gurgel and Antonischki, 1997; Wyatt et al 1995, Graber 1998). Wind
directions are determined from the same part of the signal, and both these parameters are
measured over the full range of the system. The wave directional spectrum is determined from
the second order (lower amplitude) part of the signal (Wyatt, 1997) and hence is available over
a shorter range. A set of two or more systems is used for measuring fields of current vectors
and two-dimensional wave spectra.
Holderness Experiment
21/12/95 from 14 to 15 hrs
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Figure 2. Contour lines of significant wave height and
spectral peak direction as measured by HF
radar.

Both the spatial resolution and the covered
area depend on the working frequency. HF
(and VHF) radars have been operated on a
wide scale of working frequencies from 7
MHz to more than 100 MHz. Low working
frequencies have the advantage of very long
working ranges up to 350 km, however they
can only be operated at a quite narrow bandwidth, which reduces the resolution to some
10 km. For the purpose of EuroROSE, this
resolution is not sufficient and the radar will
be operated in the 25 MHz to 30 MH'z range.
This allows working ranges of up to 50 km
and resolution down to 0.3 km. A complete
coverage of the sensed area is achieved every
30 minutes.
Figure 2 shows the distribution of the significant wave height Hs and spectral peak wave
direction over an area of 250 km2 . These data
measured by the OSCR system during the
Holdemess experiments are part of the
SCAWVEX data set (Wyatt et al 1995). In
Figure 3 an example of the surface current
distribution is given. These data were measured by the WERA system with an resolution of300 m.
2. Microwave Radar

Figure 3. Current speed and direction measured by HF
radar.

A marine X-band radar provides the full directional wave spectrum and the surface current estimation every 10 minutes. The system transfers the analogue radar signal to a
computer, where the data are stored and
processed. The data sets are composed by
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time series of consecutive radar images, sampling the spatial and temporal variability of the sea
surface. From the image time series, all important wave and surface current parameters are
derived (Reichert et aI, 1998).
The sea surface that is covered by the marine X-band radar ranges up to 10 km depending on
the incidence angle and the wind speed. The spatial resolution is about 1 km2• The sampling
time is between 3 and 30 minutes.
Figure 4 is a directional spectrum obtained from a marine radar. It indicates a swell system
(wave lengths of about 220m) travelling to the west and a wind sea system (wave lengths of
about 100 m) moving towards south east.

Figure 4: Directional spectrum obtained from a marine radar. It indicates a multimodal wave system.

The great advantage of the sea state measurement with both the microwave and HF radar is the
resulting two-dimensional surface wave spectrum with an unambiguous travel direction of the
individual surface wave components indifferent frequency-direction-bins. This information,
when given to a numerical model, will improve the wave forecast significantly compared to
what is possible with present information from wave buoys.

3. Numerical models
The state-of-the-art prognostic numerical models for wind fields, currents, water levels and
waves used in EuroROSE are all operated in a routine forecasting computer environment in
order to ensure their operational performance. They are used in a chain of nested grids to allow
the zooming-in from global to local scales providing reasonable boundary values for the next
finer resolution (Roed and Cooper, 1987; Roed, 1996). The nesting sequence towards progressively finer meshes will be done in one or several steps, e.g. from 20 km resolution via 4 km to
05 km.
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The atmospheric model provides the required variable wind, and the necessary input (sea surface pressure, wind stress etc.) to run the wave and ocean models.
The wave model provides the wave energy spectrum (energy distribution versus frequency
and direction), from which integral parameters such as the significant wave height can be derived. The ocean model provides the variables water level and currents (at given depths) and
thus also provides information on the hydrographic variables (temperature and salinity). It
receives its necessary forcing (wind stress, pressure, surface heat fluxes) from the atmospheric
model. In addition, information on river discharges and bottom topography is necessary.
Figures 5a and 5b show typical model fields for significant wave heights and currents in the
Sylt R0m0 Bight located between Denmark and Germany computed with a resolution of 500m
and lOOm, respectively (Schneggenburger, 1998). The parameters are computed with a coupled wave-current model. The strong effects of changing water levels and currents can be seen
in Figure 6, that shows time series of measured and modelled significant wave height and wave
period in the centre of the bight over a period of 6 days.

dislance [km]

Figure 5a. Contour lines of significant wave heights
and mean wave direction computed by a
coupled wave current model. White areas
indicate tidal flats.

distance [km]

Figure 5b. Current vectors computed by model.
White areas indicate tidal flats

4. Data assimilation
Besides the sensed data retrieved mainly from the radar systems covering the limited, local
area, the project will apply a set of numerical models, whose initial parameter fields will be
modified by the use of data assimilation.
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A sequential data assimilation algorithm based on Op1.0f-----j-----t----+------+----t-----l
timal Interpolation will be
.s
applied. The· method is
:i 0.5 /--------j~'!MI''--'----~rr__t--7'''r+_--r:_.;;;±_;;;rk-,f'_''li\______:;;~:_i
based on an assumption of
known error statistics for
the model forecast and the
measurements at a particular
time (Evensen, 1994). Given
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measurements with specified
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Figure 6. Time series of measured (thin) and modelled (thick) significant further integration until the
wave heights (upper panel) and wave periods {lower panel).
next time when observations
are available.
~

Due to the fact that the project aims at the design of a pre-operational system for coastal
monitoring this rather simple assimilation scheme is chosen. But, it will have the flexibility for
extension to more sophisticated schemes in the future when such new methodologies become
available.

4. Software System
The main deliverable of the project will be a software system ('The System') handling and
merging all data and providing the nowcast and forecast sea-state information in a user-friendly
way to the operators in coastal monitoring and vessel traffic control centres.
Care will be taken that the system is adaptable to more integrated frameworks in the users
own environment. Special emphasis is also put on the feasibility for application of the system
in routine operational service.
Figure 7 illustrates the general architecture of the system and shows the link between the different sensors and the numerical models.
In summary, the system will be a major improvement both from a scientific/technological
viewpoint, as well as being a new and powerful tool for the user, such as the YTS operators,
the harbour and coastal managers and the off-shore industry.

5. Verification and Demonstration
After the creation of the system, it will be demonstrated that it is· suitable for its purposes.
Therefore, a full-scale field experiment will be carried out to prove the capability of such devices to serve as automatic long-term monitoring tools.
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The fmal selection of demonstration areas will be made according
HFRadar
to the existing infrastructure, and
Marine Radar
~_E B _ _ the hydrographic environment.
In-situ
Data
Two experiments covering different coastal condition (e.g. shallow
water approaches in the Southern
North Sea, and deep water rocky
coast lines as in Norway and
Spain) are planned. For each experiment, two HF radar and two
marine radar sites will be installed.
The operational forecast for the
boundary values will be organised
for this particular area. A workstation to merge the data autoFinal User
Work Station
matically will be set up in the end
ll.-.
....I user's environment. Both experiFigure 7: Link between the different components contributing to the ments will be preferably carried out
software system.
during the winter season for a duration of about 6 months.
EuroROSE Communication Scheme

To assess the added value e.g. in terms of forecast skill obtained by combining the different
data sources and model products, a scientific validation will be carried out. Intercomparison
methods that provide quantitative measures of the errors in individual components of the system and of the system as a whole will be used. Particular attention will be given to analyse the
merits of data and model integration, since this is a fundamental aspect of the project.

6. Summary
At present coastal traffic must rely on comparatively coarse forecasts of winds, waves and
currents for the intended voyage. The environmental parameters used by operational monitoring and control centres are presently measured by sensors delivering time series at one or a
few points. Therefore, information about the spatial variability is missing or is very coarse.
The present project aims to develop a tool to be used by Vessel Traffic Service operators,
harbour and coastal managers, to monitor and predict the significant met-ocean conditions with
high time/spatial resolution in limited sea areas surrounding locations of dense marine operations.
A chain of numerical models in combination with data from microwave radar and HF radar
devices will be used. Data assimilation techniques will merge the measured environmental data
fields into high resolution models. The accuracy of the forecast will be significantly improved
due to the spatial coverage of the initial conditions. A software system will be created to
merge measured and forecasted data and present the resulting products in the end user's environment.
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During the project, emphasis is set on the verification of the obtained results. In two -large field
experiments the system skills will be determined.
The combination of high-resolution numerical models and area-covering radar measurements as
used in EuroROSE is expected to be a powerful tool for operational now and forecasting.
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(5 Km x 5 Km)
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Figure 1: The ERS satellite and the SAR imaging geometry together with a SAR image from Antarctica showing ocean
wave refraction around a table iceberg
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Since 1991 the Synthetic Aperture Radars (SAR) of the ERS satellites have been imaging the ocean surface. Fun swath
images of 100 x 100 km near to the coast as well as global datasets of small imagettes of 5 x 10 km size every 200
km along the orbit are available. Figure 1 shows an artists view of imaging geometrie of the ERS satellite (courtesy
ESA/IFREMER). Due to the allweather capability and the high resolution SAR systems have become a valuable
measurement tool to image ocean waves [1]. It has become obvious however, that SAR imaging of ocean waves is a
strongly nonlinear mechanism, influenced by many different processes, e.g. like windspeed, currents, slicks. The basic
imaging mechanisms are well understood by now [2],[3], recently new algorithms to derive wind speed and ocean waves
from complex SAR images were developed [4]. Recenctly a special issue of JGR (1998, volume 103) was published,
that reviews the recent advantages in SAR oceanography.
In this paper different modes of ERS SAR data are used to study ocean waves. Potential and also limitations of SAR
ocean wave measurements are shown. In section 1.1 the basic BAR ocean wave imaging theory is explained and in 1.2
a global BAR dataset is investigated. ERS BAR Wave Mode Raw data are focussed to complex imagettes of 5 x 10 km
size approximately. For the processing DLR's research BAR processor BBAR is used [5]. The raw data imagettes are
acquired globally every 200 km along the orbit over the ocean and over sea ice, usually acquisition is switched off over
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Figure 2: Derivation ofthe real aperture function and the velocity bunching due to motion effects.
land, although a few scenes are available.
Up to now the detected imagettes were further processed by ESA to so called UWA spectra, a dataset from which ocean
wave spectra can be calculated using BAR inversion methods [1]. The new complex imagettes give the opportunity to
derive two looks separated in time by approximately half a second. Using these multilook techniques newly developed
algorithms [4] are taken to infer propagation direction of the waves, to calculate wind speed and to derive ocean wave
spectra [6]. The results are compared to buoy measureiIlents, the WAM model and the Hasselmann algorithm, which
is state of the art at the European Center of medium range weather forecast (ECMWF) at the time being.
Complex imagettes will be available from the ASAR (advanced SAR) on ENVISAT (to be launched 2000), therefore
these investigations are an ideal preparation for tht:: planned operatiqnal use of ENVISAT imagette data, e.g., at
meteorological centers.
Using the imagettes instead of spectra additionally yields the opportunity to study ocean surface features, e.g., statistical distribution of natural slicks. Further the sea ice boundary and sea ice parameters can be determined at global
coverage and high resolution at the same time.
1. Ocean wave

measurenien~ u~ing

SAR data

1.1. Theory of imaging ocean waves with SAR

The common BAR ocean wave imaging theory assumef:j that for incidence angles between 20° and 60° the dominant
backscattering mechanism is given by Bragg-scattering [7], [8]. On this basis the SAR imaging of ocean surface waves
can be understood as a two step process of real aperture modulation with subsequent velocity bunching [9], and [2] .
• Real-aperture radar (RAR) modulation: The long ocean waves modulate the normalized radar cross section
(NRCS) by geometric effects (tilt modulation and range bunching) and hydrodynamic mechanisms (hydrodynamic
modulation). The RAR modulation dominates the imaging of range (perpendicular to Hight direction) traveling
waves and is assumed to be a linear mechanism, which can be described with the help of transfer functions [10] .
• velocity bunching: The movement of a scattering facet on the ocean surface in slant range leads to a displacement of the corresponding SAR image point in azimuth (in Hight direction) [11]. Consequently the SAR image
intensities are alternately stretched and bunched in azimuth. This so called velocity bunching effect dominates the
imaging of azimuthal traveling waves and gets strongly non linear with increasing intensity of water movement.
The left of figure 2 shows in one dimension how an ocean wave is imaged by a real aperture radar due to tilt,
hydrodynamic modulation and range bunching, the right side shows the effect of velocity bunching on the ocean
surface. Facets are misplaced and smeared out in Hight direction in the SAR image due to the orbital velocities of the
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Figure 3: BAR imaging theory.
ocean waves. Based on this theory Hasselmann and Hasselmann [1991] derived an analytic expression describing the
mapping of an ocean wave spectrum into a SAR image spectrum. In figure 3 this transformation is used to simulate
the SAR image spectrum from a given WAM-model ocean spectrum. The computed RAR and SAR image spectra are
plotted on the left side of 3. The SAR image spectrum shows the characteristic low pass filtering in azimuth which is
called 'Azimuthal Cut-Off'. Due to this filtering information on short azimuthal traveling waves is lost. The simulated
RAR and SAR image for a purely azimuthally or range travelling wave is plotted in the middle respectively on the
right side of figure 3.
1.2. SAR Cross Spectra

Due to the information loss caused by the azimuthal cut-off some a priori information on short azimuthal ocean waves
is required to derive 2-d ocean wave spectra from SAR image spectra. The SAR inversion algorithm described in [2]
uses a first guess ocean wave spectrum, e.g. computed with a wave model, to overcome this problem. This inversion
scheme uses the first guess also to resolve the directional ambiguity of wave propagation, which is impossible based on
a single SAR intensity images.
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Figure 4: Azimuth spectrum of ERS-1 single look complex data (weighting removed) with two selected bands used for
processing looks separated in time by about 0.4 s. Underneath the two looks together with the real and imaginary
part of the cross spectrum is given. The respective WAM spectrum is shown for comparison on the bottom

A new idea to solve the problem of directional ambiguity is based on the use of single look complex (SLC) BAR data. In
this approach the wave propagation direction is derived from the cross spectrum of two time separated looks extracted
from the complex data [Engen and .Johnson 1995 and Dao and Alpers 1996] [12] . In case of ERB-1 BAR BLC images
the two looks are separated by '" 0.4 s. Figure4 shows the derivation of cross spectra. Although even swell systems
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Figure 6: Retrieved ocean wave spectrum and 1-d wave spectrum of allocated NOAA buoy 46006
with high phase speeds only move a fraction of one image pixel in this time period, the phase shift can be detected in
the cross spectrum. Compared to the classical image spectrum the cross spectrum has been shown to have two major
advantages
• It provides an estimate of the image spectrum that is not biased by the pedestal noise.
• It contains information on the wave propagation direction and the phase speed.

Figure 4 shows a SAR image of the sea surface together with the azimuth spectrum (weighting removed)of a subimage
of a ERS-1 SAR.SLC image 2736-1341 acquired on January 23, 1992, at 2332 UTC, near the south east coast of
Greenland. Two selected sub-bands are used for generating the looks. in the lower part of figure 4 the two computed
looks and the generation of the cross spectrum is illustrated and its real and imaginary part is given. The propagation
direction of the two wave systems is indicated by the positive (bright) peaks of the imaginary part of the cross spectrum.
On the lower right the ocean wave spectrum of the corresponding WAM model run is plotted, giving a significant wave
height of 4.5 m. The spectrum shows a range traveling ocean wave system of....., 200 m wavelength and an azimuthal
traveling system of ....., 500 m. It can be seen that the respective propagation direction of windsea and swell coincides
with the one derived from the imaginary part of the cross spectrum. Figure 1 shows a full swath SAR image of a
tablular iceberg in the Antarctic Ocean. The imaginary parts of the cross spectra are shown at the respective locations
of the image. Propagation direction is in the direction of the white peaks. In the spectrum on the right of figure 1 the
incoming wave can be observed travelling towards the iceberg, while the left shows two wave systems,an incoming and
one refracted away from the iceberg can be seen.
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Data Location 01/02-June-1997

Figure 7: ERS-Wave-Mode data taken during one day, June 1,1997. Imagettes on which slick was detected are marked
yellow. Pink crosses show imagettes on which ocean wave.s travelling into sea ice were detected, red and green crosses
mark the positions of available NOAA buoy measurements
The existing inversion algorithm converting the image spectra to ocean wave spectra is modified to be used with cross
spectra. This is done in a consistent way, i.e. the original algorithm [2] is retained if the two looks are identical. As the
noise of the looks is uncorrelated cross spectra have the additional-advantage of lower noise levels than conventional
image spectra. Figure 5 shows real and imaginary part of a cross spectrum derived from an imagette near Alaska. The
imaginary part of the image spectrumwas·taken as first guess input into the inversion algorithm to derive the true
ocean wave spectrum. Figure 6 shows the result of the inversion in comparison to a frequency spectrum of a collocated
.
NOAA buoy. Signific.ant wave height and peak frequency are in very good agreement.
Complex wave mode ASAR imagettes will be available on a global and continous basis, when ENVISAT is launched.
Figure 7 shows the complete coverage with specially processed ERS SAR wave mode data for June 1, 1997. Yellow
crosses show, were slicks are detected, pink ones were ocean waves travelling into sea ice can be seen. In future
comparisons using global wave mode data and collocated bouy measurements of directional waveriders will be done to
test the·ENVISAT ASAR wind and wave algorithms. Additionally the images can be used to derive information on,
e.g.,sea ice.
2. Wind Fields

Two different methods, based on completely different geophysical processes are used to derive wind speed from SAR
images.
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Figure 8: Two imagettes from the Indian Ocean, one at 7.2 N, 59.9 E, near India in low wind conditions (6 m/sec)
and the other at 54.3 B, 40.1 E. near Antarctica taken in strong winds (14 m/sec) together with their azimuthal cross
correlation of width 150 m and 350 iIl. on the lower right wind speed measurements using this method, taken along
the whole orbit are shown.
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Figure 9: A comparison of a BAR derived wind field using CMOD4 and the mesoscale model GEBIMA .
2.1. The CMOD's
The first method is based on converting grey levels of BAR images into normalized calibrated radar cross-section
(NCRB) using the EBA calibration algorithm [13]. Wind speed is derived using the semi empirical CMOD4 algorithm
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[14J and some additional information on wind direction. Usually, BAR images show distinct features like wind induced
streaks or shadowing behind coasts from which the wind direction can be derived. CMOD4 was developed for the ERS
scatterometer (SCAT), but as the SCAT and the SARare both operating at C-Band it can be used on SAR data as
well. Recently a retuning of the algorithm resulted. in a newer version called CMOD5.Figure 9 shows wind speed
derived from the mesosca,le wind model GESIlV'IA [15] in comparison to SAR derived wind speed. For a comparison
with theERS-1 SAR image from August 12,91 21:07 UTC, GESIMA is run with a geostrophic wind of 16 ms- 1
coming from 306 0 in a height of 1500 m to yield comparable wind l?peeds as the BAR image on the open ocean. The
SAR image shows much finer detail in wind structure and a higher variability in wind direction. This is due to the
diH'erence between the snap .shot of ERS~l SAR of a highly turbulent wind field and the mesoscale model simulation,
assuming a.stationary situation [16j. It is ot>vious that for this procedure accurately calibrated SAR images are needed.
Unfortunately, while studying the characteristic range dependence of backscatter [17]· on the ocean surface, it became
evident that ERS-1 BAR data are not properly calibrated: the measured drop oH' ~n backscatter between near range
to far range of the SAR image can be up to 5 dB lower than the expected value of about 6 dB for an ocean surface.
For these cases a recalibration algorithm has to be applied [13].
2.2. The Cross Correlation Algorithm (CCA)
The high resolution of a BAR in Bight direction is achieved by recording the Doppler history of each point scatterer. If
the scatterers are not stationary during the integration time the Doppler history is disturbed and the scatterers appear
misplaced and blurred in the image. The CCA wind speed algorithmisbased on the fact that the random movement of
the sea surface is dependent on local wind speed. This makes it possible to derive wind speeds from the image smearing
in azimuth by computing the cross correlation between diH'erent looks ([18]), cr. figure 8. SAR wave mode yields the
opportunity to cross validate the measurernents on a global, continuous basis. As a first demonstration Figure 8 shows
measurements of wind speed from wave mode data taken on an orbit across the Indian Ocean from India to Antarctica.
The CCA does not need additional input of wind direction, but is strongly dependent ort any .surface features present
on the image. For this reason a new algorithm taking the information from the spectral domain is being developed·
[19].
3. Conclusions

SAR data yield global and continous measurements on wind fields and sea state. New algorithms making use ·of .
the complex SAR data are under development and give additional information on time dependent features like wave
propagation direction.. Using the imagettes instead of the rather coarse UWA spectra makes it possible to take advantage
of these new algorithms on global datasets. For the ENVISAT ASAR these data will be available on a global and
continous basis.
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Analysis of Long Duration Radar Image
Sequences
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Abstract
. '

.

The backscatter of microwave from the ocean surface using a nautical radar is called sea clutter.
At the GKSS research center a hard- and software package, called WaMoS (Wave Monitoring SYstem)"
was developed to sample and analyze nautical radar image sequences of the sea surface. The WaMoS
hardware consists of a standard nautical X-Band RADAR as sensor and-a real time image storage unit.
Now the system is commercially available and in operational use. In the operational mode, a sequence
of 32 images is sampled during a period of ~ 1 minute. The output of the analysis, the near surface
current, the wave spectrum and the significant wave height, are available in near real time. The new
WaMoS II hardware allows to increase the number of radar images sampled. This improves the frequency
resolution by increasing the sampling time. A sequence of 512 images sampled with a ship borne WaMoS
installation during a period of ~ 20 minutes is presented here. The sea clutter pattern is analyzed in the
spatio ~ temporal and wave number -frequency domain. The main topic of this paper is the analysis of
instationarities induced by wind field fluctuations.

1. INTRODUCTION

In spring 1998 a WaMoS [Dittmer, 1995] was installed on the RV Heincke. The system
sampled sequences with up to 512 radar images during 20 min. in the German bight.
Except for a small shadow from ship buildings full 360 0 of the water surface are visible
on the polar radar images. The WaMoS measurements were accompanied by buoy wave
and anemometer wind measurements. The dependency of the clutter pattern on wind
direction (in relation to the antenna look direction) and wind speed was examinated.
Especially the effect of wind speed fluctuations was observed. The clutter consists of
two components, the specke noise resulting from the coherence of the radar pulses and
the modulation induced by the surface gravity waves. These components are separated
in the spectral domain with a filter method. The spatio - temporal clutter pattern is
transformed in the wave number frequency domain with an FFT algorithm. The high
frequency resolution due to the long measurement duration facilitates the analysis of the
structure of the image spectrum. The main effort was putted in the clarification of the
shape of the background noise component generated by the speckle.
Section Il introduces the speckle and the modulation component of the sea clutter.
The analysis of the clutter pattern of the long duration image sequence in the spatio
- temporal domain is presented in section III and the analysis in the wave number frequency domain in section IV. Finally, the influence of instationarities induced by the
fluctuating wind field is examinated by dividing the long time series in chunks of short
image sequences (section V).
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GKSS Research Center, Geesthacht, Germany, E-mail: ziemer@gkss.dej 5 Institute of Hydrophysics, GKSS Research Center, Geesthacht, Germany, E-mail: dittmer@gkss.dej 6 Institute of Hydrophysics, GKSS Research
Center, Geesthacht, Germany, E-mail: reichert@gkss.dej
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n.

SEA CLUTTER

In contrast to airplane- and satellite-mounted radars, the nautical radar images the
ocean surface at grazing incidence. Recent measurements· at grazing incidence by Lee
et al. [1995] and Trizna et al. [1996] indicate that the backscatter for HH-polarization
used by commercial nautical radars results from small scale breaking waves as scattering
elements.
The ocean wave field is imaged by the radar because the waves modulate the radar
cross section of the ocean surface. At moderate incidence angles tilt- and hydrodynamic
modulation are well established imaging mechanisms [Alpers et al., 1981]. For grazing
angles less than the slope of the ocean waves, shadowing occurs, resulting in an additional
strong modulation of the radar images. Shadowing is assumed to be the main imaging
mechanism at grazing incidence [Seemann et al., 1997].
The noise of radar images caused by the stochastic interference between electromagnetic waves backscattered from single scatterers in the radar resolution cells is called
speckle. The backscattered field can be represented as the product of the speckle component and a fl1nction which describes the modulation of the radar return by long surface
gravity waves [Ward ,1981; Alpers and Hasselmann, 1982]. Fig. 1 exemplifies the speckle
and modulation component with the first image of the sequence analyzed here. The
modulation signal of the surface waves E sig is given by

(1)
with the wave spectrum E w , the non-dimensional modulation transfer function M, and
the normalized radar cross section ao. The brackets < ... > denote ensemble averaging
over the large scale wave field. For tilt spectra the value of the exponent f3 is 2. At
grazing incidence the waves are imaged by shadowing and the value of f3 is 1.2. For radar
images with non-overlapping resolution cells, the speckle results in a white floor of the
radar image spectra. If the pixel size is equal to the size of the radar resolution cells, the
spectral density of the speckle noise floor has the magnitude

(2)
with the ground range resolution pg and the azimuthal resolution Pa. For a Gaussian
backscattering surface, the relation

(3)
holds, and the SNR is given by

Esig(k)
En(k) -

IMI 2 kIJ Ew(k)
PaPg

(4)

From the SNR, the calibrated surface wave spectrum E w can be obtained [Alpers and
Hasselmann, 1982]. In contrast to the modulation signal and the noise level the SNR
is independent of the normalized radar cross section (NRCS) and therefore of the wind
vector. The calibration method has already been used for SAR image spectra [Plant and
Zurk, 1997]. It has been shown empirically, that the method is also applicable to three
dimensional wave number frequency specta obtained from nautical radar image sequences
[Ziemer, 1995; Nieto Borge and Seemann, submitted].
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Fig. 1. A polar naut.ical- radar imagp.. Tlw an'a of t.he square (red) is used for t,he analysis of t.he sea clut.t.er
pattern in the wave number - frequency and the area of the circlet (cyan) for the analysis in the spatio
- temporal domain. The clutter is composed of speckle noise modulated by the surface waves. The wind
direction is 5°.

Ill.

SPATIO-TEMPORAL DEPENDENCY OF RADAR BACKSCATTER

In contrast to the SAn., which allows only snapshots of the water surface, with a
nautical radar the spat.io - temporal evolution of the sea clutter can be analysed. For this
pllrposea sequence of 512 radar images was sampled continllollslydllring 20 minutes. Th~
WaMoS IlWaSIlWIl)(~llf. was accompanied hy fl.Jlcmomdcr wind rncaSllrClllcntR. Tlw wind
direction during the radar measurement period was nearly constant. (±3°), coming from
north. A circllit. ofthc polar radar images (Fig. 1, inner and outer radius: 650 and 900 m,
64 range bins) was selected. On this area, equation (3) has been prooved to be valid, with

81

a.)

b.)

=s

s
=
+:
0

0

~
t:J
~
J.4

~

.....

"t:l

J.4

~

E

E

N

o

200

400

600

800

1000
time [s]

o

20

40

60

80

mean grey level <g>

linear scale

o

105

c.)

20
10

o

200

400

600

800

1000
time Is]

Fig. 2. Azimut.lml and temporal dependency of clutter. The clutter is averaged radially (the cyan circuit,
outlined in Fig. 1) and azimuthally over 5° sectors. The fluctuation of the wind direction during the
measurement period was ±3°. a.) Directional and temporal dependency of the mean backscatter. The
dark horizontal stripes are shadows due to ship buildings. The grey levels are averaged over time (b.» and
over the azimuth angle (c.». b.) Azimuthal dependency of backscatter with one maximum upwind. c.)
Temporal evolution of backscatter.

the llonnalized radar cross section replaced by the grey level. The circuit was divided in
azimuthal sectors of 5°. So, the mean backscatter is given as a function of time and the
azimuth angle (Fig. 2). The azimuthal dependency of the backscatter was obtained by
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temporal averaging. In contrast to radar measurements under moderate incidence angles,
only one maximum appears. in upwind direction. This is consistent with measurements
under grazing incidence and HH-polarization from Trizna and Carlson [1996] and Hatten
et al. [1998]. Trizna [1997] ascribes this dependency to multiple scattering on small scale
breaking waves as the dominant backscatteringmechanis:m. The temporal evolution of
the backscatter was worked out by azimuthal averaging. The mean grey level time series
is correlated with the wind speed time series acquired with accompanying anemometer
measurements (Fig. 3).
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IV. STRUCTURE OF WAVE NUMBER FREQUENCY IMAGE SPECTRA

From the long duration radar image sequence a high resolution wave number - frequency
image spectrum was calculated. The high frequency resolution enables the examination of
spectral signatures and structures, which previously was only possible with limitations.
It is essential for scientific purposes to analyze the structure of the three dimensional
radar image spectrum. This may lead to improvements of the operational system.
A sample spectrum is calculated from the three dimensional grey level matrix g(f, t)
with an FFT algorithm:

11Jx{ Jy{ JT{ g(f, t) . eZ.(k.r-wt)dx
.~~
= XYT'
dy dt 1

2

I(k, w)
-0

,

(5)

with the image size XY and the duration of measurement T. The spectrum is composed
of the signal due to the imaged waves and a background noise component. The spectral
localization of the signal can be ascribed to the dispersion relation of linear surface waves
and nonlinearities of the imaging process and the wave field.
Assuming linear wave theory, the frequency and wavenumber coordinates are connected
by the dispersion relation w = w(k; d, Ue), which depends on the water depth d and the
velocity of encounter Ue. The dispersion relation is given by

(6)
where k is the modulus of the wavenumber vector. The first term specifies the intrinsic
frequency of the waves measured in a local coordinate system moving with the near surface
bulk of water. The intrinsic frequency differs from the absolute frequency w, measured
in the sensor's coordinate system by the Doppler term. The Doppler frequency shift may
be induced by a near surface current and the sensor's speed, together denoted as the
velocity of encounter. The dispersion relation defines a surface in the three dimensional
spectral space, called a dispersion shell.
The nonlinearity of finite amplitude surface waves [Phillips, 1960] and the imaging
process [Seemann et al., 1997] generates spectral energy at the sum, difference and the
harmonic coordinates. The harmonics are localized at integer multiples of the fundamental mode coordinates:

(7)
The index p indicates the p-th harmonic. The harmonics are localized on scaled dispersion
shells.
In addition to the signal of the imaged waves radar spectra include a background noise
component due to the speckle.
The three dimensional radar image spectrum shows the signal of the imaged surface
waves, localized on the dispersion shell, and the background noise component (Fig. 4).
A. Spectral Filter Method

The dispersion relation of linear surface waves is used as a physical model to interpret
the image spectrum. A least square method to determine the velocity of encounter at
known water depth Senet et al. [1997], was recently extended by the water depth as an
additional regression coefficient [Outzen, 1998]. With the velocity of encounter and the
water depth in shallow waters known as accurately as possible, the dispersion shell is
used as a signal filter to separate the spectral information of the sea state

(8)
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(Fig. 5) from the background noise component

(9)
(Fig. 6). According to equation (4) the square root of the signal to noise ratio of radar
image spectra is linearly dependent on the significant wave height. Therefore the spectral
filter mct.hod is emmnt.ial for t.he calibration of nautical radar image spectra.
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B. Integrated Spectra

Lower dimensional image spectra are calculated by integration. An unambiguous
two-dimenRional waveullmber Rpeet.rtUl1 T+(k) results from the integration of the threedimensional waveullmber frequency spectrum over the positive frequency coordinates:

T+(k) = 2· ( T(k,w) dw.
lw>o

(10)
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The one dimensiOlml frequency spectrum

(11)
is evaluated by integration over the wavenumber coordinates. This spectrum, called the
frequency spectrulll o! encounter, is affected ~)y the Doppler shift.
C. Shape oJ the Background Noise

The background noise is generated mainly by the speckle effect. The shape of the
speckle spectrum is white, weighted by the impulse response of the radar. The im-
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pulse response indicates the low pass filtering due to the spatial averaging of the radar
backscatter over a radar resolution cell.
The shape of the two dimensional integrated background noise wave number spectrum
reflects the impulse response of the radar. Due to the high number of frequency coordinates over which the spectrum was integrated the sampling variability is very low (Fig.
6 c.)). With this estimation of the impulse response function the surface wave image
spectrum can be corrected for the filtering effect.
Additional spectral energy is visible close to the fundamental mode dispersion shell.
The width of the filter was assumed to be given by the spectral resolution (spectral
leakage). But because the image sequence was taken with a ship borne radar, Doppler
smearing due to a changing velocity of the sensor is unavoidable. Furthermore the harmonic was not removed by spectral filtering here.
The integrated frequency spectrum is not white (Fig. 6 b.)), as it is assumed for pure
speckle noise. The additional energy at the frequencies 0.6 and 1.2 rad/s can be ascribed
to residues of the fundamental mode und to the first harmonic of the signal spectrum.
At low frequencies an increase of spectral density is evident. The increase of power may
result from a spectral signature with orientation in the wave travel direction, but which is
localized at lower frequencies. Smith et al. [1996] hypothize that this structure is a radar
signature of groups of surface waves marked by increased backscatter due to breaking
waves. Difference structures due to nonlinearities are loclized at low frequencies as well.
Additionally, fluctuations of the wind field may generate a turbulence spectrU:ql at low
frequencies. In Fig. 7 the power spectrum of the anemometer time series is presented in
comparison with the background noise frequency spectrum.

V.

TEMPORAL EVOLUTION OF THE SPECTRAL COMPONENTS

It was shown in section III that temporal fluctuations of the boundary layer wind field
result in instationarities of the clutter pattern. According to equation (1) and equation
(2) the instationarity is induced to the spectral components as well. This is shown for the
background noise here. The sequence of 512 images was divided in chunks of short time
sequences of 32 radar images. A square area of the radar images (Fig. 1) was selected
for the analysis in the spatio - temporal and wave number - frequency domain. In Fig.
8 the time series of the mean grey level, the grey level variance, and the variance of the
spectral background noise are presented. The mean grey level and the grey level variance
are correlated because equation (3) holdsfor clutter detected at grazing incidence as well.
The variance ofthe grey levels and the background noise are related by equation (2). The
correlation coefficient obtained from the measurement presented in this paper is 0.84.

VI.

SUMMARY AND OUTLOOK

The sea clutter pattern from a sequence of 512 consecutive nautical radar images was
analyzed in the spatio - temporal and wave number - frequency domain. The boundary layer wind field influences the clutter pattern as follows: One azimuthal maximum
appears upwind, in contradiction to the 180°-ambiguity of radar measurements under
moderate incidence angles. The temporal fluctuation of the clutter level was prooved to
be correlated with the wind speed.
The analysis of the three dimensional radar image spectrum was concentrated on the
background noise component which was selected with a spectral filter method. The shape
of the integrated two dimensional background noise wave number spectrum reflects the
impulse response of the radar. Operationally the effect of the finite spatial resolution of
the radar on the image spectrum can be corrected with this estimation. The integrated
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Spectrum of the wind speed fluctuation and the backround noise component of the radar image
spectrum. a.) Power spectrum of anemometer wind speed time series. b.) Integrated frequency spectrum
of the background noise.

one dimensional background' noise frequency spectrum is not white as expected for pure
speckle noise. The additional spectral energy at low frequencies can be ascribed to the
group structure of the surface waves, nonlinearities of the imaging process or may be due
to fluctuations of the boundary layer wind field.
The wind field fluctuations introduce instationarities to the components of the image
spectrum. This was shown for the background noise by analyzing chunks of short time
image sequences. In the near future the division ofthe sequence in chunks will be replaced
by a moving temporal window, calculating a four dimensional spectrogram. After a
calibration with the signal to noise ratio the temporal evolution of the wave spectrum
can be estimated. The waves are not influenced significantly by a changing wind field on
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a time scale of 20 min., but wave grouping may be detected.
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Abstract
The ocean wave imaging capabilities of an airborne
single pass cross track interferometric SAR (InSAR)
are studied by analyzing data acquired in February
1997 over the North Sea. Digital elevation models
(DErvI) of the sea surface showing ocean waves are
investigated and compared to the corresponding conventional SAR intensity image.
A theory for the InSAR imaging mechanism is developed and forward simulations for the interferogram
as well as for the conventional SAR intensity image
are performed. Distortions of the DErvI, due to nonlinear imaging effects are analyzed.
The SINEWAVE (SAR Interferometry Experiment
for validation of ocean Wave imaging models) experiment to further investigate the cross track INSAR
ocean wave imaging is described.
Keywords: Ocean Waves; Interferometry; SAR
1. Introduction

The retrieval of directional ocean wave information
is desirable for scientific reasons as well as for practical purposes. Captains and harbor authorities are
looking for reliable sea state forecasts and scientist
want their physical ocean wave models to be verified
against large data sets. For both demands it is desirable to have a continuous and global coverage of
measurements. So far space borne SAR are the only
all weather systems to provide such data. However
some care must be taken using SAR data to derive
2-d ocean wave spectra; basic SAR principles cause
unrecoverable information loss in the imaging process, and incomplete understanding of some ocean
wave imaging mechanisms leads to unsatisfactory exploitation of the SAR data. One goal of the present
study is to present a new technique to improve the
understanding of SAR ocean wave imaging.
According to the classical theory assuming Bragg
scaUering to be the dominating scattering process,
the ocean wave imaging capability of a SAR is mainly
based on two mechanism [1].
• range travelling waves are imaged due to real
aperture (RAR) modulation of the radar cross

section (tilt modulation, hydrodynamic modulation, range bunching). This mechanism is in
general assumed to be linear.
• azimuthally travelling waves are imaged due to
alternate stretching and bunching of image intensities in azimuth direction, caused by the orbital velocities of the backscaUering faceUes.
The so called velocity bunching mechanism is
in general strongly nonlinear.

It is well known that the amount of sea state information, which can be recovered from SAR data is
limited for several reasons. The most important of
which are:
• information about short azimuth waves is lost
due to the orbital motion of the backscaUering
faceUes (azimuthal cut-off).
• there are uncertainties about magnitude and
phase oBhe RAR modulation transfer functions
(rvITF). Especially the form and parameterization of the wind dependent hydrodynamic rvITF
is still under discussion [2].
The common approach to deal with the problem
of information loss in the SAR image spectrum, is
the use of inversion algorithm taking some a priori
knowledge e.g. from wave models [3],['l].
In the present study we investigate the capability
of a cross track InSAR system, which uses two SAR
antennas with baseline perpendicular to the Bight direction, to provide additional sea state information
as compared to a conventional SAR. In contrast to
along track InSAR systems, which have been used
e.g. to measure ocean currents [5], a cross track InSAR is able to measure topography. This is done by
using the phase difference, oBhe radar signals, which
are transmitted and received by the two antennas in
turn (see figure 2).
The use of cross track InSAR systems for ocean wave
imaging is interesting for different reasons. It can
e.g. be a new high precision measuring device to obtain sea state information like twO dimensional ocean
wave spectra. As the system yields simultaneous
measurements of the sea surface elevation and the
corresponding radar cross section, it is also an ideal
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tool to investigate the ocean wave imaging by conventional SAR, whiCh is still not fully understood in
some aspects. One straightforward application is e.g.
the study of the hydrodynamic lVITF, which is still
an important research topic as mentioned above.

Figure 1: Twin-engined Air Commander used as
platform for the Aes-1 InSAR system with some of
the on-board electronics
2. The Aes-1 InSAR system

Antennas
Baselinecomponents

were acquired over the North Sea near Cnxhaven.
Figure 3 shows a sub-scene ·of the SAR intensity
image acquired by the master antenna and the corresponding DElVI computed from the interferogram.
Only 0.1 s integration time were used to process these
data, resulting in a reduced azimuthal resolution of
abouJ lOm. In both the DElVI and the intensity image an about 35 in wave system can be seen travelling
in range direction. The two dimensional spectrum of
the intensity image in figure 4 shows the typical cutoff in azimuth caused by motion effects. The DElVI
spectrum is slightly broader in azimuth; but it still
suggests that a low-pass filtering of the ocean wave
spectrum has taken place. Note that there is relatively high energy in the short range waves of the
intensity image as compared to the DElVI.
The two dimensional histogram in figure 4 indicates
a strong correlation of height model and radar cross
section. Obviously points with a high position in
the DElVI are likely to appear bright in the intensity
image and vice versa.
3. Cross track InSAR ocean wave imaging theory
The bunched shape of the 2-d DElVI spectrum in azimuth direction shown in figure 4 suggests that the
InSAR imaging mechanism is affected by the sea surface motion in a similar way· as conventio:pal ocea,n
wave SAR imagery. So far these mechanisms .have
only been studied for along track InSAR systems [7].
In the following we develop a theory for the cross
track case, which is consistent with existing models
for conventional SAR ocean wave imaging [8] .. The
interferogram from which the DElVI is computed is
defined as
l(x,y) = < ili; >
(1)
where i l , i 2 are the complex images acquired by the
two antennas~ Using a simple model for the SAR
imaging mechanism and the data processing we get

y

it,2(X, y)=

I

vt
Sl,2(t, y) exp(ik, (x -R )2) dt

(2)

x

Figure 2: lmaging geometry of cross track InSAR
system, with Bight direction perpendicular to plane
The Aes-1 is an airborne high precision cross track
InSAR system developed and operated by AeroSensing GmbH [6]. Some relevant parameters of the system are given in table 1. The radar is currently Bown
on a twin-engined Air-Commander (see figure 1).
The ocean wave imaging capability of Aes~l system
was first demonstrated in January'97, when data

velocity
height
Transmitting frequency
Pulse repetition frequency
V-Baseline
H-Baseline
incidence angle
Polarization
Range resolution
Azimuth resolution

80 - 100 m/s
500 - 3000 m
9.500001 GHz
8000 Hz
-1.408 m
-0.68 m
45 degree
HH
ca. 0.5 m
ca. 0.5 m

Table 1: Some parameters of the Aes-1 cross track
InSAR system
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Figure 3: 380 m by 380 m SA.R intensity image acquired by master antenna (left) and corresponding DEl'iiI
(right) showing ocean waves
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Figure 4: Two dimensional histogram and spectra of intensity image (left) and DEl'iiI (right)
the complex reflectivity r is uncorrelated in space [1],
which means

where SI,2 is defined as
SI ,2(t, y)

=

/ Ir(xo, y, t)!

exp( -iki R 1,2(XO, y, t)) G(xo, t) dxo (3)
r is the complex reflectivity and the antenna pattern
G is given by

G(xo, t)

= exp( -2

(xo - vt)2
2T. 2

v

°

)

where Ts is the scene coherence time, integration over
one space dimension yields

(4)

The signal round trip paths RI, R2 are

=
2 j""-(/-~+-n----z(-t)-)-2-+-(v-t---XO-)-2-+-Y-5
v

RI (xo, Yo,

t)

R 2 (xo, Yo, t) =
2 Jf"-:-(h'---z('-t)'-)=-2+--c-(v-t---x-o-=--=P-+-('-y-O-_-=B::-h7p7

(5)

(6)

and k i is the elecromagnetic wavenumber. Inserting
eq.2 into eq. 1, making the usual assumption that

Expanding R 2

-

RI to second order in time we get
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where !1R is given by

!1R(Xl,Y) =
2

-1 m

Jr-(h---'-zo-(-t-=-~-:~)-)2-+-(Y---B-h-)2
-2 J(h + IJ

v -

zo(t

=

~ ))2 + y2

(10)

and U r is the orbital velocity of the backscattering
facettes in slant range direction. Using the approximation

Ur(X, y, t) = Ur

+ ur(x, y)(t -

(11)

x/v)

with U r is the orbital acceler'ation in slant range direction and assuming the cross section (l to be constant in time, we find after some algebraic manipulations the following expression for the interferogram

where we defined

IP~ + [~2 ToR
Ur(Xl' y)]2 + p~~~ (13)
V'
v
s
T

Pa

AiR
2vTo
1
1
-+Ts
To

Figure 6: JONBWAP ocean wave spectrum modeling
a range travelling wave system (top) and corresponding realization of sea surface (bottom)

B h , B v to zero yields identical equations. The basic conclusion is, that complex image points in the
cross track interferogram are shifted and smeared in
azimuth direction in a similar way as known from
intensity images of conventional BAR (see figure 5).
4. Forward simulations for cross track InBAR

Based on the forward model derived in the last section simulations of the cross track InBAR ocean wave
imaging are Performed. Figure 6 shows a JONSWAP
spectrum representing a range travelling ocean wave
system and a corresponding realization of the sea surface elevation, which was calculated with a random
generator assuming linear Gaussian wave theory. Let
the Fourier representation of the sea surface be given
by
'Tl(X) = L'Tlk e- i k x + complex conjugate

(14)
(15)

and Ai = 2 1f/ k i is the radar wavelength.
This result is consistent with models described in [7]
or [9] in so far as setting the baseline components

(16)

k

The radar cross section, which is assumed to be a
linear function of the surface elevation is then calculated from

(l(x) =

a- (1+ LTkRAR'Tlk e- i k x+complex conjugate)
k

(17)
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Figure 7: Simulated SAR intensity image (left) and corresponding DEM (right)
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Figure 8: Two dimensional spectra of simulated intensity image and DEM
where fj- is the spatially averaged cross section.
connected to the ocean wave spectrum F via

'T]k

is

(18)
and TRAR is the real aperture transfer function containing tilt modulation, hydrodynamic modulation
and range bunching [10]. Using the corresponding
transfer functions for the orbital velocities and accelerations of the backscaUering faceUes, 'U r and U r can
be calculated in the same way [8]. The cross track
interferogram is then be derived by using eq. 12.
Setting the baseline components Rv, Rh to zero, the
same equation is used to simulate the conventional
SAR intensity image shown in figure 7. The simulated DEM in figure 7 was calculated from the interferogram by subtracting a linear phase introduced by
the Hat earth (fringe frequency). As in the observed
data the ocean wave system is visible in the intensity
image as well as in the DEM ofthe simulated data. It
can be seen from the spectra shown in figure 8 that
the DEM is low-pass filtered in azimuth in a simi-

lar way as the intensity image. A further interesting agreement with the observations is the relatively
high energy of short range waves in the intensity image compared to the DEM. In the framework of the
classical theory for conventional SAR this may be
explained by the RAR modulation, which acts as a
high pass filter in range. Why short range waves
have less energy in the DEM although the DEM is
also affected by the RAR modulation, is an interesting question to be addressed in subsequent studies.
5. The SINEWAVE experiment
For further investigations of ocean wave imaging by
cross track InSAR systems based on reliable ground
truth data the SINEWAVE experiment was designed.
The experiment took place on the 12.02.1998 near
Helgoland as a joint venture of DLR, GKSS, BSH,
MPI and AES. The following sensors were used for simultaneous measurements of twO dimensional ocean
wave spectra.
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• AeS-1 airborne cross track InSAR system
• directional wave rider buoy
• ERS-2 SAR
The InSAR was flown over the buoy in a five legged
star shaped pattern at three different heights. The
acquired data represent a unique data set for compa!isons of conventional systems and new techniques
for ocean wave imaging. First results of the experiment will be presented in the near future.
Conclusions
The ocean wave imaging capability of high precision
airborne cross track InSAR systems has been demonstrated. A theory for the imaging mechanism, which
is consistent with classical theories for conventional
SAR ocean wave imaging, has been developed . The
forward simulations carried out seem to reproduce
the basic features of the observations. It turned out
that the DEM of the sea surface is distorted by motion effects in a similar way as conventional SAR
imagery. Due to the lack of reliable ground truth
data we were not able to validate the measured surface elevations. This will be done based on the data
acquired during the SINEWAVE experiment.
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Abstract -- Wind fields retrieval over the sea by means of spaceborne radar remote sensing is
an important technique which is aimed at supporting oceanographic and meteorological studies.
However, open questions still remain on the best determination of an accurate geophysical
model, i.e. on the relationship between the scatterometer measured radar cross section and the
wind field. In this paper we describe a two-scale relationship which has been deducted by
making use of a measurement radar cross section set of the ERS-1 C-band VV-pol
scatterometer and collocated ECMWF data analysis over the Mediterranean Sea.

INTRODUCTION
Satellite microwave remote sensing permits a new look to oceanographic and meteorological
studies [1]. It allows to continuously and globally gather a large set of measurements, otherwise
unpractical with standard tools. These measurements represent an indirect estimate of the
geophysical parameters to be controlled. In particular, it is possible to reconstruct the sea wind
field by an appropriate set of simultaneous satellite measurements [1].
The scatterometers on board of the European Satellites ERS-l/2 are suitable for such
measurements, e.g. [2]. Broadly speaking the whole problem can be cast into two major ones:
the forward and inverse one [1]. The forward one consists into the determination of the
geophysical model function, i.e. the relationship between the radar cross section and sea wind
field [2-7]. The inverse one deals with the ability to retrieve the wind field by making use of a set
of radar cross section measurements and the relationship previously depicted [8-10]. As a matter
of fact, a key point is the best determination of the geophysical model function since the ability
to accurately retrieve the wind field is dependent on the use of an appropriate semi-empirical
relationship between the sea radar cross section and the wind field.
Within such a framework, a new relationship relevant to the C-band VV-pol ERS-1
scatterometer and alternative to the widely employed ESA CMOD4 has been recently proposed
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by Rufenach [5]. Such a new relationship between the sea radar cross section and the wind field
is of special importance in closed seas such as the Mediterranean Sea [7,11]. A first piece of
work has been developed and presented [7]. In particular, a study of this new radar cross section
functional form has been conducted in conjunction with the ECMWF wind field analysis [7].
In this work a two-scale approach is investigated. As a matter of fact, by making benefit of the
study developed in [7] a two-scale Rufenach-like relationship is designed. The overall radar
cross section relationship shows two different trends which best fit the low and high wind
regimes. The point of connection of the two branches is determined by imposing some ad hoc
continuity conditions between the two branches. Such a point results as a threshold for the
upper branch. We stress that the wind speed threshold has not been imposed a priori but it has .
been determined through the fitting procedure. It turned out to be about 4 mfs in agreement with
the CMOD4 relationship [12].

STATEMENT OF THE PROBLEM
The scatterometer is an active microwave remote sensing instrument which is designed to
observe wind speed and directions over the ocean surface [1-2]. In particular, an angular
diversity technique is employed in order to accomplish a set of (almost) simultaneous radar
cross section measurements [1-2]. Wind field reconstruction is made possible by a reliable
relationship which relates the ao's to the wind vector [1].
The relationship which links the normalized radar cross section (NRCS) ao to the wind speed
and direction is referred to as the geophysical model function and a popular functional form is
the following [1, 5]:
N

a o =f(iJ,U)

[I+ Lb/J(iJ,u)cosn<p]

(1)

/J=1

wherein U is the wind speed, iJ is the electromagnetic wave incidence angle and <p is the wind
direction referred to the ground-projected antenna beam direction. It is custommy to set N equal
to 2 and to modelfO by means of a power-law although more recently some other functional
forms have been suggested atld tested [3-7].
Generally speaking, we note that, apart from the specific functional form of the geophysical
model function, in order to make it truly effective we must preliminary calibrate it [1, 5, 13].
Consequently, we need first to collocate a set of ao's at the same time and space of some
external (to the radar system) wind field measurements and then to estimate the model
parameters. In particular, once collocation has been accomplished a binning procedure is dealt
and the bin size is usually chosen according to the resolution of the external data set. For

~r-----------
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example in [7] the external data set was deducted by the ECMWF analysis and the (U, 19-, qJ) bin
size of 1 m/sec, 5°, 20° was considered. With reference to the binning procedure the interested
reader can find an innovative viewpoint in {l3].
Proceeding as in [5] we get to a simplified form of (1) if we perform a mean estimation of the

ao ' As a matter of fact the mean of ao, say 0'0' in the qJ variable is estimated [5]. Obviously 0'0
is dependent only on U and 19-. We note further that if ao is seen as a uniform random process
in qJ this step return us exactly feU, 19-) [5]. Followingly the proper calibration procedure can be

...

undertaken [5].

THE TWO-SCALE MODEL
We describe hereafter how the exponential model function proposed by Rufenach has been
modified and applied. In partiCular, it is here depicted its use in a two-scale model approach and
the more relevant results that has been deducted.
The exponential model function proposed by Rufenach considers f(·) with the following
functional form:

f( U, 19-) = c( 19-)exp{ a( 19-)U + P( 19-)U2+...} .

(2)

The two-scale model that we have employed consider two exponential branches each of them of
the form depicted in eq.(2) and connected by simple continuity condition. From the outset it is
important to underline that the connection point has not been arbitrarily and preliminary chosen
but deducted by means of the calibration scheme.
As a matter of fact, the two-scale model can be compactly described by:

_ {J..(U, 19-) 0 $. U. $. Ut
f(U,19-).
f2(U, 19-)
U> Ut

(3)

Once we consider the expansion to the third order in U and express it in decibel units we get for
the two branches:

(4)
wherein the subscripts 1 and 2 stand for the lower and upper branch, respectively. Note that only
for the light winds we consider the U 3 term. This has been considered in order to provide a
greater detail in the lower regime.
The four 19- functions of eq.(4) are then expanded as in [5], thus getting:

100

(5)

a'e '0) = C(4)
+ C(5)(
'0 - '0 )
1,2 .
1,2

0'

(6)

(7)
(8)

The angle '00 has been set equal to 45° as well as in [5].
With reference to the harmonic dependence of eq.(l), that is the.directionaLone, the usual
Legendre polynomialexpansion has been adopted [3], hence:
(9)

(l0)

where
(11)

and x is (19--36°)/19°.
A flow chart of the calibration scheme is depicted in Fig.l.
As a result the calibration scheme calls for t~e determination of 23+ 1 parameters, the cls and a's
p~rameters plus the wind speed threshold Ut instead of the 60 parameters of the CMOD4 [3].

In order to accomplish the calibration procedure four data sets have been employed. They
correspond to the four periods listed in Table I and are relevant to 223,243 collocated radar
cross sections measurements over the Mediterranean Sea. The external data set was· provided by
the ECWMF analysis.
The calibration procedure has been undertaken as in [5] employing the NAGTM routines and the
corresponding results are listed in Tables II and Ill. In Table II the parameters relevant to the
exponential part are shown whereas the ones relevant to the harmonic part are shown under
Table Ill.

10 1
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Fig. 1: Flow chart ofthe calibration scheme.
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PERIOD
A

-

START OF

END OF

# of COLLOCATED

PERIOD

PERIOD

MEASUREMENTS

March 15, 1992

April 15, 1992

60,276

B

September 20,1992 . October 15, 1992

56,483

C

December 1,1992

December
20, 1992
,

55,722

D

December 21, 1992

January 10, 1993 .

50,762

Table I: Relevant to the employed ERS-l data set.

Uf

4.05 m/sec :'.

c(l)

I

-23.6054112

C(2)
I

-0.40885620

c(3)
I

0.01109600

C(4)
I

0.27367774

c(s)
I

0.00695460

C(6)
I

0.11628104

c(7)
I
c(l)

2
C(2)
2

c(3)

~

-0.00095811
-24.03242261
-O.4263930f

2

0.01109600

C(4)
2

0.87020552

{c(s) .
2

C(6)
2

,

0.01128641
-0.00889514

. Table 11: Relevant to the two-scale calibration scheme.
al

0.03630039

a2

0.12510891

a3

0.00591769

a4

0.14954787

as

0.15939818

a6

0.01085134

a7

0.01608060

as

-0.00002103

ag

-0.00829867

alo

0.00001073

Table Ill: Relevant to the two-scale calibration scheme.
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As a first comment to two-scale model we note that the extra parameter used for the lower
branch is very small so it can be reasonably neglected. Further, we have that the major
differences between the lower and upper branches result for the parameters pertaining to a'C·)
and {3'O whereas for the [CC·)]dB term only the first one parameter is really different. It is
remarkable that the wind speed threshold value is in agreement with other independent
speculations. As a matter of fact, the Ut value is in agreement with the one imposed in CMOD4
[12].

In order to better analyze the proposed two-scale model, after the calibration procedure a
comparison between such a model and the CMOD4 has been conducted. This is shown in
Figs.1 and 2 where the real data are displayed by means of triangles, the two-scale model by
means of dashed lines and the CMOD4 by means of solid lines.
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Fig 2: A comparison among the two-scale exponential model (dashed line), the CMOD4 model
(solid line) and the real data (triangles) is shown. This is relevant to cp = 0° (upwind to central
antenna's beam direction) and for three different incidence angles, from top to bottom: 25°,
40° and 55°.
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In particular, in Fig.2 the upwind case (cp =0) is shown for the cases

=25°, 40° and 55° (from
top to bottom), respectively. Analogously in Fig.3 the crosswind case (cp = 90°) is shown for the

cases

f)=

f)

25°, 40° and 55° (from top to bottom).

Examination of these latter results show that the CMOD4 is incapable to describe light winds,
due to his intrinsical model features (power law), while the two-scale exponential model can
overcome this problem. Obviously, such a light wind region remains, in the retrieval procedure,
very critical due to presence of noise which is of much greater impact.
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Fig 3: A comparison among the two-scale exponential model (dashed line), the CMOD4 model
(solid line) and the real data (triangles) is shown. This is relevant to cp = 90° (upwind to
central antenna's beam direction) andfor three different incidence angles,jrom top to bottom:
25~

40° and 55°.

CONCLUSIONS
A two-scale exponential geophysical model function has been derived. It is based on the
Rufenach exponential one. A full definition of the proposed model has been accomplished for
the ERS-I C-band VV-pal scatterometer and the Mediterranean Sea. The results have shown
that the model is suitable for low wind regimes and this is of great remark for a closed sea such
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as the Mediterranean. Further the two-scale approach has shown consistency with previous
speculations. All this encourages furthering such a study.
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MEASUREMENTS OF WAVE ACTION IN THE OCEANIC
LIMIT OF Rio DE LA PLATA ESTUARY
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INTRODUCTION
Hidrovia S.A. is in
charge
of
the
dredging and signalization of more
than 1,000 Km of
navigable waterways
from Santa Fe on the
Parana River to the
ocean limit through
Punta Indio Channel
in the outer De la ARGENTINA
Plata River. (Figures
I and 2).

.'

Regarding the latter
aspect, several field
studies have been
undertaken
with
measurement
of Fig. 1: Paraguay-Parana Waterwa
currents, tidal levels
and waves. For the wave measurements a Datawell Waverider is being used. As the site of
the waverider is located at the limit of De la Plata River estuary with the ocean, more than
80 km. distant from the nearest coast, a data satellite transmission system was selected. The
equipment issues data packets at a mean interval of 2hs. 40 min. towards the A-RGOS
satellite, which in turn continues with the transmission through the USA Maryland
receiving station and from there to our main office in Buenos Aires, Argentina using
Internet via e-mail.
The place selected for anchoring of the waverider (Figure.2) was especially adopted
because it is located in a waterdepth of 17 m. with little vessel traffic. If two straight lines
are drawn from the waverider through the last tangent to the coast of both margins, the
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208°N and 61°N extreme directions are obtained, which mark two areas called "coastal"
and "offshore" (Figure 2).
OBJECTIVES OF MEASUREMENTS

In June 1996 the "Directional Waverider" was anchored. This first measurement was made
together with other~ of levels, currents and wind of the area involved, as an alternative to
Punta Indio Channel through the Beta zone, where a change in the channel· alignment is
being analysed (Figure 2).

The objective of the waves measurements was to complete information on hydrodynamics
of the survey area for the modification of Punta Indio channel to 'enable, through
propagation of wave action towards that zone, inclusion of data in a mathematical model
and estimation of the annual maintenance volume to be dredged for each alternative line at
different depths, including wave action as an additional factor in the total sedimentation
calculation.

URUGUAY

Buenos Aires
ARGENTINA

20

r-_0

20 Kilometers
i

FIG.2: Directional Waverider Position

DESCRIPTION OF THE MEASUREMENT AREA

The area where the waverider is located is called outer De La Plata River, in its limit with .
the Atlantic Ocean. Figure 3 shows a typical surface synoptic chart of the area. As can be
noted, a polar air mass gets into the continent through the Patagonia towards the
Northwest, displacing the hot air mass covering the northern area of parallel 40 oS. Upon
crossing De la Plata River, it changes wind components in the Northern towards the
Southern sector, generating high~speed gusts and intense although short showers. When the
cold air reaches Brazil, its pressure diminishes and begins to heat up. Later on, this already
mild Polar~driven air recedes towards the South, resulting in North-driven winds that may
bring new continental or sea hot air masses. Northern winds cease when a new Polar front
heads from the Patagonia towards the northern area.
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Fig.3: Surface Synoptic Chart

Storms characterising the zone

The most typical frequent storms in De la Plata River deriving from the Southwest are called
"Pamperos" and those from the South and Southeast "Sudestadas". These phenomena are
related to the generation of "Sea" and "Swell" waves, noted in the area. The "Pampero" is
generated by Polar air masses from the Pacific which reach the southern part of De Los Andes
mountain range, where they discharge humidity in the form of rain or snow. The dry air
overflows the mountain range and quickly advances through the "Patagonia" and later on
through "Pampa" until reaching the coasts from the Southwest. It is characterised as a cold or
fresh wind, depending on the season with strong splinters at the beginning, accompanied by
showers or hail, although it subsequently clears the air. Speed ranges between 50 and 60
km./hour, 'scarcely reaching 90 km./hour. Generally it does not last for more than two days.
When it comes into De la Plata River, it generates "Prevailing Sea,i wave action with an
average 120 km. fetch up to the waverider.
"Sudestadas" are generated when a depression is settled in De la Plata River zone and at the
same time and anti-cyclone dominates the Atlantic region to the East of the province of
Chubut. A marked barometric gradient in the coasts of the province of Buenos Aires leads to
wild winds in the South-south-eastern sector, generally accompanied with rain. These winds
may last a few days, generally no more than four, with strong and very strong storms. If a
cyclonic front is established in the sinuous front line, the situation may be prolonged for a few
days. Generation distances measured from the waverider for these cases may range from 400
to 4,000 Km, depending on where the storm front is settled. This storm is characterised by a'
"Swell" type wave action. It is clearly observed that the "Sea" and "Swell" conditions will coexist in the measurement site.

- - - - - - - - - -
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SPECTRAL ANALYSIS
.

•

2

Information provided by the waverider is given by the spectral energy density Sw (cm /sec)
in terms of frequency w (1/sec). Frequency range~analysed cover values higher than zero
and up to 0.625 Hz. (period T ;"":1,6 seconds). Parameters ~alculated 'on the basis.ofwhich
the analysis was carried out were as follows:
-'.
T = period, -,w = frequency;
. ~mo4.

Hmo=

~.t"

mi =

[Sw., w

i ;

dw

- ..

T= 1/w '

Charact~ri~tic height
."

m,= M'o1ll.ents _,Of order i= 0, 1, 2 y 4

. ~w = spectral energy density , .

~~!

.E

= '1- (ml) / (mo.m4) Spectral-bandwidth

Tt> =C l/wp ; Tp. = Peak,petjod;'wp = peak frequency
Moments maybe c.ai'culatedasfollows: m i = L SW.,wi' .!1w . When i=O, mo is obtained,
which is the wave action' energy for a specific spectrum. Another significant parameter is
the Tp peak perio~ corresponding to the frequency inverse for which the Sw energy density
is maximum. The spectral bandwidth characterises the form of the spectru~. Consequently,
the more regular or monochromatic the waves, the more the spectral width will tend to 1,
otherwise, it will tend to zero. In a real wave :sceriario, 'high: bandwidtlr'values will
correspond to a "Swell" type wave action, which is concentrated on a small range of
frequencies. Otherwise, this occurs with "Sea" type spectra.
For a specific analysis, the objective has been to classify the 'Wave co~dition in'terms of the
spectrum to separ~te the "Swell" and f'Sea" types. To this end, in addition to the spectral
band width, two parameters have been defined which enable that classification, namely:~p
wave action propagation.and the so calledRmo energy rati9:

LSw.!1w Rmo (%) =w>1I6

=

mo

Spectrum energy for w > 1/6 =
Total spectrum energy

ll1Q

Sea

mo Total

This relationship derives from an analysis carried out through an iterative process applied
to
the
5077 . spectra
Fig.3.1 : Two Peaks typical spectra .
registered,
where
the .
Sw (cm 21hz)
objective was to fmd the
1000 -r---r--~--r--~-..--.-----r--"--r--"--r-----r--,
frequency capable of best
SW8..Lpeak
,,
SE;A peak
separating sea and. swell .
,
.
spectra for most of the 5077 750
data measured. It was
detected that the· cut-off
500
frequency is 1/6 Hz and the
remaining energy for higher
values was called mOSea. 250
Therefore, if energy for each
spectrum is calculated for
0-l--I--+--I--+--+--.J---1-~f-----l--1--l--I---l
frequencies higher than 1/6
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Hz. and is compared with
.
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total energy, we may obtain in Rmo a measure of how the "Sea" phenomenon affects the
spectrum. Through this approximate method, it may be in principle stated that where Rmo
>50 %, the "Sea" wave action prevails. This holds true in a high percentage of data, as two
peak spectra such as that depicted in Figure 3.1. have been found. As .to propagation
direction, according to the location of the waverider, two areas, coastal and offshore (see
Figure.2) have been obtained. When propagation is made from offshore to the coastal area
(~p between 61°N·and 208°N), the "Swell" type wave action prevails. Conversely, when
occurring in the opposite direction:(~p >208° N and < 61°N), wave action is "Sea" type.
As a first classification on the basis of the analysis of 5077 data over a period of 624 days,
measurements have been as follows
>= 0,75; 1,06 % of total data

Swell

E

Swell + Sea

0,35 <=

< = 0,75; 97.6 % oftotal data
E < 0,35; 1.34 % oftotal data

Sea

E

As may be seen, waves in this zone are a combination of "Swell" and "Sea" waves as only
in a few cases can a single type are seen. Combined wave action implies the existence of
two or more peaks in the spectra.
WAVE ACTION CONDITIONS
Five wave action conditions are defined as a result of the spectral analysis of the 5077 data
and in terms ofthe E bandwidth and Rmo (%).
SWELL (Figure 4)

Fig. 4: Swell
Sw (cm2lhz)

Condition where there is swell without the
presence of local waves. Spectrum has only
one sharp and highly concentrated peak.
They only represent 1 % of total data
measured. Fronts propagate from the ocean
towards the estuary with a southeastern
orientation. Relevant parameter is : E> 0.75

8>0.75
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PREVAILING SWELL (Figure 5)
. Flg;5 : Prevailing Swell
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SWELL+SEA (Figure 6)

FIg.6 :Mlxed swell+seB
0.35 <= 6 <=0.75. 40% < Rlno < 60%
Sw (cm2lhz)

Condition where the "Swell" and "Sea" type
:fronts coexist· with similar energies. They
represent almost 22 .% of total data
measured; Fronts of "Swell" wave action
generally derive :from S-SE combined with
the "Sea" wave action of the E-N quadrant.
Relevant parameters are:
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Condition in which the "Swell" and "Sea"
type :fronts. coexist but where total energy
developed is prevailing "Sea". "Swell"
:fronts typically derive :from the SE sector
and "Sea" :fronts :from the E-N quadrant.
They represent 49 % of total data measured.
Relevant parameters are:
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pure "Sea" condition without the
presence of "Swell" type waves.
However, it has been named "Sea" those
in which "Swell" energy is minimal,
almost imperceptible. In general they are
"Sea" :fronts :from N.,NW. They represent
only 1.34% of total data measured and
generally make up single-peak spectra.
Relevant parameter is
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Table 1 summarises the minimum, medium.-and maximum values ofHmo, Tp and ~p
prevailing propagation direction:
TABLE 1
Condition
swell
prevailing swell
Sea+Swell
prevailing sea
sea
ALL DATA

mln
0.38
0.36
0.36
0.41
0.56
0.36

Hmo(m)
med
0.87
1.14
1.12
1.17
1.48
1.16

max
1.69
4.66
2.82
2.71
3.66
4.66

min
7.6
3.6
3.7
2.7
3.2
2.7

Tp (seg)
med
12.3
10.4
9.3
6.0
6.1
8.0

max
16.6
21.1
21.0
17.4
9.0
·21.1

prevailing
cflp (ON)
SE
SE
SE
ESE
SW
SE

DISTRIBUTION
%
N°
64
1.06%
27.10%
1376
21.47%
1090
2489
49.03%
1.34%
68
6077
100.00%
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FIG 9 : Tp Distribution
25% ,.,...-,.-r---.--,-.--.--.---.--r-,.--,---,,-,c-r--;--,--,--,---,---,

Data distribution of Tp, Hmo and <pp
obtained over a 624-day period are
presented in Figure 9. It can be note that
"Sea" and "Swell" fronts coexist and their
more frequent perio_ds correspond to 4 to 6
seconds and 10 to 12, respectively.

I
1
I
I

15%

10%

I
I
I
I

I
I
I
I

I
I
I
I
I

I
I
I
I
I

I
I
I
I

I
I
I
I

40%
35%
30%
25%
20%
15%
10%
5%

,,

I
I

I
I

I
I

I
1

- r - - - -,- - - -

----.,

I
I

I
I

I
I

I
I

I
I

I
I

-r - - - , -- - -

T - - I
I

I
I

I
I

I
I

I" - - - , - - - -

T - - - -,- - -.,.

I
I

I
1

I
I

I
I

- - -,- - - -

---,-,, -r----.----T----r---'----r---'----r---'---,
-- -"",-, - r -,-- - - T-- - - -r - - -, - --- r, - -,- - - - T - - - -,- - -,
-,- -- - T - - - -r - - -,.,..,. -- r'" - - . - - - - T'" - - -,- - - ----.- - r

,
-,-,
,,
----,-,
,
- - - -,,,
- - - -,,

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

-r
I

.,..,..,.

I

I

I

I

I

I

I

I

-~---T----r---~----r---'----T---~----

I

I

-.

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

-r - - -,- - - - r -.,. --,- - - - T -

-,-- - - i - - -

I

-}

-:-

I

1

- - -,-'" --

1

1

I

I

40%
35%
30%
25%
20%

1.01.5

1.52.0

2.02.5

2.53.0

3.03.5

3.54.0

~

I
I
I
I

1
1
1
"I

I
I
I
I

1
I
I
I

I
I
I
I

I
I
I
I

I
I
I
I

I
I
I
I

1
,
I
I

I
I
I
I

I
I
I
I

t
I
I
I

I
I
I
I

I
I
I
1

I
I
I
I

I
I
I
I

I
I
I
I
I

I
I
I
I
I

I
I
I
I
I

I
I
I
1
I

I
I
I
I
I

I
I
I
I
I

,
t
I
I
'1
I
I
I
I

I
I
1
I

I
1
I
I

I
I
I
I

I
I
I
I

I
I
I
I

I
I
I
I

I
I
I
t

I
I
,
I

I
I
I
I
I

I
I
I
I
I

,
1
I
,
I

I
I
I
I
t

I
I
I
I
I

I
I
I
I
I

I
1
I
1
I

-~-~--:_-t-~--:--}-~--~-f-i--~-f--:--~I
I
I
I

1
I
I
I

I
I
I
I

I
I
I
I

I
1
I
I

1
I
I
I

t -:

t 1 : t -: :

I
I

I
I

:

::

I
I

I
I

I
I

I
I

I
I

I
I
I
I

I
I
I
1

I
I
I
I

I
I
1
I

I
I
I
1

I
1
1
I

I
I
I
I

I
I
1
1

I
I
I
I

t--:---~-+--:--:--+--:--:_-

I
I

I
I

I
1

I
I

I
I

1
I

I
I

I

I

I

: : : : : : : : : : : : Tp (sec)

2

3

4

5

6

7

6

9 10 11 12 13 14 15 16 17 16 19 20 21

•

10%

4.55.0

I
I

1
1

I

I

I

•

I
I

I
I

I
I

I
I
-~I
I

-----rI
I

-----r-----r-----r-

I

I
1

I

1

I
I

1
I

1

I

I
1

I

I

I
I

I

I
•

I
I

-,------~~----r-----T-----'------

I
I
I
I
I
I
I
1
I
I
-,------~-----r-----T-----~-----I
I
I
I
I
I
I
I
I
1

-~------r-----r-----T-----'-----I

I

I
1

-~-

J. i
I

I

I

I

-r-----r-----T-----'------r-----r-----T-----'------

1
-~-

1
I

E

1
I

1

-,------~-----r-----T-----'------

I

I

~

I

I

I
I

I
I

-~------~-----r-----T-----'------

-,-,-,-

I

:: -=-~-

5.05.5

I
I

-----r-----'-----r-----'-----r-----'-

.

•

4.04.5

,----,---..,---,.----,---,---r---,----,

I

15%

-t -:- -t----:---i----:----:----· Hmo (m)·
0.51.0

t
I
I
I

-I-+-+lLi-l-ii-I-iJl+IiIiJl..i.I.j.Ij.I+Jl.j.IjfR.j...o..i---i-+--1--H

45%

0%
0-0.5

I
1
1
1

I
I

- --:

I

-f----:----~----~----:----f----:---1

I
I
I
I

FIG 11: Wave Direction Distribution

-r - - -, - -- - r -- -,- - -- T -

- T - - - -.--- - T - - -

1
1
1
I

'__ ~-~_~~_1_J __ ~_~_~ __ ~_1_J __ ~_1 __:__ ~_

I
I
I
I
I

I
I
I
I

FIG. 10: Hmo Distribution

----,-.,
,

I
I
I
I

I
I
I
I

~

--:--t

-

1

45%

1
1
I
I

I
I
I
I

_J__ ~

-

5%

50%

1
I
I
I

- -..:- - ~ - ~ - -:- - ~ - ~ - -~ -~- ~- -:.. - ~- ~--~ _1_": __ ~ _~ __:__ ~_

20%

0%

1
1
1
I

I

I

I

1

I

I
I

I
I

I
I

I
I

I

I

I

I

ttI-~-.-f-.--:--~-S

~

M

W

N

~

In Figure 10, Hmo height distribution indicates that wave concentrations are above 75%
between 0.5 and 1.5 meters. Propagation directions are present in more than 80% of the ES quadrant, with 40 % of the latter towards the SE. Tables 2 and 3 show percentage
distribution over total data of occurrences of Hmo and Tp, and rjp and Tp ranges,
respectively:
TABLE 2:

Distribution (%)

Tp (sec.)
0-2
2-4
4-6
6-8
8-10
10-12
12-14
14·16
16-18
18·20
20·22
>22
allTp

TABLE 3:

0-0.5
0.00
0.02
0.10
0.32
0.75
0.85
0.43
0.10
0.02
0.02
0.00
0.00
2.60

Hmo(m)

0.5-1.0
0.00
3.80
9A5

5.28
9.43
11.62
5.34
1.38
0.28
0.08
0.08
0.00
46.64

1.0-1.5
0.00
1.06
18.02
3.15
2.32
3.19
3.33
0.91
0.10
0_00
0.00
0.00
32.09

1.5·2.0
0.00
0.02
7.56
2.44
0.35
0.83
1.06
0.39
0.06
0.02
0.00
0.00
12.74

&Tp(sec)

FROM 20/6/96 THROUGH 11/3/98 : 5077 DATA

Hmo(m)
2.0-2.5 2.5-3.0
0.00
0.00
0.00
0.00
0.16
0.98
2.15
1.08
0.06
0.06
0.00
0.04
0.08
0.08
0.12
0.14
0.08
0.06
0.00
0.00
0.00
0.00
0.00
0.00
3.47
1.62

3.0-3.5
0.00
0.00
0.00
0.18
0.10
0.02
0.02
0.02
0.00
0.00
0.00
0.00
0.33

3.5-4.0
0.00
0.00
0.00
0.18
0.08
0.06
0.08
0.00
0.02
0.00
0.00
0.00
0.41

4.0-4.5
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0_00
0.00
0.00
0.00
0.00
0.02

4.5·5.0
0.00
0.00
0.00
0.00
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08

all Hmo
0.00
4.90
36.28
14.77
13.26
16.51
10.42
3.05
0.61
0.12
0.08
0.00
100.00

Tp (sec.) & cjlp FROM 20/6/96 THROUGH 11/3/98: 5077 DATA

Distribution (%)

4lP (quadrant)
Tp (sec.)

N

NE

E

SE

S

SW

W

NW

ALL DIRECTION

0-2
2-4
4-6
6-8
8-10
10-12
12-14
14·16
16-18
18-20
20-22
>22

0.00
1.38
1.30
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.55
1.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.77
13.63
6.24
3.29
1.12
0.10
0.06
0.00
0.00
0.00
0.00

0.00
0.24
5.18
3.72
8.82
12.92
8.00
2.19
0.51
O.1D
0.04
0.00

0.00
0.41
5.91
3.58
1.14
2.46
2.32
0.81
0.10
0.02
0.04
0.00

0.00
0.24
3.47
0.98
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.30
3.07
0.24
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
1.02
2.66
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

ALL TP

2.68

1.62

25.21

41.72

16.80

4.69

3.60

3.68

0.00
4.90
36.28
14.77
13.26
16.51
10.42
3.05
0.61
0.12
0.08
0.00
100.00
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Tables 2 and 3 show maximum height values of up to 4,55 meters and peak periods of up
to 21 seconds. It is also· noted that the most frequent propagation direction is SE.
Regarding the. Hmo, Tp and ~p group of data, the most frequent value for "Sea" type fronts
is located at the Hmo= 1 to 1.5 meters and Tp= 4 to 6 seconds. For "Swell", Hmo= 0,5 to 1
meters with Tp= 10 to 12 seconds.
DISPERSION
It is especially interesting to note dispersion of the 5077 data measured and to note what
happens when that data is filtered, obtaining only those in which propagation directions
head towards the ocean or the so called "offshore area", which is marked by two extreme
straight lines from· the waverider to the last tangential point to the coast, calculated as
follows:
Offshore area:
2080N<=t/p<=61 0:

Coastal area:
tIP > 208°N and <61°N
Figure 12.1 shows
dispersion of all data
and two sectors are
differentiated which
can be a prIOrI
called "Swell" and
"Sea". Where data is
filtered In such a
way that propagation directions of
wave action derive
from the "Coastal
Area", Figure 12.2
shows that only a
of
data
group
remams
corresponding almost fully
to periods of less
than 6-7 seconds
and complying with
a specific function
between Hmo (m)
and Tp (sec):

Hmo = O.082.Tp 1.78

FIG. 12.1: Hmo=f(Tp) Dispersion· Over 5077 data
from 2016196 through 11/3/98
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This indicates that for those cases wave height and its peak period will match, as occurs
with "Sea" wave action fronts. Table 4 shows mean characteristics of these "Sea" fronts:
TABLE 4
8med
IRmomed.

0.42

I 70.59%

Hmo(m)
max.
min. I med.

0.45 I 1.31

3;8

min.

2.7

TD(sea
med.

I

I 4.7

~D-{oN)

max.

7.3

> than I < than
208 I 61

Distribution
Quantitv I
%

743

I 14.63%
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It can be note that there is agreement with the concepts of the classification made in the
spectral analysis for IISea" and "Prevailing Sea" conditions, that is to say, Rmo > 60 % and
E lower than 0.75.

MATCHING BETWEEN SEA WAVE ACTION AND WIND PARAMETERS
By comparing the 7-43 "Sea" data with wind parameters, a function relating them has been
obtained. Related data refers to the mean generation distance from the coast to the
waverider ("Fetch"), spreading towards different directions from the "coastal area" towards
"offshore" (Figure 2).
Wave action parameters selected for I TABLE 5: DIRECTION & FETCH FROM WAVERIDER TO THE SHORE
the comparison have been the Hmo
Dlr(") N
DIRECTION
Fetch (km)
0
N
87
height, the Tp peak period and the
45
NE
118
90
>4000
E
mo wave action energy. The fetch
>4000
135
SE
has been calculated in Table 5.
>4000
180
S
225
SW
119
Concerning winds, tri-hourly records
270
W
136
315
NW
216
of wind intensity and direction were
208
Extreme line
310
available, measured from the Lobos
Extreme line
185
61
Island (Uruguay), located in the
eastern coast. An analysis has been made of non-dimensional variables of wave action and
wind which are commonly used in parametric methods such as JONSWAP:
The following was compared:
Y =g. F / U",2 with X t = g. Hmo I

U",2;

X 2= g.Tp / u'" and X3= g2 .mo / u"'~:

FIG.i3: Y=f(X1)
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Where
g = gravity acceleration in m/sec 2
F = Fetch in meters
U",= friction velocity of wind (m/sec)
U",=UlO' .JCD

CD= drag coefficient of sea surface
U 10 = wind Speed at 10 m. high from
sea surface.

1.20Et-10

In 1980 Mitsuyasu (see Reference 3) defined CD as follows:
(1.29 - 0.024.U10).10-3 for U 10 < 8m/sec
(0.581 + O.063.U10).10-3 for U 10 >= 8m/sec.
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Figures 14 to 16 show in principle a well adjusted wind - "Sea" wave action ratio (R2>0,75
in all cases), as
o
follows:
=3.8,103 .
u.
u.

g.;

2 ]0.51
g.r:
[

CONCLUSIONS
Although the period reviewed is statistically short, richness of data obtained by the
Waverider and its strategic location allowed us to arrive at important conclusions, as this
has been the first experience of such characteristics in Argentina:
./ The wave condition of the place is made up of a combination of "Swell" and "Sea"
fronts, with heights of 0.5 to 1.5 meters and peak periods ranging between 4 and 6
seconds if "Sea" prevails or 10 to 12 seconds if "Swell" prevai~s. The maximum height
value recorded was Hmo= 4.55 meters. The maximum peak period was 21,1 seconds.
./ Two-peak spectra were typically presented. For them, the frequency separating the
"Swell" and "Sea" conditions is approximately 1/6 Hz (T= 6 sec.). Through the latter, an
approximate iterative method to separate "Swell" and "Sea" has been found, which is
given by the Rmo energy coefficient.
./ Rmo has been a good parameter to separate sea and swell peaks, and it was also used
to classifY wave action conditions.
./ Five char.acteristic wave action conditions have been found: "Swell", "Prevailing Swell"
"Sea"+"Swell","Prevailing Sea" and "Sea". This status classification was mainly
obtained from the fonh of spectrum represented by the E spectral bandwidth and Rmo.
energy ratio. No pure "Sea" status has been measured. The "Swell" has always exerted
influence. On the contrary, pure "Swell" status was indeed encountered coupled with
quiet periods ofldcal winds.
./ The results of the spectral analysis have agreed. in some aspects with those of the
statistical analysis, especially regarding the separation between sea and swell and their
characteristics. For instance, ~p wave directions have been identified for which the
swell condition is non-existent or minimal : ~p <61°N and ~p >208° N . For this data
Rmo is always > 50 %, which shows the benefits oftheseparation.
.
./ There are three main axes for wave action propagation: SE, Ne-NW and N-NE. In the
former the "Swell" condition prevails whilst in the remaining two, the "Sea" effects
prevail.
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DIRECTIONAL CHARACTERISTICS OF WAVE SPECTRA
Harald E. Krogstad, Dept. of Math. Sciences, NTNU,
N-7034 Trondheim, NORWAY

1

INTRODUCTION

The ocean wave field is characterized by the directional wave spectrum, S(f)D(B, f), where
S is the frequency spectrum, D the directional distribution, f the frequency and B the direction (see, e.g., Tucker, 1991). The Pierson-Moskowitz and JONSWAP frequency spectra
are well-known in engineering practice, whereas the cos-2s distribution, already introduced
by M. Longuet-Higgins in one of the first papers on directional spectra (Longuet-Higgins,
1963), is the favored directional distribution. Many studies dealing with directional distributions assume a cos-2s distribution a priori, uses the s-pararneter as a measure of the
spread, and express s as a function of frequency (Mitsuyasu et al., 1979, Hasselmann et
al., 1980, Komen et al.,1984, Ewing and Laing, 1987). The s-pararneter is one of several
equivalent parameters describing the spread, or the circular standard deviation of D, and
studies using other measures for the spread (e.g., Donelan et al., 1985) may be put into the
same framework. Virtually all analysis based on high quality directional wave data have
shown a strong frequency dependence of the directional spread with a minimum spread
occurring around the peak frequency of the spectrum.
There is no theoretical justification for the cos-2s distribution, and attempts to determine the actual shape of the directional distribution are already found in the paper
by Longuet-Higgins mentioned above. However, common directional instrumentation only
produces the first two (complex) Fourier coefficients of the directional distribution and this
makes definite conclusions about the shape difficult. It has turned out to be illuminating to
display the absolute value of the two Fourier coefficients in a scatter plot (Cartwright, 1963;
Mitsuyasu et al., 1979; Hasselmann et al., 1980; Donelan et al., 1985; Tucker, 1989). The
support for the cos-2s distribution in these plots is varying and is, to some extent, obscured
by the sampling variability of the measurements. An investigation using a Surface Contour
Radar to obtain wavenumber spectra is reported in Walsh et al. (1985). For these data the
random scatter is much less than for buoys and the data fit the cos-2s relationship quite
welL However, there is nevertheless a small deviation which indicates that the distribution
may be slightly more square shaped than the cos-2s distribution (Walsh, loco cit.). There
are also more recent studies showing that the directional distribution, even in the case of
only one dominant wave field, may be double peaked in the high frequency range (Banner
and Young, 1994; Young et al., 1995; Ewans, 1998). This will be further discussed below.
Theoretical studies on directional distributions are comparably few. M. Longuet-Higgens
(1976) showed that energy will redistribute to higher wavenumbers in angles approximately
±35° away from a very narrow peak in the wavenumber spectrum. This would lead to double peaked distributions above the peak, and Banner and Young (1994) have verified such
behaviour using the model Exact-NL with full non-linear interaction terms. L. Sh. Tsimring (1989) has, on the contrary, derived a nonlinear integral equation for the directional
distribution around the dominant parts of the spectrum with a unimodal solution.
In the present paper we briefly summarize results from studies of directional distributions
based on extensive data sets from the North and Norwegian Seas. Parts of the work
was carried out in the project Parametrization Of Wave Spreading (PAROWS), initiated
and funded by Conoco Inc., with the main objectives to determine how spread varies
with frequency and to determine the shape of directional distributions for engineering
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applications (Krogstad et al., 1998). The data include subsurface current meter/pressure
triplets, a laser array and several directional wave buoys. A total of nearly 40,000 directional
spectra have been available for the analysis, but the investigation has focused on simple
wave fields where only one wave field is dominating. In general, the sea will be a mixture
of several wave fields with strongly divergent directions.
,
In accordance with previous studies, we observe a strong frequency dependence of the
directional spread with a minimum close to the spectral peak. The parametrization depends
on the type of sea state, although a well-defined trend dependent on other parameters like
the wave age has been ha.rder to obtain. There is also considerable difference in the results
for surface and subsurface instrumentation.
Below we demonstrate that merely two complex Folirier coefficients is actually insufficient to determine the shape of the directional distribution. In fact, these Fourier coefficients are virtually identical for highly different distributions as long as the distributions
a comparably narrow. A new look at the results from PAROWS shows that the double
peaked distributions s}lggested by I.R. Young and others cannot be completely ruled out.
Computer simulations of two-dimensional surfaces with prescribed directional spectra
have shown that the shape of the directional distribution is important for the crest length"
and that it may therefore be worthwhile to check the sensitivity of response models to
differently shaped directional distributions.

2

DIRECTIONAL DISTRIBUTIONS

For simple wave fields we assume a directional spectrum model of the form

(1)
where the shape of the dimensionless spectrum So and directional distribution Do in
addition may depend on wave age, dimensionless fetch; etc. Common families of direc~
tiona.l distributions are the cos-2s distribution introduced by Longuet-Higgins (1963), the
wrapped normal distribution (Borgman,1979, loc. cit.), the sech-2 distribution suggested
by Donelan et al., (1985), the von Mises distribution (Hashimoto and Konube,. 1986) and
the Poisson distribution (Lygre and Krogstad, 1986). The von Mises and Poisson distributionsoccur as .optimal solutions of certain entropy functionals. In general, any probability
distribution p on the real line may be wrapped onto a distribution on [-7f,7f) by defining
D(B) = I:~=~oop(B + 27fn), and apart from the wrapped normal distribution, the Poisson
distribution is actually the wrapped Cauchy distribution. The sech-2 distribution suggested by Donelan et al. (1985) was a distribution on the line truncated to the interval
[-7f, 7f). Its wrapped form is a proper distribution on [-7f, 7f), has a simple Fourier expanSiOll,. and is the one used below. The expressions for the various distributions and their
Fourier coefficients are shown in Table 1. The wrapped normal distribution has no simple
clos.ed form, N(f3) isa normalization, and In is the modified Bessel function of order n.
From the Fourier serIes of D,

D(B,1)

=

2~ [1 + 2 ~ rn(f) cos (n(B -

Bn(f))}] ,

(2)

we obtain the'mean direction B1 and the first (0"1) and second (0"2) order directional spreads
as 0"1 = J2(1 - rd and 0"2 = J(1- r2)/2 (Alternatively, one may write the Fourier series
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Table 1: Families of commonly used directional distributions.
Parameter range Fourier coefficient, r n
Expression
Distribution
r"'(s+!)
2
.1.... r(s+!) cos s(t!.)
O<s
cos-2s
271" v7l"r(s+!/2)
2
re s+n+1)r( s-n+1)
x n'"
Wrapped normal l;[1 + 2 E~=l xn'l cos (nO)]
0<x<1
n7l"/2{3
O<fJ
sech-2
N(fJ) 2 2 ({30)
sinh(n7l"/2,8)

col

Von Mises
Poisson

1

eK,COS 0
271"1~K,)
I-x:.!
1
271" 1-2x cos B-I-x2

O<X;
0<x<1
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~
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Figure 1: Relationship between r1 and r2 for the five classes of distributions from Table 1 (1 =
cos-2sj 2 = Poissonj 3 = Wrapped normal; 4 = vonMisesj 5 = Donalan). The upper bound for
unimodal distributions (r1 = r2) and the inadmissible region (r2 < 2r~ - 1) are also shown.
in terms of complex coefficients, Cn = rneinOn). All distributions in Table 1 are symmetric,
which means that On = 01 for all n-s. The spreading may also be expressed in terms of the
s-parameter of the cos-2s distribution as SI = 2/ai -1 = rd(1- r1)'
When using the s-parameter as the measure of directional spread, it has turned out
to be convenient to parametrize the frequency variation as s = sp(f/ feY- where sp is the
s-parameter at the cut-over frequency fe and f.J, is an exponent approximately equal to 5
for f < fe and somewhere between -1 and -3.5 for f > fe (See Krogstad et al., 1998).
An extensive theory exists for positive directional distributions. In particular, the complex Fourier coefficients form a positive semi-definite sequence. All directional measurement
systems that currently exist provide incomplete information about the directional distribution, and for the data sets considered here, only Cl and C2 (with Co = 1 ) are available.
In this case, the following conditions on the Fourier coefficients are necessary as well as
sufficient for a positive distribution to exist: IC11 < 1, IC2 - cil < 1 - IClI2. The second
inequality implies that IC21 > 21cl12 - 1, or r2 > 2rr - 1. If any of the two inequalities
become equalities, the distribution degenerates to a sum of (at most) two 8-functions. In
fact, the extreme bimodal distribution, the double 8-function, D = (8_ 00 + 800 )/2, fulfils
r2 = 2rr - 1 exactly.
There is in general an infinity of distributions fitting the measured Fourier coefficients
exactly (Krogstad, 1991). Moreover, sampling errors and other deficiencies in the data
make definite conclusions difficult (Long, 1980). If we assume that simple wave fields
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Figure 2: Second Fourier coeffient as a function of directional spread for narrow distributions.
All distributions and the lower bound from Fig. 1 are included.

have symmetric distributions, the analysis has to be based on rl and r2. Various families
of directional distributions have distinctive functional relationships between rl and r2, as
shown in Fig. 1. All curves will be above the lower bound r2 = 2rr - 1, and the graph also
includes an upper bound (rl = r2) which sets a limit for unimodal symmetric distributions.
The wrapped stable distributions are classes of distributions with curves falling between
the wrapped normal and the Pdisson distributions in the graph. Each family depends
on a parameter a with the Poisson (wrapped Cauchy) and wrapped normal distributions
corresponding to a = 1 and 2, respectively. The Fourier coefficients are defined by r n = x n '" ,
such that (Jl .:- J2(1 -rl) and r2 = rI"'.
Apart from the Poisson distribution (and the wrapped stable distributions for a < 2),
the rest of the distributions, as well as the simple "boxcar" distribution and the lower
bound, have a very similar rI/r2-behaviour when rl > .8, that is, (Jl < 35°. It turns out
that this behaviour depends on how well the distributions are concentrated around their
mean. We say that a family of directional distributions is well-focussed if
f~1r(f} -

fh)4D((), (Jl)d()
f~1r (() -:- ()1)2 D((), (Jl)d()

~O O.

(3)

By a simple Taylor expansion it is then possible to show that
1- r2
1 - rl

1
4'

- - ----+ 0"1 -->0

(4)

which in turn implies that the rl/r2-r:elations are indeed quite similar for narrow distributions. Apart from the wrapped stable family for a < 2, all distributions mentioned above
are easily seen to be well-focused. As illustrated in Fig. 2, the sad message is that it is
very difficult to distinguish between well-focussed distributions by considering merely and
rland r2.

3

DATA ANALYSIS

The data analyzed below consists of the PAROWS data set (Krogstad et al., 1998) from
the North and Norwegian Seas, and data from Petten offshore the north Dutch coast,

'12 'I
Table 2: Summary of the s-dependence for various selections of data i PAROWS.

Instrument
UCM/P-2@ - 14m
UCM/P-5@ - 6m
EMI laser array
MAREX buoy
Wavescan (WADIC)
Wavescan (Norwegian Sea)

Storms
ap(O)
8p
12
47
14
35
14.5
21
22
13
26
9
3.8
37

fJ,

-3.3
-3.2
-1.9
-2.2
-1.6
-0.95

Medium wind sea
8 p O"p(O)
fJ,
19
-4.9
18
11
24
-2.8
-2.0
9
26
10
24
-1.9
6.4
30
-1.2
4.0
36
-0.9

8p

49
25
4.3
24
13
N/A

Swell
O"p(O)
12
16
35
16
22

fJ,

-4.5
-3.1
-1.1
-2.8
-2.7

collected by Rijkswaterstaat in EU project Surface Current And Wave Variability EXperiment, SCAWVEX (Wyatt et al., 1998). Sampling frequencies are 1, 1.28 or 2Hz, and all
data have been analyzed according to standard procedures, apart from the laser array data
from WADIC which was analyzed using the Iterative Maximum Likelihood Method (Allender et al., 1989). However, only the Fourier coefficients equivalent to the buoy processing
and not the full distributions were stored from this data set.
Due to the complexity of real seas, in particular in the Norwegian Sea where multimodality is the rule rather than the exception, a meaningful study has to be restricted
to simple wave fields. Also, because of the very large data sets, the selection of spectra
has to be carried out automatically. The Unidirectivity Index, Ul, which is an integrated
measure of the unidirectionality of the spectrum over frequency, has been used for this
purpose (Allender et al., 1989). Other sea state parameters used in the selection are the
significant wave height, HmO, and peak wave period, Tp. All storm records have been
included in the analysis since storm seas are predominantly simple. Most of the analysis
has been carried out for three selections of data, namely Storm conditions (HmO > 7m);
Medium wind wave conditions ( 2m < HmO < 4m, 58 < Tp < lOs, Ul> .95); and Swell
conditions (HmO < 2m, Tp> 108, Ul> .95).

3.1

Directional spread vs. frequency

The PAROWS study confirmed previous investigations with a very strong dependency of
the directional spread with frequency. The 8-parameter, 81 = r1/(1 - r1), was used as
a general measure of the directional spread and computed for frequencies between f p /2
and 3fp (occasionally 2fp). Moreover, by a careful analysis of the sampling variability it
was possible to conclude that the variability in the data may, above the spectral peak,
mostly be explained by the sampling variability. This suggests that directional spread is
basically a unique function of dimensionless frequency in this range. Table 2 shows the
final mean values of for 81expressed as 81 = 8 p(J / fp)JL for f ~ fp (Below fp the scatter is
larger, with an average fJ, ~ 5). We observe rather dramatic differences from instrument to
instrument, and in particular between subsurface and surface instrumentation. No definite
conclusions for these discrepancies were found during PAROWS, but there are several
possible explanations. Insufficient resolution in the pitch and roll channels for the buoys
will decrease the estimate for r1, in particular for swell, for which the surface slope is small
(Tucker, 1989). Better resolution and hence lower quantization noise may be the reason
for the lower directional spread from the MAREX buoy compared to the Wavescan buoy.
However, it would not be surprising if the nonlinear response of a buoy could in general
introduce a similar type of noise. Separate analysis of the performance of the laser array
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Figure 3:

rl

vs. r~/2 . Left: UCM/P5 (HmO > 7m)j right: buoy from Haltenbanken
(Hs > 8m).

from WADIC has shown that it is rather sensitive to small location offsets. Thus, if the
analysis assumes that the sensor location is different from what it actually is, the spreading
estimates will increase substantially, in particular when more than three lasers are used. It
is conceivable that this to some extent enhances the directional spreading estimates from
the laser, mostly for swell where this is most serious.
Whereas the directional spread from the surface instrumentation is probably biased high,
it may be speculated that the spreading is too low for the current meter triplets which, it
is known, were slightly affected by the instrument tower to which they were attached. We
refer to (Krogstad et al., 1998) for further remarks about the PAROWS results.

3.2

The shape of the directional distribution

As discussed above, the study of directional shape necessarily had to focus on the relationship between TI and T2 even if this is not at all selective for narrow distributions. In
order to assess the sampling variability, simulated diagrams using ideal distributions were
generated, and it turned out that the scatter in real data for low values OfTI could mostly
be explained by the sampling variability. In addition, the simulations confirmed that TI is
biased low for lower values of TI. All plots show TI vs. yT2 for Jp < J < 3JpMost data indicate relationships between Tl and T2 characteristic for distributions somewhere between the cos-2s and the Poisson distribution, that is, within the region of the
wrapped stable distributions. In particular, the UCM/P data are definitely off the cos-2s
curve as shown in Fig. 4.
This behaviour was typical for all data sets apart from the laser array storm data.
In this case, the data cluster closely around the cos-2s curve. If the data are displayed
besides a simulated data set using the s-parametrization from Sec. 3.1, it is actually quite
difficult to distinguish them (Fig. 5). The processing method for the laser data does not
favour the cos-2s distribution. In fact, the method computed the directional distribution
for 180 directions, and<the Fourier coefficients were subsequently obtained by a numerical
integration.
For medium sea states, all instruments give approximately the same result with data
points again clustering between the cos-2s and the Poisson distribution (Fig. 6). The swell
data sets (not shown here) appear to move away from the cos-2s curve and approach the
Poisson distribution.
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As mentioned in the introduction, recent research indicates that the directional distribution of wave generation seas may in fact be double peaked above the spectral peak. In a
recent study, K. Ewans (Ewans, 1998) has reported a series of wave generation data where
the distribution is double peaked and also seems to fit quite well to the numerical results
reported by Banner and Young (1994). Ewans proposes a parametrization based on a sum
of two normal distributions leading to a multimodal distribution above the spectral peak
(Ewans, 1998). The corresponding relation between rl and r2 has been computed from
Ewans' parametrization and displayed in Fig. 7.
As the PAROWS data by and large fall between the cos-2s and the Poisson distributions,
they do not actually support Ewans' parametrization. However, wave generation cases were
not considered separately, even if the short period wind sea selection is probably dominated
by wave generation situations. Nevertheless, the general appearence in Fig. 5 is somewhat
similar to the relation in Fig. 6 but the rlvalues are smaller.
During the analysis of wave data collected during the SCAWVEX experiment (Wyatt
et al., 1998), it was found that data collected offshore Petten in the Netherlands on the
4th of November 1996 have quite short wave periods, and appear to be a rather pure wave
generation case. These data were collected with a Directional Waverider which is different
from the buoy data reported above. A scatter plot of rl vs. r2 with Ewans' relation
superimposed is shown in Fig.7. Although somewhat obscured by the sampling variability,
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Figure 6: Relation between rl and rz for the K. Ewans parametrization of the directional

distribution (See also Fig. 1 for legend).
o 60 ~20 180

O-+-----'----f-----'---jl.--L..-+---'---+-----'-----4ro......4

.!::.
....

8CIl

CC! -+-_--+-_-+_--j---*~

240 300

360

N
:r:

N'l

N'l

-

0

o

•

:::J)

o
cQ)

0

frN
Q)

L
LL

N

•

0

o

o

o

o

0

"":_t_---t-----j--:--T.='t:-R-J--___+_

°

~-t----t-----j--++-r--t-----+-

~-t-----.--f----,---jr---r--+----.-----+-----.--/0.0
0.2
0.4
0.6
0.8
1.0
rl

o

o

60

120

180 240

300

0

360

Wove dl.rec1.l.on

Figure 7: Left: Scatter plot of rl vs. rz for Directional Waverider data from Petten Nov. 4,
1996. K. Ewans' relation superimposed. Right: Sample directional spectrum.

these data fit the parametrization by Ewans quite well. It may therefore be argued that the
data correspond to bimodal directional distributions, and a contour plot of the directional
spectrum from that time clearly shows the bimodality. It should be noted, however, that
the directional distributions for the contourplot have been computed by the Maximum
Entropy estimate introduced in Lygre and Krogstad (1986), and this estimate is known to
favour two peaks for such values of rland rz.

3.3

Simulation of ocean surfaces

Computer simulations is an interesting way of obtaining a visual impression of an ocean surface with a given directional spectrum. The simulation is carried out by a two-dimensional
Fourier transform where the Fourier coefficients are generated as complex Gaussian variables with a variance given from the surface spectrum [w(k) + w(-k)Jl2, where W is the
wavenumber spectrum related to the directional spectrum by the dispersion relation. Examples are shown in Figs. 8 and 9. The frequency spectrum is in all cases a JONSWAP-like

125

Figure 8: Simulated ocean surfaces with identical JONSWAP and spreading vs. frequency
relations. Left: cos-2s distributions; right: Poisson distributions.

Figure 9: Left: Aerial photograph of a real wave field off the Norwegian coast (courtesy of
Norsk luftfoto og fjernmaling); right: simulated surface with cos-2s distribution and parameters
similar to the Ekofisk storm parametrization.

spectrum with standard parameters ('Y = 2 and a high frequency decay as /-4.5 ). The
simulations displayed in Fig. 8 show that the shape of the directional distribution matters.
In this case, it is only the shape of the distribution that differs, the frequency spectra and
the spread vs. frequency are the same for both simulations.
Fig. 9 shows a real optical image observation next to a computer simulation. Although
the exact in-situ conditions for the observation are not known; the surfaces look surprisingly
similar.

4

CONCLUSIONS

The study has confirmed that directional spread is strongly dependent on frequency with
the smallest spread around the peak of the frequency spectrum. It turned out that spreading behaved differently for different sea states, and above all, for surface and subsurface
instrumentation. This has not been fully explained, but additional comments and actual
values for the parametrization of the s-parameter vs. climensionless frequency may be found
in Krogstad et al. (1998).
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For the shape of the distribution, we have explained why two pairs of Fourier coefficients,
at least for narrow distributions, is quite insufficient for distinguishing between different
families of well-focussed distributions, of which, e.g. the cos-2s distribution and the double
peaked 8-distribution are quite different. In the PAROWS study only one instrument for
only one class of data fully supports the cos-2s distribution. For medium sea states, for
which noise in the data are likely to be the least important, all systems in PAROWS
appear to show a relationship between rl and r2 which lies between the cos-2s and Poisson
distributions. However, the general trend is a slightly downward bent average as opposed
to the upward bent curves for the wrapped stable distributions of constant index. This
behaviour would be typical for a distribution which moves from unimodal distributions for
narrow spread around the peak towards a bimodal behaviour for large spread, in accordance
with the recent suggestions. In fact, the example with Directional Waverider data from the
North Sea support such a behaviour.
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Pdf of 3-D irregular wave directions
Akira Kimura
,

Prof. of Tottori Univ., Faculty of Eng., Koyama Minami 4-101, Tottori, Japan

Abstract
A theoretical probability dencity function (pdf) of 3-D irregular short
crested wave directions is developed in this study. The wave direction is
defined as an angle between an axis and a straight line which connects two
points on a crest line of a short crested wave. The pdf is introduced as a
function of wave amplitudes. It has a form of A exp{ B cos( CB)} which appears in some directional function ofthe 3-D wave spectrum models. A new
effective non-dimensional parameter to describe a distance perpendicular
to the dominant wave direction appears in the pdf.

1.Introduction
Since a definition method for 3-D irregular wave property such as a wave direction, a length of wave crest line etc. has not been established yet, there have
been very few studies on their statistical properties. This study deals with a
statistical properties of directions of 3-D irregular waves. 1sobe(1988), Akai et al.
(1988), Mizuguchi et al. (1989) and Kwon et al. (1994) developed probability
density functions (pdf) individually for 3-D wave directions. They commonly
used a direction of water particle velocity at a fixed point. When the pdf is applied to the wave forces acting on slender bodies, this definition may be effective.
However, for structures with a finite width such as break waters, wave directions
that extend over the width is important. This study aims at introducing a pdf
for irregular wave directions applicable to structures with a finite width. The
definition is very close to the ordinary method used in visual observations.
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2.Wave direction
Figure 1 shows wave crestlines (dotted line) and the x and Y axes schematically.
Two points, Yl and Y2 are chosen on the Y axis so that Yl is located at the origin.
A distance Yo between these points is smaller than a wave length of a dominant
component wave. Figure 2 schematically shows measured wave profiles at these
points. !:lt 1 , !:lt 2 , ••. in the figure represent time lags between corresponding
local maxima on wave profiles. The phase lag between the waves at these points
is given as
(1)
(i = 1 " 2 ... ) ,
where ~ is a zero-down-cross wave period. Since Yo is not large, corresponding
zerocrossing wave periods are almost equal. The wave length of a zero-crossing
wave is approximately equal to that of a small amplitude wave with the same
wave period (Kimura et al., 1976). The angle between the Y axis and the wave
crestline is approximately given as
(i = 1"2 ...)

(2)

,

in which L i is the wave length corresponding to~. If the angles are measured
clockwise from the Y axis, 8i is the direction of wave propagation (Fig.l). It is
not possible to distinguish waves of 8 and 'if - 8 from two wave profiles. However
the probability that waves come from 181 > 'if /2 is negligibly small, if the x axis
(Fig. 1) is chosen in the direction of dominant wave propagation.

3. Probability distribution of the wave directions

3-D wave profile is given as
00

(3)

TJ(x,y,t) = LCncOS(Unx+vny+ant+on) ,
n=l

where Cn is an amplitude, Un and V n are wave numbers in the x and y directions,
and an and On are angular frequency and phase angle of the n-th component wave.
Cn and a wave number spectrum E( u, v) has a next relation,
un+du,vn+dv

L

U==-Un,V==V n

1

(4)

-C;, = E(u, v)dudv.
2

Wave profiles at point Yl and Y2 are
00

L Cn cos( ant + On)

6 cos O't - 6 sin O't ,

n=l

(5)

00

LCn cos(ant + On + vnYo)
n=l

6 cos O't -

~4 sin O't

,

13 1
respectively, in which Cf is the mean angular frequency (Rice,1954) and
1 rv 4) are

~i,

(i

=

00

L::CnCOS{(CTn - Cf)t + on},

~l

n=l
<Xl

L-Cnsin{(CTn - Cf)t + On},
n=l
ex>
L::Cn COS{(CTn - Cf)t + On + VnYo}

6

(6)
1

n=l
ex>
~4

L::Cnsin{(CTn - Cf)t + On + vnYo} .
n=l
From the central limit theorem, pdfs of 6,6,6 and ~4 can be approximated
by normal distributions respectively and their combined pdf is given as
1

(27r)2(ma - JL§ - JL~)
x exp {- 2( 2 1 2
2)
m o - JL3 - JL4

(mo~i - 2JL3~16 - 2JL46~4

+ mo~~ + 2JL466 - 2JL36~4 + mo~i + mo~~) } ,

(7)

in which
(~r)

(~~)

(66)

(6~4)

(6~4)

,
-(66) ,

(8)

where ( ) represents an ensemble mean. Equation (7) is transformed using the
relations

6 = RI cos(Cft + c/Jr) = RI COS(XI), 6 = RI sin(Cft + c/Jr) = RI sin(XI),
6 = R 2 cos(Cft + c/J2) = R 2COS(X2), ~4 = R 2 sin(Cft + (h) = R 2 sin(X2),

(9)

1
(27r)2(m~

x

- IL§ - JL~)

mo - 1JL32 - ""42) [mo(Ri + R~)

exp {- 2( 2

2R I R 2(Jt3 COS(XI - X2) - f-L4 sin(XI -

X2))] } .

(10)

The condition that a wave crest appears at YI can be realized by putting Xl =
2n7r, (n = 0,1,2",,) in eq.(9). When Xl takes the value 2n7r in a time interval
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t
t + dt, Xl takes' the value between 2mr - xldt and 2mr when Xl ?:: 0 or
between 2mr and 2mr - Xl dt when Xl < 0, if dt is sufficiently small. Applying
Rice's method (1954), the probability that Xl takes the value 2mr in this time
interval is given as
"-J

Xl

> 0:

Xl

< 0:

where P(XI, Xl) is the combined pdf of Xl and Xl. This pdf is given by LonguetHiggins (1957) as
(12)
where
1'2 = (

{~ Cn(un - if) cos(unt -

jj'f;

(13)

-I- 6n)}') .

Substituting eq (12) into eq.(ll), the probability that Xl = 2mr in the time
interval t t + dt is given as
"-J

H(XI)dt =

dt

[100 XlP(Xl, Xl) I

dt

{H:t' [1+ V:~,] -H::t' [1 - V:

XF 2mf

dXl -

1°00 XIP(XI, Xl) I

X1 =2mf

dXl]

m ,]}

mr/modt,
where

mn =

(14)

100 S(cy)cyndcy

(n

= 0,1,2, ...) ,

(15)

in which S(cy) is a frequency spectrum which has the next relation withE(u,v),

E(u, v)

----=

(16)

Cg /2trk· S(cy)G(Blcy),

where Cg ia a group velocity, k is a wave number, (u, v) = (k cos B, k sin B) and
G(Blcy) is a directional function.
From eq.(14), an averaged probability that Xl takes the value 2mr per unit
time is given by H(Xl) = mrJmo. The combined pdf of RI, R 2 and X2 on the
condition Xl = 2mr per unit time is given by
p(Rl ,R2,Xl,X2)

H(Xl)
p(Rl ,R2,Xl,X2)
H(Xl)

I
XF2mf

IXF 2mf

(17)
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since H(Xl) is irrelevant to Xl. As in eq.(ll), p(Rl , R2j Xl, X2) 1X1 =2mr is approximated as
p(Rl , R2, Xl, X2) IXl=2mr~ P(R ll R 2, 2mr, X2)Xl .
(18)
Differenciation of Xl, (= (jt + cjJd in terms of t gives Xl = 0'(1 + ~l/(j) where
~l = dcjJ/dt. When the spectrum width is not large, ~l/(j rv v and Xl rv (j+O(v),
where v is the spectrum width parameter (Longuet-Higgins,1957).
Since the wave directions over the width of structures are the present concern,
component waves with shorter wave length than Yo are neglected. This may reduce the spectrum width but brings no significant change to average wave profiles
(Longuet-Higgins, 1984) if Yo is small. Therefore a mean wave period T, (= 27f /(j)
and its corresponding wave length L are approximately used instead of 1i in
eq.(I) and L i in eq.(2) respectively. Since v is not large and (j = 27f(ml/mo),
(Rice,1954), eq.(16) can be approximated as
p{R l , R 2, X2 I Xl = 2mr)
G'p(Rl , R 2,2n7f1 X2)
H(Xl)
R l R2

= 27fm5(1 -

K 2)

{
1
[
2
2)
exp. '2m5(1 _ 1£2) mo(Rl + R2

. - 2Rl R 2(fL3 cos(2n7f - X2) - fL4 sin{2n7f - X2))] } ,

.(19)

where
K

1l-3

1
.-2

2

-

f:c~COS(VnYo)
n=l

1l-4

1 00
-2·.:LC~sin(vnYo)

(JLi+#~)/m6,

(.co

10. . 1. E(u,v)sin(vYo)dudv.

n=l

Substituting the relation
and £" is derived as

X2

.tx) E(u, v) cos(vYo)dudv;

10 la
00

0

00

(20)

( )
21

o·

= 2n7f +£"in eq.(18), the combined pdf of R l , R 2

(22)
where f3 = tan- l (fL4/ fL3)'
Since Yo is small, cos(vnYo) and sin(vnyo) can be approximated as
cos( vnYo) ~ 1 - (vnYo? /2,

(23)
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Substituting eq.(23) into eq.(21), /13 and /14 are approximated as

(24)
yomOl ,

where
mii =

f: i:

E(u, v )'/ivi dudv .

(25)

From eqs.(20); (24) together with the relation mo = moo,
(26)

where
/1ii =

f:f:

E(u, v)(u - U)i(V - v)idudv,

(27)

and u and v are the mean wave numbers in the x and y directions given by
u = mw/moo and v = mm/moo (Longuet-Higgins,1957). Since the long crestedness parameter "{ (Longuet-Higgins, 1957) is given as "(2. /1odu2/1oo, I), is
approximately given as 1),2 c::= 1 - y5U2"{2. You"{ is a non-dimensional parameter for the perpendicular distance of the do:r,ninant wave direction in 3-D wave
condition. Representing Y* = You"{, p(RI, R 2, c:) is defined as

(28)
The condition Xl= 2mf is abbreviated in the expression for simplicity. Y* can
be also derived as
(29)
The combined pdf of R 1 ,R2 and the wave direction () is introduced from eqs.(28)
and (2) as

(30)
where

f (())

= 27rYo cos ()/ L.
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The pdf of wave direction B on conditions RI and R 2 is introduced by dividing
eq.(30) by the combined pdf of RI and R2 as
p(B I RI, R 2 )

=

p(RI , R 2 , B)
p(R I , R 2 )

VI
y; cos (27fYO sin(lJ) - (3)}
lmoy*
' L

f(B) expJ, RIR~

27f10 ,[RI
/

R

2

V\- y;] ,

(31)

moy*

where I o[ ] represents the modified Bessel function of the O-th order. p(RI , R 2 )
(Rice,1954) is given as

m } I o [mo{l
RI R 2K,,]
_ K,2)

RI R2
{Ri +
p(Rr, R 2) = m5(1 _ /),2) exp - 2mo(1- /),2)

.

(32)

If the wave directions are concentrate within a narrow angle, equation (31) can
be approximated as
= Yo
,{ R I R 22/), cos (, 27fLY0 (j
(B II
R, R)
P
'2
- exp
,
L
m~.

_

(3)} /

T

10

[RI R 2/),]
2'
~~

(33)

It is interesting that the term Aexp{Bcos(CB)} in eq.(33) also appears, in a
directional function of a 3-D irregular wave spectrum when the MEM principle
is applied (Kobune et al., 1986).
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4. Directional spectrum
Numerical calculations are made using the Bretschneider-Mitsuyasu type frequency spectrum and the Mitsuyasu type directionalfunction (Goda et al., 1975).
These functions are substituted into "eq. (16) to derive E( u, v) and parameters such
as mo, Y*, f3 and L are calculated. The wave conditions used in the calculations
are H I /3 = 5.5m, TI / 3 = LOs; Yo = LilO arid deep water. Component waves
with shorter wave length than this Yo are eliminated in the spectrum. Figure 3
shows p(e I RI, R 2 ) with Smax = 10 (fully developed wind wave condition) and
4 different amplitudes where RI = R2 , and Rmis the mean amplitude. Larger
waves show narrower distributions. Figure 4 also shows p(e I RI, R 2 ) for 3 different Smax values of 10, 25 (swell from short distance) and 75 (swell from long
distance). Wave amplitudes are RI = R2 = Rm.
"
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5. Conclusion
A theoretical pdf of wave directions of 3-D irregular short crested waves is developed. A definition of wave directions applied in this study is an angle between
an axis on the still water level and a straight line which connects two points on
a crest line of a short crested wave. The calculated results shows that the pdf
becomes narrower with an increase of wave amplitude. The pdf has a form of
Aexp{B cos(Ce)} which appears in some 3-D wave spectrum models. A new
non-dimensional parameter to discribe a distance perpendicular to the dominant
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wave direction is also proposed.
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Optical Image Sequence Measurements of
Surface Waves at the Multidirectional Wave
.Facility
Christian M. Senetl, Jose R. Amoros Serret 2 , Jose C. Nieto Borge3
Abstract
With image sequences of optical devices - or others - dynamical processes can be recorded spatially
and temporally. In this paper an application based on the observations of surface gravity waves in a multidirectional wave facility is presented. In the experiment several surface wave parameters were changed.
The analysis method in the spectral domain is outlined and first results of the experiment are given and
are discussed. An outlook on the application's potentialities of the image sequence measurement and
analysis concludes the paper.

1. INTRODUCTION

Electronic CCD (charged coupled device) cameras in combination with a frame grabber
and a fast computer are a convenient possibility to measure the spatial and temporal
properties of dynamical processes [Jahne 1993] [Jahne 1997]. The advantages are low
system price and flexible experimental setups regarding to the small size of a CCD camera
and variable lens mountings. A broad range of scales in space and time can be covered.
In this paper an application of image sequence measurement and analysis of water
surface waves is presented. The facility, where the experiment took place, is the Multidirectional Wave Facility of the Spanish habour authorities (Centro de Experimentadon de
Obras Publicas) in Madrid (Spain). The wave tank's ability is the creation of multimodal
and multidirectional sea states.
Image sequences of a set of surface wave field realisations were taken under controlled
light field conditions. The analysis of the image sequences is based on a three-dimensional
Fast Fourier Transformation (FFT) which is now in operation with nautical radars as
sensors since more than one decade [Young et al. 1985], [Ziemer 1991], [Seemann et al.
1997], [Hatten et al. 1998], [Nieto, Seemann 1998]. The spatial and temporal information
of the image sequence is converted to the wave number-frequency domain. Here the
spectral energy of the surface waves following the dispersion relation of surface gravity
waves is located on the "dispersion shell" .
Examples of raw spectra are presented, analyzed and discussed. Further on, the optical
properties of an illuminated sea surface and their spectral representation with the aim
of a calibration procedure are given and discussed briefly (for detailed description see
[Walker 1994]).

n.

THE OPTICAL IMAGE SEQUENCE ACQUISITION SYSTEM

The sensor of the optical acquisition systems is a CCD camera. The maximum image
acquisition frequency is 25 Hz (25 images per second) in the interlaced mode or 50 Hz
in the non-interlaced mode. The camera is connected to a personal computer where
the analog image information is converted by a frame grabber into digital format (TIFF
1 Institute of Hydrophysics, GKSS Research Center, Geesthacht, Germany, E-mail: senet@gkss.de; 2 CEPYC,
Centro de Experimentadon de Obras Publicas, Madrid, Spain; 3 Jose Carlos Nieto Borge, Dpto. Tee. Clima
Maritimo, Puertos del Estado, Spain
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Fig. 1. The multidirectional wave facility at CEDEX: On the backside the wave generator is installed.
In this example a ring wave was created.

images). The RGB frame grabber (RGB = conversion to red-green-blue color space) can
be equipped with one color camera or up to three monochromatic cameras. For a realtime image-sequence acquisition frequency the computer is equipped with 512 MByte of
RAM (random access memory). With 512 MByte of RAM circa 400 color or around 1200
monochromatic images can be sampled. After acquisition the image sequence is saved
from the RAM to hard disc. In detail, the used acquisition system consists of
• Pentium
personal computer (200 MHz),
• RGB frame grabber for color or up to three monochromatic cameras,
• harddisc 6 GByte,
• 512 MByte RAM,
• OPTIMATE 6.11 image acquisition software,
• and accessories (lenses, filters, ...).

™

Ill.

MULTIDIRECTIONAL WAVE FACILITY -

CEDEX -

The multidirectional wave tank (see figure 1) installed in the Centra de Estudios de
Puertos y Costas (Cepyc) of the Centro de Estudios y Experimentation de Obras Publicas
(CEDEX) has been build for the physical model testing of maritime engineering works,
allowing the reproduction of irregular crossed, short crested waves with an arbitrary
directional spread of wave energy. The multidirectionality of the wave field is created
by a wave generator consisting of multiple independent segments. The movements of
these segments are controlled by network-linked servocomputers. An adequate combination of individual paddle movements produces any desired 3D sea state. The technical
characteristics are
• dimensions: 34 m length x 26 m width x 1.6 m height,
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wave generators

+s;k:J

+ +

+ +
+~

Fig. 2. The experimental setup of the optical experiment at CEDEX: The (+) markers indicate ground
control point positions, SO, .... , S4 are the positions of the wave gauges. On the left-hand side, area A
is delimited by a wall construction. The world coordinates were measured in the coordinate system
given by the spatial axes.

• maximum water depth: 1.15 m,
• wave generator: 72 independent piston paddles (each 1.6 m high and 0.4 m wide) for a
total wave front length of 28.8 m,
• actuators: Electrically driven with 0.6 m stroke,
• maximum wave height: 0.58 m for frontal, regular waves,
• control system: Main workstation connected by ETHERNET to digital servocomputers .
to control the actuators,
• lateral boundaries: Perforated plate curtains for absorption or supression of reflected
waves,
• longitudinal boundaries: Wave generator (backside) and a boulder slopetb avoid direct
wave reflection,
• current generation: Variable flow up to 200 l/s,
• wave synthesis and analysis: GEDAP package, NCR.
Applications of the multidirectional wave tank at CEDEX are stability and performance
tests of maritime structures, beach research (beach evolution and restoration design),
and offshore structure tests.
IV.

EXPERIMENTAL SETUP

The described experiment took place from the 27th of April to the 5th of May 1998.
With a water depth of 0.7 m a maximum wave height of 0.15 m was given.
In figure 2 the experimental setup in the wave facility is illustrated. Area A on the
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Fig. 3. The wall construction: Prevents the incoming of waves from behind the wall, creating a wave
shadow zone.

left hand side is delimited by a wall construction (see figure 3). The wall creates a wave
shadow zone where diffraction effects can be studied. In area B on the right-handside of
the basin homogeneous wave patterns can be studied.
Two monochromatic cameras were installed to observe the wave field simultaneously
in the two areas of interest. The 25 mm lenses were mounted with near infrared filters
to supress upwelling light from the inner water body.
To control the reflected light field two projection foils (lorry tarpaulins) of the dimensions 5 m length x 8 m height were positioned with ropes so that their reflection pattern
at the water surface covered the image area of the cameras from the camera points of
views. The reflectors were illuminated by spot lights, so that the reflectors formed a
diffusive light source. This can be seen in an example of raw images (see figure 4).The
light intensity of this diffusive light source was measured by a radiometer.
Close to the borders of the imaged areas, ground control points were placed for the
geometric transformation routine. Five wave gauges - to retrieve in situ water elevation
time series - were positioned in the observation areas. The three-dimensional world
coordinates x, Y, and z of the ground control points and the wave gauges were measured
by a tachymeter with an accuracy of a few millimeters. A schematic illustration of the
experimental setup of the camera, the reflector, and the spot light is given in figure 5.

V.

EXPERIMENT

During the experiment the following sea state parameters were changed:
• Wave height H: 100%, 66%, 33% of maximal wave height (maximal wave height depends
on mean travel direction and peak period),
• wave period T: 1 s, 2 s, 3 s,
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Fig. 4. Examples of raw images: On the left-hand side area A (diffraction pattern) is imaged. On the
right-handside the homogeneous area B is imaged.

screen
camera

light source
illuminated surface .-----------......,

Fig. 5. Scheme of the setup of the camera, the light source, and the reflector: The spot light illuminates
the reflector. The reflector becomes an extended and diffusive light source.

• mean wave travelling direction (): 0°, 15°, 30°, (refering angle () = 0° is directed 90°
from the wave generator) 1
• directional spread parameter s: 1 (broad distribution; like a natural wind sea), 30
(narrow distribution; nearly unidirectional sea state).
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ID:cfaaaqOOl Nx= 900 Ny=Z200 X= 7.ZDE+OOm y= 1.76E+Olm

y [m]

Fig. 6. Perspective rectification of the images into the world coordinate system: The upper image shows
area B (homogeneous), the lower image shows area A (diffraction). Both images have a gridsize of
900 pixel x 2200 pixel and a length of 7.2 m x 17.6 m with a pixel size of 0.064 m x 0.064 m.

A parametrized JONSWAP spectrum was used to drive the wave generator. The forcing
time series of the wave actuators is calculated by an inverse Fast Fourier Transformation
of the parametrized spectrum. One time series of one sea state realisation has a duration
of 10 minutes.
The wave gauges measured a 10 minute time series, so at five positions the in situ
water elevation as a reaction on the forcing function of the wave generator is given. For
one optical image sequence usually 256 images were acquired from each of the cameras
simultaneously in the interlaced mode (25 Hz) and with a shutter time of 1/60 s.

VI.

ANALYSIS

A. Modulation Transfer Function
An image sequence contains the spatial and temporal information of the mapped process. The continuous spatial and temporal wave field ((8) is represented by a discrete
image sequence I (i, j, k), where ( is the water elevation at the spatial and temporal
position, 8 = (x, y, t) and I is a byte value at the array index position (i, j, k). The

Fig. 7. The dispersion relation w(k) in the three-dimensional wave number-frequency domain
dispersion shell is rotation-symmetric to the frequency axis if a current is absent.

n:

The

illumination of the wave field, the wave field itself and the sensor's response function
specify the resulting images. The wave field and the image sequence are concatenated
by the complex modulation transfer function. In the spectral representation, the MTF
is given by
I(n) = MTF . 17(n),
(1)
where I(n) is the complex image spectrum, 17(n) the sea state spectrum, and n (k x , ky,w) is the spectral domain with the wave number components kx and ky, and the
frequency w.

B. Dispersion Relation
In the three-dimensional spectral domain H, the linear sea state energy is located on
the dispersion relation of surface gravity waves, given by

w(k, il, d)

=

Jgk tanh(kd) + k . il,

(2)

where w(k, il, d) is the absolute wave frequency, k the wave number vector, il the nearsurface current velocity, 9 the gravity acceleration, and d the water depth. The dispersion
relation is illustrated as a dispersion shell in the three-dimensional spectral domain in
figure 7.
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C. Image Sequence Analysis
The analysis of the the image sequences consists of the following steps, which will be
described briefly:
.
• Geometrical transformation,
• FFT,
• current fit,
• filtering,
• integration,
• determination of the Image Transfer Function (ITF).
Geometrical Transformation: The image coordinates (i, j) of an image are transformed
to the rectangular world coordinate plane defined by the mean water level. For this a
least squares method of Tsai is used which is desribed in detail in [Tsai 1987]. A related
application example of the Tsai algorithm is described in [Janssen 1997]. Examples of
transformed images are shown in figure 6.
Fast Fourier Transformation: With a three-dimensional FFT algorithm the image
sequence is transformed into a three-dimensional wave number-frequency image spectrum.
Determination of the Near Surface Current Velocity: with a least squares algorithm
the deformation of the dispersion shell due to the Doppler effect is calculated [Senet et al.
1997] to define the coordinate set of the sea state energy spectral locations. An extended
algorithm to calculate the water depth and the current velocity has been developed
recently [Outzen 1998].
Filtering: Background noise, sea state signal, higher harmonics, and other structures
can be separated in the three-dimensional spectrum using the dispersion relation as a
filter. With the known deformation due to the current velocity and the water depth, the
dispersion shell defines the spectral coordinates where sea state signal can be found. The
sea state signal is separated at those positions. Also higher harmonics or other structures
can be separated with the proper dispersion relation.
Integration: Once the signal is separated, the spectral energies can be integrated over
positive frequencies resulting in a spectrum which has not the 1800 -ambigiuty. Integrating
over the wave numbers results in an one-dimensional frequency spectrum including the
current-induced Doppler shift. Integrating over wave numbers and frequencies results in
scalar values giving the magnitude of fundamental mode signal, higher harmonic signal,
or other structures.
The Modulation Transfer Function: The image transfer function is the squared modulus
of the modulation transfer function ITF = IMTFI 2 • With the ITF the phase information
is lost. The most simple parametrization of the the ITF is a power law:

ps(n)

= { a· f(O) . k[3 '/1J(n)1 2

o

if
else

n E (k, w(k, il, d))

.

(3)

Here Ps is the sea state signal energy. The function f depends on the azimuth angle 0
(angle between viewing angle and wave travelling direction). The coefficients a and f3 can
be determined by least squares methods using in situ data. The coefficient a describes
the depth of modulation depending on the spatial gradients of the illumination, the
incidence angle of illumination and sensor, and polarization. The coefficient f3 describes
the dependence of the imaging mechanism on the wave number. Regarding only tilt
modulation as imaging mechanism, the coefficient f3 would be 2.
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VII.

EXAMPLE RESULTS

In this section one. example of image sequences and its spectrum is presented and
discussed for area A and area B. The parameter set of the chosen survey is peak period T
= 1 s, spread parameter s = 1, mean wave travel direction () =.30°, maximum wave height
Hmax = 0.15 m. The in situ measurements ofthe wave gauges'SO, ... ,84 are given in table
1. The raw three-dimensional wave number frequency spectra for the image sequences
have been calculated. In figure 8 the filtered two-dimensional wave number spl:lctra (a.)
and the two-dimensional wave number-frequency slices parallel to the mean wave travel
direction (b.) are given.

VIII.

DISCUSSION

The integrated and filtered (fundamental mode) wave number spectrum of the homogeneous case (area B) shows a directional distribution which is symmetric to the ky-axis.
This corresponds to the directional symmetry of the wave generator forcing. Additionally, a second more narrow wave system is visible coming from the direction of the wall
construction of area A. This wave system, overlaying the original wave field coming from
the wave generator, is obviously coming into existence due to reflection at that wall construction. Because this wave system can be blind out with a directional filter, this does
not disturb further considerations of that part of the spectrum coming from the mean
wave travel direction. Comparing the filtered wave number spectra of both cases A and
B, the absence .of any waves reflected at walls in the diffraction area A is observed. Another feature is the nonsymmetric directional distribution of the main wave field coming
from the wave generator. Especially for higher wave numbers, this symmetry is not given
for the diffracted wave pattern. Here the shorter waves from certain directions are not
diffracted into the shadowed zone. The spectrum becomes nonsymmetric because the
wall construction acts as a directional filter.
In the two-dimensional wave number-frequency sections of the three-dimensional wave
number frequency spectrum, the. fundamental mode and the first harmonic of the dis"

TABLE I
WAVE HEIGHTS AND PERIODS FROM WAVE GAUGES FOR THE EXAMPLE CASE.

/
mean level
No. O.
Hs
mean H
max. H
min. H
RM8H
(JH

Ts
mean T
max. T
min. T
RM8T
(JT

80
0.001
677
0.06
0.04
0.11
0.00
0.05
0.02
0.95
0.89
1.63
0.14
0.91
0.23

I

81
-0.002
686
0.07
0.05
0.12
0.00
0.05
0.02
0.95
0.87
1.60
0.13
0.90
0.22

I

82
-0.005
695
0.08
0.05
0.13
0.00
0.06
0.03
0.94
0.86
1.51
0.20
0.89
0.22

I

83LBJ
-0.004 -0.005
703
728
0.06
0.07
0.05
0.04
0.12
0.10
0.00
0.00
0.05
0.04
0.02
0.02
0.94
0.93
0.85
0.82
1.50
1.43
0.11
0.19
0.88
0.86
0.22
0.24
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Fig. 8. Example of raw three-dimensional image power spectra: On the upper row the integrated noisefree two-dimensional wave number spectra are given (a.). On the lower row (b.) are two-dimensional
wave number-frequency sections of the three-dimensional image spectra. On the left-hand side (A)
the image spectrum of area A (diffraction) and on the right-hand side that of area B (homogeneous)
is presented.

persion relation are charted. The sections are sliced in the mean wave travel direction.
In the image spectrum, signal is cognizable on the fundamental mode of the dispersion
relation and on their first harmonic. Under the fundamental mode signal another feature
is visible. This signal structure - often called group line in the radar community [Smith
et al. 1996] - may be associated with the group velocity.

IX.

SUMMARY AND OUTLOOK

The first results of raw spectra show the potentiality of image sequence measurement
and analysis. The unambigious fully directional wave number spectra allow a complete
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description of a sea state. The method is useful for impact studies on maritime structures,
beach studies and others in wave facilities. The method is extentable to surveys under
natural conditions. A CCD camera sensor can be mounted on light houses, or any other
view points which are high enough over sea level to cover the desired area [Williams,
Dugan, 1997]. Also successful measurements from airplanes have been done [Dugan, et
al. 1996]. The calibration procedures for a conversion of image spectra to sea state
spectra have been implemented for nautical radars. The test of the calibration method,
which is a combination of the image transfer functions resulting from
• comparision of image spectra with in situ measurements and
• the theoretical ITF resulting from specular reflection,
is the near future task.
Combination of empiricism and theory should lead to this aspired status.
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DEFINING THE OCEAN ENVIRONMENT FOR THE
SAFE DESIGN AND OPERATION OF SHIPS'"

by Douglas Faulkner
''! can command men and ships, but I cannot command the wind and sea"
Admiral Lord Nelson

ABSTRACT
The Historical Introduction emphasises the heuristic nature of technical developments in ship
structural design and the fact that extreme lifetime design is still mainly based on linear
waves no more than about 10 m high. Buckley's lone voice over the past 15 years has
advocated a Survival Design approach with much larger highly non-linear waves defined by a
survivability envelope. Section 2 reviews such conditions and illustrates recent survival
assessments that can lead to ship loss through the ship (a) breaking her back, or, (b) flooding
and foundering, or (c) capsizing. The problem of predicting extreme sea impact pressures on
bridge fronts, etc., is also outlined.
The final section 3 outlines the non-steady state
oceanographic characteristics required to support the Survival Design approach for ships
which is now emerging under a new safety culture climate.

NOMENCLATURE

Ac
a

Cp
C

=
=
=
=

c
F

H,Hs
Hm,He
h
L
Lo

=
=

crest peak elevation above MWL
local crest profile amplitude
water impact coefficient
coaming or opening height above deck
IJT wave celerity = gT/21t
freeboard (upper deck to WL)
wave height, significant wave height
most probable, extreme wave heights
crest peak height above opening!
orifice
ship length
horizontal crest length at level h

mf,mb
N
Q,R
s
Z
VC

=

=

a.

13
E

=

y
A

=
=

mean front, back slope of wave crest
Time/Tp number of waves passing
load, strength distributions
standard distribution
R-Q margin of safety
crest horizontal velocity
AJH crest amplitude ratio
safety index
band width parameter
InN-2(HlHsi parameter for pe(H)
gT2/27t length of gravity waves
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without trace of a large oil/bulk/ore carrier DERBYSHIRE during a typhoon in 1980. His
findings gave rise to this paper.
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Waves and Spectra, Paris, 21-25 September 1998.
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1. mSTORICAL INTRODUCTION
1.1

Early Beginnings

Shipping history pre-dates the development of scientific methods. Developments in the safe
design and operation of ships were therefore heuristic. That is, reliance was placed on
speculative simple judgements and basic formulations which served as a guide based only on
good or bad service experience.
The 18th century early treatises on shipbuilding were devoted mainly to expositions of the
shipwright's art, to the delineation and geometry of the hull form for wooden sailing ships,
and to the design fo their rigs. Their low length to depth ratios posed few if any problems in
longitudinal strength.
The two main safety considerations for sailing ships were to avoid capsize and water ingress
leading to foundering. Bouguer (1746) correctly identified the importance of the metacentric
height for initial small angle stability, but only in quite recent times have the underlying
principles of large angle dynamical stability become better known.
High poops and
forecastles, plus stout timber closures to access and cargo openings provided the main
protection against foundering.

1.2

Evolution from 1800 to 1953

The industrial ferment and technical innovation at the turn of the century led first to marine
steam propulsion with Bell's COMET (1812) , and then to the use of iron for the hull in the
paddle steamer RAINBOW (1837). As power and speed increased and ships became longer,
IK. BruneI and Scott Russell quite independently and intuitively recognised that the question
of longitudinal strength must be considered At 692 feet long (L = 211 m) Brunei's GREAT
EASTERN (1858) was a huge leap technically. When assessing its longtiduinal bending
strength he assumed his ship was stranded on two rocks 0.7L apart. Although the ship failed
to'make a profit, it was remarkably efficient structurally even by today's standards.
In 1836, following three years during which 1782 British vessels were lost, a Select
Committee of the House of Commons was set up to inquire into the Causes of Shipwrecks
(Faulkner, 1995a). Shortly afterwards, ship classification societies began, and in 1860 the
Institution of Naval Architects (INA) was formed to promote a better understanding of ship
behaviour. W.E. Johns (Trans INA, 1874) first proposed that the design vertical bending and
shearing loads in a ship should assume the ship to be poised in static equilibrium on a
trochoidal wave (suggested byWilliam Froude) of length L and height He = L/20. This is
illustrated in Figure 1:

ClL-_------~..:::---:--.:------

Hogging

Sagging

FIG. 1:

Ship on a Wave

s

15 1

There have been a lot of variants in effective wave height formulations over the years, some
being influenced by oceanographers such as Vaughn Cornish. This quasi-static approach has
dominated structural design until about 1960. J. Harvey Evans (1975) provides a history of
these developments, again they were heuristic.
1.3

From 1953 to 1978

In 1953, a landmark paper by naval architect M. St. Denis and oceanographer W.J. Pierson

"On the motions ofships in confused seas" led to paradigm changes in thought and analyses.
The modern approach to modelling of seakeeping and ship safety was established, spurred on
by the formation of two major bodies which reviewed progress triennially in ship
hydrodynamics (the ITTC) and in ship structures (the ISSC).
1967 saw two major
contributory events: Hogben and Lumb's book "Ocean Wave Statistics" was published; and
the ISSC Committee IV1 recognised that there were also substantial random uncertainties
associated with any predictions of ship longitudinal strength. They suggested that these be
brought together to define a structural safety or reliability index f3 from which the notional
probability of primary ship failure is estimated as Pf= <1>(-f3) where:

f3=

(1)

The choice of this quarter century 1953-78 was deliberate for three reasons:
•

it saw the development of the digital computers and programs to the point where they
could be usefully applied for modelling the sea loads and structural response and
reliability as an aid to design and assessment

•

it marks the full development of linear theories for these purposes

•

It brings us to the start of large non-linear wave considerations.

However, two major limitations should be noted.
Firstly, the maximum wave heights
proposed for lifetime design never exceeded 15 m and most are less than the 10.75 m plateau
of the present unified class society ship rules (Nitta et aI, 1992). Secondly, the stormy sea
conditions which normally sink ships are anything but linear and wave heights can far exceed
the 10 m to 15 m assumed.

1.4

The Last 20 Years

In 1978 Buckley, who is here today, had the vision to realise that the present ship design wave
methods were quite inadequate. They could not explain, for example, the extensive ship
damages which he had been studying for the US Navy. Moreover, from his study of wave
profiles measured during Hurricane CAMILLE in 1969, he found in the open ocean away
from the steepening effects of currents, shoals, etc., crest elevations of Pie = 0.6H to 0.7H
were occurring. See, for example, Figure 2:
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FIG.2: Steep,. Elevated Wave Record During Hurricane CAMILLE (Buckley, 1983)
The wave crest elevation is ~ = 0.68H where height H is about 23 m and the mean crest
steepness over its top 10 m is about 0.6, that is, near breaking and highly non-linear and
damaging. This led him to propose an additional sunJival wave approach to design coupled
to a First Principles Methodology.
Similar conclusions have more recently been reached by Faulkner (1995b) when investigating
the loss without trace ofthe 200,600 tonne obo ship DERBYSHIRE during Typhoon ORCIDD
in 1980 about 400 nm south of Japan.
Faulkner and Buck1ey recently combined their
previous independent efforts (1997) to extend Buckley's sUMJival design concept based on
Buckley's worldwide "survivability envelope" ofBs vs Tp as shown in Fig. 3. This considers
significant wave heights reaching Hs = 18 m as is presently being proposed by one oil
company for offshore platform designs West of Shetland (Inglis, 1996).
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Associated with this envelope are provisional values which define the non-linearities of steep
elevated waves arising from high intensity revolving tropical storms. The proposition is that
weather routeing is not safeguarding ships from encountering such conditions and that all
ships should therefore have some capability to survive these freak or abnormal storms, albeit
with low safety factors.

153
1.5

Developing a Safety Culture

In 1992 a House of Lord's Committee (Carver, 1992) recommended the adoption of a Safety
Case approach to design and assessment. This recognised two things: that the shipping
industry is over-regulated with prescriptive rules and procedures, and more than 75% of ship
casualties are due to human error in one form or another. Like all changes in shipping, they
are slow to implement, but at least now the IMO also recognises the need for more
performance based safety standards, and is introducing formal safety assessment (FSA) into
both design and operation of ships. Hopefully, this should make it much easier to introduce
the Survival Design approach mentioned above.
Leaving aside human errors in the navigation and operation of ships, there are three basic
hazards arising from rough weather which can sink a ship:
(a)
(b)
(c)

breaking her back through inadequate strength
flooding and foundering through poor watertight integrity
capsize due to insufficient roll stability.

These weaknesses are mainly design and sometimes construction related. But losses may
also be induced by machinery or equipment failures which usually cause the ship to become
beam on to the prevailing weather and can lead to loss scenarios (b) and (c).
Scenario (a) seldom occurs at sea. Once ro-ro ferries lose their watertight integrity (b) then
they can be very vulnerable to capsize (c), as the travelling public now realise. There has
been a spate of bulk carrier losses since about 1980, mostly through flooding scenario (b).
The most vulnerable structure in this respect is the side plating and stiffening in older ships
and hatch covers in all bulk carriers.

2. THE PROBLEMS
There is no off the shelf publication on freak waves so a brief synopsis is first presented.
Tsunamis are excluded as they have little effect on ships in the open oceans.

2.1

What are Freak Waves?

The phenomena of freak waves, or abnormal or exceptional waves, as others prefer to call
them, have been known since biblical times. Definitions abound: "seemingly capricious",
"monster giants", "walls of water", "holes in the sea", "the three sisters", "nightmare waves".
Perhaps the most general definition is the wave being out of proportion to other waves in a
seaway or episodic from outwith the region.. All these imply unusual size, but equally it is
the steep elevated crest preceded by a deep trough which are most feared by mariners and
often do the damage.
In 1826 Captain D'Urvill, a French Scientist and Naval Officer, and three colleagues, reported
a huge wave of about 30 m height. V. Cornish (1923) reported waves higher than 24 m in the
N. Atlantic. Perhaps the best known and reasonably reliable report was the 112 feet (34 m)
wave reported in the N. Pacific by the U.S. tanker RAMAPO in 1933. In 1956 Captain Grant
on the cargo ship JUNIOR reported a 30 m wave some 100 miles off Cape Hatteras, and there
are more recent similar reports.
L. Draper reported in 1981 that in 2S years of measuring waves in the NE Atlantic the highest
record gave a significant height ofRs = 17.7 m. This implies a most probable wave height
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during the same storm of about 35 m, with a 63% probability of being exceeded, and that
waves greater than 40 m high were quite likely (Longuet-Higgins, 1952). This raises the
question as to the maximum possible waves that could occur in the oceans.
Based on
Goldman's work with possible metocean conditions (1978), long period waves of up to 67 m
height have been investigated and are suggested as being possible, for example, in the Gulf of
Alaska and in the N. Atlantic near Iceland.
However, wave height alone does not provide a sufficient definition of a freak wave.

Evidence for Non-Linear Waves:
Waves may be regarded as non-linear when asymmetries appear in their profiles. Vertical and
horizontal asymmetries of wave crests are of most interest for survival wave design. For
example, when investigating the DERBYSHIRE (Faulkner, 1998) the following values were
used:
a = A c /H= 0.65
}
(2)
mf = 0.6 and mb = 0.4
An example is shown in Fig. 2, and for identifying and analysing the departure from linearity
in wave elevation records Buckley (1991) developed a useful half.:.cycle matrix which shows
up any significant non-linear behaviour. He also classified such waves (1983, 1991). For
now, five broad generation mechanisms for abnormal waves in the open ocean are:

Ca)

opposing current and wave interactions

(b)

pronounced air and water temperature differences and rapid pressure drops·

(c)

random reinforcement of two or more wave trains getting "into step" to produce a wave
that is exceptionally high and awesome, and can bound along, sometimes breaking in a
kind of horizontal avalanche
.

(d)

revolving tropical storms (RTS) and other multi-directional rapidly· forming young·
storm waves sometimes interfering and causing pyramidal wave appearances

(e)

breaking waves: the spilling breaker and plunging breaker.

Sometimes components from these categories may interfere with each other causing yet more
chaotic conditions. The bibliography has many graphic details of most of these waves and
their destructive power.
The best known example of (a) is the steepening of waves off S.E. Africa by the Agulhas
current. The WARATAH vanished in 1909 with 221 passengers and crew. Since the closing
of the Suez Canal in 1967 many larger ships have been lost or severely damaged in this
region. On her maiden voyage, the 258,000 tonne obo ship SVEALAND had her forward two
cargo hatches burst in by these waves and her bow set down by 2 ft. (0.6 m). Had she been
laden in iron ore instead of oil she would have sank rapidly. Such current-wave interactions
also occur off SE Greenland, Japan, Chile, NE Atlantic and the Gulf of Alaska.
The many shipwrecks off and NE of Cape Hatteras, known for years as "the Graveyard of the
Atlantic", is testimony to both mechanisms (a) and (b). (c) can occur almost anywhere worldwide (see later).' Mechanism (d) affects the Pacific, Indian and N. Atlantic Oceans. The
waters between Japan and Papua New Guinea are known as "the Graveyard of the Pacific".
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But, these cyclonic storms can migrate away from the tropics, sometimes drawing in more
energy from other depressions and causing even more damage. In September 1995 the QE2
suffered fore end damage from a 95 ft wave (29 m) when she ran into hurricane LUIS off the
Newfoundland Grand Banks (MAIB, 1997).
Regarding (e) breaking waves, Adlard Coles (1991) describes their extreme violence. These
are not confined to shallow waters. In open oceans two generating mechanisms exist. If the
wind rapidly intensifies younger steeper waves can form which may overshoot and become
oversteep (m > 0.58) and unstable and dissipate their energy into breaking waves.
Alternatively, these conditions can readily occur from storm winds acting on steep elevated
waves generated by the previous mechanisms (a) to (d). Van Dorn (1993) suggests that
plunging breakers occur approximately every 10 minutes at the peak of storms, and breaking
turbulence occurs at about 2 minute intervals or less. The spilling breaker is most damaging
to marine structures because their crest velocities can be two or more times normal wave
celerities.
Pierson (1972) investigated the "sudden overwhelming by the sea" of the trawlers BOSTON
PIONEER and the BLUE CRUSADER in 1965 in the southern North Sea. He described the
wave refraction, or bending, effects from underwater topography in shallow water and coast.
Pierson also showed that H s increased substantially to 11.0 m, and that one wave in a hundred
could reach 16.8 m. But, more important, these already high waves could befocussed due to
coastline topography effects into massive pyramidal forms. This was accepted as being the
reason for these losses, and of course there are plenty of small ships which trade in coastal
waters world-wide.
The life threatening and damaging effects of such waves have been touched on in the above,
and many examples of water impact damage to bridge fronts, masts and other vertical
structures of up to 30 m above the waterline can be quoted. Some are referred to in the
bibliography and in Faulkner and Buckley (1997). Freak waves are not just curious and
unexplained quirks of nature. Moreover, as Draper points out (1965), the occurrence of
exceptionally high waves can be calculated with an acceptable degree of precision. (He was
referring mainly to waves generated by mechanisms (a) and (c)).
Specific Advice re Bd , B s :

A characteristic of many of the waves described is the steep and elevated nature of their
crests. However, the question of what significant wave height to use for survival design
arises. Based on work for the DERBYSHIRE (L = 282 m) a value for ILt for very large ships
(L 2 200 m say) was provisionally suggested:

ILt

=

2.5 H s 2 25 m

(3)

For the DERBYSHIRE, H s was taken as 14 m and the asymmetry of the extreme design wave
crest was defined by eqs(2). A range of wave periods was also considered. For other ships
H s is selected from, for example, a typical return period lifetime extreme storm, or from order
statistics based on the ships expected operating route profile. However, logic and casualty
data suggest that smaller ships are likely to be troubled by lower height waves, which of
course occur more often. Provisional design values ofHs for L S; 300 m have been suggested
(Faulkner, 1998):
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Ms

= 1.5 - (3 - L.'I1QO)2.5}.
= LIlO for L:::; 75m

(4)

a range of wave periods and profiles would'be considered, depending on what critical design
scenario is being examined.
2.2

Critical Survival Scenarios for Ships

This is a very recent concept for naval architects and ship operators to consider (Faulkner and
Buckley, 1997. It is now illustrated by just four of the possible scenarios to be very briefly
described, taken in historical sequence.
Ship Capsize
Not widely known is the nightmare reconstruction of how near the QUEEN MARY came to
capsize when carrying 15~000 US troops bound for Europe in the winter of 1942. She was
700 miles west of UK weathering an unusually vicious gale when a gigantic wave caught the
300 m liner broad side on. She listed until her upper deck was awash and came within 5° of
almost certain capsize.
Smaller vessels are more prone to capsize from beam waves.
However, large liners usually have low metacentric heights (GM) which are nevertheless
considered to be acceptable because of the ship's large mass. However, there is also a large
extensive side shell and topside which presents a major exposed area for a long breaking or
near-breaking wave crest to rush onto and create a massive overturning force.
Buckley (1997) also describes the vulnerability to capsize from hydrodynamic forces which
arise from astern seas, especially for faster ships like container ships. Other critical capsize
conditions need to be evaluated for the type of survival seas now envisaged. Wave periods
are naturally critical for ship capsize.
Ships Breaking in Two
Perhaps the most tragic of recent Cape Hatteras tales is that of the TEXAS OKLAHOMA.
This 193 m tanker broke in two just about amidships in March 1971 NE ofthe cape. None of
the 13 crew members on the bow section survived, and although he stem stayed afloat for 27
hours a further 18 crew died (including all officers). NE of Hatteras the "north wall" of the
Gulf Stream is a narrow band of extreme horizontal temperature change, with differences in
February and March approaching 20 C (James, 1974).
Where the ship broke apart, a
complicated ocean-air temperature exchange takes place in winter months. Frigid air from
the north passes over the Gulf stream where it is warmed, rises and is replaced by colder from
above bringing strong winds and creating still rougher seas.
However, very few ships nowadays break in two, but the scenario still dominates thinking
when assessing primary strength of the hull. This is because the wave-induced sagging
moments (see Fig. 1) may cause the ship to "jack-knife" by compression collapse ofthe upper
deck. In this respect it is interesting and potentially worrying to note that recent time series
studies for response of large ships in extreme seas have shown that these bending moments
may exceed the recently unified classification society standard sagging moments by 80% or
so (Frieze et aI" 1991 and Faulkner, 1995b, 1998). In both studies highly non-linear steep
waves were simulated for the extreme storms considered. Likewise, strains measured in
some naval frigates have exceeded their design values by nearly 2: 1 (Clarke, 1986).
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Fore End Vulnerability
The oceanographer yachtsman Blair Kinsman has graphically described a tanker meeting
mountainous seas head on (see Britton, 1978): "Imagine a green-black mass, the height qf a
seven- or eight-stOlY building, maybe half a mile long, suddenly before you, rushing towards
you at 50 miles per hour. You're on a roller coaster plummeting down into its trough; this
monster towers above you, alive, shifting, breaking, roaring, hunching ..... thousands qf tons
qfdead weight water hurtle down on you".
Figure 4 (Faulkner, 1995b) represents a quasi-static and therefore non-conservative
idealisation of the pressures arising from such seas on the forward hatch covers of a large bulk
carrier. The inadequacy of hatch cover design rules are now known to be the cause of the
loss of the m.v. DERBYSHIRE (Williams and Torchio, 1998) and of other bulk carriers
(Faulkner et aI, 1996). Equally, flooding through damaged or missing fore deck ventilators
or hatch openings can be simulated by similar modelling in extreme survival seas (Faulkner,
1998).

f
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FIG. 4: Hatch Cover Design Head for Extreme Steep Elevated Waves
Breaking Wave Damage
The horizontal impact forces (F) on vertical surfaces arising from breaking or near-breaking
waves can be estimate from:

J

F = Pi dA where

}

(5)

Pi =C p 0.5(v c +v)2

°

where v is the component of ship seeed and pressure coefficient Cp can vary from about 1 to
nearly 400 for instantaneous local pressures (the gi.lle peak of < 10 millisecs) with lower
average values of say 3 to 30 for the longer momentum transfer phase of the impact (the
bOUl'age phase). In eq(5) the crest velocity Vc can exceed normal wave celerity c by a factor f
f

=

k/(1 + 1t HI/...) , 2 ~ k ~ 4

(6)

where k may be taken as 2 to 3 for spilling breakers and 3 to 4 for plunging breakers. Such
forces have dislodged massive breakwaters, knocked over lighthouses, smashed reinforced
bridge windows 20 to 30 m above the waterline, swept away 25 ton windlasses from their bed
plates, collapsed hatch coamings, ventilators and other deck fittings, etc.
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Likewise, the power of green seen waves has substantially set down the fore ends of many
ships, including the QUEEN EliZABETH off Greenland in World War II when her bridge
windows 27.5 m above the waterline were also smashed in. A giant wave inundated the
entire forward half of MICHELANGELO in 1966, 800 miles from New York. She was the
pride of the Italian Line and her damage included a large hole in the curved superstructure,
broken heavy glass windows 24 m above the waterline, bulkheads 21 m above the waterline
crushed allowing water to cascade into the ship, not to mention a severely twisted and tom
bow flare and bulwarks.
Again, normal design does not cater for such forces. But, it is vital that survival design
procedures should provide some capability to withstand such forces.

3. THE DESIGNER'S NEEDS
Critical survival design scenarios have yet to be more fully defined, but enough has been said
to identify some important environmental and other needs to support the concept.

3.1

Environmental Data

Wave Climate
It is well established that substantial global climatic variations have occurred throughout

history. The Bibliography and papers at a recent SUT Conference in London (April, 1996)
have reported significant changes in wave· climate in the N. Atlantic and elsewhere in recent
times. Some feel for these changes are given by Fig. 5 from North Sea Norwegian data.
Whilst the average number of storm days each year over the 54 year period was 14.7, the
average over the 11 years 1920-30, 1934-44 and 1954-64 were respectively 3.7, 25 and 8.9
storm days. The maximum wave heights may not of course. follow the same trend, but it is
reasonable to assume that decade averages will vary, probably appreciably.
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FIG. 5: Number of North Sea Storm Days Each Year
This presents a problem as human experience is short lived. And yet, meteorologists and
oceanographers today are presented with relatively short sets of measured data from which to
establish design criteria (Lynaugh, 1996).
To overcome this, some indication is desirable of the longer term variations in environmental
parameters (Hs and He especially) in the main shipping routes over, say, this century. The
more important' routes of densest shipping loss are in the N. Atlantic, NW Pacific and where
revolving tropical storms and wave current interactions are strongest.
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Wave Characteristics:
It has been traditional, and relatively easy, to report on wave heights and their probabilities,
and this is still vital (Ewing et aI, 1990). However, this paper has attempted to show that
what the designer also needs is fuller definition of non-steady state characteristics for extreme
conditions of:

wave profiles with special attention paid to steep elevated waves
their-wave periods, crest velocities and associated wind velocities
3-dimensional characteristics, ie, interacting wave systems and their directional properties
the probabilities of abnormal waves on an individual storm basis and in the long term,
say, annually
greater emphasis on breaking wave characteristics and their probabilities.
This may seem a daunting target, but at the end ofthe day the ship designer and class societies
will be looking for simplified idealised models, not unlike those presented in this paper.

3.2

Other Data

For their part naval architects and associated researchers need to undertake:
simulations of the main types of abnormal waves that can be generated to arrive at a
range of plausible asymmetrical profiles (Drake, 1997), velocities and wave periods, and
a better understanding of wave growth and breaking characteristics
numerical time series simulations of potentially critical ship survival scenarios; some
have been mentioned in section 2, and others have been suggested (Faulkner and
Buckley, 1997)
to support these studies high grade experiments in quality ship tanks and basins capable
of generating these abnormal waves are needed to detect critical ship responses (Clauss,
1998)
a more detailed feedback from service experience is also required.
Meanwhile, the ship classification societies, the IMO and national governments need to be
lobbied to support these activities and to establish a framework to implement the necessary
additional changes for survival design of ships.

4. CLOSURE AND ACKNOWLEDGEMENTS
I am grateful to the organisers and to the RINA for the opportunity to address this conference.
I believe this can be the early steps in an exciting and major step change in thought regarding
improved ship design and operation to make substantial savings in life and property at sea.
My inspiration has come from Laurie Draper and other oceanographers, and especially from
Bill Buckley. I am grateful also to Joshua Levy of London who provided many of the mariner
references which give such graphic details of abnormal waves and their actions on ships.
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OCEAN WAVE DATA REQUIRED FOR USE IN THE DESIGN OF SHIPS
by
WILLIAM H. BUCKLEY
CONSULTANT

The design of ships to withstand loads and motions in extreme seas has been largely
empirical up to the present time. A more rational approach has been precluded by a lack of data
defining world-wide extreme wave conditions in a suitable format. Due in part to long term
measurements of ocean wave spectra in a variety of wave climates by the National Oceanic and
Atmospheric Administration (NOAA) this difficulty is now being overcome. Additional wave data
are needed, however, especially regarding extreme wave characteristics. Before describing these
needs it is necessary to examine the type and scope of wave data required for implementing a
rational design approach to determining ship loads and motions. Such an approach is termed a
First Principles Methodology (FPM) when organized as shown in Table1.
Each ofthe five elements identified is related to the others so that Seaway Criteria for
example must be defined in such a way as to permit the identification of all potentially critical
wave encounters for a given type of ship. Additionally, methods of analysis must be suitable for
determining loads and motions for such wave encounters. In an FPM approach to design, the
naval architect must now identify for the oceanographer those particular seaway and individual
wave characteristics which are required for implementing an FPM approach to design. The
present conference provides an important opportunity in this regard.
Preferred Ocean Wave Data Formats. There are two formats which are important in the
determination of critical loads and motions. The first is a frequency domain or wave energy
spectrum representation of a given seaway. In those cases in which the seaway and ship responses
·to it are substantially linear, this format is of immediate use in conjunction with frequency
response operators for the load or motion parameters of interest. In those cases in which the
seaway and/or ship responses are substantially nonlinear, however, the required format is time
domain. Such wave characteristics can be provided by in situ measurements of wave heights
during severe storm conditions or indirectly by means of specified wave spectra which are to be
replicated at model scale in test tanks. In the case of extreme seaways, their replication in test
tanks is of basic importance when one considers that such seas occur so infrequently in nature that
at-sea measurements are generally impractical. Additionally, since ships today are not specifically
designed to withstand them, full scale tests in extreme seas could be dangerous. Time domain
measurements of wave heights in high seas remains important in any case because it must be
shown that individual waves of critical importance have been replicated during mOdel tests. This
and other important matters associated with seaway replications (both experimentally and
analytically) have been investigated in a preliminary manner in ref 1.
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Ocean Wave Spectra. FPM requires a comprehensive definition ofworld wide seaway
conditions when unrestricted ship operations are involved. Such conditions are identified in
Figure 1 using wave spectra from the full range of measured significant wave heights. Here Hmo
is based on the area under the wave energy distribution curve while the modal period, Tp,
corresponds to the peak of the curve. Two levels of seaway severity have been defined for each
hemisphere. The more extreme being identified as the Survivability envelope and the other as the
Operability envelope. A ship is allowed to experience damage within the former, the basic
requirement being simply that it and the crew survive. In the case of the latter, ship handling and
water tight integrity must not be compromised by operation in the associated seaways. Closed
form approximations to the measured extreme and climatic wave spectra used to define the
NOAA Baseline envelopes have been established. As a result of finding agreement in concurrent
ocean areas between the probability density distributions ofHmo from NOAA buoy
measurements and significant wave height density distributions from ref 2, the NOAA. buoy
baseline envelopes have been extrapolated to northern and southern hemisphere extremes. See ref
3, pp. 3-7 for a description of the procedures employed.
It is recommended with respect to other sources of storm wave data that continuously (or
hourly) measured spectra be plotted on Figure 1 for purposes of characterizing the seaway
involved. In the case of hurricane Camille for example, such a plot illustrates the predominance of
swell wave energy as tIns storm approached because of the constancy of Tp (= 13.5 sec.) as
Hmo increased until the upper end of the Seaways ofLimiting Steepness was reached. By way of
contrast hourly measured spectra from an explosively developing winter storm near George's
Bank (D. S.) ,in which the lives of several fishermen were lost, shows that the Hmo vs Tp plot lay
close to the Seaways of Limiting Steepness boundary as the storm developed.

Time Series Wave Height Data. The need for wave data in this format arises when FPM
is employed in nonlinear ship load and motion prediction, especially for survivability seaway
conditions. Here the nonlinear character of such seaways and associated nonlinear ship responses
to individual waves or wave groups are of prime interest. Also of interest are certain distinctive
and dangerous wave types. (See Critical Waves below). The half cycle matrix (HACYM) method
is recommended as a means of processing continuous time series wave height and/or response
data in a format which identifies the extent of its nonlinear character. This method is described in
ref 1 with examples of its application to measured wave and ship response data. It should also be
noted that it identifies episodic (i.e. outlying) events which is useful in correlating time series
wave height and vessel response data. This facilitates the identification of critical design
conditions as required by the third element of Table 1. The emphasis here on the HACYM method
is not intended to discourage use of other methods which can achieve the same results. What is
important here is that there is at least one method available which has these required capabilities.
Critical Ocean Areas. There are numerous local ocean areas where severe or unusual
wave conditions can exist from time to time. For purposes of this discussion, however, only two
types of critical ocean areas will be considered: (a) ocean areas where the development of winter
storms is both rapid and severe and (b) ocean areas where storm driven seaways encounter strong
opposing currents. The former can produce seas which are very high and steep, and are thus
dangerous for shipping and fishing interests. The latter are more localized areas in which steep,
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breaking waves exist which are much more dangerous than would be expected given the local
wind conditions.
Figure 2 which is taken from ref. 4 contains isopleth contours ofthe frequency of
occurrence of meteorological "bombs" in which the central pressure dropped at least 24 mb in 24
hours. An analysis of 3 years of data showed the relative concentration of such storms over the
northern hemisphere and in particular over an area extending from the mid east coast of the US.
to an area south of Labrador which is oriented along the Gulf stream. An additional area of
interest is off the east coast of Japan in the vicinity of the Kuroshio current. However, because of
extensive shipping and fishing activity involved in it the first region is considered to be of
particular interest. Mapping of individual surface waves in this area during an explosively
developing storm would be useful for purposes of identifYing critical wave conditions. This ocean
area is also of interest given the presence of US. and Canadian buoys moored at several locations
in the area. Section 6.1.2 ofref. 5 provides successive 6 hour surface weather maps during the
explosive development of a winter storm in this area. These maps identifY some· of the apparent
anomalies in surface wind strength in such a storm.
The second of the two types of potentially critical ocean areas cited above involves the
steepening of waves upon meeting an adverse current. Two areas are of particular interest here.
The first is in the Agulhas current offthe southeast coast of Africa where storm driven swell
waves originating in the South Atlantic ocean steepen dangerously upon meeting this
southeastward flowing current. The second is in the Gulf Stream off Cape Hatteras where strong
northeasterly storm winds create waves which run in opposition to the Gulf Stream. The seaway
in which these wind waves meet the Stream is known to produce very steep, breaking waves. The
D.S. Navy refers to this condition as the "North Wall Effect" and issues advisories to its ships
when it exists. One reason for interest in wave conditions in each ofthese areas stems from the
fact that because ofthe strong currents involved, instrumented buoys have not been deployed in
them. Inthe case ofthe Agulhas current, definition ofthe region of severe wave conditions would
be valuable from a ship routing point ofview.
Critical Waves; Waves which may appropriately be designated "critical" occur under a
variety of circumstances. Two distinctive types which are suggested for consideration here are
derived from observations by ship's officers who considered them to be especially dangerous to
ships operating in the open ocean. See fef. 5, Section 4.2. The third wave type is inferred from·
information regarding fatal and near fatal casualties. See ref. 5, pp. 36 and 37. Figure 3 shows a
wave type which is long crested and very steep with a just breaking crest. In general, such a wave
can impose severe impact loadings on ship structure or can result in capsizing if encountered in a
following sea. This wave type is unique insofar as it is substantially nondispersive and reoccurririg
in the associated seaway. See Section 5.21, (1) ofref. 5. It is most likely to be generated by a
winter storm capable of producing wind speeds of60 knots or more. See pg. 23, Episodic Wave
Groups, of ref. 5. The maximum crest length and wave height are unknown as is the area within
the storm within which they may be encountered and the frequency with which they can reoccur.
Answers to these matters could perhaps be revealed in satellite wave images in severe winter
storms. The second wave type is even more distinctive which perhaps is why it has been given a
name: the three sisters. See page 26, Episodic Wave Groups, ofref. 5. This wave group was
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described as intruding into the seaway of angles up to 30 deg. with wave crests that appeared to
be "walking at you". It was considered dangerous because of its height, sequence and oblique
angle to the prevailing seaway which can lead to severe rolling of a ship.
Although no photograph is available of this unique wave group, ref. 6 provides evidence
of its existence. Figure 4 shows a plan view of the evolution of wave groups with·staggered crests
proceeding at an angle of about 30 deg. from the direction of steep, long crested waves generated
at one end of a test basin. While the waves in the experiment were continuously generated rather
than in an isolated group, the staggered crests and 30 deg. offset strongly suggest that the "three
sisters" arise at the termination of steep, long crested waves such as shown in Figure 3. Satellite
radar observations as suggested above might also produce evidence of the three sisters.
The final wave type considered is the "rogue" wave of Table 2 of ref 5 for which
circumstantial evidence suggests that it could approach from up to 50 degrees offthe principle
wave direction in severe winter storms. Figure 5 is a remarkable photo taken by then 3rd Mate
George Ianiev from the bridge of a bulk carrier proceeding down-seas in a survivability level
winter storm. (See ref 3, pp. 9 and 10, for testimony by other ship masters caught in tIus storm).
The photo reveals that wIllle the rogue wave impacted the ship at a substantial angle to the
seaway, the breaking wave itself was short crested and proceeding in a down seas direction. There
is unfortunately no truly distinctive form to tIlls wave as seen from above. The surface weather
maps and satellite photos associated with the MJV MUNCHEN and M/V CHU FUJINO
casualties as shown in Figures 19 - 22 of ref 5, suggest a distinctive type of severe winter storm
and location within it for such wave encounters.
.
Comments on the feasibility of obtaining wave images for critical ocean areas and
waves are solicited.
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Use of ocean wave data in marine weather information systems
Horst Giinther, Deutscher Wetterdienst, Geschaftsfeld Seeschiffahrt, Hamburg

Task
One of the major tasks of the Deutschen Wetterdienst (DWD) is - set by law - to ensure the
meteorological safety for marine purposes. This includes the supply of information according to
national and international commitments e.g. SOLAS (International Convention for the Safety of Life at
Sea) or WMO (World Meteorological Organization). Under these assumptions the DWD offers
several marine information systems.
These information systems support the master on board of the ships with information like
meteorological hazards, but also of state of the sea along his route. Such information is welcomed for
several reasons, e.g.:
1. Optimizing ship's speed and therefore reduction of costs of fuel.
2. Tightening of cargo can be done appropriate the expected weather, therefore saving time as well
as cost.
3. Use or change of ships - being seastate dependent - can be made in time.

Information systems
Various information systems are offered by the DWD for marine purposes, namely
SEEWIS
covers North-, Baltic- and Mediterean sea,
used prevailing by sailboats
FERRY
covers North - and Baltic sea
used prevailing by ro-ro ferries
METFEEDER
covers the European shelf,
prevailing cargo vessels
FERRY and METFEEDER will be explained in more detail in the following.

FERRY

Background
The meteorological and hydrographical information system FERRY was developed at first for use in
the project BAFEGIS (Baltic Ferry Guidance and Information System) which is carried out according
to an agreement between the German and Swedish Transport Administration. This project intends to
obtain insight into the possibilities and the extent of a potential enhancement of traffic and vessel
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safety through bundling and optimizing all nautical information required for safe navigation of the roro passenger ferries in the baltic.
Four ro-ro ferries operating between Germany and Sweden take part in this project. One of the main
aspects in the project is the transmission of certain nautical and hydrographic information (shore-to~
ship). This nautical information in a standardized form will be made available to each participating
passenger ferry, prior to departure by the VTS (Vessel Traffic SeNice) Center on the German side.
Each participating vessel will be transmitted a range of specific items of information relevant to the
particular passenger ferry. This will be done by concentrating the usual nautical information in form of
a 'bundle' that will be tailored to the needs of the ferry in question, taking into account the particulars
of the route of this specific ferry. The bundle contains nautical and hydrographical information that
have hitherto not been available, including such items as data on winddirection and speed specific to
the route and the sailing time of the vessel concerned. Further items will be data on sea state,
current and ice conditions.
A sketch Of the data flow is given in Figure 1.

FERRY
The information system FERRY is suitable for the use with Windows 3.x as well as with Windows 95
/98 or NT.lt automatically updates its data base several times a day by calling a mailer at the DWD
in Hamburg. The intention during the BAFEGIS project is that the VTS Center shall provide the ferries
with a fax which bundles all the information specific for the ferry in question.
The following information is at the disposal of the VTS operator by the information system:
•
•

Forecast of surface weather charts up to 3 days. (Figure 2)
Windfields, showing mean speed and direction and also gusts for the next 48 hours in time
inteNals of one hour. (Figure 3)

•

Fields of the windsea as well as swell, showing the direction and the height. .Also available is
the total wave height. Again on an hourly base for 48 hours. (Figure 4)
The current, direction and speed on an hourly base for 36 hours.

•

The information system includes a database allowing the input of information for several ferries with
their special features like call sign, fax numbers, ports, time table, cruise speed .and also thresholds
for windspeed and sea state which are used to create warnings for the master.
According to the time table of the ferries information is bundled automatically for the voyage in
question. For preselected information points along the route meteorological and hydrographic
information are sampled for the estimated time of passing the see points. The information is compiled
in a fax form which is send automatically to the ferry in question by phone. The fax contains all
neccessary information for the master like wind, gusts, windwaves; wavelength and waveperiod for
both windwaves and swell are additionally available. Furthermore a general trend of the development
of wind and sea state for the next 24 hours is given (Figure 5).
. .

Data
The data provided within FERRY are:
•
•
•

Wind: Dircection, speed and gusts
Wind waves: Direction, height, period and length
Swell: Direction, height, period and length

•
•

Current: Direction, speed
Ice: Iceborder, kind of ice.
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All data are available on an hourly database - except ice information which is updated once a day.
The data cover a specific, predefined area used by the ferries, with a spatial resolution of about 14
km. The data are based on numerical weather forecast models, which are carried out at least twice a
day at 00 and 12 UTC. The used forecast time covers a time period of 48 hours.
The first numerical prediction of the 00 UTC forecast run - wind and pressure - are available at 4:20
UTC. These data are used for the numerical prediction of the seastate which are available about one
hour later.
At the time being FERRY is not restricted to the Baltic sea but operational as well on the North sea as
on the Mediterranean sea. It is open for any number of routes, ports and also for different number of
information points. It's major use is for fixed routes and time tables which is common for ferries.

MetFeeder
More widely operating cargo vessels or tanker vessels do have a greater benefit using the
METFEEDER information system. Beside the meteorological and hydrographical items being offered
in FERRY, it optimizes the planned voyage according fuel consumption and time en route taking into
account the special ships behaviour for different environmental conditions (Figure 6)
Information on the seastate and of the wind in this case are based on forecast for time intervalls of 6
hours. The spatial resolution varies from 15.8 km in the Baltic to 1.5 on a global scale.
0

Discussion
Fast going ferries, like those of catamaran type, are extremely sensitive to the state of the sea. There
exists for e.g. a threshold of 2.5m wave height above which operation of the catamaran becomes
difficult.
Those limitations point out the importance and necessarity of precise information on the seastate with
regard to time and space.
Up to now one point is still unsatisfying in our information systems: the forecasted data are nearly
seven hours old before they are available to the ferries. The first update of the information at the VTS
will be in the morning at 6:30 MESZ (4:30 UTC), it icludes already the forecast of the windfield based
on the 00 UTC numerical forecast model run, however the forecast of the state of sea is available not
until one hour later (5:20 UTC). Master of ferries leaving the port early in the morning are dependent
on information of the seastate which might be older than 12 hours. In case of rapid changing weather
situations, where e.g. the track of a small scale disturbance is predicted wrongly by say 50 km the
actual wave field might differ from the forecasted. Especially in such cases additional information on
the actual state of the sea would be worthwile. A validation of the wave height prediction with the help
of actual observed wave heights, provided by remote sensing methods, could improve the use of the
forecast data. This is not only valid for the information system FERRY but also for the route-planing
system MetFeeder, where vessels are operating in sea areas where information on the actual sea
state are rare.
Besides the mentioned validation of the seastate for short term forecasts, a climatology of wave
conditions especially in coastal areas, on the main seaways and close to the ports seems to be
desirable. This would be usepful to cover also local effects which are not resolved by the numerical
models and therefore helps to increase navigational safety in areas where ship traffic often is heavy.
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Sketch of data flow for FERRY
as used in BAFEGIS
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Figure 2: Weather map, as presented in FERRY
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Figure 3: Windfields, as available in FERRY.
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Figure 4: Direction and height of windsea, as presented in FERRY.
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Offshore Industry - Present Requirements and Future Needs
·Dr;Colin K Grant, Principal Metocean Engineer, BP Exploration, UK
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1. IntroduCtionThe offshore industry is a major user of spectral wave data and forecasts. These uses range
from real-time operations, planning and operational decision making, to the design of offshore
facilities such as rigs, platforms and floating production systems.
In recent years there has been a trend in exploration and production activities towards deeper
waters and more harsh and exposed environments such as the Atlantic Margin off the UK,
Ireland and Norway. Water depths of 1,000mor more are now routinely explored and the
technology is under development to drill exploration wells in water depths up to 3,000m.
Currently, the world record for exploration drilling is 2,350m in the Gulf of Mexico. The
deepest production field is located offshore Brazil, where a floating production, storage and
offloading (FPSO) system is installed in a water depth of 1,420m. This facility has linked
into it a production oil well in a water depth of 1,709m - the deepest producing well to date.
Increasingly, it has been found that equipment and techniques which work successfully in
shallow water areas such as the North Sea are not applicable in deep water areas where
increased energy at long periods ("swell") is often present. In addition, assumptions
concerning wave spectra which have proved acceptable for the design of jacket structures in
shallow water areas are being re-examined for deeper water areas. Here, it is no longer
economically or technically possible to have rigid steel jackets or platforms "fixed" to the
seabed, such as commonly found in the Gulf of Mexico and North Sea. Now the industry is
turning to floating systems in order to extract and produce the oil and gas reserves. Design
concepts include FPSO's, tension leg platforms (TLP's) and spars. However, the design of
such floating systems requires careful hydrodynamic assessment. Waves are usually the most
important environmental parameter when designing a new offshore facility. This is due to the
hydrodynamic load imposed in extreme events as well as from the fatigue (cyclic) loading
which the wave environment causes over the life of the field - which can be from 10 to 70
years. The importance of understanding ocean wave spectra in deep water areas is vital if safe
and economic structures are to be designed, constructed and operated. The remainder of this
paper discusses recent research concerning wave spectra for both engineering design and
operational applications

2. Engineering Design Applications of Ocean Wave Spectra
Over the last few years BP, together with partner Shell, has installed the first two offshore
floating production systems in the Atlantic Margin to the West of Shetland. The Foinaven
Field, in a water depth of 500m, came on stream in late 1996. The Schiehallion Field, lying
some 11 km away in a water depth of390m, started production in mid 1998. Both these fields
are in significantly deeper water than the traditional North Sea fields, which range in depth
from 20m to 185m. They both use FPSO's to produce, process and store the oil, before it is
loaded offshore onto shuttle tankers, which deliver the oil to the ports.
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During early work to establish the design basis for these new fields (Grant et al 1995), it
became apparent that assumptions about wave spectra, as used to design North Sea jackets,
were likely to be unrealistic for the Atlantic Margin. Therefore, codes and standards
traditionally used by the offshore industry, such as those by the UK Department of Energy
(1990), API (1993) and NPD (1994) were oflimited use. The traditional design approach for
fixed structures in the North Sea is to determine a design significant wave height (Rs) using
various data sets and extreme value statistical approaches. This is turn is used to characterise
the design seastate, which is usually assumed to exist for a 3 hour period and to have a
spectrum of the JONSWAP form with a "peakedness" or y value of 3.3. This design seastate
is then input to hydrodynamic calculations, and reproduced in a wave basin for physical
model tests, in order to confirm the acceptability ofthe design.
For the West of Shetland area interest focused on the likely occurrence 'of seastates which had
both wind sea and swell components together with their relative frequencies and magnitudes.
A detailed study was commissioned by BP from Paras Ltd (1994). The main data set
available for this study came from the UKOOA (UK Offshore Operators Association)
databuoy (DB3), in 184m of water in block 206/6 to the west of Shetland. The measured
wave spectral data from the buoy, which covered the period 1984 to 1988, were processed in
detail by Paras, and these "real" spectra were compared to traditional formulations such as
Pierson-Moskowitz and JONSWAP. Over 8,200 spectra were analysed, fitted by a method
specifically developed for the analysis. The main conclusions from the work were:
•
•
•
•

over half the spectra were bi-modal (i.e. 2 or more peaks)
a tendency for increasing uni-modality with increasing wave height
spectral peak y values lay in the range 1 to 3, with average 1.9.
the JONSWAP formulation was fitted to all the spectral peaks though values of the
fitted parameters were sometimes outside typical values from the North Sea

The design of the Foinaven and Schiehallion FPSO's uses a JONSWAP spectrum with Rs of
18m, Tp of 18.2s and a y value of2. In addition to work on spectra for design applications a
concerted effort was made to establish appropriate spectra to test the operational aspects of the
FPSO's in a physical model basin. It was considered essential to try and model real
occurrences as closely as possible. This was based on the need to gain confidence in the
ability to produce oil safely over a reasonable period of the year (more than 90%) in an
exposed, harsh environment location.
The DB3 archive was searched to find examples of "crossing" seastates where the wind sea
and swell were from widely differing directions. One such example is shown in Figure 1,
together with the values of the various parameters used in the tests. Two model tests were run
for this case, the second assuming that the wind had veered some 60 degrees on the passage of
a front, with other parameters remaining the same. Such realistic test conditions, based on
actual data in the area, helped to confirm the operability characteristics of the FPSO.
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Figure 1: Maximum storm for operational safety evaluation
The design of harsh environment floating systems will increasingly require statistics of ocean
wave spectra along the lines discussed above. However, in many areas, there is a lack of
measured spectral wave data from in-situ monitoring systems such as buoys. This leads to a
lack of sufficient data with which to accurately characterise the spectral type in terms of
significant wave height (Hs), spectral peak period(Tp) and spectral peakedness (y) as well as
the width of the spectral peak (aa and ab)'
Other wave spectral issues affecting the design of deep water systems include:
• prevalence and characteristics ofum-modal, bi-modal and multi-modal spectra
• spectral formulations (JONSWAP / Pierson-Moskowitz or others)
• directional considerations ("crossing seas")
Most recently, concern has focused beyond the wave spectral formulations to other
characteristics of the wave climate important in the design of floating systems. These include
wave groups and their properties, as well as the asymmetry and steepness of individual waves
(see Dyer et aI, 1998).

3. Operational Applications of Ocean Wave Spectra
The offshore oil industry has only recently commenced year round drilling operations in areas
where persistent swells are a predominant feature. One such area is the Atlantic Margin.
During the drilling operations associated with BP's offshore developments, several weatherrelated incidents occurred that were not adequately predicted by the traditional offshore
weather forecast service. The main limitation is the accurate forecasting of the arrival of
Atlantic swell at the drilling rig, in order that decisions such as riser disconnection and hang
off can be made in a timely and safe fashion. As noted by one of BP's drilling engineers,
"experience gained anticipating likely rig motion from a conventional weather forecast in the
North Sea is si~ply not relevant West of Shetland."
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An example of such an event occurred in February 1996. The "Sonat Arcade Frontier" rig
(now the "Paul B Loyd Jnr") was drilling at Foinaven when it experienced serious heave
motions as swell from a storm generated to the SW of Iceland travelled across the location.
The significant wave height reached 13m during this event, but more importantly the peak
wave period (Tp) changed from 12s to 20s within two hours.
Although the worsening seastate had been predicted in the routine forecast, the fact that the
seastate contained significant energy levels with periods of 18 to 20 seconds, was not
captured. To some extent, this is an artefact of the traditional forecast output that tends to use
the mean swell period as an indicator of the energy frequency. However, in the harsh Atlantic
swell environment, a greater degree of accuracy is required in defining the energy present at
all frequencies in the seastate as the drilling rig motions are particularly susceptible to periods
above 18 seconds. With events such as this in mind, meteorological and oceanographic
(metocean) specialists in BP and the UK Meteorological Office (UKMO) met to discuss the
potential for developing a forecasting service to address these limitations.

3.1 UKMO Wave Modelling
Examination of the UKMO numerical wave model output for the few days leading up to the
storm at Foinaven in February 1996 immediately revealed that this model contained useful
information about the long period swell present in the seastate. This offered encouragement
for the development of a forecast service based on the wave model output. The UKMO
operational wave model is a 2nd generation model based on that first developed and described
by Golding (1983), but there has been significant development since that time. At each grid
point in the model, the wave energy spectrum is divided into 13 frequency components and 16
direction components, giving a resolution of22.5° for the direction of wave propagation. The
13 frequency components are spaced logarithmically between 0.04Hz (25s, 976m wavelength)
and 0.324Hz (3.1s and 15m wavelength). Details of the physics within the model can be
found in Holt (1994).
The UKMO wave model is run operationally over two areas, the global model and a European
model. For the purposes of the work reported here only the global version is relevant. The
global model covers 80.42°N to 77.017°S on a regular latitude-longitude grid, at a resolution
of 1.25° longitude and 0.833° latitude. This is the same resolution as the operational
atmospheric forecast model that provides the input wind data. The model is run twice daily,
at around 0430 and 1630UTC, and provides a forecast out to 5 days ahead. It is driven by
hourly values of surface winds from the global numerical weather prediction (NWP) model.
Each run begins with a hindcast starting from the wave conditions of 12 hours earlier and
running forward with wind data from the NWP assimilation. Observations of wave height
and surface wind speed from the radar altimeter on ERS-2 are assimilated in the model, using
a scheme developed by Thomas (1988). Before use the observations are grouped into a 20second average, giving a value every 140 km - approximately the model grid spacing. Each
observation influences a region of radius 250 km, but careful QC checks are applied to ensure
unrealistic observations (e.g. near coasts) are filtered out. However, at the present time, no
real time wave spectral data are assimilated into the model.
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3.2 Heave Calculations
The UKMO global wave model outputs the wave energy spectrum at 6 hourly intervals for the
13 frequency and 16 directional bins previously noted. In order for the offshore user to gain
maximum value from this potential source of wave information, the challenge for BP's
metocean specialists was to take this information and generate a product of immediate use to
an offshore decision-maker. The key parameter for most operational decisions is the rig heave
or vertical motion. Ideally a product is required which gives a direct forecast of rig heave
without the offshore personnel having to interpret complex wave spectral information from
the global model.
A post- processor has been developed by BP which takes the wave energy predicted by the
Met Office model to give a direct calculation of vessel heave response. The initial version of
the program did not account for the directionality of the waves. A more recent version has
taken directionality into account. For clarity, the equations will be given without directional
information. The three main operations carried out by the program are described below:
•

A wave spectrum S is built from the energy E in each frequency bin:

S(m) = LE(m,~)
i

.

The energy coming from the different directions has been summed to obtain the total wave
energy at frequency m. The energy at the different frequencies can then be interpolated to
get a continuous function for the wave spectrum S.
•

This spectrum is combined with the vessel heave response amplitude operator (RAO) to
build the response spectrum R.

R(m) = S(m)· RA0 2 (m)
•

Assuming this response spectrum is Rayleigh distributed, the significant and maximum
heave responses (Zsig and Zmax) of the vessel are determined for the 6-hour sea state:
<Xl

<Xl

m2 = fm 2 • R(m)· dm

mo =fR(m).dm

o

o

Zsig =4.F:
Tz

(peak to peak in m)

~2.ff.~m"
m
2

.F:

m o and m 2 are the moments of order zero and two for the response spectrum. Tz is the
upcrossing period. y is the Euler constant. T is the time over which the maximum is to be
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calculated (taken as 6 hours in this case). This procedure is carried out for each of the
predicted sea states, out to 5 days ahead.
Figure 2 clearly shows that the swell energy has a very large impact on the heave response
spectrum. The software developed by BP, which interfaced the rig RAO and wave model
output, was passed to the UKMO in order for it be included in the operational suite of forecast
software. The heave forecast products could then be routinely generated and passed to the rig
as a direct, computer-generated output - Table 1 is a typical format.
Time
Date
Sig. Response
Peak to Peak (m)
Max Response
Peak to Peak (m)

00:00
14-Feb
1.47

06:00
14-Feb
1.46

2.83

2.81

12:00 l => 1 12:00
14-Feb i => i 19-Feb
1.41 [ => ! 2.73
2.70

[ =>

j

18:00
19-Feb
2.79

00:00
20-Feb
2.66

5.30

5.06

5.18

Table 1: Example of Offshore Heave Prediction Format
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Figure 2: Building heave response from the wave model
3.3 Applications
The first trial of the new heave forecast service commenced in mid September, 1996. It was
for the "Sedco Explorer", a rig performing appraisal drilling and well testing operations at the
Clair Field, west of Shetland. This trial lasted until late October of that year when the rig
went off location. The service was reinstated for this rig at the same location during the 1997
drilling programme from April to October. In addition, the service was extended to the "Paul
B Loyd Jnr" rig, working on developing the new Schiehallion Field, from June 1997. This
service is continuing. In October 1997 a third rig was added to the list of clients - the "Stena
Forth", working in the northern North Sea at BP's Bruce Field. During 1998, an enhanced
algorithm was developed to allow forecasts for a ship shaped vessel, the "Well Servicer", to
be provided whilst the marine risers were being installed at the Schiehallion Field.
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3.4 Results
Feedback from the offshore personnel on the Sedco Explorer during the first trial in 1996 was
positive and encouraging. Unfortunately, a quantitative comparison of the forecast and
measured rig heave was not possible as the heave monitoring on the rig is essentially a
qualitative assessment made by visual means. The following quotation (D. Saul, pers. comm.)
is relevant in that the success (or otherwise) of the technique is whether the service adds value
to the operational drilling staff. "Finally we started to receive the rig heave forecast, and
right from the start it appeared to be remarkably accurate. Offshore the heave predictions
were accepted very quickly. They allowed us take advantage of short operational periods
which without the prediction we would have been hung off. "
The limitations in validating the heave predictions during the first trial were addressed in 1997
by installing a wave and rig motion sensor package on the Sedco Explorer. The intention was
to obtain quantitative measurements of the wave heights and rig heave in order to compare
these with the forecast values. In the event, despite several modifications, the installed
package did not perform satisfactorily and only limited comparative data were obtained.
However, it can be noted that the rig personnel again reported favorably on the heave forecast
servIce.
A quantitative comparison was made possible by the efforts of the rig personnel on the Stena
Forth rig in the North Sea. Over the period 17 December 1997 to 6 January 1998, the heave
was measured routinely and recorded to compare against the forecast values (Figure 3).
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Figure 3: Stena Forth at Bruce Field - measured versus forecast heave
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It was noted that, although generally following the measured events, there was a tendency to

overpredict the estimates. This was suspected to be due to the original heave algorithm not
incorporating directionality. In order to test whether this would have a significant effect on
the results, the predictions were re-run using the directional version of the algorithm. The
directional results are also shown in Figure 3. There is some improvement to the predictions,
especially early in the period. We are currently investigating and quantifying the probable
causes of the smaller differences which are related to:
• Accurate definition of rig RAO's.
• The operational accuracy of the method used to measure rig heave.
• Global wave model resolution, in near coastal areas.
The Stena Forth rig RAO's were provided by the rig owners but have not been confirmed to
take account of the latest minor rig modifications. The essentially visual method of
measuring rig heave means quantitative comparisons are also limited. However, rig personnel
base their "belief' in the accuracy of the system on such measurements, so they cannot be
disregarded. Finally, the global wave model resolution is relatively coarse. For example it
does not resolve the Shetland Islands. Therefore, model locations in the North Sea, such as
the Bruce Field, may not be "sheltered" from westerly swells in the Atlantic. This lack of
sheltering may be one of the causes for the overprediction. This is being addressed using
information from the European wave model, which has higher spatial resolution in the North
Sea and does include the Shetland Islands in the domain.
The Well Servicer is a free floating, monohull vessel which changes its heading frequently
during installation work, unlike the drilling rigs which tend to be moored on fixed headings.
Therefore, the heave response of the vessel needs to be related to the vessel heading. The
algorithm used the directional RAO's, coupled with the directional information from the wave
model, to give directionally dependent heave forecasts. These were prepared in a look-up
table format so that the heave could be read off for any given heading. The actual heave
response of the vessel was also measured to allow comparisons to be made. The installation
work covered the period from 4 May to 28 June 1998, though the vessel was not on location
for the whole period. Though the trends in the measurements were predicted accurately by the
algorithm, results showed a general overprediction of the heave compared to the
measurements. This is likely due to the relatively simple way that directional information is
handled in the heave algorithm.
3.5 Future Developments

At the moment, the heave model only predicts responses at the centre of gravity of the vesseL
To calculate the motions at other important locations (such as the helideck), the roll and pitch
motions will need to be predicted as well. In addition, the directional aspects of the model
need to be improved, perhaps using spline interpolation techniques in both frequency and
direction. The model will then be enhanced to cater for moored vessels that have
weathervaning capability. Some discussions are taking place on these issues with potential
BP clients such as the Schiehallion and Foinaven production vessel operators.
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4. Conclusions & Recommendations

The wave spectral fonnulations in existing structural design codes are liable to be insufficient
to accurately describe the detailed sea state conditions in deep water harsh environments. It is
recommended that efforts be made to gather in-situ wave spectral data from such locations
and analyse these data in order to derive appropriate spectral formulations for engineering
design. This will include aspects relating to multi-modal spectra, wave groups and the
steepness and asymmetry characteristics of individual waves. Work is also required with
hydrodynamic and model basin specialists in order for these new spectral forms to be
incorporated into analysis and model test programs.
An operational heave forecast service has now been established by BP and the UKMO which
provides forecasts of rig heave out to 5 days ahead in a format that is readily interpretable by
offshore personnel. The service is tailored specifically to each rig or vessel at each location
through the use of the RAO's. Feedback from offshore to date has been positive. However,·
accurate and quantitative validation has proved difficult. The value of the heave forecasting
service for offshore operations can be summarised under two main headings:

• The forecast can be used as an alarm to improve safety during offshore operations. The rig
can be warned in advance when operations should be, stopped for the safety of the
personnel and the environment.
• Losses. of production time due to waiting for-a,weather.window for offshore operations are
improved with the reliability of the planning; the heave forecast giving more direct
information than the standard weather forecast. Offshore operations are an important part
of the cost of field developments. The new service can lead to substantial savings by
achieving better rig productivity.
The impact -of the heave forecast will become greater as offshore exploration goes to harsher
environments and deeper waters. In these conditions, the offshore operations become more
complex-and schedule sensitive.,,' Reliable information on forecast rig motions then becomes
critical for safety and good planning. The service was developed in UK waters, for
exploration and appraisal drilling and well, testing.' We are confident it can now be
implemented for any part of the world _. for exploration rigs, drill ships and floating
production vessels. The underlying wave models will undoubtedly be improved if it were
possible to assimilate wave spectral information in real time.
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1 INTRODUCTION
The analysis of the offshore structure generally requires a strong computational effort. In fact,
several difficulties. affect the solution of these problem. First of all they are characterized by a
fluid-structural coupling where the hydrodynamic load depends in strong nonlinear way by the
fluid-structure relative motion. Moreover offshore structure frequentely employ cable systems to
assure the required stability and structural strength and cables have again a complex structural
behaviour characetrized by strong nonlinearities.. Finally it must be remarked that waveloads
have random nature. Therefore the analysis of the problem naturally leads to nonlinear partial
differential equations, forced by random excitation. The variable controlling the response of
the system, e.g. the structuraL displacement, consequently have a random nature. This implies
that their time histories are non 'per se' meaningfull, but rather they should be representd by
a suitable statistics, Le. generally speaking by their probability density function or simpler
by· its, related. moments. To achive a solution of such a problem an obvious way to proceed is
a direct time domain integration of the equation of motion. As a result the time history of
the response is found. To keep a relevant information by this signal, some statistic averages
must be performed. However this operation is sucessfull only when the time signal is long
enough. This compells very long time domain simulations of the structure's response, laeding to
heavy numerical computations. Moreover, the lack of a characteristic system response (like the
pulse response or the frequency response function) available in linear dynamics, compells to a
completely new simulation each time a new environmental condition (sea state) is to be tested.
In order to overcome the mentioned diffculties, some suitable techniques have been develped.
One of the most acknowledged in this field is the Statistical Linearization. The basic idea relies
in introducing an equivalent linear system that replaces the nonlinear one. The equivalence is
intended to be stastistic, i.e. the system is built so that its response fits in the best way statistics
of the nonlinear system. The linearization allows the use of all the tools the theory of stochastic
dynamics, i.e. the description' of the' system r~sponse not in terms of its time hystori~s but by
the power spectral density. In this paper the analysis of a guyed tower is analysed by a'statistical
linearization approach. The hydrodynamic load is modelled by the the Morison equation, the
structure by a FEM model and the cables by the catenary equations. The statistical linearization
is performed on both the hydrodynamic force, as suggested by, Penzien et al. (1972). On the
other hand a model of statistical linearization of the cable force is here proposed. Numerical
results show the effectiveness of the proposed the method.

2 STATISTICAL LINEARIZATION OF THE EQUATION OF MOTION
The basic idea of the statistical linearization relies in the chance of describing the statistical
behaviour of a nonlinear system via 'equivalent' linear dynamic equations. The concept of
equivalence is intended in a statistical meaning. The method applies when random forces act on
the system and a random output is produced. When interested only in statistical parameters of
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the output, it is possible to determine a linear system whose response has a statistics similar to
that of the nonlinear one. More precisely the characteristic parameters of the equivalent system
are determined requiring that its statistical properties fit in the best way those of the original
system.
The basic philosophy of the method, widely discussed in Roberts et a1. (1990), is here resumed
in short.
Let us consider a non linear dynamic system described by the differential equations:

(1)
where Land 9 are a linear and a nonlinear operator rispectively, ~ is the state vector and f an
external random force. Be L *(~, E) the required linear operator that would replace L + 9 a~d a
vector E of parameters associated with L*. The linearized equation is:
L*(~'E)

=L

(2)

Introduce an equation error f, defined as the difference between (1) and (2):
f =

(L (~) + 9 (~)) - L * (~, E)

(3)

Introducing the operator E{.}, providing the time domain average of the quantity to which
applies, an average square error can be considered by E{fT f}. This scalar quantity depends on
the vector E' that can be consequantely chosen in order to minimize EhT f}, i.e. by solving the
problem:
C

(4)
The vector p depends in this way, on the variable statistics, that is, of course, unknown, so an
iterative pr~edure is developed starting from a first estimate of~, Penzien et a1. (1972) .
The problem presented here shows two different kinds of nonlinear terms related to the
cable's force-displacement relationship and to the hydrodynamic load.
The former nonlinearity derives from the catenary equation. The statistical linearization
procedure allows to find an equivalent stiffness matrix depending on the variance of the cable
end displacement.
About the hydrodynamic load the nonlinearity comes from the drag terms. Here the statistical
linearization yields an equivalent linear expression that depends on the variance of the
structure-fluid relative velocity.
By means of the statistic! linearization, the differential operator L * of the system is intrisically
related to the external excitation [, or more precisely to its statistics. In other words of the
three characteristic elements of a dynamical system, i.e. input L output f. and operator L *,
the external action L directly affects the form of L *, unusual fact in the frame of a standard
approach to dynamical analysis.

3 CABLE STRUCTURE: A STATISTICALLY LINEARIZED MODEL
In this section a study leading to a statisticallinearized model of the cable's forces is developed.
Since cables are structural elements not widely treated in the technical literature, some results
concerning the basic cable's theory, Irvine (1981), useful for the following developments, are
resumed in short.
An uniform inextensible cable is considered under the action of static forces.
Let s be the curvilinear abscissa, x the axis normal to the sea bottom, T the tension component
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along s, W the self-weight of the cable for unit lenght. The equations of vertical and horizontal
equilibrium are:

dx

d (T as ) =
as

W
(5)

{ Ji
dz
ds (T
. ds ) = 0
By integrating the previous equation, one has:
T

dz
ds

(6)

=F

where F is the horizontal component of cable's tension T, that is costant when horizontal loads
are absent.
The geometric constraint holds:

(7)
Therefore, keeping in mind equations (5), (6) and (7), the following differentialcateriary equation
is obtained:

W
F

1+

(dx)2
dz

(8)

. The boundary conditions corresponding to the studied problem are:

. (~)o =0
{ (x)o = 0

(9)

that describe the cable's. end liying on the sea bed with a zero slope, that guarantees the
absence of-vertical actions on the anchor. An analytical solution of equation (8), with boundary
conditions (9), is found in the classical cable's theory:

(COSh (~z)

X(z) = :

-1)

(10)

Mathematical manipulations of the previous equations allows to provide the relationship between
force and displacement at the cable's end, that is the basic step to account for cable's action on
the mQored system.
The suspended length ls of the cable in correspondence of the abscissa z, simply reads (see eq. (7)
and (8)):

s= l

z

1+

(~:)

2

-+ ls = : sinh

(~z)

(11)

+1

(12)

that, combined with equation (10), yields:

l s2

= h 2 + 2!-h
l
W -+ s

=

h /2 Wh
F

V

where h is the cable dip. Once the maximum horizontal tension componenet Fma:v is determined
by an estimate of the worst operating conditions of the system, the minimum cable's lenght is
found as:
lmin

V

= d 2 Fma:v
W d +1

(13)
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Under this load the whole cable is suspended, and lmin is the minimum lenght that still warrants
that in this condition the end of anchor line has a zero slope at the sea bottom, Le. vertical
forces on the anchor are avoided. In normal operating conditions F < Fma:c and a portion lr of
the cable's length lies on the bottom, while Zls is the lenght of the projection on the bottom of
the suspended part. Therefore the horizontal displacement of the cable's end at the water plane
is: Wc = lr + Zls . The portion at rest lr is computed by the difference between the total cable's
length lmin and the suspended length ls under the cable's end force F. Zls is simply determined
by solving the equation Z (Zls) = h . Simple mathematics leads to, Faltinsen (1990):

(14)
This equation expresses the strong nonlinear dependence of the displacement on the force and
vice-versa. Direct inclusion of this reaction forces in the system's analysis should compell to a
direct time domain solution of the equation of motion with all the heavy problems mentioned
in section2.
Therefore a statisticallinearization of (14) is here proposed.
Let the inverse of the relationship (14) be:

In offshore engineering applications, such the case here analysed, the moored structure is,generally provided by couple of cables acting in opposite directions. The total restoring force is given
by:

(15)
where Wc and WeO are the relative cable's end displacement and'the horizontal distance between
the anchor and the cable's end at the water plane, respectively. A Taylor series expansion of FT
leads to:

FT (wc) = (FT)o + (~~T)
Wc +! (a: Fr) w~ + t (a: FT) w~ + 0 (w~)
e 0
UW
0
UW
0
e

e

(16)

FT (wc) = '1'0 + '1'1 0 + '1'2W~ + '1'3W~
where for the sake of simplicity the expansion is performed up to the third order. The derivatives
of the total force with respect to Wc are needed. The explicit form of FT (wc) is not directly
available. However its derivatives can be determined by the derivatives of WC (F) by using a
simple mathematical trick. In fact, the trivial equation holds:

aWe of = 1
of aWe

(17)

that immediately allows the calculation of the first derivative of F (wc) in terms of the first
derivative of Wc (F). The succesive derivatives are easily computed by using the following relationships:

(18)
that at each step allows the calculation of a new derivative of F (wc) in terms ofthose of WC (F).
The first three derivatives explicitely are:

of
aWe -

1
w~

W"

e
- W '3
e

(19)
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where the primes denote derivatio.n with respect F. Since of±/oo = ±oF/oo approach to
cable's force we are now in the position to give explicit form to the terms 'Yi appearing in
eq.(16):
'Yo

= 'Y2 = 0

'Y1

=

(-3,)
Wc

(20)
0

(21)
This dependence of the force on the displacement, now reduced ·to a cubic nonlinearity, takes
the simpler form kcwc by following the statisticallinerization approach, Roberts et al. (1990):

(22)
(23)
The equivalent cables stiffness.kc is therefore computed, once the standard deviation ofthe fotce .
signal; is estimated.

·4 THE HYDRODINAMIC LOAD

e

The horizontal motion (x, z, t) of a ·fluid particle of an irregular wave is defined by the following'
equation, Newman (1977) and Zienkiewicz et al. (1978):

e(x, z,t) = -

f An

(x) sin (. w~z - wilt + ~n)

n=l

(24)

9

where x is .the abscissa along the tower axis and z lies on the sea bottom, W n is the wave frequency,
9 the gravity acceleration and ~n a random phase variable. The amplitude coeffidentesAn are'
given by:

An(x) J2S:: cosh (~x)
L)
=

.

.

.

(25)

sinh (. W n
9

where L is the tower height, wn / 9 is the wave number and B n is the n-'th spectral component of
the Pierson- Moskowitz spectrum, Newman (1977).
The modified Morison equation, Senjanovic (1998), takes into account the relative motion of
the fluid with respect to the cylinder and is able to describe the hydrodynamic load q for unit
lenght for large structural vibrations w(x, t):
q

= Cl

oe] - maW + +CD I e. w I (.e- w)
[e. + (.e- w) oz

(26)

where Cl and CD are the inertia and the drag coefficient 'respectively and m a is the added mass
of the surroundig water.
Rearranging the Morisonequationand suppressing the added mass term, which will appear as
a density contribution in the finite element model, equation (26) may be written as:

(27)
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A suitable linearization of the term: CD I ~ - tU I (~- tU) is possible when using a statistical
technique. Aim of the procedure is to replace the non-linear term by an equivalent linear
expression of the form 'TJ (~ - tU). The 'TJcoefficient can be determined to obtain a solution that
fits in the best way the statistical properties of the non- linear problem. In the frame of the
statisticallinearization theory this problem has been solved as in Penzien et al. (1972):

(28)
However it must be noticed that the found value depends on some statistics of the solution w,
that are unknown and therefore determined in the frame of an iteration procedure described
ahead.
Looking at equation (27) two different contributions appear:
(29)

(30)
The term in eq.(29) is completely known unless the knowledge of'TJ. It is an hydrodynamic load
ofrandom nature, i.e. properly the forcing term of the structural problem. The term in eq.(30)
is a distributed damping along the tower and it again depends on 'TJ. For the sake of simplicity
the time dependent term 8~ / 8z is neglected in the following.

5 THE F.E.M. MODEL OF THE TOWER
A finite element model describes the structural response of the tower. It consists of two steel
made beams of different circular section, the lower pinned at the sea bottom. Tower length is
90m. The section change occurs at 70m from the sea bottom along the beam axis. The outer
diameter and thickness of the first beam section are 2m and 0.2m, respectively. The upper beam
has a diameter of 3m and thickness of O.lm. The structure is meshed by 9 beam elements.

..... o.~

.... '0

Fig. 1: Tower model

The equivalent structural density, accounting for the added mass contribution occuring into the
Morison equation, is:
Pe = Ps

ma

+S

(31)
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where Ps is the steel density and 8isthe cross section area.
The finite element model leads to the homogeneous problem solution:

Mw+Kw=O

(32)

where M and K are the mass and the stifness matrices, yielding the natural frequencies and the
eigenvectors normalized with respect to the mass matrix:
q>TMq>
where q> is the eigenvectors matrix and

=I

q>TKq>

=n

(33)

n is the diagonal matrix of eigenvalues.

6 ANALYSIS OF THE RANDOM RESPOSNSE OF THE COUPLED SYSTEM
The discrete complete equation of motion of the system under study is:

Mw

+ Hili + (K + Kc) w = ~

(34)

This is a set of differential equations, whose dimension equal the number of degree of freedoms of
the FEM model. The matrix H and the vector =--q
f derive from the Morison equation (see eq.(29)
and eq. (30) ) and they are the damping matrix and the load vector, respectively. The matrix
Kc takes into account the cables stiffness derived by the procedure given in section 3. It is a
zero matrix with exception of one diagonal element that corresponds to the degree of freedom
in which the cables are anchored to the beam. The power spectral density of each nodal degree
of freedom must be determined.
Substituting the displacement w with its modal expansion w = q>w, related to the problem (32),
the equation of motion becomes:
11ii + q>THq>-zt + (n + q>TKcq»

w=

q>T ~

(35)

The previous system (35) is not diagonal and it is solved by a state space formulation, Meirovitch
(1986), that leads to:
(36)
where:

-I

(37)

B= [.0

Eq.(36) represents a standard eigenvalues problem, whose diagonal form is:
diag [ail

il + diag [hi] i2 = -w

T

E

(38)

where -W is the modal matrix associated to (36).
Let G be the frequency-response matrix of system described by equation (38), i.e:

G

=

(jW diag [ail + diag [hi]) -1

(39)

and let Y and P be the Fourier transform respectively of 'lL and E. The relationship between
the output and the input power spectral density matrices, Syy and S p p respectively, can be
'written in the form, Ventsel (1983), .Meirovitch (1986) and Roberts et al. (1990):
Syy == -WG-WTSpp-WGT-WT
(40)
Now it is possible to find the output power spectral density of the differential problem (34) using
the eigenvectors q>. Partitioning the matrix Syy the matrix Sww' corresponding only to the
displacement, is determined. Finally, since w = q>w, the power spectral density associated to
problem (34) is found in the form:
(41)
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7 NUMERICAL RESULTS AND CONCLUSIONS
By using the procedure presented in section 6, the response of the guyed structure described in
section 5, is studied in two different sea states. In particular the attention is focused on the comparison between the results obtained with a standard linearization technique of the cables forces
and those found by the statisticallinearized model found in section 3. Since the matrices Hand
K and the vector f depend on the statistics of the response an iteration procedure is required.
~
The first estimate is given by the rough standard linearization, in which all the nonlinear terms
are neglected. A rather fast convergence is obtained, that in the present tests did not exceed
more than six iterations. In all the figures shown below, the x axis represents the frequency
while on y the power spectral density of the tower displacement, at some selected locations, is
shown. Fig.2 represents the behaviour of the system, corresponding to a wind velocity of 10m/s.
The comparison between the tower response, in correspondence of the cables attachment points,
obtained by the rough linearized model, that provides the first estimate to built Hand K, and
the subsequent iterations is represented all over the relevant frequency range (see caption). The
clear peaks are those related to the response of the brute linearization, where the nonlinearities
of the fluid-structure interaction are neglected and no damping is introduced and the effects of
cables nonlinearities are also absent. In fig.3 a zoom in the frequency range around the peak of

rough linearization
first iteration
last iteration

eigenvalues [Hz]
0.0808
0.0968
0.0930

Table 1: Evolution of the first eigenvalues for each
iteration related to the condition of wind velocity
lOm/s.

rough linearization
first iteration
second iteration
third iteration
fourth iteration
fifth iteration
last iteration

eigenvalues [Hz]
0.0808
0.2531
0.0894
0.1401
0.1163
0.1250
0.1322

Table 2: Evolution ofthe first eigen~alues for each
iteration related to the condition of wind velocity
20m/s.

the Pierson-Moskowitz spectrum is given. The first and last iterations are shown togheter with
the first linear brute approximation and the two statistical linearized approximation appear to
be quite close between them. The maximum of the smooth curves is displaced with respect the
initial estimate. This reveal a modification of the first eigenvalue of problem associated to (36).
In table 1 the evolution of the first eigenvalue is given versus iteration.
In fig.4 the dotted line refers to the first iteration of a statistical linearization of the hydrodynamic force but using a brute linearization of the cables actions on the tower. .The solid line
represents a wholly statistically linearized model (including cables) again at the first iteration.
In fig.5 the same comparison is shown after the procedure convergence is obtained. It is interesting to notice that a considerable difference arises showing that the importance of the cables
nonlinearities. In particular the amplitude of the motion of the tower is considerably reduced.
In fig.6 again the same comparison of figure 1 is shown for a wind speed of 20 m/so A zoom of
the power spectral density is presented in fig.7 for some iterations.
In table 2 the behaviour of the first eigenvalue is given versus iteration. Again the cables nonlinearities push up the resonance frequency due to an increment of the cables equivalent stiffness.
In figs.S and 9 the comparison between the wholly statistically linearization (solid line) and the
partially statistically linearization (only hydrodynamic force) is represented for the first (fig.8)
and last iteration (fig. 9) , respectively. Even in this case the spectral peack is displaced to a
higher frequency and the response amplitude is reduced.
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Fig. 2: P. S. D. of displacement, node 10 , wind
velocity 1Om/s:
rough linearization,
_
first iteration, . . . . last iteration.
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Fig. 3: P. S. D. of displacement, node 10, wind
velocity 10m/s:
rough linearization,
_
first iteration, . . . . last iteration.
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Frg. 4:

P.S. D. of displacement, node 10 i, windvelocity 10m/s:
statisticallinearization of
the cables, . . . . rough linearizationof the cables.

Fig. 5: P. S. D. of displacement, node 10, wind
statisticallinearization of
velocity 1Om/s:
the cables,. . . '. rough linearization of the cables.

.,
6: P. S. D. of displacement, node 10, wind
velocity 20m/s:
~_ rough linearization,
_
first iteration, ~ _. _. _. _ . second iteration, .
. last iteration.

,~Fig.

Fig. 7: P. S. D.. of displacement, node 10 ,wind
velocity 20m/s:
rough linearization, _ -'- __
first iteration, _. _. _. _ . second iteration,. . .
. last iteration.
,<fr----~-~-~-~

Fig. 8: P, S. D. of displacement, node 10, wind
~

velocity 20m/s: ~ ~
statistical linearization of
the cables, . . . . rough linearization ofthe cables.

Fig. 9: P. S, D. of displacement, node 10, wind
velocity 20m/s:
statistical linearization of
the cables, . . . . rough linearization ofthe cables.
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The obtained results show that the presence of cables nonlinearities leads to a relevant modification in the system response. The proposed statistical linearization of the cable force seems
to bear the needs of the random response analysis, providing a quite simple model that can
be easily introduced into the equations of motion. Quite simple modifications of the proposed
approach allow to deal with more than two cables. The present statistical model of cable has a
static nature. In fact the statistical linearization is performed on the static force-displacement
relationship. Further work is actually under development in order to generalize the model to
nonlinear dynamic of cables.
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INTRODUCTION

The rapidly increasing recreational pressure on the available sand. beaches, and the fact that
many of these are receding, has focussed attention on their maintenance in as natural state as
possible. This involves the beach/dune area and the surf zone. The surf zone is where the wave
energy is transformed on a narrow strip of water at the water's edge into turbulence and from
turbulence through viscous action into heat.. The energy loading per unit area of a surf zone is
high. Waves are the primary energy source in the nearshore zone for all currents, stresses etc. In
comparison tidal currents only have a secondary role.
The topography of a·surf zone reflects the balancing of the applied wave and current produced
forces with the resistance ofsand grains to motion. The engineer at the coast basically faces two
kinds ofproblems:
•
•

understanding the physics of local details of the process
and
applying this to long term maintenance of a -coastal region.

Aspects relating to coastal structures are not included.
The first problem involves all details of wave motion, currents and interactions with sediment.
The second involves the correlations of coastal topography with long term energy fluxes,
directions, currents and their variability along the coast as well as in time. The basic challenge
is the descripton of wave-induced velocities, shear stresses, shear instabilities, turbulence and
currents in the active zone of shoreline changes and linking those to the grain mobility. The
second problem involves a correlation of shoreline changes with the long term wave
characteristics in terms of "bulk" predictions. Thus, the wave information required is
fundamentally different for these two facets of coastal processes.
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2

WAYES AND CURRENTS

The hydraulic conditions in the surf zone are extremely complex and sensitive to the incident
wave conditions which are not adequately described by a characteristic wave height. Kinsmann
(1965) defined an ocean wave as a lump on the water surface, i.e. the individual waves are threedimensional randomly distributed on the surface with randomly distributed frequencies at one
point.
The wind induced wave motion is conceptionally reduced to a superposition of an infinitely
large number of sinusoidal waves with different frequencies, amplitudes and directions. This
leads to a wave spectrum which is assumed to be applicable to any point with the same
windward conditions. Needless to say that this presupposes linear waves. With the same
assumption the trace of water level fluctuations can be converted with the aid of Fouriertransformation to an amplitude versus frequency and phase versus frequency spectrum, which
for given frequency can be treated as complex numbers. The amplitude spectrum is usually
related to wave energy of the individual frequencies and is referred to the energy density
spectrum S(f). It has been described by analytical functions, such as Pierson-Moskowitz
spectrum (Pierson & Moskowitz, 1964), the JONSWAP spectrum (Hasselmann et aI., 1973), the
TMA shallow water spectrum (Hughes, 1984), etc.
Apart from the wave energy flux, its directional spreading has to be considered. The energy
spreading over directions is described by a directional spreading function G(O/f). Thus, the wave
spectrum is described as
S(f,e)

=S(f) G(e/f)

(2.1)

The spreading was initially expressed as

G(e/f)

~COS2 e;j~ < 1t
= . 1t
2

1

0;

(2.2)

I~ > 1t
2

but more complex functions have been developed since. The function, eqn. (2.1), is illustrated
in Fig. 2.1.
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90·L-

Fig. 2.1:
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---'~_'__

_____J

Conceptual model of a wave spectrum from superposition of elementary sinusoidal waves (Kokkinowrachos, 1980, modified by Schade, 1991)

It has to be noted that eqn. (2.1) refers to the conditions at a given point on the water surface.
Each point has a spectrum S(f,8) which together makes up the sea surface.
It is also important to realize that the sea surface frequently contains waves which have arisen
from different wind actions, crossseas, and swell may be superimposed on local wind waves.

Fig. 2.2 displays some energy density spectra derived from North Sea data at the west coast of
the island of Sylt. The spectra in Fig. 2.2(a) to (c}display a long period wave (swell) and a local
wind wave spectrum, in Fig. 2.2(d) three spectra are clearly defined, where the shortest waves
are associated with local wind waves after change of wind direction.
The individual wave spectra give no information on the sequence of waves and the information
is analysed for a short period of record. For application to engineering design the data frequeritly
have to be extrapolated with the aid of available wave and wind data to extreme values, like 50
or 100 year statistical mean return periods, as, for example, H mO wave heights due to given wind
speed classes from the directions involved. Such data may be required on yearly, seasonal

or

monthly basis.
Since beaches respond differently to swell and local wind waves a separation of these
components by directon and frequency is required, again on yearly, seasonal or monthly basis.
Such a separation on yearly basis of the wave data at the west coast of Sylt is shown in Fig. 2.3.
The spectral representation excludes an important feature of the wave climate, the actual wave
sequence; Most time series of waves show a grouping of waves, 4 to la higher waves followed
by a sequence of lower waves, Fig. 2.4.
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Fig. 2.2 Ca-d): Wave energy density spectra derived form North Sea data off the west coast of
Sylt: Double peak spectra (a-c) and spectrum with three peaks (d) (Schade, 1991)
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Time series of wave heights from a 30 min record off Sylt illustrating grouping
of waves (Kohlhase et aI., 1993)
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The linear wave theory shows that a superposition of two wave trains with wI ' k l and w2 , k2,
propagating in the same direction leads to grouping with period, height and celerity as given by

4n

Tg =---COl - co 2

4n

L
g

= COl

C

(2.3)

=---k l -k 2

k

g

l

-

CO 2

-k 2

=..!...-c(t +
2

2kh )
sinh 2kh

where w =2nff, k =2n/L, c is primary wave celerity and h is water depth. The frequencies are
scalar but the wave numbers are vector quantities. Correspondingly, the wave group propagates
in deep water at half the speed of primary waves, i.e. the individual waves run through the
group.
The grouping of waves leads to the so-called bound or infragravity waves with frequencies and
velocities of the wave groups. The high primary waves cause the trough of the bound wave and
the low primary waves the crest. On running into shallowing water the height of the bound
waves increases and their velocity approaches that of the short waves. The amplitude of the
bound waves is substantially smaller than that of the individual short waves. Fig. 2.5 is an
illustration of the long waves by Ottesen Hansen et al. (1980).

~.-------

NON BREAKING WAVES -----_~'<lII!:.'---- BREAKING WAVES - I
I

I

LONG WAVES DECREASING

~.------ LONG WAVES GROWING WITH ----~~I4-.- WITH DECREASING WATER DECREASING WATER DEPTH

Fig. 2.5:

DEPTH

Envelope for long waves on a sloped profile for non-breaking and breaking
waves (Ottesen Hansen et aI., 1980)
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In the surf zone the short waves lose energy through breaking and can no longer balance the

bound waves which become free waves, surf beat or edge waves if the bound waves are
obliquely incident to the shoreline. The free wave energy may be trapped in the surf zone or be
reflected back to the sea under the so-called leaky mode conditions. Longuet.:.Higgins and
Stewart (1964) suggested that surf beat was the reflection of freed bound waves in the surf zone.
Symonds et al. (1982) linked the free long waves to the moving breaker line and showed that the
radiation stress gradients associated with the onshore/offshore movement of the breaker line
generated long waves. The model was extended by Schtiffer and Svendsen (1988), Mei and
Bennousa (1984) and Dingemans et al. (1991). They showed that free long waves can also be
generated by wave groups passing over irregularities in the seabed. Fig. 2.6 shows an illustration
of the waves in the surf zone from the numerical simulation by Watson and Peregrine (1992),
based on the above ideas. The mean longshore currents also appear to be affected by low
frequency oscillations, known as shear instabilities (Bowen and Holman, 1989). It should also
be noted that the dispersion of bound and free waves differ from that of the primary short waves.
The predictions of longshore currents by the radiation stress concept on plane sloping
underwater profiles agree well with measured distributions but on barred profiles the agreement
is poor. The simulations of longshore currents do not include the infragravity waves or the shear
instabilities.
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BEACH RESPONSE

The sand grains are set in motion by the· combined action of the bed shear stress and the local
turbulence intensity. Basically a grain can be moved by the mean bed shear stress 1:'0 only, as in
a laminar flow, or by turbulence agitation alone (1:'0 = 0) as, for example at the reattachment point
of the double shear layer at the lee of a bed feature. The actual condition for the begin of grain
movement can occupy any point of the solution quadrant shear stress-turbulence intensity
(Raudkivi, 1998). In an unidirectional flow, where the turbulence intensity is characterized by
the bed shear stress, the Shields diagram is used to define the initiation conditions. However,
where turbulence arises also from causes other than bed shear stress the Shields diagram is no
more adequate. In the surf zone neither the bed shear stress nor the turbulence intensity are
defineable as a function of the incident wave characteristics.
All transport relationships are based on bed shear stress or proportionality to a velocity to some
power. Verifications, if any, rest on laboratory data from flume studies. There are no
reationships which describe the transfer of particles from the bed into the flow in terms of fluid
mechanics. The list of the unknowns in the fluid sediment interactions is long. The gaps are
bridged with assumptions but the results are a matter of belief. The results of numerical models
are not verifiable since no methods exist as yet for measurement of sediment movement in the
surf zone.
In the surf zone the sediment transport is primarily by advection of the water grain mixture.

Consequently, any predictive methods must reproduce the current patterns, the velocity
distributions through the depth and the suspended sediment distribution in the surf zone as a
function of the wave energy conversion. hnmense research effort is still required to achieve the
state when the currents and velocity distributions can be predicted as a function of the incident
wave climate and suspension due to turbulence and convection as a function of local wave
energy conversion.
In a more global sense the rapid changes of nearshore topography are confined to a relatively

narrow strip of seabed at the water's edge, rarely extending to more than 10 m depth. For the
management of the coastal zone these changes have to be related to the characteristics of wave
energy flux into the surf zone in terms of magnitude and direction. The fluxes can be determined
for all the wind speed classes from a given direction and summed up. A vector addition leads to
a resultant for the period in question. Due to refraction this resultant will vary along the
shoreline in magnitude and direction, even for a homogeneous wind field, Fig. 3.1. The shore
parallel component of the energy flux provides the driving force for the currents and the
sediment it carries. Consequently, the transport potential also varies along the shoreline which
mustgive rise to shore normal transports, Fig. 3.2 and Fig. 3.3.
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Fig. 3.1:

Variation of yearly cumulative energy flux (onshore and shore-parallel) along a
coast with homogenius wind fields, here: Average flux over a period of 36 years
(1948 -1884) along Fischland coastlBaltic Sea

Test in the Large Wave Flume (LWF) show that the shape of the equilibrium profile is
insensitive to wave height. Monochromatic waves produce the narrowest surf zone for the given
beach material. Random waves lead to a wider surf zone with a much less prominent bar-trough
feature, but the profile shape is still insensitive to the Hmowave height. Ita tide is superimposed
the profile shape correlates with the high tide water level. At equilibrium conditions the cross
shore transport effectively goes to zero.
At increased water levels, like during storm tides, a new equilibrIum profile evolves at the
water's edge. The shape is the same as .at the normal water level but it is vertically and
horizontally translated. The erosion rate and the amount of sand eroded are functions of the
underwater beach slope.
For the twodimensional situation empirical knowledge enables an adequate description of the
underwater profile, except for the bar-trough system and the bed features. However, on an open
coast with a shore parallel energy flux the transport rates and changes of the surf zone geometry
are still questionable.
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SUMMARY

Two kinds of wave data are required for beach management, detailed event based and averaged
long term data. The event data are required in all its detail for the interpretation of
morphological changes at the shoreline. The long term data serve to estimate the bulk
characteristics of shoreline changes. There are yet no functional relationships which link the
movement of sediment in the surf zone to the wave data, other than by grossly simplifying
assumptions. The behavioural characteristics are estimated on the basis of emperical knowledge.
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WAVES CLIMATE AND ITS IMPORTANCE ON SANDY BEACHES EVOLUTION:
TWO MONITORING EXAMPLES OF REGENERATED BEACHES

Jose C. Santas l • Head of the Field Measurements Program. Harbours &Coasts Research
Centre, Publics Works Research Centre (CEDEX), Ministry for Public Works, Spain

1. Introduction:
There is a very broad assembly of aspects that allow us to configure the sandy beaches as a
very important space for the human life. The percentage ofpopulation, directly living on these
areas or close to the sea border, or whose properties depending of its roll as defense against
the storms, is very high. This amount increases specially on holidays time. This fact has
obliged to governments to invest an important part of their national budgets on the
maintenance and restoration of the littoral environment.
There is a direct relationship between the characteristics of each sandy beach and the marine
climate agents, changing their layouts mainly due to the wind wave. Due to that it is the more
important forcing agent to take into account in the field of the coastal engineering.
The aim of this paper deals with two nourished beaches of Spain, Malagueta and Zurriola,
Mediterranean Coast and Cantabric (Bask Country) Sea, respectively. It will be shown its
own characteristics and the relationship with the wind waves climate, as the time evolution
after the sand refill, from its beginning point, the nourishment project; to the current stage, by
means of the results obtained during the field measurement monitoring, including the
movement of shore line. Some consequences in order to study the performance that the
remote sensing could add to the field monitoring studies will be shown.
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2. Some previous concepts about the beaches:
Beaches can be considered as the soft interface between the sea and the land, whose
sedimentary material proceeded as from the land as from the sea. Its desegregation status
allows that this material can be removed and get off from the area as other materials, coming
from other beaches, could arrive to replace the fIrst one. This movement is the
LONGITUDINAL TRANSPORT and it is due to the waves action and currents. Previously
the sediment is move backward and forward along the perpendicular profIle, being removed
from the bottom by the wave action. This movement is the TRANSVERSAL TRANSPORT.
The different zones taken into account are :
Dune + dry beach + swash_zone +
surezone + Submerged Zones (In-shore and
Offshore).
The layout of the beach changes with the
waves. Two different kind of profIles appear
through the year: summer and winter profIle. But the net balance could be positive if the
beach volume increases (Accretion condition), negative when there is a certain loss of sand
(erosive condition) or neutral. The fIrst question to decide is where the beach ends. The dune

has to be considered to a fIxed point defIned as upper limit, but the lowest reference, at the
submerged offshore zone, is very diffIcult to be defmed. It is accepted that as closure depth
exists where the sand is not removed by the waves. Some empirical criteria have been
established to calculate it. The needed data are provided from the wind waves climate. The
depth limit of longitudinal transport was deduced by Harllermeier (1981 ) as:

d 1 = 2.28* Hs(p

= 0.137%)_68.5*(Hs\0.~37»)
g*T

The more usual empirical

formula for

s

the transversal transport limit (CERC, 1987) is:

d2

=

3,5.Hs,o.13%' and the more precise one is : d 2

L
2n

= -

.
* arcsmh

n .Hs,so%

Tz (H s,so%).-j88 .g.dso

.,

where the under root magnitude is de minimum speed to remove the sediment.
The parameters Hs,o.137% and Hs,50%

are deduced from the marine climate. They are

respectively the SignifIcant Wave Height exceeded in time 0.137% (equivalent to 12 hours)
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and 50%. Also the period Ts (significant period) and TzCHs,so%), period for Hs,so%. Other
magnitudes are: g (gravity), dso (average size ofthe sediment grain) and the excess of density,
8= (PsedimentlPwater )-1.

The computation of the capacity of littoral transport has to be evaluated taken into account the
incoming directions and the occurrence probability of every sector. The before defined
parameters have to be estimated for each sector. The usual experimental formula for littoral
transport drift, derived from wave energy flux, needs data about the beach slope, incidence
angle and significant height.
To monitor the time evolution of a beach it is needed to know how the 3-D surface of the
beach changes. The reference plane is the "zero" plane, defined by the LWL (Lowest Water
Level) without any existence of waves or meteorological effect. The intersection line is the
shoreline. Information about shoreline evolution and those some specific controlled profiles
are needed to follow the beach evolution in time. It is used to compute the changes of sand
volume, being the main focus the surf zone.
The movement of sediment appears in shallow waters. Due to that it is needed to transform
the Deep Water Waves characteristics, by Some propagation model, considering refraction,
shoaling, reflection and diffraction processes. This kind ·of models have to have in
consideration the direccional distribution of the incoming energy: [8 and s(8)] as function of
the frequency. There are two kind of propagation models commonly used: physical or
numerical. The first allow to estimate also the transport capacity if they have "movable bed",
but it is needed special facilities to have it. Nume11cal Models are more extended in use but
they suffer more broad limitations, derived from the assumptions considered. While the wave
propagation models usually show a good representation of the reality, the bottom C3-D) or
profile (2-D) evolution models fit well to the prototype only for very simple beaches, bottoms
or shorelines.
The importance that sandy beaches can have can be appreciated with the following figures
about the spanish case:
•

Total length of coast: 7900 KIns.

•

Total length of sandy beaches: 1990 KIns.

•

Beaches area: 13.600 Ha.

•

Number of Beaches: 3090.
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•

Mean length: 400 m (Atlantic coasts), 1150m (Andalucia and Mediterranean Sea) and
360 (Canary and Balears Islands)

•

Tourism: 82 % on coast

•

Stable population: 35% (over a 5 km wide fringe)

Due to that beach regeneration is kept in mind as a important objective for the coastal
engineering. Some kind of restoration can be achieved; from the point of view of the physical
and aesthetic impacts they can be from a soft regeneration to heavy. The softest could be a
nourishment without any support, and the heaviest getting a solidified beach by means of an
assembly of groins. Between these "limits there are a very broad assembly of possibilities
which selection must be done depending of the nature and characteristics of the object beach.
3. Cases studied: Cantabric and Mediterranean spanish beaches
3.1.

The "Zurriola beach" case: rough sea condition.

The Zurriola beach is located at San Sebastian, very important and beautiful city of Basque
Country, Spain. It is 30 Km far from the border with France. It is, jointed with La Concha
Beach and Ondarreta Beach, the sedimentary assembly that enjoys San Sebastian people and
its visitors.
Due to the human advance towards the sea, the beach practically vanished at the

£ I -

~

I

I 11 - I

beginning of this century. The Project to regenerate the beach was promoted by the Coastal
Authorities at 1994 and it was ended at May-1995. Its main characteristics are:
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Enlargement ofthe right Embankment ofUrumea river: Rubble mound breakwater: 850 m
long + submerged feet and a total promenade of 1100 meters.

JC

Sand volume: 1,1*106 m3 , borrowed from 15KmsE, withdso = 0.33mm..

JC

Beach: Pocket beach. Slope: 0.013

JC

Budget: 13.3*10 6 ECUS.
The final layout was tested by means a physical movable bed model which wave data

were deduced from a Directional buoy located 20 miles away, deep sea waters. It was used a
numerical model to obtain the waves propagation, (ref-di£).
After the conclusion of the refill, a monitoring survey was stand up, dealing with:
•

Wave data in medium waters. {directional DataweII Waverider Buoy) and at the beach
(EMCM S4DW, at 11 meters depth, +1.5· over the bottom),

., Bathymetric survey to control 8 profiles, monthly,
•
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The "zero depth line" also
provided the variation of the
shoreline with time.
In the same way the volumetric evolution of the "sand deposit" provide us the tendency
that the beach shows, before picture. This tendency is approximately loosing 30.000 m3 per
year, that is not very noticeable, keeping in mind that the total amount of sand employed was
1.100.000 m 3 .
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The shoreline exhibits vef'j dramatic changes along the year, modified by the human
action that remove the excess of sand and refill the losses (man-made by-pass). The maximum
variations are about +/- 80 m. and its final tendency is to be stable (without losses) close to
the Jetty and loosing 20 meters by the opposite side, that is directly confronted to the storm
waves.

3.2.

Malagueta beach case: Mediterranean sea

This beach is the biggest urban beach of Malaga, very famous city and capital of the
"Costa del Sol" , Spanish Sun Coast. In this area the human pressure due to the "tourist boom"

did that the beach was invaded till a completed disappearance at the 70's. The picture could
explain a little bit the case. The reclaimed area was built with very tall buildings and the
promenade was practically over the rip-rap.
At the 1992 the Local Authorities decided to regenerated the beach. Its length advice
them that it was needed to divided the beach on two units, with a detached breakwater
between them. The Project, that involved the movement of 1.7* 106 m 3, borrowed from a
submerged area dose to this beach 15 Kms, began at 1990. The beach regeneration was held
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by the Malaga Harbor breakwater and a new groin, 150 meters long, built at "Banos del
Carmen". The marine structures were completed with a detached breakwater, 200 meters
long, to create a future tombolus. The total length of the beach is 2,500 meters; with a mean
width of 60 meters, and a berme of 3.5 meters height.
The monitoring was started at 1992, by means
annual Bathymetric surveys. The measurements
were done from the promenade (+3 m) to -14 m,
having to be prolonged this limit to -18 meters due
to the closure depth.
Comparisons between the original layout of the
beach after the nourishment and the 3-D surface,
computed by means of the data from the control
profiles, were done. At the same time the evolution
of the shoreline was obtained which results have
been represented for 1997-1998 survey in the next
picture.
The tendency of the shoreline is advancing close to the Harbor breakwater, instead of the
other part of the beach shows a typical regression but close to the detached breakwater. This
fact would produce the disappearance of the eastern side in the future if any action were not
be done to restore it. Due to that the Local Authorities move sand from the "Playa de
Poniente" to "Playa de Levante". It is a sand bypass.
The volumetric evolution shows that the beach, considered as an unit, is close to the stability.
The following figures present the time evolution:
.

.

Nov.91 to Oct.94: - 92.000 m

3

OcL94 to Oct.97: + 63.000 m 3 .
Oct.97 to June 98 : + 21.220 m 3

3.3.· COilsiderationsabout the'nature of data'
The monitoring of a coastal work, focused on beach evolution,. deals with the study of the
volu~etric

variation of the sedimentary assembly as the changes on the shoreljne.
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Two different points of view can be considered:

1. the near time evolution, after
an storm, for instance, and
2. the historic time evolution,
for example to study the
performance of the coastal
work.
It

IS

immediately

very
after

important
an

storm

knowing what is the wind waves
climate existing during the event
and the response of the coast.
The information that the remote
sensing can provide is absolutely
necessary
Directional

to

the

object.
Spectral

characterization of the waves as its spatial variation are the best tools helping to investigate
the dramatic variation of coastline.
Keeping in mind the historical study, it is needed to obtain the time evolution of spectral
and statistical parameters, that allows to estimate distribution functions of heave, periods,
incoming directions and spreading. Simultaneously data from coastal evolution, volumes or 3D bottom surfaces, profiles and shoreline situation will be the complementary data to be used.
In this case the resolution is greater than the needs for the first one: typically 1 meter for

shoreline, and 10 to 20 cm for bathymetric data. The use of oblique land based picture or
airborne systems aid us for this purpose.

3.4.

Conclusions and recommendations

I)-The searched objective with the nourishment has been allowed with this kind of soft
coastal works getting the solution of the problem done by the invasion of them.

218
Specifically restoration of urban beaches is a social demand that this kind of coastal
works solve.
2)-The beach nourished tend to return to the previous stages as the time goes by. It means that
it is needed to have in mind a periodical maintenance.
3)-A continuous monitoring is needed, dealing with local volumetric evolution, shoreline
variations and waves climate conditions, in order to prevent differential behaviors of the
beach. Also wind data could be needed if eolic transport could exists.
4)-Physical and numerical simulations previous to the project need realistic inputs obtained
from historical data. Due to that surveys to obtain data about shoreline, surf zone
position and 3-D bottom surface, as wind waves history are needed before the project.
5)-One point to take in mind for the urban beaches is that they could be modified due to its
visual impact after the winter period, or hard storms because the social pressure. These
modification do that the fitting of numerical evolution model were very difficult if direct
topographic data without any correction are used. By this -fact data from the bypass of
sand have to be collected.

4. Acknowledgements.
This work is being done under the collaborations between CEDEX and the General
Directorate of Coasts to study the two beaches. Also it has beep. co-founded by the MAST-ITl
program, SAFE Project, contract number Mast3-CT95-004-PL950057.
We thanks to local coastal authorities of San Sebastian their help..

21 9
Ports and Coastal Engineering Applications. of Ocean Wave Spectra
J. L. Almazann Garate I
J. C. Nieto Borge2
M. C. Palomino Monz6n3
Abstract:
The knowledge of the incoming ocean wave fields to the coastal and harbor structures is complete when
the wave height distribution, as well as the directional motions of the free sea surface, are properly
described. This ocean wave directional movements are usually described by the directional spectral
density.
Sea surface movements can be imaged by using microwave remote sensing systems. Nowadays
the spatial resolution of these devices is not able to provide data in small scale areas, such as a harbor, a
beach, etc. Nevertheless, the remote sensing measurements in open waters can be propagated to the coast
in routine by using the additional help of numerical wave propagation models and in-situ sensors.

1. Introduction

In order to understand properly the interactions between the wave fields with the harbor
and coastal structures it is necessary to get the maximum knowledge about those wave
fields. Commonly these wave fields are described towards the concept of directional
spectrum E( f ,6), where f is the frequency of each wave component and 6 is the wave
propagation direction. For a stationary and homogeneous wave field (commonly known
as sea state) the function E(f, 6) fully describes the heights, periods and directions of
those sea states.
The function E( f ,6) is usually factorized as:
E( f ,6) = S( f) D( f ,6)

(1)

being S(f) the one dimensional spectrum (or scalar spectrum) and DC f ,6) the
spreading directional function.
Traditionally the directional wave distribution D( f ,6) is estimated by using
directional buoys moored at a fix position of the ocean. It is well known that these
devices can provided a good wave height estimation but the directional information is
not complete (Krogstad, 1991) because these sensors can only measures a limited
number of geometrical wave properties (e.g. slopes, horizontal displacements, etc.). So,
the full directional spectrum E( f ,6) is not properly described.
Therefore, to derive the directional motions of the free sea surface is necessary
to get information about the sea state spatial variability. In these cases a new directional
spectral density is used F(kr,k), where {kr,k y ) are the components of the two

I E.T.S. lng. Caminos Canales y Puertos. Universidad PoIitEcnica de Madrid. Spain. E-mail:
jalamzan@caminos.recoI.es .
2 Puertos del Estado, Dpto. Tec. CIima MarItimo. Spain. E-mail: joscar@puertos.es .
3 E.T.S. lng. Caminos Canales y Puertos. Universidad PolitEcnica de Madrid. Spain. E-mail:
jalamzan@caminos.recoI.es .
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Figure 3: ERS-I SAR image showing the South West coast of Shetland Island.

The capabilities of spatial measurements taken from remote sensing sensors to
derive the true directional motions of wave fields should be take into account for coastal
and harbor maintenance purposes. These kind of studies are related to very shallow
water conditions. Table 1 shows the typical bottom heights used in harbor and coastal
engineering.

Harbor:
Coast:

Bottom hei2hts
From 0 to -35 m
From + 2 to -IS m

Table I: Typical bottom heights used in hm'bar and coastal engineering.

Nowadays, the resolution of the space borne remote sensing data can only
inform about wave field situations in deep or not very shallow waters. Anyhow, this
open water information is suitable to be propagated to the coastal domain by using
numerical wave propagation models and in-situ sensors (buoys, wave gauges, etc.)
moored in shallow waters to calibrate the numerical model outputs. Figure 4 shows a
scheme about how to proceed with a generalized use of spaceborne measurements.
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RemoteSensing Measurement

Directional Spectrum in
Open Waters
In-situ data
(buoys, wave gauges, etc.)

Assimilation

i------------.ItL
Wave Propagation
Numerical Model

In-situ data
(buoys, wave gauges, etc.)

Jt-----------..
Calibration

~,

Extrapolation
to Other Areas

Long term Statistics
(Extreme and Medium Analysis)

Figure 4: Scheme showing how a generalized use of remote sensing data can be carried out for coastal
and harbor engineering.

4. Conclusions
Sea surface imaging taken from remote sensing techniques provide full information
about the directional motions of the sea surface. This capability is especially useful
under multimodal sea state cases, where the total wave field is the result of the
superposition of different single wave fields.
The actual spatial resolution of the common microwave remote sensing systems
is not able to provide data for small scale areas, close to the harbor and coastal domain.
Nevertheless, it is possible to measure the directional spectra in open waters by using
these remote sensing techniques and propagate the wave fields in routine to the local
areas of interest.
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OBSERVED WAVE SPECTRA:
EFFECTIVE UTILISATION IN OPERATIONAL AND DESIGN
ENGINEERING
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ABSTRACT

Fugro GEOS is a commercial company specialising in the provision of oceanographic and
meteorological services to the maritime engineering industry; Over th~ last twenty years the
company has built up a large body of experience in worldwide wave measurement, analysis
and interpretation. This paper presents case studies of both coastal and deep water
engineering schemes for which the provision ofcomprehensive sea state description has been
of primary importance for safety and cost-effective design. Practical aspects of in-situ
measurement systems are discussed, particularly in relation to use in remote and hostile
environments. Consideration is given to the characterisation ofsea state from measured data.
1.

INTRODUCTION
-,

Wave measurements in tHe marine environment are important to assist in the planning and
evaluation qf offshore activities, both for engineering design and operational forecasting.
The capability to provide two-dimensional wave spectra in real-time is now well established.
Of particular interest'is' the ability to communicate such complex information to end-users
who are not oceanographic specialists, such that it can be used effectively to assist in
operational decision-making. Operations could be berthing, loading and unberthing of large
tankers; loading and unloading of supply vessels during offshore oil and gas exploration
programmes; or the planning of sea state-sensitive installation of offshore structures, to assist
in timely and safe completion.
Operational activities require provision of real-time wave data. Typically, a moored buoy
would telemeter measurements either back to shore or out to fixed, floating or mobile vessels
working within an active field. In oilfield exploration, it is now common for wave
measurements to be made to support initial operations and also to be used during subsequent
engineering design.
Extreme sea state parameters are required for the engineering design of ships, rigs, jetties,
breakwaters, coastal defences and subsea cables and pipelines. In some of these cases,
consideration of wave-induced sediment transport is important as well as direct wave loading.
This paper discusses the operational and design benefits of directional and non-directional
wave measurements. Case studies of coastal and offshore measurement programmes are
presented to show how Fugro GEOS has utilised such datasets to describe the wave regime in
complex environments. These datasets are presented in a way that allows non-specialist endusers to understand the wave regime and interpret the results to allow for use in the design
engineering process.
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2.

WAVE GENERATION AND PROPAGATION

Wave generation by wind is a complicated process but essentially, as wind blows over the sea
surface, shear forces act to distort the upper layers of water, thus generating surface waves.
The persistence or duration for which the wind has blown and the distance or fetch of water
over which the wind has blown are two quantities that act to define the resulting wave regime.
However, wave height is not solely dependent on the duration and fetch of wind speed, and
waves may occur at locations where there is no influence from local winds. A storm in the
open ocean may generate waves that propagate huge distances into areas outside the
immediate influence of the winds. These swell are potentially quite large and are generally
more uniform in nature than wind-sea or locally generated waves. As waves propagate away
from the source of generation, the waves will tend to disperse based on their period, with
longer period waves travelling further and faster than shorter period waves.
3.

WAVE PARAMETERS AND NOTATION

Wave conditions may be quantified using well-defined statistical parameters that have been
studied and described over many years (see for example Reference 3, 5 and 6). Waves that
occur in the sea may be considered as the summation of many single wave trains of different
frequencies (or periods) and directions. Sea state measurements can be analysed to produce a
wave spectrum, which presents a synoptic description of the energy of waves at different
frequencies.
The following list summarises the sea state descriptors most commonly used in engineering
design and operational planning:
• Significant wave height (Hs); Mean height of the highest third of the waves or 4~,
where 1110 is the sea surface variance.
• Zero up-crossing wave period (Tz); Mean wave period calculated by dividing the
sampling period by the total number of zero up-crossing waves (time period between
successive zero up-crossings in a wave train).
• Maximum wave height (Hmax); Height of the maximum wave (crest to trough).
• Peak Period (Tp); Wave period associated with the peak in energy density of the wave
energy spectrum.
• Wave energy spectrum; A description of sea state in the frequency domain. Assumes that
the sea state is a combination of single frequency long-crested sinusoidal waves
superimposed on each other. The omni-directional spectral density or energy is the sum of
each sea surface variance at each frequency interval.
• Wave direction (Sm); Mean direction from which wave energy is approaching.
• Wave steepness; Ratio of wave height to wavelength; beyond a critical wave steepness,
waves will begin to break.
• Directional spreading; For a given band in the energy spectrum, this is a measure of the
amount which the energy is spread relative to the central direction of propagation.
• Wave crest elevation; Vertical distance between the wave crest and still water level
Much work is required to convert basic time series data into parameters that are important
descriptors used in many aspects of offshore and coastal engineering design:
• Extreme significant wave height (HSN); Significant wave height associated with a storm
with a return period ofN years.
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• Extreme wave height (RN); Maximum wave height associated with a storm with a return
period ofN years, can be estimated statistically based on HsN •
• Extreme wave period (TassN); Wave period associated with HsN , estimated using existing
knowledge of wave steepness.
• Extreme crest elevation; The highest wave crest elevation above still water level· (SWL)
associated with a storm of return period N years.
4.

WAVE MEASUREMENT TECHNIQUES

There are many ways to measure the wave climate. Figure 1 shows a schematic representation
of different offshore and coastal wave measurement systems. The following list gives a
selection of the various instrument techniques commonly used to describe the wave climate.
Each instrument differs in its approach to sampling and describing waves. The information
gained from each method varies from simple wave height values to frequency and directional
spectra.
•
•
•
•
•
•
•

Wave staff
Waverider buoy (directional or non-directional)
Wave radar
Electro-magnetic current meter/pressure sensor
Pressure transducer
Satellites
HF Radar

Generally, wave measurements are made as burst samples, typically at frequencies of around
2Hz, over periods of between 10 and 30 minutes. This is in order to sample a sufficient
number of waves that can be used for statistical analyses, but over a period that is not too long
to expect a significant change in the wave climate. Summary parameters are derived using
counting analysis and spectral analysis.
Increasingly, long-term hindcast datasets, generated by large-scale third generation wave
models, are used in engineering design. An example of this type of approach is the North
European Storm Study, NESS (Reference 4) which has generated wind and wave parameters
at 30km spacing across the North West European continental shelf over a period of twenty
five years. Hindcast datasets require detailed validation against all available measured data,
and are normally used alongside measured data during analysis.
4.1

SATELLITE ALTIMETERS

Satellite-based wave height measurements are available from the altimeters flown on the
TOPEX-Poseidon, GEOSAT, ERS-I and ERS-2 missions. Each of these is a polar-orbiting
mission such that wave data are available along diagonally-inclined ground tracks
representing the upward and downward satellite passes. The ground track pattern varies
according to the mission. For the main portion of the GEOSAT project, the track repeat cycle
was 17 days; thus for any position along the altimeter track, there would only be one wave
height observation every 17 days.
Altimetry provides good global spatial coverage and has been responsible for our increased
understanding of the global wave climate. However, temporal resolution is poor at present.
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In order to estimate engineering criteria, it is necessary to average data over a significant area.
With the limited body of observations available to date, this approach is of limited validity for
design purposes, but will increase in importance as more data are acquired. Each altimeter
dataset exhibits different anomalies, and much work has been done to calibrate the data
against buoy observations (Reference 1). At this stage, wave period cannot be accurately
resolved from altimeter observations, but this is an area of active development.

4.2

WAVERIDER Buoys

Waverider buoys are used primarily in offshore locations where other sensors are difficult to
deploy successfully or do not work adequately in deep water. Fugro GEOS use directional
and non-directional Waverider buoys manufactured by Datawell.
Waverider buoys are generally moored to the seabed as shown in Figure 1. The mooring line
includes sub-surface buoyancy to maintain the line vertically, and two standard rubber cords
in series to allow sufficient horizontal buoy motion, without allowing the buoy to overly drift
horizontally.
The Datawell Directional Waverider works on the principle that the buoy follows the orbital
or particle motion of the sea-surface. Sensors used in this buoy include a stabilised vertical
accelerometer, a 2-axis horizontal accelerometer, a 3-component compass and pitch and roll
sensors. The buoy measures vertical acceleration and, using the pitch and roll angles,
calculates the true horizontal accelerations. Accelerations are integrated twice to. provide
vertical (heave) and orthogonal horizontal (u + v) displacements relative to magnetic north.
The raw heave and horizontal time series data are processed on-board the buoy and converted
to frequency and directional spectra, every 30 minutes. Spectra contain 64 bands of frequency
and direction, giving a directional resolution of 5.625° and wave periods between
approximately 2s and 25s.
Data output from the directional Waverider can be a combination of the following:
• Time series of heave and orthogonal horizontal displacements (u + v)
• Raw spectral (frequency and direction) data provide information on the following
parameters:
* significant and maximum wave height
* mean zero up-crossing and peak wave period
* mean and peak wave direction
* mean and peak wave spreading angle
* wave energy frequency spectra by direction
• Standard data files of compressed frequency spectra and selective wave parameters. For
most Fugro GEOS measurement contracts, data are stored on-board the buoy as
compressed frequency spectra.
Raw spectral data files (and time series data files) require large volumes of on-board storage
capacity; therefore, these data are routinely telemetered to shore, either by satellite or radio
link. Data arriving via the Argos satellite system include mooring location, Hs, Tz and mean
wave direction. Radio links are also used to telemeter real-time wave information to shore or
platforms working within 50km of the Waverider buoy.
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The directional Waverider buoy has been used extensively during coastal and offshore
measurement programmes undertaken by Fugro GEOS; examples of which are discussed in
Section 6.
4.3

SEARED-MoUNTED PRESSURE TRANSDUCER

Pressure transducers are only suitable for wave measurements in the coastal environment
where water depths are relatively shallow. The pressure, recorded by a seabed-mounted
transducer, will fluctuate in phase with the passing of surface waves,· although the pressure
signal is attenuated with increasing depth. High frequency pressure fluctuations, associated
with wind waves, are attenuated much more than low frequency swell waves. The analysis
technique used for such measurements is to compute the energy spectrum of bottom pressure
and then to apply a frequency-dependent transfer function to remove the depth attenuation and
reconstitute the surface spectrum. In practice, this technique only works where the
amplification factor is less than about 10. If it is extended much beyond this limit, there is a
tendency for spectral noise at high frequencies in the bottom spectrum to be over-amplified by
the transfer function resulting in a disfigured surface spectrum. This is not necessarily
apparent unless the spectral results are carefully examined. Therefore, great care must be
taken to locate such instruments in water depths appropriate to the anticipated surface wave
frequency range.
4.4

WAVE RADAR

The wave radar is commonly used in offshore environments on production platforms, semisubmersibles or floating production systems. Real-time display of the data is the primary
reason for the use of these systems, and when the movement of the vessel is not limited, for
example on semi-submersibles, a motion compensation system would be utilised.
Sensors are fixed and mounted vertically downwards to measure the air-gap between itself and
the sea-surface. The mean signal is a measure of the air-gap, which is subtracted from the
measured signal, which is then inverted to produce a time series of wave heights.· Like a
pressure transducer, a wave radar does not measure directional wave information, and the list
of parameters that are measured are limited to those that can be derived from a single wave
height time series:
• Significant, mean and maximum wave height
• Mean zero up-crossing and peak wave period

5.

PRESENTATION OF WAVE SPECTRAL INFORMATION

There is a tendency to reduce very detailed measurements of wave spectra into very simplified
summary statistics (Hs, Hmax, Tz, Tp and em). We believe that it is very important to
communicate as much information as possible about the measured spectra to the operator or
design engineer who will ultimately utilise the information. Various standard presentation
formats for spectral data have been evolved for this purpose.
Basic heave spectra can be presented as colour-contoured time-sequential plots (Figures 2
to 4) or as discrete line spectra, representative of one moment in time (Figure 5). Line spectra
are useful for examining spectral form during peak storm conditions, and particularly for
making comparison between measured distributions and those of empirical form such as
JONSWAP and Pierson-Moskowitz, which are often assumed in engineering design.
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Contoured time-sequential plots allow detailed examination of growth, persistence and decay
of storm conditions, and also identify periods of interest within a long segment of measured
spectral data.
Where directional wave information is available, it is possible to estimate a two-dimensional
energy spectrum (with respect to frequency and direction). This is generally achieved by
making certain assumptions about the form of directional energy spreading within each
frequency band of the spectrum. At Fugro GEOS, the Power Cosine and Maximum Entropy
methods are used. The former assumes smooth symmetrical unimodal spreading about the
mean direction in each frequency band; the latter provides an extremely accurate
representation of the directional spectrum and allows for bimodal energy and asymmetrical
spreading. Comparisons between the two techniques, applied to the same spectral data, are
shown in Figure 6. Data are supplied courtesy of the Falkland Operators Sharing Agreement
(FOSA), who include Shell Exploration and Production South West Atlantic, Amerada Hess,
IPC and Lazmo. Figure 6 shows polar directional wave spectra and illustrates a bimodal sea
state with high frequency wind waves from the south-west and low frequency swell waves
from the north-east. The Maximum Entropy Method provides a more realistic representation
of the true sea surface spectrum. Having computed directional spectra, these may then be
integrated across all frequency bands to provide a contoured time-sequential plot of energy
with respect to direction (Figure 4). This can be complementary to the frequency time
sequence in providing a view of the evolution of the directional spectrum and higWighting the
directionality structure· during storm peak events. Fatigue loading calculations and structural
and vessel response will depend significantly on wave directionality.
6.

CASE STUDIES

The capability to provide two-dimensional wave spectra in real-time is now well established.
Of particular interest is the ability to communicate such complex information to non-specialist
end-users and design engineers, such that it can be used effectively to assist in operational
decision-making, system reliability analysis and, ultimately, economic and non-conservative
design.
Compared with meteorological stations, long-term wave measurement systems are a relatively
uncommon feature around the coastlines of the world, although some systems exist to provide
information that is used in weather forecasting; operation, recreation and maintenance around
ports and harbours; and the calibration of numerical wave models.
Fugro GEOS has deployed a significant number of wave measurement systems worldwide, in
coastal and offshore environments; some are permanent monitoring installations, but many are
short-term (up to one year) site-specific measurement campaigns to support particular
engineering projects. The measurements of waves are very site-specific,. particularly in
coastal areas. Aside from adding to the global database of wave measurements, systems are
generally only deployed to record data for a specific task. For example, to observe and
quantify coastal sediment transport or to provide extreme wave criteria for the future design of
offshore structures. Alternatively wave data may be required for the design of coastal
infrastructure, flood defences, harbour and jetty schemes. Another use of wave data may be
during the feasibility stages of engineering design of coastal power stations or liquefied
natural gas plants; project appraisal and funding may depend on extensive measurement and
analysis.
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6.1

COASTAL WAVE MEASUREMENTS

A directional Waverider buoy was deployed for Sharjah Electricity and Water Authority
. (SEWA), for a period of six months during the south-west monsoon season, in a water depth
of IOm, close to Dubai in the southern part of the Persian Gulf. The locality of the Waverider
buoy was governed by the proposed extension of a cooling water intake pipe, which was
hoped to alleviate problems associated with high levels of turbidity in the power station intake
system. Antiscalent dosing is required when' turbidity exceeds certain thresholds. Dosing,
which is an expensive process, increases non-linearly with increasing levels of turbidity.
Directional wave data, together with other meteorological and oceanographic (metocean)
measurements were utilised to advise SEWA on the proposed extension of the intake pipe.
Figure 2 shows time series data over a seven-day period in November 1995. Maximum wave
height (Hmax), peak wave period (Tp) and mean wave direction (Bm) are shown alongside
wind speed and direction. The colour-flooded wave energy time sequence shows spectral
energy against wave period, for each of the 14 frequencies"stored in the compressed spectrum
on the Waverider.
This 'event' has been shown since it represents a locally-generated storm, where maximum
wave heights of 3m persisted for approximately 33 hours. Wave energy and associated Hmax
and .Tp began to increase rapidly in response' to increases in local wind, speed on 25th
November; wind and wave directions were collinear. Despite the fact that wind speed
continued to' increase throughout the morning of 26th November, Hmax peaked six hours prior
to the peak wind speed, and remained constant at approximately 4m for the next 18 hours. Tt
is clear from the development of the storm shown in Figure 2 that sea state conditions became
fully developed and wave heights became depth-limited quite suddenly after the onset of the
storm. This is in agreement with depth'-limited wave equations specified in Reference 2. Sea
state conditions described by Hmax,. Tp and wave energy decayed gradually after the storm
event had passed and local wind speeds had reduced.
Figure 3 presents another 'event' in November 1995,-although in this case, the measured
waves were predominantly the result of a distant storm in the Persian Gulf and were not
related to local wind conditions. The wind climate varied diurnally as a result of an onshore
breeze that caused slight perturbations in the measured wave spectra. As' the energetic sea·
state approached the area, there was a gradual increase in wave energy and associated Hmax
and Tp. At the time of maximum wave energy, Hrnax reached approximately 3.5m, although
wind directions did not actto significantly enhance the wave climate. The event exhibits a
gradual decay of wave energy, which is typical of the tail of a swellwave regime.
Figures 2 and 3 presented the spectral shapes and associated wave parameters of local wind
and distant storm-generated sea states; each event was responsible for relatively energetic
conditions within the study area. Waves and the associated near-bed orbital velocities were
shown to be the dominant source of sediment resuspension and significant effort was applied
to the redesign of the cooling water intake system. Figure 3 highlighted the fact that simply
considering wind-wave generation only, would not be sufficient to describe the wave climate
within the study area, and to model events similar to Figure 2 a full basin model of the Persian
Gulf would be necessary.
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6.2

OFFSHORE WAVE MEASUREMENTS

A directional Waverider was deployed close to a semi-submersible drilling rig during
exploration of the Foinaven field, West of Shetland, UK. Data were recorded during the
winter months of 1995/96, in a water depth of approximately 500m, and telemetered to a realtime display on the rig. Wave information was used extensively during routine and weatherdependent operations throughout the measurement period. These measurements represent the
best available wave data set at Foinaven, and have since been used to assist in the design and
installation planning of a floating production vessel and the calibration and development of a
numerical wave model.
Figure 4 shows data from a seven day period in February 1996, which includes the maximum
measured wave energy associated with a maximum wave height (Hmax) of approximately
21m. The traces show significant (Hs) and maximum wave height (Hmax), zero up-crossing
(Tz) and peak (Tp) wave period, and mean and peak wave direction. In addition, the figure
shows a very detailed temporal description of sea state, both in terms of the wave frequency
spectrum and the wave direction spectrum. The colour-contoured directional wave spectral
time sequence was generated from the main direction and the directional spreading parameter
in each frequency band using the Power Cosine method of directional spreading.
A very intense westerly storm began on 14th February that was associated with long period and
very large waves. As the storm decayed, a sequence of shorter period south-easterly waves
were observed superimposed on the tail of the storm event. Figure 5 shows a single line
spectrum observed at the height of the storm event. The JONSWAP spectrum with peak
enhancement factors of 2 and 3.3 are also presented, along with the Pierson-Moskowitz
empirical spectrum. It is clear that the best approximation, for this particular sea state, was
simulated using JONSWAP with a peak enhancement factor of 3.3, although the peak fell well
below the observed peak. This highlights one inadequacy of using empirical spectra during
extreme offshore storm events.
7.

ENGINEERING AND ECONOMIC IMPLICATIONS

Nearly all offshore structural design requires some quantification of spectral sea state. For
conventional structures such as jacket platforms, this is generally achieved by taking extreme
statistical criteria (HsN , HN , TassN , Tp, etc.) and then imposing some empirical spectral form
on these. We believe that there is a strong case for making more effective use of measured
spectral forms during observations of extreme sea states and utilising this information more
effectively in the design process. This requires good communication between oceanographers
and engineers, and also an effective means of identifying relevant storm spectra in measured
data.
As oil production moves into progressively deeper water on the shelf edge and continental
slope, there is an increasing tendency to utilise floating production vessels (moored ships and
semi-submersibles). Such structures have a much more complex and dynamic response to
wave loading then conventional fixed platforms, and may also be subject to interaction
between wave, current and wind loading. The vessel motion response is very dependent upon
wave frequency and direction (Figure 6). Therefore, there is an increasing need for better
understanding and quantification of directional wave spectra.
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A further application for directional wave spectral information is during the installation of
offshore structures. For a steel structure, normally the jacket (lattice substructure) is deployed
first, slid off the back of a barge and placed on station. Subsequently, the topside modules are
installed, either by crane using a heavy lift barge, or by floating over the jacket from two
barges and then ballasting down until seated. Both of these techniques are intensely sea state
dependent, and both operations require the mobilisation of large spreads of expensive plant.
There are strong economic and safety requirements to have the best possible environmental
information available to those making operational decisions about the installation. "Generally,
there would be a detailed feasibility appraisal conducted prior to the operation to assess the
limits of operability in terms of wave height, period and incident direction. We have found
that the provision of detailed directional wave spectra during such operations has greatly
benefited the decision~making process, giving offshore personnel greater confidence in
making judgements.

8.

CONCLUSIONS

This paper has discussed the propagation and generation of waves, and has included a
description of some measurement techniques that are commonly used in offshore and coastal
environments. The technology is available to measure very complex sea states and the
presentation of long-term measurements of spectral sea state have been presented with
reference to many aspects of engineering design. Structures are becoming lighter and are
required to remain in service for longer, there is an increasing use of floating production
systems and sea levels are still rising. For" these and other reasons, there is a continual
requirement to increase our understanding of extreme wave conditions. At present, complex
spectral wave data derived from direct measurements are under utilised in the design process.
Fluid forces associated with radically different extreme sea states need to be estimated using
measurements of waves and currents, and modelled to provide the most appropriate design
criteria. Lack of appropriate measurements and limitations in our ability to specify all sea
states may lead to conservative and uneconomical design assumptions.
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METEOROLOGICAL AND OCEANOGRAPHIC SERVICE SYSTEM FOR
EMERGENCY OPERATIONS
Marja-Leena Komulainen
Finnish Meteorological Institute
Helsinki, Finland
Abstract
On 28/h September 1994 a serious accident occurred in the Baltic Sea, near Finnish coastal waters. The
1'0-1'0 passenger ferry MV Estonia sunk in the stormy weather, 852 passengers died and 137 survived. Sea
weather services in Finland have been developed and the implementation of recommendations have been
monitored during many years by users and authorities together. After the accident, in May 1996, a
working group was appointed by the Ministry of the Interior to investigate possibilities on how the
meteorological and oceanographic services required for emergency situations and for the related rescue
services should be organised and how the operational readiness of such a service could be ensured so that
search and rescue authorities could flexible obtain all weather and wave iriformation needed for their
operational activities. This MEOS/SAR group consisted of participants from the Institute of Marine
Research (FIMR), the Finnish Meteorological Institute (FM!), the Finnish Environment Institute (FEI),
the Finnish Maritime Administration, the Finnish Navy, the Finnish Frontier Guard, Ministry of the
Interior and fi'om the Finnish Life-Boat society. As a result of the investigation four proposals were
brought about. The first one proposes to use the existing Operation centre at FMI to serve as a duty centre
for the meteorological and oceanographic services during emergency operations. The second proposal
requires relevant models for emergency situations to be set ready for possible operational actions. The
dissemination of radar and satellite data to authorities should also be arranged. The third and fourth
proposal expose the needs for an agreement on defining responsibilities and cost sharing between the
parties involved. Responsibilities and cost assignment should even be prescribed in the law. The
proposals emphasise the importance of organising meteorological and oceanographic services during
search and rescue operations. Based on these proposals the parties involved have already started the
development work.

1. INTRODUCTION
The Finnish Meteorological Institute, the Finnish Maritime Administration and the
Finnish Institute of Marine Research set up on 20th June 1983 a project for the
development of weather services for Finnish sea areas. Although the development
project as such has been completed, the project parties (authorities and delegates from
marine users sector) continue as a contact body, monitoring the implementation of the
recommendations and reporting to the steering group. The function of steering group
has been to forward the implementation of the recommendations. Nowadays the
recommendations consist of 13 permanent recommendations and one single
recommendation.
Permanent recommendations consisted of
• the network of the marine observation stations,
• forecasts of weather, wind, sea-ice, sea state and water level and their
distributions,
• co-ordination between the countries surrounding the
Baltic Sea,
for example the needs of the Global Maritime Distress and Safety System,
• division of responsibility between the Finnish Meteorological Institute and the
Finnish Institute of Marine Research,
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•
•

basic resources for the marine weather services,
training of those producing information and of those using information and
the arrangements for contact maintenance.

The important single recommendation consisted of accidents and rescue services. This
was also the background for the MEOS/SAR working group.

2. THE ACCIDENT OF THE RO-RO PASSENGER FERRY ESTONIA
On 28 th September 1994 a serious accident occurred in the Baltic Sea, near Finnish
coastal waters. At the time the ro-ro passenger ferry Estonia sunk the weather was
stormy. This storm was caused by a depression, typical for the time of year
(Komulainen, 1994). The depression (982 hPa) moved across the Baltic sea and the
Gulf of Bothnia on the night 28 th September 1994. On the evening preceding the
accident the wind in the area blew ahead of the front from south or south east with a
mean speed varying 12 and 15 m/s. When the accident occurred the wind blew from
between south west and west, the mean wind speed was approximately 18 m/s with
gusts up to 24 m/s, in the morning the wind blew from west and north west 23 m/s
with gusts up to 29 m/so The water temperature was 13 and the air temperature about
10 degrees. The weather situation on 27th and 28 th September were analysed by the
Swedish, Finnish and Estonian meteorological institutes. Wave conditions for the night
of the accident were calculated afterwards by the Finnish, Swedish and German
institutes of marine research using their own numerical models of wave growth. The
significant wave height was in the evening 3 m, the time period 7 sec and mean
direction south west to west and in the morning the significant wave height was about
5 m, the time period about 8,7 sec and mean direction south west to west. The
calculated significant wave height agreed well with visual observations made on board
vessels which took part in the rescue operations. They observed that after the
accident the individual waves were up to 7- 8 m high and in general the wave height
was 4- 6 m. Ofthe 989 people on board 137 survived. All 95 victims recovered from
the sea have been identified and 757 persons are still missing. Helicopters rescued 104
and vessels 34 persons. One person died later. 852 passengers died in the accident.
The rescue operations leaded by the Finnish rescue experts were difficult because of
the heavy weather (The Joint Accident Investigation Commission, 1997).

3. SAFETY AT THE SEA PROGRAM IN FINLAND
After the accident, in May 1996, a working group was appointed by the Ministry of
the Interior to investigate possibilities on how the meteorological and oceanographic
services required for emergency situations and for the related rescue services should be
organised and how the operational readiness of such a service could be ensured so that
search and rescue authorities could flexible obtain all weather and wave information
needed for their operational activities. The background of this task was the single
recommendation of the project of the development of weather services for Finnish sea
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areas. This MEOS/SAR group consisted of participants from the Finnish Institute of
Marine Research (FIMR), the Finnish Meteorological Institute (FMI), the Finnish
Environment Institute (FEI), the Finnish Maritime Administration, the Finnish Navy,
the Finnish Frontier Guard, the Ministry of the Interior and from the Finnish LifeBoat Society. All participants are in a way involved in the emergency operations. The
working group handled the problems connected with present service methods of
meteorological and oceanographic operational services in emergency situations, and
also available models, needed observations and other unsolved questions. At near the
same time the Ministry of Communications and Transport accepted the safety at the
sea program. It included among other things the program of the development of sea
weather observation stations and the development of the air-sea model. Finland has a
long coastal area and the lack of marine observation stations has been remarkable.
During the years 1995-1998 (Meriturvallisuus -95, 1995) 30 new automatic weather
stations have been grounded by FMI (the Finnish Meteorological Institute) and two
buoy stations together with FIMR (the Finnish Institute of Marine Research). The
real-time observations can be used in models and in every day forecasting work and
also users can obtain the data from the different distribution channels. The data of the
buoy stations can be used in verifYing for example SAR data (Synthetic· Aperture
Radars).

MARINE ACCIDENTS
Oil destruction
vessels

Rescue co-ord.
and sub.centres

Ij

FE!

~

FMIoperations

FIMR

F

Information flow in the emergency situations
4. CONCLUSIONS
As a result of the investigation of the MEOS/SAR (Search and Rescue) working
group four proposals were brought about (MEOS/SAR selvitys, 1996).
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The first one proposes to use the existing Operation centre at FMI to serve as a
duty centre for the meteorological and oceanographic services during the
emergency operations.
The second proposal requires relevant models for emergency situations to be set
ready for possible operational actions. The dissemination of radar and satellite
data to authorities should also be arranged.
The third proposal and fourth proposal expose the needs for an agreement on
defining responsibilities and cost sharing between the parties involved.
Responsibilities and cost assignment should even be prescribed in the law.

The proposals emphasise the importance of organising meteorological and
oceanographic services during search and rescue operations. Based on these proposals
the parties involved have already started the development work. For example the
amendments of the new life-saving law concerning on the Finnish Meteorological
Institute and the Finnish Institute of Marine Research have been confirmed and the
development of the air-sea model has been started.
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Abstract
The results obtained with the optimal interpolation and the Green's function
assimilation method using two-dimensional wave spectra from ERS-1 SAR wave
mode imagette spectra are compared. The derived wind and wave corrections to
the data of the wave model WAM are evaluated with independent observational
data. Indications are found that, on one hand, the model winds and subsequently
the model wind sea are occasionally overpredicted, and that, on the other hand, the
modeled swell energy is underpredicted. The identification of these shortcomings
will help to establish lasting improvements in the geophysical modelling of winds
and waves for short-term forecasts as well as for climate predictions.

1

Introduction

Ocean wave predictions are now routinely taken into consideration for ship routing, offshore activities and coastal protection. Predictions of ocean wave data for both global
and regional scales are world-wide obtained from a third-generation spectral wave model
which is implemented at many operational weather and wave prediction centers.
Analogous to the weather prediction wave predictions need to be updated using real-time
wave observations. The number and diversity of wave data has increased considerably
since the operation of satellite-borne remote sensing instruments, namely the altimeter
and the synthetic aperture radar (SAR).
The altimeter data provide measurements of significant wave height while the SAR data
provide information of the two-dimensional ocean wave spectrum. Two-dimensional ocean
wave spectra describe the spectral distribution of wave energy completely and therefore
represent the most useful data for assimilation into a spectral wave model. Through wave
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data assimilation the model sea state is updated in close agreement with the observation
which is needed to produce reliable forecasts of the spectral wave energy distribution.
The data assimilation scheme for spectral wave data consists of several modules which
have been developed in concerted actions in the past years (Hasselmann, 1985; Komen et
al., 1994). The three main modules are the third-generation wave model WAM (WAMDI
Group, 1998), the algorithm toretrieve two-dimensional ocean wave spectra from imagette
spectra of SAR wave mode (SWM) data (Hasselmann and Hasselmann, 1991; Hasselmann
et al., 1996; Heimbach et al., 1998), and methods to assimilate observed wave spectra into
WAM (Bauer et al., 1996; Hasselmann et al., 1997).
To obtain a long-las.ting improvement of the forecast it is necessary to correct the model
wave spectra as well as the winds driving· the wave model. If the wave correction is
not accompanied by a dynamic consistent wind correction the waves would lapse into
the previous uncorrected state. Moreover, comparisons of modeled wind and wave data
with observations have shown that, indeed, errors in the wind fields are the most often
cause for incorrect wave predictions. Therefore, a reasonable starting-point of a wave
data assimilation method is the determination of adequate wind corrections to adjust the
incorrectly modeled wave systems. Wave systems are fractions of the two-dimensional
wave spectrum which are known as wind sea and swell. The spectral properties of wind
sea and swell require usually different corrections. This aspect has been addressed by the
optimal interpolation and the Green's function assimilation method. These two different
assimilation methods have been developed and validated independently. In the following,
results from the assimilation of ERS-1 SAR-retrieved wave spectra are compared.
The purpose of this study is twofold. First, the results of the optimal interpolation and
the Green's function method are evaluated by comparing the wind corrections obtained
from assimilation of the same wave spectra. Second, the results from the wave spectra
assimilation are evaluated more generally using independent wind and wave observations.
The structure of the study is as follows: Section 2 summarises the scheme to retrieve ocean
wave spectra from the ERS-1 SWM data. The optimal interpolation and the Green's
function assimilation method for the two-dimensional ocean wave spectra are described
in section 3. Section 4 presents the results from comparing the two different assimilation
schemes. The concluding section 5 discusses the results.

2

Ocean wave data from SWM data

The SAR instruments on board the ERS satellites receive in the so-called wave mode
5x10 km large imagettes of the ocean surface. The imagettes are composed of pixels
of Bragg-backscatter intensities with a nominal resolution of 25 m. The ocean waves are
imaged through the tilt and hydrodynamic modulation and the velocity bunching process.
These three processes induce a modulation of the amplitudes of the Bragg waves, i.e. the
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small ripple waves. The SWM imagettes are transformed into spectra and transmitted
to the ground when a ground receiving station is in sight. The SWM is continuously in
operation and provides every 200 km along the satellite swath a snap shot of the surface
waves on the global ocean.
Ocean wave spectra can be retrieved from the SWM imagette spectra using the WASAR
algorithm (Hasselmann et al., 1998) which is developed for real-time applications. The
WASAR algorithm contains an iterative inversion scheme of the closed nonlinear integral transform that describes the mapping of the ocean wave spectrum into a SWM
imagette spectrum. In the initial step some information from a first-guess WAM spectrum is taken to compensate for the ambiguity of the spectral direction and for the loss of
spectral energy beyond the azimuthal cut-off wavenumber. In the following steps of the
WASAR algorithm a cost function is minimised which depends on the distance between
the observed SAR imagette spectrum and the simulated SAR spectrum obtained from the
forward transformation of the retrieved ocean spectrum. The impact of the first-guess
information is seen to diminish with growing number of iterations.
The cost function puts a relatively large weight to adjust the simulated cut-off wavenumber to the observed cut-off wavenumber. The cut-off wavenumber is determined by the
velocity bunching effect and appeared to be useful to retrieve the wave height from the
observed spectra reasonably. The calibration of the observed spectra is done internally
using the intensity of the background noise level. The SWM data quality and. the retrieval performance of the WASAR algorithm have been assessed in detail (Heimbach et
al., this issue, and Heimbach et al., 1998). The significant wave heights from SWM are
in reasonably good agreement with significant waves heights measured by the ERS-1 and
TOPEX altimeter (Bauer and Staabs, 1998; Bauer and Heimbach, 1998; Heimbach et al.,
this issue).

3
3.1

Wave data assimilation
Optimal interpolation method

The optimal interpolation method has been successfully applied for atmospheric modelling. It belongs to the class of kinematic methods as it ignores the model dynamics. An
analysed ( = best-guess) model field at the analysis time results from a linear combination
of the model first-guess at a grid point and the observed data within the analysis time
window. The contributions are weighted depending on the data errors, the space-time
distance between model and observed data and the typical correlation length scale.
The optimal interpolation method was transferred to assimilate significant wave heights
from altimeter measurements into the wave model WAM (Lionello et al., 1992). The
correction of the two-dimensional modeled wave spectrum using the integral wave energy
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from the altimeters takes into account the general form of the spectral shape, and the
different contributions of wind sea and swell. The wind correction for the wind sea system
is estimated from an approximation of the duration-limited growth law (Hasselmann et
al., 1973).
The two-dimensional wave spectra from SWM data allow a more warrantable correction of
the spectral properties of the modeled wind sea and swell. At the analysis time one wind
correction can be derived, as before, which is consistent with the correction derived for the
wind sea energy. The wind correction refers to the magnitude (not the direction) of the
first-guess wind vector. A wind correction for the swell system would require estimates of
the temporal evolution of the swell system.

3.2

Green's function method

The Green's function assimilation method belongs to the class of dynamic methods because the wave model dynamics is used as a constraint. The Green's function method
provides dynamical consistent wind correction vectors for wind sea and swell. This is
done, first, by computing the response function of the wave spectrum to a perturbation
of the wind fields, and, second, by computing the spectral wave age. The impulse response function can be approximated, for reasons of plausibility, using a o-function. This
wave response function represents a so-called impact function to filter out the most probable wind corrections among the possible solutions of wind corrections in the space-time
domain. The approximation leads to a linear relationship between modifications of the
spectral wave energy and changes of the first-guess wind fields. The wind correction vector is inferred for each spectral wave component from minimising the difference between
the observed and the first-guess wave spectrum.
The spectral wave age follows from the time of wave generation. The wave generation
time is the last instant of time when a wave component receives a forcing either from the
wind or from the nonlinear energy transfer. After wave generation stops or after waves
emanate from a storm region the wave age grows continuously from zero until the next
forcing occurs. Incorrectly generated waves are· most appropriately corrected at their
generation region when the wave age is zero:
The spectral wind corrections and the wave ages are averaged for each wave system to
increase the confidence of wind corrections statistically. The wind corrections for wind
sea apply locally at the observation position. For swell, however, the wind corrections are
applicable at a past instant of time and at a distant location. The space-time distance
is to be traced back from the observation position along the great circle path of wave
propagation, and is defined by the wave age and the wave group velocity. Thus the
evolution of swell and its propagation enters the determination of dynamic consistent
wind corrections.
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Figure 1: Mean wind corrections [m/s] averaged for November 1992 obtained with the
optimal interpolation method assimilating ERS-1 SWM-retrieved wave spectra into WAM.
Isolines of the wind corrections are given in steps of 0.5 m/s starting from 0.5 m/so
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Figure 2: Mean wind corrections [m/s] averaged for November 1992 obtained with the
Green's function method assimilating ERS-1 SWM-retrieved wave spectra into WAM.
Isolines of the wind corrections are given in steps of 1 m/s starting from 0.5 m/so
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Results from assimilation of SWM spectra

Although the optimal interpolation and the Green's function method represent quite
different approaches of wave data assimilation methods the (locally) determined wind
corrections of both methods should be compatible. To test this, the methods have been
applied using the same observed two-dimensional wave spectra. About 5000 ocean wave
spectra were retrieved from ERS-1 SWM. imagette spectra in November 1992 for the
Atlantic Ocean which are exploited in this study.
The wave model WAM was run with the 6-hotlr analysed wind fields at 10m height from
the European Centre for Medium-Range Weather Forecasts (ECMWF). The latitudelongitude grid was 10 x 1 0 and the spectral resolution was 25 frequencies spaced logarithmically between 0.042 Hz and 0.41 Hz, and 24 directions in steps of 15 0 •
The one-month averages of the wind corrections from the optimal interpolation (Fig. 1)
and from the Green's function method (Fig. 2) show a relatively large similarity. Some
regions with relatively large and uniform wind corrections can be identified. These are
visible in strong wind regions of the NW Atlantic, the NE Atlantic and the S Atlantic.
From the comparison of the mean wind corrections with the monthly mean wind field for
November 1992 follows that the first-guess winds in these regions tend to be too strong.
A different result is found for the tropical regions. The wind corrections in the tropical
Atlantic indicates that the first-guess winds are underestimated. It has to be noted that
the Green's function method yields less wind corrections in the tropical region than the
optimal interpolation method. This results from the dominance of swell in the tropical
region. The wind corrections for swell are determined at their generation regions which
are the extratropical regions.
The tendencies of the wind corrections inferred for tropical and mid-latitude regions are
in agreement with annual validations of ECMWF wind fields using ERS-1 scatterometer
data (Bentamy et al., 1996).
For the overprediction of the modeled winds in the mid-latitude strong west wind regions
some further evidence is found. The southeastward blowing winds of a cyclone in the
NW Atlantic on the 3-4 November 1992 are seen to be overpredicted. In consequence the
modeled waves are overpredicted by about 3 m. The optimal interpolation (Fig. 3) and
the Green's function method (Fig. 4) yield a reduction of the first-guess winds by about
8 m/so Swell waves emanating from the storm are seen by the SWM data to be too high
during the following 10 days. The corresponding wind corrections in the storm region
from the Green's function method are about constant for a period of more than 10 days
(Fig. 5).
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Figure 3: Wind correction vectors [m/s] computed from wind sea corrections with the
optimal interpolation method using SAR-retrieved spectra from November 3, 1992 in the
6-hour interval centered at 12Z.
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Figure 4: Wind correction vectors [m/s] computed with the Green's function method
using the SAR-retrieved spectra as in Figure 2. For each wave system one wind correction
vector is shown at the position of origin of the wave system which is determined from the
corresponding wave age and the group velocity. Different shading refers to different time
intervals in the past for the wind corrections.
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Figure 5: Wind correction vectors [m/s] computed with the Green's function method at
times of origin between November 3 and 5, 1992 using the SAR-retrieved spectra from
November 15, between 9.36Z and 9.50Z in the S-Atlantic. Observation positions and wind
correction positions are connected by great circle lines.

5

Conclusions

The comparison study of the optimal interpolation and the Green's function assimilation
method using two-dimensional wave spectra has demonstrated that all modules of the
assimilation scheme produce useful results. The wave spectra retrieved from the ERS-l
SWM imagette spectra with the WASAR algorithm are reliable. The wind corrections
to the first-guess model wind fields from the two assimilation methods agree reasonably
well..
The agreement of both assimilation schemes to yield similar wind corrections is encouraging in view of the fact that the optimal interpolation scheme relies solely on the windsea
part of the SWM-retrieved spectrum, whereas the Green's function method heavily exploits the availablity of swell spectra. This suggests, that some confidence can be put not
only on the swell but also on the windsea retrieval of the WASAR algorithm.
The SvVM-retrieved spectra indicate on average a slight underestimation of the wave energy by WAM. Separating the wave energy into wind sea and swell reveals an overestimation of the modeled wind sea and an underestimation of the modeled swell (Heimbach et
al., 1998). These different deviations are clearly reflected in the wind corrections obtained
from the assimilation. Model winds for strong wind sea are found to need a reduction
and model winds for swell need an intensification.
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The overestimation of model winds seems to occur occasionally. An example for a significant overestimation of the intensity of a deep pressure system in the N Atlantic was
shown. Waves generated by this storm and which propagated as swell toward the S Atlantic involved repeatedly the same wind corrections from the assimilation of different
SWM-retrieved spectra. In turn, the repeated finding of the same wind corrections puts
confidence in the suitability of the modules of the assimilation scheme.
As the model wind sea is overestimated presumably due to overpredicted wind forcing
another cause (than an incorrect wind forcing) appears to be likely for the underestimation
of swell. Further evidence for the underestimation of the modeled swell energy is derived
from the comparison of significant wave heights with the TOPEX altimeter data (Bauer
and Heimbach, 1998). The underestimation of modeled swell is seen to grow with wave age
(Heimbach et al., 1998) which suggest to re-examine the propagation and the dissipation
of swell in the wave model.
Spectral wave data assimilation methods are an ideal tool for the combined analysis of
modeled and observed wind and wave data. Such analyses need to be continued to find
and to remedy eventually the real causes for shortcomings in the modelling of winds and
waves. Further developed geophysical models will ultimately also contribute to improve'
climate predictions (WASA Group, 1998).

Acknowledgements: Part of this study is a contribution to the research program "Klimarelevante Prozesse im System Ozean-Atmosphare-Kryosphare" (SFB 318) funded by
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North Sea wave directional spectra for assimilationjn wave models
by Evert Beuws, KNMI, De Bilt, The Netherlands

Abstract
About twenty years ago, The Dutch automatic measuring network at the North Sea was
installed and has been extended since. To improve wave forecasting in the North Sea using
various data assimilation techniques, a number of wave directional buoys was added later to
the network. At present, seven so-called Wavec buoys are operational, two of them in the
Northern part of the North Sea, the remaining five around the Dutch coast. A robust
processing method described by AJ.Kuik et al. (1988) is used real-time for calculating wave
directional spectra and related parameters. The spectra are available in a form which makes
them particularly suitable for the application of data assimilation. For instance, AC.VOOlTips et
al. (1997) have used directional data of this network in conjunction with their Optimal
Interpolation of Partitions method applied to the present North Sea version of WAM which is
used by the maritime meteorological service of KNMI.
In this paper, the application of directional spectra from the Dutch measuring network will be
reviewed, including a plea for more real-time exchange of wave spectra.

1. Introduction
At KNMI, the implementation of a new version of NEDWAM - the KNMI shallow-water
version of WAM for the North Sea, which includes a part of the Norwegian Sea, cf. Burgers
(1990) - is anticipated at the end of 1998. This new version comprises wave data assimilation,
using a technique developed by Voorrips et al. (1997). This technique is based on their optimal
interpolation of spectral partitions method which projects the entire wave directional spectrum
onto a few essential parameters. NEDWAM is used in the operational service of the madtime
meteorological service of KNMI in Hook of Holland (Rotterdam).
Since about 1970, traffic control near Rotterdam Harbour (Hook of Holland), particularly for
deep-draught crude carriers, requires accurate tidal and wave spectra forecasting, the latter
with emphasis on low-frequency spectral components. In that time, due to the increase of
demand of oil products and at the same time the closure of the Suez Canal, the size of crude
carders increased rather drastically, with typical draughts of 20 m or even more. Rotterdam
had reasons to worry about the accessibility of its harbour for such large vessels, having a
concentration of oil refinery industry in the area, while the bottom depth of the North Sea west
of Rotterdam is 20 to 25 m only. An offshore channel was dredged - the so called Eurochannel
- connecting the Europoort harbour to deeper water. Deep-draught carriers using this channel
are limited to a course which is perpendicular to the most likely direction of low-frequency
swell from the northern part of the North Sea. When such a swell occurs containing
components with wave periods greater than 10 seconds it may cause roll movements of the
ship, thus increasing her draught to values close to grounding. Because of this, for the traffic
control at Hook of Holland a system was developed to support decisions on the admittance of
deep-draught vessels to the Eurochanel. This system is using tidal and low-frequency wave
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data. It is vital for the Rotterdam harbour that this system is reliable, so much emphasis was
put on the development of advanced tidal and wave models, while at the same time an
extensive automatic observing network was installed in the North Sea which gradually was
extended to its present size. It comprises all relevant elements for tides and waves (waves,
water level, meteorological parameters). [Real-time data can be viewed at the web site
www.waterland.netlrikz (in Dutch)]
At KNMI, wave prediction models were developed, in the seventies the second generation
model GONO, which was replaced later by the third generation model NEDWAM, the Dutch
North Sea version of WAM. (For WAM cf. WAMDI, 1988).

2. Observations in the North Sea
The present status of the North Sea observing systems (all countIies) is displayed at the web
site of SeaNet (a MAST III activity, with relations to EuroGOOS):
[www.minvenw.nl/projectslseanet (in English)], see figures 1 - 4, showing all locations with
observations, and locations with observations of wave height, wave direction and wave spectra
respectively. Combining figures 3 "wave spectra" and 4 "wave direction" it becomes evident
that only the Dutch and Belgian observing networks provide directional spectra data needed
for data assimilation in the fashion described by Voorrips et al.

-3. Routine analysis of wave data in the Dutch observing network
Wave spectra of the observing network in the North Sea are processed real-time in the Hook
of Holland traffic control centre. For this a method is used, which was proposed by Kuik et al.
(1988) for pitch-and-roll buoy (Wavec) data. This method was especially designed for
automatic use under operational conditions. It should therefore be as straightforward and
robust as possible. According to Kuik et al. their method provides four "model-free"
directional parameters per frequency interval: mean direction, directional width, skewness and
kurtosis of the directional distribution. With the expression "model-free" the authors mean that
no a priori assumptions have been made about the shape of the directional distribution. All four
parameters are derived from moments of the directional distribution D(S), approximated by a
truncated Fourier seIies. In addition, an optional interpretation of the combination of skewness
and kurtosis as an indication of uni-moda1ity of the directional distribution was proposed (see
figure 5) which in our experience has proven to be quite useful. In practice, only the mean
direction and the directional width are meaningful for narrow frequency intervals (0.005 or
0.01 Hz). The statistical scatter of skewness and kurtosis is then too large; therefore these are
displayed only for frequency bands which are sufficiently wide, 0.03 or 0.1 Hz, say.
Real-time data assimilation requires a rather strict quality control. If certain levels of
probability are exceeded, the data will be used. On the other hand, monitoring samples of the
data is essential for maintaining the perfonnance of the observing system. The system
managers have to be informed by the data users about possible malfunctioning of the system.
Real-time inspection is done by compaIing the observed data (significant wave height, mean
direction, etc.) with the model output (or the output of the forecasting service), see figure 6 for
an example. Experience of about 15 years has shown that this method meets all requirements

253
of operational use. The high quality of the wave data from this observing network was
demonstrated by Etala and Burgers (1994), comparing it with other observing systems in the
North Sea area. The automatic processing is very reliable and needs marginal monitoring only
to deal with kinds of errors which are cannot be foreseen and may pass all quality checks.
Examples of unusual errors are:
• a faulty compass of a pitch-and-roll buoy which can be detected only by comparing the
direction of the short-period wind waves with the local wind,
• system errors mutilating the data in the database, after passing all quality checks.
This apart from interruptions of the data flow by the loss of the sensors or data communication
which are the main reasons for monitoring the data flow.
Before the data are archived, a quick-look inspection by eye is done; a variety of parameters is
5
compared, such as S(f).f in the high-frequency part of the spectrum with the local wind speed
and the associated wave direction with the wind direction. S(fp)/S(fmin) is viewed as an
indicator for the signal-to-noise to detect noisy spectra, with fp the frequency at the maximum
of the spectrum and fmin the lowest frequency of the spectrum that is taken into account; S(fmin)
is interpreted as spectral noise level.

4. Conclusions
Operational wave forecasting for the southern North Sea is based on state-of the art system
including the wave instruments, data processing, wave modelling and data assimilation.
There is a potential wealth of wave observations in real time, in many cases including
directional spectra. So far, the use of this data has been exclusively by the owners of the
instruments or direct associates. It is high time to follow the example of the meteorological
community to share all available data free of charge, in the interest of all participating parties.
The SeaNet initiative which has started recently as a MAST III project may help to proceed in
this way.
Reference has been made in this paper of a straightforward and robust method for processing
wave directional data. Though it may seem more appropriate to use spectra with as much
detail as possible, the stability of the data seems of greater value, even at the expense of
resolution of wave frequencies and directions.
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Figure captions
1. SeaNet: location overview in North Sea
2. SeaNet: as figure 1, wave height observations
3. SeaNet: as figure 1, wave direction observations
4. SeaNet: as figure 1, wave spectra
5. Scatter diagram of skewness (y) and kurtosis (8) values of a large number of model
directional distributions. Panel a shows unimoda1 and symmetric distributions, panel bother
distributions. (From Kuik et aI., 1988)
6. Example of monitoring model and observational data at KNMI (significant wave height at
Auk, North Sea, east of Scotland)
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Fi~ure 6. Example of monitoring model and observational data at KNMI (significant wave
heIght at Auk, North Sea, east of Scotland)
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Wave spectral data from numerical wave models - A comparison of wave model results
for the Baltic Sea, obtained by a second- and a third-generation wave model

Arno Behrens
GKSS Forschungszentrum Geesthacht
Max-Planck-Strasse
21502 Geesthacht, Germany

Introduction
The importance of ocean wave spectra needed in many different application sectors increases
continuously. The retrieval of wave spectral data from space based and ground based
instrumentation will be completed by the provision of spectral data from numerical wave
models. Spectral data obtained by wave models is not only be available simultaneously for
every area of interest, but also for the near future if computed by a wave forecast model. At
the german weather service (Deutscher Wetterdienst, DWD) runs a wave forecast system
driven by the wind fields of the atmospherical models since 1992. A new generation of
atmospherical models are in preparation at the DWD now, that will replace the actual models
running in the weather forecast routine. The first one is a hydrostatic type of a global model
(GM) that will run on a triangular grid with a resolution of about 55 km (about 28 km in the
year 2001) and the second one is a local model (LM) of the nonhydrostatic type which will run
on a sperical grid with a resolution of about 7 km (about 2.5 km in 2001). The LM will cover
Germany and its surroundings including the North Sea and most of the Baltic Sea. On the
occasion of this transposition in the numerical weather forecast routine it is also planned to
renew the actual wave forecast system. The implementation of a global wave model that runs
on a sperical or triangular grid requires another wave model instead of the actual second
generation wave model HYPA which runs on a cartesian grid. The third generation wave
model WAM offers its service in this case and seems to be the reasonable tool for the future.
Only for the local wave model that will include the North sea and the Baltic Sea an
uncertainty remains concerning the quality of WAM forecast results for shallow water
conditions and high spatial resolutions. To remove these uncertainty a three month
intercomparison of wave model results obtained by HYPA and WAM with measurements has
been done. The results of the investigations were unsatisfactory and some further work was
required to improve the results, particularly those of the WAM model. Remarkable
improvements in the agreement between model data and measurements could be achieved by
the use of another wind fields to drive the models, the extension of the frequency range in the
WAM model to higher frequencies and the enhancement of the rest energy in the frequency
bands to avoid that parts of the model area run idle of energy in situations with neither wind
nor swell.

WAM model results in comparison with forecast data of the DWD-wave routine
In preparation of a new wave forecast system that will be implemented in the near future on

the computer of the DWD, a three month comparison beween the wave model results of the
actual routine model HYPA for the Baltic Sea with the data obtained by the third generation
wave model WAM has been done. The aim of the investigation was to prove whether the
WAM model is able to provide high quality forecast data, particularly for shallow water

262
conditions and for high spatial resolutions. The time period chosen for the comparison was 15
October 1996 - 15 January 1997. All wind fields of that period which are the two-hourly
forecast U-lO wind fields of the EM have been archived during the routine runs so that they
were available to run the WAM model with exact the same driving forces in a hindcast mode.
For that WAM was initialised in the same way as HYPA and runs on the same cartesian grid
for the Baltic Sea with a spatial resolution of 15.875 km and uses the same directional
resolution of 15 degrees. Merely the frequency resolution'differs slightly. The Table 1 shows
the significant wave height statistics at the location Zingst e 12.7° E, 54.7° N) in the southern
Baltic Sea.
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49.9

0.38
0.58
0.68
-1.81
77.8

0.32
0.33
0.54
0.19
58.0

0.21
0.35
0.53
-1.53
52.2

Table 1: Statistics for the significant wave heights at Zingst (drivingforce: U-10 wind)
Unfortunately during the considered time period the U-10 wind fields that are used to drive
both models are systematically too low compared with measurements and therefore the wave
models which sensitively depends on the wind fields computes not enough wave energy and
underestimate the measured significant wave heights. Especially the wave heights obtained by
the WAM model are unsatisfactory. The bias which gives the mean of the differences between
model data and observations is for HYPA about 20 cm and for WAM about 40 cm which
means that WAM underestimates the measurements at Zingst by 40 cm in average. Figure 1
shows the corresponding time series of measured and computed significant wave height.
A very disappointing value in the statistics is the reduction of variance which is negative for
the WAM model results during all months. The value is given by:
N

LeO; _F;)2
RV = 1- ~;~=1
N

_

Leo; - M)2

Fj:

Dj:
M:

individual forecast
individual observation
mean of sample or climate mean

;=1

The reduction of variance is a skill measure in the sense that it compares the variance of the
forecast to the variance of the unskilled estimate M, based on climatology or on the mean of
the sample. The range of RV is -n to +1. A negativ value implies that the climate mean is a
better predictor than the forecast value, or the converse if RV is positive. RV=l implies that
there is no error in the forecast values and RV=O implies that the forecast is not better than the
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climate mean. If the number of events verified is small, a negative value is more likely to
occur since considerable departures from the climate mean are more likely in small samples.
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Figure 1: Time series ofmeasured and computed significant wave heights at Zingst for
November 1996 (modelsforced by the U-10 windfields ofthe EM).
WAM-C4+ denotes the version with an extendedfrequency range.

Steps to improve the wave model results
The wind fields used in the DWD routine and also used for the corresponding WAM
hindcasts were the U-lO wind fields, computed from the the forecast results of the
atmospherical EM. The wind speeds of those wind fields seem to be systematically too low,
particularly for wave model gridpoints near to the coast. Therefore we decided to rerun the
HYPA and the WAM wave model for November 96 with the wind fields of the lowest vertical
layer of the EM which has an extension of about 30 m. We expected that these wind fields
with its wind speeds, that have been reduced by 7 % to get an 10-m wind, will us enable to
achieve better results. Figure 2 shows time series of the computed wind speeds and wind
directions at Zingst in comparison with measurements obtained at two meteorological stations
near the directional buoy. It becomes obvious that the wind of the lowest level of the EM
agrees much better with the measurements as the U-lO wind. Merely during the second of
November the lowest level wind clearly overestimates the measurements. Therfore in a first
step the six-hourly wind fields of the lowest EM-level were selected to force the HYPA wave
model which includes an efficient fast fourier transformation, that was used to interpolate the
wind fields in time providing two-hourly wind fields to drive subsequently the WAM model
in a second step. In this case for both wave models higher wave energy and hence higher
significant wave heights for November 96 have been calculated. Figure 3 shows the
corresponding time series of the computed and measured significant wave heights, that agrees
in most of the peaks much better than before, particularly on the seventh at 0 o'clock, on the
ninth at 18 o'clock and on the twentyfirst at 18 o'clock. Only at the beginning, at the second
November, the wave model values are obviously too high due to the unrealistic wind speed at
that time.
To improve the unsatisfactory WAM model results for moderate wind conditions it is required
to extend the frequency range of the standard WAM model to include the corresponding
energy peaks. In our case 6 frequency bands between 0.41 and 0.73 Hertz have
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been added. A further problem occurs if the wind speeds decrease dramatically so that the
computed wave energy becomes zero. In these cases the energy in such an area vanishes
rapidly without incoming swell energy from other parts of the grid. To avoid this phenomena,
a small amount of rest energy is prescribed in the WAM subroutine IMPLSCH, that contains
the implicit integration scheme to compute the new spectra, in the form: E = ag2(21tfer 5*1O- 11
(fe: cutoff frequency). For our purpose the constant factor 10-11 seemed to be too small and
was enhanced to a value of 10-8• During the periods with higher wind speeds no or only slight
improvements occur but between the 15th and the 19th of November under moderate wind
conditions with wind speeds less than 2-3 m1s, the hindcast results with the extended
frequency range agrees much better with the measurements. The bias for November 96
therefore decreases from 44 cm to 34 cm.
A reasonable and reliable statement with respect to the quality of the wave forecast models
can be achived only when the driving wind fields are of best quality. A statistics taking this
into account have been developed neglecting the first days of November 96 because of the
unrealistical computed wind speeds during those days. During the rest of the month the
modelled wind speeds agree very well with the measurements and the statistics for the
corresponding significant wave heights for this period is shown in Table 2. All values
included are very satisfactory for both wave models and the underestimation of the
measurements by the WAM model of only 3.5 cm in avarage give an impressive prove that
WAM will provide high quality wave data if the driving wind field is near to nature.

Table 2:

2.54
1.08

2.54
1.08

2.54
1.08

2.80
1.19

3.07
1.04

3.07
1.11

Statistics for the significant wave heights at Zingstfor the time period
5 - 30.11.96 (driving force: lowest level wind).

Wave spectra
In addition to the comparisons of the measured and computed integrated parameter significant
wave height it is possible to compare spectral data also. The directional data buoy at Zingst
provides one dimensional directional spectra that can be compared with wave model data.
Figure 4 shows a measured spectrum at Zingst compared with the computed spectra obtained
by WAM and HYPA. These spectra are representative for the calculations with the U10-wind
fields. Due to the underestimation of the wind speed in this case the measured wave energy is
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obviously much higher than those computed by WAM and HYP A. Beyond it the peak of the
modelled spectra is located at higher frequencies.
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The use of the wind fields computed in the lowest layer of the EM leads to the results shown
in figure 5. The agreement between measured spectrum and computed spectra is much better
than before, the amount of wave energy and the peak frequencies differ only slightly.
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Figure 7: Mean wave direction ofspectra at Zingst (Time: 96110700)
Figure 6 shows the corresponding two-dimensional spectrum including the directional
distribution of the wave energy. To compare the computed directions with those of the
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directional wave buoy, a mean direction for each frequency band ofthe wave model have been
computed and the result is shown in figure 7. In the part of the spectra, between 0.1 and 0.3
Hz, where wave energy is located in this case, the agreement between measured and computed
mean direction is fairly well.
Conclusions

A three month intercomparison has been done comparing the wave model results of the
second generation wave model HYPA and the third generation wave model WAM with
measurements in the Baltic Sea. The aim of these investigations was to find out whether
WAM is suitable to use it as the future routine shallow water model for the wave forecast
system to be installed at the DWD. The result was, that both wave models tend to a
systematical underprediction of the measured significant wave heights. Especially during
moderate wind conditions WAM provides wave heights that are unacceptable low.
Remarkable improvements could be achieved by using the wind fields out of the lowest level
of the atmospherical EM instead of the UlO-wind, by extending the frequency range to save
the wave energy in the higher frequency bands and by making sure that parts of the model area
can not run idle of energy in situation with no wind and no swell entering from others parts of
the model grid. If that will be considered it can be concluded that the WAM-model will
provide reliable wave data for shallow water conditions and high spatial resolutions as
required for the Baltic and the North Sea and therefore will be the reasonable tool for the new
wave forecast system at the DWD. The products of the wave forecast system which are wave
spectral data and integrated wave parameters enables in combination with measured wave data
a valuable use in many application sectors.
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1. Introduction
Spectral wave modeling has proven its usefulness on ocean and basin scare. Design wave
heights have been obtained by hindcasting of severe storms and/or by statistical analysis
of long period hindcasts. Operational forecasts give reliable medium range information
suitable for ship routing or for planning of work activities.
Recently more and more effOli is going into spectral wave modeling in nearshore areas,
i.e. in shallow water environments. Compared to deep water applications, different
processes become important for the wave spectral balance. Bottom fi'iction, depth
induced wave breaking, non-linear interactions and/or interaction with currents and tide
might become dominant. Also the spatial scales of the problems and the needed
resolution change. Whereas deep water application relate to ocean and shelf sea scales
and typically have a resolution in the order of 50 km, shallow water application are on a
coastal scale and typically need a resolution of 1 km or even better. The paper will
therefore address the following topics:
•
•
•

enhancements to the WAM Cycle 4 code for use in shallow water
interaction with currents and tide, and its impOliance
illustration with an application for the Belgian coastal zone

Improved estimates of the wave spectmm can have an added value for operational and
engineering applications such as in the evaluation of coastal protection schemes, in the
determination of sediment transpOli and in ship maneuvering and ship routing.
The major pmi of the work described here was and is being carried out in the fi'amework
of the EC-MAST III project PROMISE (PRe-Operational Modelling In the Seas of
Europe). The primmy objective of the PROMISE-project is to develop a fi'amework to
optimize the application of existing pre-operational dynamical models of the NOlih Sea
towards the focus of quantifying the rates and scales of the exchange of sediments
between the coast and the near-shore zone. Also envisaged is to enable the subsequent
application of this fi'amework to other coastal areas and for broader management
applications. PROMISE stmted early 1996 and will end early 1999.

2. The WAM-model
At the stmt of PROMISE WAM-Cycle 4 (hereafter called WAM), a 'state of the ali'
spectral wave model for deep and intermediate water depths (Komen et al., 1994), was
the only model available in the public domain and was therefore selected as the primary
wave model for use in the project. Moreover, in the PROMISE research groups,
considerable experience with this model existed. Recently, the SWAN-model (Ris
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et al., 1997) has also become publicly available. The basic principles of SWAN are
similar to that of WAM. One of the major differences is the implicit treatment of the
propagation terms in the transpOlt equation, resulting in an unconditionally stable
propagation scheme.

WAM in its original form (Glinther et al., 1994) is a third-generation (3G) wave model,
which calculates the evolution of the wave energy spectmlll, without any prior
assumptions about its shape. It represents the physics of wave evolution in accordance
with present day knowledge for the full set of degrees of freedom of a 2D wave spectmffi.
It solves the action density balance equation, expressed in terms of wave energy, for the
case of steady depths and currents. The basic equation in Ca1tesian co-ordinates then is:
iF 0
0
0
F
0
-+-(c F)+-(c F)+o--(c -)+-(c F)=S
ot ox x
oy y
000- oB ()
/0/

(1)

IT

where F(x, y; 0; B; t) is the wave energy spectmm; t is the time; IT is the intrinsic angular
fioequency; 8 is the wave direction measured clockwise from tme north; Cx and Cv, are the
propagation velocities in geographical space; and Crr and CB are the propagation velocities
in spectral space (fioequency and direction). The left-hand side of the above equation
represents the local rate of change of wave energy density, propagation, shifting of
fioequency due to variation in current and depth, and refraction. The right hand side
represents all processes for generation and dissipation of waves, including wind input Sin,
white-capping dissipation Sds, non-linear quadmplet wave-wave interactions Snl and
bottom friction dissipation S~r- The propagation and the source terms are integrated using
an explicit and semi-implicit method respectively (Komen et ai, 1994).
The model can be applied to deep and shallow water, can include depth and current
refioaction (steady depth and current field only), and can be set up for any local or global
grid with prescribed topographic data. Nesting of grids is also possible.

3. Enhancements
3.1. Shallow water improvements

For use in coastal areas, some enhancements of the standard WAM-model were required.
The changes and additions to the code have been documented in more detail in Monbaliu
et al. (l998a). Below a summary is given.
The enhancements may be placed in one of the following categories:
•

propagation scheme:
A major problem for WAM-model applications at high spatial resolution in shallow
water was the restriction that the propagation time step must be larger than the source
term integration time step. In practice, the small time step for propagation, due to the
Courant stability condition, required a small time step fOl" the source term integration
and consequently excessive and impractical computational times. This restriction has
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been successfully removed (Luo and Sclavo, 1997). The source term integration time
step can now be larger than the propagation time step and is usually taken between 10
to 20 minutes in accordance to the time scale of the physics involved..
The use of an "octant" scheme has been introduced as an option. It reduces mtificial .
energy loss near coasts (Sclavo and Luo, 1997).
Some tests were done with a scheme based on the Euler-Lagrangian formulation
(Zhang et al., 1998). This scheme was however not implemented.
It is possible to use a propagation time step dependent on ft·equency. This improves
computational efficiency.
Also a procedure has been developed to improve stability for refraction calculations
in the case of large depth gradients.
•

source terms
A routine to deal with depth induced breaking based on the Battjes-Janssen theOly has
been added (Luo, 1995).
Five different bottom ft'iction formulations for pure wave conditions (Luo and
Monbaliu, 1994) have been implemented. Several theoretical models for the bottom
ft'iction in combined wave current flows have been developed and advanced our
knowledge of wave-current interactions, e.g., Grant and Madsen (1979),
Christoffersen and Jonsson (1985). However, these models were derived for a wave
motion corresponding to a single period wave. Only recently, has Madsen (1994)
derived a model for turbulent wave-current bottom boundary layer flows with wave
motion described by its directional spectmm. The formulations of Christoffersen and
Jonsson (1985) and Madsen (1994) have been implemented.
Not added yet are triad interactions. Young and Eldeberky (1998) have seen some
evidence oftriad interactions at fairly high values of the relative depth (kpd, where kp
is the wavenumber at the spectral peak and d is the water depth) when analyzing data
from experiments in a shallow lake. They suggest that the effects of such interactions
might not only be significant in the shoaling region, but also may need to be
introduced in transitional water depths found on many continental shelves.

•

input/output
Additions and improvements to the input and output routines have been added for
high-resolution applications. A coastal application will typically use a fine grid nested
into a coarser grid. To avoid rounding problems when comparing the location of grid
points, these are now defined with accuracy better than 1 second.
In the standard version of WAM, boundary conditions are interpolated and stored
before a fine grid mn. Interpolation within a nested "fine" grid mn has been
introduced, drastically reducing the disk space needed. Radiation stress and the period
Tm02 , defined by the second moment of the spectral distribution, have been added as
output parameters.

•

other
The 'other' category includes the use of a steady state detector to avoid unnecessmy
computation when boundary conditions are kept constant in local applications.
Hersbach et al. (1997) and also Luo and Sclavo (1997) proposed and tested a new
wave growth limiter.
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The specification of depths in the shallow water table, used to estimate the group
velocity, needs adjustment to resolve appropriately the depth range encountered in
shallow water mns.
3.2. Interaction with currents and tides

When waves propagate in the presence of currents some characteristics of the wave
signal are modified. Waves become longer or shorter depending on whether the currents
are following or opposing the waves. One has to introduce absolute and relative
frequency. And due to the tidal signal the water depth is changing, which in turn not only
affects wave refraction but also the current.
By coupling a hydrodynamic model to a spectral wave model one is provided with the
oppOltunity to update the information in the wave model regarding the changing current
pattern and tidal elevation and to provide information from the wave model to the
hydrodynamic model. The hydrodynamic model used in this study solves the 2D depth
averaged momentum equation and the continuity equation in order to obtain the depth
averaged velocity u and v [m/s] in the x and y-direction respectively, and the tidal
elevation [m]. The equations in Cattesian coordinates read:
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Note that t is time [s]; Sis the sea surface elevation with respect to mean sea level S[m];
h is the mean water depth [m]; g is acceleration due to gravity [ms-2]; p is sea water
density [kgm-3]; Pa is atmospheric pressure [Pa]; I is the Corio1is parameter; D is
horizontal diffusion coefficient; ("Cbx ,'tby) and ("C sx ,"Csy) are the bottom stresses and surface
stresses. Details on the numerics can be found in Yu (1993).
Mastenbroek et al. (1993) used the surface stresses and radiation stresses fi.-om the wave
model in order to drive a surge model. They repOlted that when taking the dependence of
the drag coefficient on the sea state into account, it was possible to improve the storm
surge predictions. Tolman (1990) studied the effect of currents on the wave field in
applications with a relatively coarse space resolution (North Sea scale). In the ED
ECAWOM (European Coupled Atmosphere-Wave-Ocean Model) project, a framework
to couple meteorological, wave and ocean models was developed for ocean basin scales.
At such large scales, different processes are important; e.g. feedback fi.-om the ocean to
atmosphere with sea surface temperature computed in the ocean model and waves
influencing the atmospheric boundary layer (Weisse and Alvarez, 1997). These
examples illustrate some of the complexity, but also the need to use forcing which is
consistent in the different models. For example surface stress and bottom stress should
be consistent in a coupled wave-surge model system and take into account the mutual
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interaction. Obtaining a good understanding of these coupled processes will lead to a
better understanding of the physics involved.
In the PROMISE project a framework is being developed whereby it will be possible to
couple a 2D or 3D hydrodynamic model with a spectral wave model in a dynamical way.
A first step in the testing of the framework was to test a one way coupling whereby
currents and water elevations are exchanged with the wave model at predetermined time
steps. The results shown from some numerical simulations in the Southern North Sea,
highlight some of the findings ft.-om the one way coupled system and are shown in the
next section.

4. Application for the Belgian coast
4.1. set-up of the model

. The wave model was set up with three nested grids: a coarse grid, a local grid and a fine
grid. The coarse grid covers the whole NOlth Sea (48°N to 70 0N and from 100W to 100E
with a resolution of 1/3° in latitude and 2/3° in longitude). The local grid covers the area
from 50 0N to 52°N and ft'om OOW to 4°E with a resolution of 1/24° in latitude and 1112°
in longitude. The fine grid goes ft'om 51°N to 51.5°N and ft'om 2.5°E to 3.6°E with a
resolution of 1/96° both in latitude and longitude. The coarse grid lUn provides boundary
conditions for the local grid, that in· turn provides boundai)' conditions for the fine grid.
The coarse wave grid is displayed in Figure 1. The local grid and the hydrodynamic
Continental Shelf model (CSM) grid are indicated. The CSM-grid covers the area from
48°N to 6JoN and from 12°W to 13°E with to a resolution of 1124° in latitude and 1/12°
in longitude. The model was forced at the boundary with eight tidal constituents. The
surge effect was not taken into account. Current and elevation fields were generated on a
Type-C grid. These fields were linearly interpolated to the local and fine WAM type-A
grids. For the coarse grid, values at the closest point were taken. For the local and fine
grid the hydrodynamic fields were interpolated. Note that elevation points ft'om the CSM
grid correspond·to the local grid WAM points. For the hydrodynamic data ft'om 63°N to
70 0N needed in the WAM coarse grid coupled lUn, the values at 63 ON were used. Both
models were lUn in spherical coordinates. Two points coinciding with two buoy
locations were chosen for output: Westhinder (WER: 51°55'05 N-2°26'30"E) located just
outside the fine grid and A2B-buoy (51 °21 '58 "N-3°07'47"E) located ah"eady in the fine
grid.
I

In Monbaliu et al. (1998b) a first sensitivity study on the coupling procedure was done
and the following conclusions were drawn for this palticular application:
•

•

using boundal)' conditions for the local grid ft'om an uncoupled coarse grid lUn or a
coupled coarse grid lUn, did not produce a significant difference in the results
obtained for the local grid;
the frequency of information exchange is not very clUcial, at least for the application
considered; current and elevation fields vary slowly and can be considered as quasisteady
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It is however of interest to explore into some more detail the observed evolution of the

directional spectrum In order to clarify the observed differences in the time series, it is
appropriate to analyze how the spectral shape evolves in the presence of a current field.
In Figure 2 the histOly of the ID-spectra at station WEH as calculated by the coupled and
uncoupled version of WAM is shown. The frequency shifting effect is clearly observed as
modulation with a period corresponding. to the semidiurnal tidal constituent. These
modulations are mainly observed at intermediate and low frequencies, where the effect is
not masked by the wind variability.
The coupled runs produced broader spectra than the uncoupled runs. An illustration is
given in Figure 3 and Figure 4. At the top both the coupled and uncoupled spectrum are
shown. The significant wave height and the current speed are given. The wind and
current direction are indicated. The convention for winds and currents is coming from
(for example in both Figure 2 and Figure 3 the wind (line with small circle in outer circle)
is coming from the north east and the current (line with small circle in inner circle) is
coming from the south west). The wave direction is the direction into which the waves
are going (here mainly going south). That the spectra are broader can be observed at the
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bottom of the Figures 2 and 3 where the directional spreading cr is set out in function of
frequency. The directional spreading at a particular frequency is calculated according to
the definition given in Kuik et al. (1988):

(5)

r sin(B) D(B) dB and D(S) is the energy content in
where a = Jor cos(B) D(B) dB, b = Jo
2K

2K

the spectrum at a patiicular frequency and direction normalised by the total amount of
energy in that spectmm at that particular fi·equency.
In some occasions it waS possible to observe a faster growth of energy in the spectrum
calculated by the coupled version, in particular during relatively calm wave conditions
(Hs<lm) and with a change in wind direction. It was not investigated in how far the lack
of a linear Phillips' term in the wind input source function might be responsible for the
lack of growth in the uncoupled version.
.
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5. Conclusions and outlook
Work done to enhance and improve the performance of the spectral wave model WAMCycle 4 for use in nearshore zones has been discussed. The main contributions are:
•

•

considerably improved performance of the wave model in high resolutioij
applications; it is now practically feasible to mn the WAM-Cycle 4 model in coastal
applications and this for a resolution in the order of lkm
coupling of the spectral wave model to a 2D vertically averaged hydrodynamic model
has been achieved; only results of a one way interaction from the hydrodynamic
model to the wave model were shown

Some first conclusions from the coupled application are:
•
•

•

the tidal modulation is clearly visible in the calculated and observed wave parameters
the results, at least for the local grid considered, are not very sensitive to the update
frequency of the hydrodynamic information nor to 'coupled' or 'uncoupled' boundary
conditions
the calculated wave spectra are broader when wave-current interaction is taken into
account
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Further work will put efforts in three areas. First of all an equal resolution for the
hydrodynamic model and for the wave model is deemed necessary. Secondly full
dynamic coupling needs to be tested. However, developing and using consistent physics
in the different modules of a fully coupled system is the real challenge.
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ABSTRACT
In this paper we will intend to show that wavelet-based techniques used in Synthetic
Aperture Radar Image Processing can improve quanti~ative and qualitative interpretation of the
radar imaging mechanisms for the sea surface. We will present a brief overview of synthetic
aperture radar of sea surface and we will examine the capability of wavelet-based techniques to
provide information on sea surface processes.
Sea surface SAR image processing needs special SAR image processing techniques as
those based by time-frequency representation, multiresolution analysis, fractals.. Wavelets are an
analytical tool that can be used to study fractals. Wavelet coefficients and fractar dimension
estimates are reliable features of 2D sea surface radar signal in image segmentation, edge
detection, image compression.
We simulate SAR sea surface images, with similar features like those of the real images, in
open sea or of the coastal zones. We apply 2D wavelet decomposition and reconstruction to the
simulated images.We demonstrate the efficiency of the wavelet image processing techniques in
multiresolution processing, multiscale edge detection, texture discrimination, noise reduction in
sea SAR image processing.

1.

INTRODUCTION

Enviromnental monitoring through Remote Sensor methodologies is one of the most
interesting and important application field ofthe image processing techniques.
In this area, a very significant role is played by active microwave sensor such as Synthetic
Aperture Radar. The microwave images posses a high spatial resolution and these can be obtained
in all weather conditions.
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In sea surface SAR image processing the challenge is to interpret uniquely the SAR images
in terms of physical process from the ocean upper ocean. For complete understanding of complex
backscattering process in sea -SAR imagery we must consider that the marine process are
characterised over a wide range of temporal (spatial) and frequency scales and we have take into
account the demonstrated chaotic character ofthe sea clutter.
Radar backscattering from the ocean surface, called sea clutter, was commonly modelled
as a stochastic process [3]. One of the most used model for sea clutter was Weibull clutter model.
The knowledge of the statistics of the clutter is important in order to describe the behaviour of the
ocean surface.
Another theory of sea clutter is based by the composite rough-surface model in which the
sea is considered as being composed ofa number of waves of different wavelength and amplitudes
[3], [4]. The Bragg resonant backscattering and other effects like the specular reflection, the effect
of breaking waves, the presence of refraction effects, the shadowing of the waves when the
surface is viewed at low grazing angle, might be extracted from sea clutter analysis.
Recently, Haykin and Leung was demonstrated of that the random nature of sea clutt<';lf js
the result of a chaotic phenomenon [5]. Are considered the terms such &s c4fl-Qtic system, ch~otil::
signal, strange attractor, dimension attractor and fractals.
All these lead to the special SAR image processing techniques as those based by timefrequency representation, multiresolution analysis, fractals.
Wavelets are an analytical tool that can be used to study fractals. Multiresolution
representation, wavelet packets are very effective for analysing the information and for fractal
analysis. Wavelet coefficient and fractal dimension estimate are reliable feature in image
segmentation, edge detection, image compression and coding.
In this paper we present a brief overview of synthetic aperture radar of sea surface and
examine the capability of wavelet-based techniques to provide information on sea surface
processes.

2.

SYNTHETIC APERTURE RADAR

Synthetic Aperture Radar, active microwave remote sensor, is a side-looking pulse radar
mounted on spacecraft platforms (satellites, aeroplanes) that scans the sea/ground surface in range
direction, which it is perpendicular to the azimuth direction - the platform's direction of motion
[3].
Each target, in an electronically field, has a set of signatures which might be used in target
recognition. The signatures of complex target are dependent with the aspect angle of target. The
signatures of complex target can be affected by clutter, jamming. Scattered electric field of target
is described by:
(1)

where:

• ER is the assemble average of scattered field (for any position of the receiving antenna
of any polarisation and any target position);
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• El is the incident electric field;
• S is a complex scattering matrix.
Another signature can be considered the Differential Radar Cross Section (DRCS), defined as:

(2)
where:

• Ao is the target effective aria;
• r is the distance radar target.
A signature describes the relationship between incident and scattered electric fields, vectors
with vertical and horizontal components.
The geometry of imaging SLAR and SAR is showing in figure l.

y
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x

Figure I - The geometry of imaging SLAR and SAR

A two-dimensional image can be divided into small patches, called resolution cells. Each
of wich may be. processed to extract salient features and classified independently. The dimensions
of SAR image resolution cells depend on antenna characteristics and/or the processing of the
received radar signals.
The high resolution S A R image is generated by processing radar return signal at the
different position of the real antenna, that create so called synthetic aperture.

3.

2D WAVELET TRANSFORM IN SAR IMAGE PROCESSING

In radar image processing the task is to accentuate relevant image features (e.g. in sea
surface SAR image, the salient features are specular reflection or Bragg scattering that appears in
sea SAR image as bright areas, the shape of ship wakes, the variability of the ship wake angles, the
dark centerline ship wake image) [4].
Local image features are essential in interpreting of sea SAR image information and is very
important to extract multiscale image information. Multiresolution processing, multiscale edge
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detection, texture discrimination, noise reduction based by wavelet techniques might be
successfully used in sea SAR image processing.
The detection of edges and texture discrimination wavelet methods are based by
computing the gradient vector of the wffiJelet transform of the image intensity, at each pixel [1].
Edge points, located where the image intensity has sharp transitions, can be detected from the local
maxima of the wavelet transform modulus.
The wffiJelel transform {~~f(x,Y),~~f(x,y)} of the original image f(x,y), related to the
basic wavelets If/l(X,y),1f/2(X,y), are defined as [1]:
W,~f(x,y)
= f(x,y)* If/~j(x,y)
~~f(x,y) = f(x,Y)*If/~j(x,y)

(3)
(4)

For the original imagef(x,y), these two components of the Dyadic Wavelet Transform are
satisfying:

(5)

where V(f* B2i )(x, y) is the gradient vector of the filtrate image.
The gradient vector modulus is proportionally with the wavelet transform modulus of the
original image:
(6)
In every point (x,y), the angle of the gradient vector is defined as follows, [1]:

) = arctg
A2j f (
x,y

( ~~f(X,Y))
x,y
I

~jf

(

)

(7)

A multiscale edge detection algorithm is presented in [1].

4.

SIMULATION ENVIRONMENTS AND RESULTS

SAR imagery contains nonstationary elements such as edge structures that appears in
wavelet decomposition of image in high frequency subimages, LHi, HLi, HHi ( L-shaped of the
wavelet representation of the image). The Iow frequency image (represented in the left high
corner), the approximation image, contains the salient textures of the original image.
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The image used in this paper, called ()( '/f,AN, has similar features like those of the coastal
zone SAR image. The 2D wavelet transform of Ocean image is represented in figure 2.
This type of image analysis, based on 2D wavelet tran.~forl11 with d(fferellf scales, can aid
to extract the local eddy features and different textures of sea surface images. In the coastal zone,
the pigment concentration areas are relatively well defined. Thus, the wavelet analysis is well
suited for feature extraction in the color coastal zone images.
We used the Matlab/Wavelab environment software:
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20 WAVELET TRANSFORM OF OCEAN IMAGE (1024*1024)
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CONCUISIONS

In this paper we showed that many wavelet-based techniques developed for image
processing applications should be successfully applied to analyse and characterise ocean surface
tj'om SAR image.

o
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We simulated a SAR sea surface image, with similar features like those of the real coastal
zone image. We applied 2D wavelet decomposition to the simulated image. We demonstrated the
efficiency of the wavelet image processing techniques in multiresolution processing, multiscale
edge detection, texture discrimination, noise reduction in sea SAR image processing.
The main advantages of these kinds of methods are: multiresolution and multiscale analysis
of SAR image, nonuniformity sampling in digital processing of image, efficiency of computation.
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1. Introduction

Determination of the ocean wave spectra and, hence, other characteristics in· areas near
the shoreline is a problem of present interest because coastal zones can change over short time
periods because of sedimentation, dredging, ... The use of remotely-sensed images is revealed
as a practical solution not only to analyze the wave spectra but also to find other features such
as the water depth. Lack of reliable data covering regions where the features are known forces
us to use synthetic data. Simulated images allow testing processing and analysis methods to
develop confidence when extended to actual images.
Principal Component Analysis (PCA) has been used by meteorologists and
oceanographers as a tool for the analysis of physical fields because this methodology turned
out to be extremely efficient for compressing the complicated variability of the original data
into the fewest possible, mutually independent numbers of modes (Breuer and Sirovich, 1991).
Most of the approaches are based on the Karhunen-Loeve expansion (Karhunen, 1946: Loeve,
1955); they bear a variety of names, such as principal component analysis (Hotelling, 1933),
empirical orthogonal functions (Lorentz, 1956), snapshot method (Sirovich, 1987) and many
others. In this paper the ocean wave spectra is found by using this methodology

2. Data and Methodology
a) Data
In this study data were produced by a simulator which creates noise-free times series of
images (Lea et al., 1998). The sea surface elevation relative to the mean for water moving over
a piecewise linear bottom of moderate slope is shown in these images. The si mulated results
have been tested extensively both qualitatively and quantitatively against model predictions and
data (Weiss, 1997: Lea et al., 1998). The simulator agrees well with data and predictions over
a bottom slope range of 0.005 to 0.200, and wave height values are accurate up to Ursell
numbers of 0.68. The data consisted of 60 images, each 256 x 256 pixels with a gray scale
representing sea surface elevation at each pixel, separated by 1 second in time. This choice of
time interval allows following the motion of a single wave crest unambiguously. The images
used a resolution of 3.048 m/pixel. Waves moved directly toward the shore, a horizontal line
above the top of each image, over a bottom with a uniform gradient of 0.0198 m/pixel
perpendicular to the shore. At the top of each image, i.e., closest to the shore, the bottom
depth was 0.1 m. The x-axis is chosen as cross-slope direction and the y-axis is the along-slope
direction. The peak frequency of the synthetic waves was chosen to be 0.14 Hz, a reasonable
value for ocean waves which corresponds to a wind speed of 9.8 m/s. Waves of 22 different
frequencies, ranging from 0.085 Hz to 0.517 Hz, and traveling in directions ranging fl-om 0° to
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180 were superposed to obtain the sea surface elevation and propagated fonvard in time to
obtain the time series.

b) Methodology
The Principal Component Analysis (PCA) is a multivariate method which examines the
relationship between the variables with the aim of reducing the dimensionality of the problem.
PCA finds new variables that are linear combinations of the observed variables so that they
have maximum variation and are orthogonal, i.e., uncorrelated. The main advantage of PCA is
to maximize the variance in a few linear combinations of variables compressing the
complicated variability of the original data into the fewest possible modes. PCA has proved to
be a reliable method for data reduction and for examining the variance structure (Preisendorfer,
1988).
In our case, the dataset consists of 60 simulated satellite images. Each image was
divided into 256 x 256 picture elements or pixels and a gray scale value representing sea
surface elevation relative to the mean was determined at each pixel. Therefore the total number
N of observations is equal to 60 and M represents the different locations or pixels and it is
equal to 2 16 . Let f/J denote the M by N standardized data matrix which consists of ifJit
observations on the i-th pixel at the t-th time. The analysis is performed working on the
covariance matrix C obtained by a cros-product of the ifJit data. The C matrix is a symmetric
and non-negative matrix and its eigenvalues and eigenvectors can be obtained through
(1)
where UI is the l-th eigenvectors of length M and Al its corresponding eigenvalm:s.
The ifJit data may be then expressed in terms of eigenvectors' loading')
summation notation as

Ui/

by using

M

ifJit

= Lat/uj/
1=1

(2)

where at/ is the time-dependent coefficient (score) of the l-th eigenvector for the t-th
observation in time. The time series formed by al are known as principal components (PCs)
and are obtained so that the first PC accounts for the maximum amount of the total variance
and is orthogonal to the remainder ofthe PCs. In our case, M represents the spatial distribution
(65536 pixels) and hence, by diagonalizing the C matrix, 65536 eigenvalues and eigenvectors
16
are produced. Since the order of C here is 2 , the diagonalization is beyond the power of
current computers. However the temporal dimension N is less than spatial dimension M (range
of C), implying that C is singular and cannot be of order greater than N. Therefore, the analysis
can be reduced by obtaining only N eigenvalues and eigenvectors of C. Any eigenvector can be
calculated as
N

llik

= LatkifJit
1=1

(3)

where the coefficients alk remain to be determined. By introducing this expression into Eq (1)
it follows that

-I
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(4)

where L is a non-negative synunetric matrix of dimension N whose elements are

(5)

Thus, the analysis is limited to determining the N eigenvalues and eigenvectors of the
matrix L, which iscomputationally feasible. Once the ak are obtained, the N eigenvectors Ilk
can be obtained from Eq. (3). The eigenvector set III forms an orthonormal complete set, i.e.,
an optimal coordinate system for describing t/J, which represents the spatial modes of the data
variability. In this way, the complex variance patterns of the original data are resolved into
pieces that can be analyzed.

3. Results

The information about ocean wave spectra may be extracted from peA by analyzing
the eigenvectors. However, a few eigenvectors, i.e., orthogonal modes, contain the most
important information in the original data, and one must decide how many modes are
sufficient. With a judicious choice of the necessary number of modes, most, if not all, of the
signal is preserved while the noisy components are removed. Here the selection has been
objectively made by means of a statistical dominant-variance rule named Rule N (Preisendorfer,
1988). Through this analysis, the noise has been decreased so that the signal of the significant
components becomes obvious. In our case, six data eigenvalues lie above the noise eigencurve
(not shown), i.e., there are six significant pes which account for 85%ofthe total variance. If
the wavelength and the frequency could be extracted from the analysis of these modes, the
ocean wave spectra would be obtained. For reasons of brevity, we only present the results of
eigenvectors for the first PC.
To examine tins assumption, the spatial distribution of the first significant eigenvector
was analyzed. In Figure 1 it can be observed that the eigenvector is a complex pattern of
spatial waves. In order to extract some particular characteristics from this complex pattern, the
following procedure has been used here. First, one-dimensional wave profiles are obtained by
cutting the eigenvector's spatial representation along the along-slope dimension y at all crossslope positions x. From this, the functions /\,=/\,(y) could be derived by using sophisticated
statistical models. Although several methods were tested to obtain the functions, the least
squares best fit straight line was revealed as the most accurate method regardless of its
simplicity. Following this procedure the pattern were put into a form that can be analyzed,
since the spatial pattern of wavelength could be identified. Figure 2 shows lhe wavelength
p.attern associated with the first eigenvector, which account with 25% of the total variance. It
can see a smooth, quasiparallel shoreline distribution. Weiss (1995) found that wave
propagation over a bottom with small slope was affected by wavelength compression, wave
steepening and amplitude variation. In fact, it can be noticed in Figure 2 that wavelengths
suffer the compression phenomenon in area closest to the shore decreasing approximately ft"mu
50 to 15 m. In addition, there is a clear structure of increasing complexity with decreasing
variance of eigenvectors, i. e., patterns wInch account for less of the total variance show a more
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complicated distribution. Thus, the four last wavelength patterns (not shown) present a
remarkable sharp and, irregular spatial structure with a noteworthy wave steepening.
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Fig. 1: Spatial distribution of the first eigenvector. The x-axis corresponds to the cross-slope
direction x (pixel) and the y-axis is the along-slope direction y (pixel). The top of the
picture corresponds to the shore.

In order to gain insight into the physical interpretation of the PCs, their time evolution
is analyzed. Different-frequency wave interference can be noticed in the behavior of the six
significant PCs (not shown). Superposition of two quite similar wave frequencies is found in
the first four PCs, while in the two last components the superposed frequencies seem to be
different. The frequency domain techniques are generally easier to use than the time domain
techniques in studies of time series data (Jenkins and Watts, 1968). They also yield results with
a more direct physical interpretation. Moreover, the spectral properties of the PCs can play an
important role in detecting the characteristic oscillations of the signal. In this paper an autospectral and a cross-spectral analysis are carried out for extracting the components of the
ocean wave spectra. The spectra estimated for each individual PC are displayed in Figure 3.
The strong peak of 0.14 Hz, which corresponds to the chosen peak frequency of the original
data, is clearly noticed in the spectra. There is an energy decrease of the peak frequency for
PCs explaining decreasing amounts of variance. The first two PCs can be interpreted as a wave
component with frequency 0.14 Hz while the remainder include other wave frequencies. In
fact, in the spectra of the fifth and sixth PC two peaks of 0.12 and 0.15 Hz are clearly
emphasized. The frequencies cover an approximate range from 0.09 Hz to 0.18 Hz, in
agreement with the superposed wave frequencies of the original data.
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Fig. 2: Same as Fig. 1 except for wavelength spatial distribution ofthe first eigenvector.
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Fig. 3: Spectra of the first six principal components starting at the upper left, moving to the
rigth, and ending at the lower rigth. The normalized spectral density is represented on
the y-axis and the frequency (S-l) on the x-axis.
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Cross-spectral techniques are also powerful tools for studying the distribution of
variance of the ocean waves. The cross-amplitude spectrum shows the variance distribution of
the two time series. A large amplitude at any frequency implies that one series is very strongly
correlated to the other at that frequency, regardless of the phase difference between the series.
The coherence acts very much like a frequency-dependent correlation coefficient, and the
phase spectrum can be interpreted as the phase difference between two time series that yields
the greatest correlation for any frequency. The cross-spectra for the PC pairs are shown in
Figure 4. It can be observed that the cross-amplitude and the coherence for the first pair are
very high with a phase practically of 90° at 0.14 Hz, in agreement with the spectrum results.
This indicates that the two first PCs represent components of the ocean wave spectra having
the same frequency, but out of phase by 90°. The high coherence values indicate that the PCs
are very well correlated in the 0.09-0.15 Hz range. This is not discrepant with the PCs
temporal orthogonality, because they are uncorrelated with each other at zero phase lag, but
their cross-covariances are not vanishing for lags different from zero. The behavior recurs for
the remaining pairs but a significant decrease of amplitude occurs. Each PC represents a wave
propagating toward the shoreline over a sloping bottom. A particular image of wave crests is a
complex wave field built up from those waves by the principal of superposition. Moreover,
each pair of PCs represents cosine and sine waves possessing the same frequency but out of
phase by ± 90° and so orthogonal to each other. Thus, the six significant PCs are associated
with three different waves of different frequencies.
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Fig. 4: Cross-spectral analysis between first and second principal components (left column),
third and fourth principal components (central column) and fifth and sixth principal
components (right column). Estimated cross-amplitude function (x103) at the top;
phase diagram at the middle and estimated squared coherence function with 95%
confidence limit (dashed) at the bottom of the pictures. Vertical dotted line indicates
the peak frequency.
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4. Conclusions
Synthetic data of this study were produced by a simulator which creates noise-ft-ee time
series of images over a known bottom. PCA is used to find the spectrum of ocean waves. The
different wavelengths and frequencies which constitute the main information of the spectrum,
have been obtained through this methodology. peA finds the major components which account
for the largest percentages of variance and yields frequency and wavelength values that agree
well with those used to build up the data. This methodology has revealed as an usefuL method
for extracting the elementary waves which form the complex broadband ocean wave spectrum.
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1. Introduction
Discussing the report of Phillips <<Dynamics of random waves of final amplitude» Dr.
Barber (Barber, 1961) in 1961 said:« I recall standing on the shore oflagoon about 600 meters
in width. The wind was blowing away from the shore on which I stood at a speed of perhaps
three meters/second, and wind waves of a period of perhaps one-half to one second were
developed towards the farther shore. The water just before me was quite smooth and very
shallow, and I noticed that very low waves of one-second period were coming towards me.
These waves were therefore travelling in the upwind direction. I am not prepared to say what
had produced them. I saw no boast. They might have been reflections from the farther shore,
though so far as I recall, this was a beach, not a wall. There may have been some obvious
explanation for these waves. I only wish to ask whether waves like this possibly have been
produced by non-linear interaction in wind waves ».
Probably it was one from the first discussions of the physical mechanism generating
waves, extending against wind. The more correct measurements of this phenomenon have
appeared later.
In high-frequency radar signals measurements reflected from a marine surface, it is
possible to find the presence of spectral components extending against wind (Crombie, 1972;
Crombie et al., 1978). As was shown in BOMEX (Crombie, 1972) experiment, the amplitudes
of such components increase in accordance with deleting from a shore.
M.C. Longuet-Higgins (Barber, 1961) proposed in 1961 to explain this phenomenon as
a result of non-linear waves interaction in wind waves spectrum. K.Hasselmann (Crombie et
al., 1978) in 1977 showed, that non-linear interaction can transmit energy in a direction
opposite to wind direction. However the value of this non-linear interaction is two orders less
than its maximum. Unfortunately in that time because of difficulties to calculate the collisions
integral it was practically impossible to receive more correct values of non-linear interaction of
wind waves spectrum.
Understanding the importance of this problem, it is better to return to this problem
once again and to make numerical calculations using the exact the numerical methods of the
highest accuracy integration (Krylov, 1966; Lavrenov, 1998).
2. A problem to calculate numerically the non-linear energy transfer in waves
components spectrum propagating against wind.
The problem of non-linear energy transfer in wind waves spectrum was formulated by
K. Hasselmann (Hasselmann, 1962; Hasselman, 1963) and E.Zakharov (Zakharov, 1968) in
60s. The equation of wave spec~rum evolution by the non-linear interaction influence can be
represented as follows:

294
at

oN(k) =
x

IfS T(k,k

p

k 2 ,k 3 ) 8(k+k l -k 2 -k) 8(w+w) -aJ2

{N2 N3 (N +N1 )-N1N(N 2 +N3 )}dk) dk 2 dk 3

'

- (3

)x
(1)

where Ni =N(k) - spectral density ofa wave action; T(k, k l ,k 2 ,k 3 ) ~ function of nonlinear interaction core between wave components; 8(k) and 8(aJ) - Dirac delta-function
describing-the interaction resonance conditions between four wave components:
k + k I =k 2 + k3 ;
(2)
aJ + lDt = aJ2 + w3 .
(3)
K. Hasselmann (Hasselmann, 1962) interpreted an integral (1) in terms of quadrupole
interactions between three active wave components, which determine interaction intensity, and
the passive fourth component, which receives energy, but does not effect directly on
interaction. The interaction integral (1) can be copied as follows:

Gm =

IfIT(k, kl' ~,k) 8( k+ k) - ~ -~) 8(w+~ -~ -(

3)

x {N)N2 NJ dk) dk 2 dk 3 -

-NIffT(k,~,~,~) 8(k+~-~-~) 8(W+~-W2-~)X {A{(1"i+~)-N~}d~d~d~

(4)

From expression (4) one can see that its first part does not depend on value of wave
action N =N(k), which is the function of k wave vector. It means, that if N(k)= 0, the
value of energy flux to the component k may differ from zero.
Using this interpretation it becomes obvious, that if three components coincide with
wind direction (or at least the angle between their direction and velocity of wind is less than
90°), there can be one component directed against wind, which can receive energy from three other.
But actually it was a difficult problem to estimate the energy flow to this wave
component correctly. A problem is not only in complex method to calculate the non-linear
interaction integral, but also in that real contribution to this component is significantly less than
corresponding value for waves parameters directed along wind. It means, that the numerical
method to calculate the collision integral should be of rather high accuracy, which will allow
selecting the given effect from a numerical error significant in these calculations.
The problem to calculate the collision integral describing the non-linear interaction is
rather well known. In spite of the fact that K. Hasselmann for the first time deduced an integral
of collisions in the beginning of 60s, it was really difficult to obtain the correct calculation
results of the integral in its exact form. To estimate the collisions integral numerically is rather
complicated problem, and this 'process needs significant CPU time, because, at first, the
collision integral has the six-multiple form and, secondly, the T(k, k), k 2' k 3) integrand core
function has rather complicated form also.
After a set of studies (Fox, 1976,1978; Longuet-Higgins, 1976; Webb, 1978;
Hasselmann & Herterich, 1980; Masuda, 1980; Hasselmann, 1981,1985; Zakharov, 1982;
Dangey & Hui, 1985; Polnikov? 1989) more 0 less reliable results became to be known at the
end of 80s.
So it is known that function of non-linear transfer has two main extreme lobes for a
typical spectrum of wind waves as follows: one - positive G~7), other - negative G~l)' Their
location and values are defined by form of spectrum. The positive maximum G~7) is usually
located on a general spectrum direction in a point, the dimensionless frequency of which
depending on the form of a spectrum can locate in points m(+) =
~ 0.94+1.00 (where
max

wlw

wmax

-

a maximum spectrum frequency). The negative minimum

general direction in a point

m

H

G~l)

is usually located on a

~ 1.05+1.6. Besides there are two additional positive
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maximums symmetrical with respect to general direction. They are located in a point
ill.}+) ~ 1.5 + 3 , where the angle is ~ 25° + 45° with a general direction.

e

However, in spite of these results, the problem of calculation accuracy had been
opened. As follows from the estimations, for the most of calculation methods the typical
numerical error of collision integral in vicinity of spectral maximum is not less than 10 % - 50
%. The error value could be much higher in other parts of a frequency - angular spectrum
range. Conceivably this accuracy might be enough to calculate waves parameters on wind
fields by familiar methods, taking into consideration the uncertainties of a source function,
error wind velocity etc. But the usage of these calculation methods seem!? to be conjectural to
study more fine properties of non-linear wave dynamics.
Three reliable methods to calculate the collision integral are known now.
D. Resio and W. Perrie (Resio et al., 1991) proposed one of these methods. They
proposed to calculate the collision integral by using the process of scaling and symmetry. The
second method was proposed by RL. Snyder and all (Snyder et al., 1993), which was based
on using the hybrid integration scheme for algorithm of S. Hasselmann and K. Hasselmann
(Hasselmann, 1985).
There is one more rather optimal method proposed by 1.V. Lavrenov (Lavrenov,
1991,1998), based on using a number of the hereinabove perfecting of algorithm. This method
was completed by using more accurate methods of numerical integration, called as the
numerical integration methods of the highest precision (Krylov, 1966). The collision integral
can be calculated with rather high precision by this method. The numerical error can be no
more than 1 % with rather short CPU time, as will be used in further calculations.
As it was shown (Crombie et al., 1978) the non-linear energy transfer to spectral
components, directed against wind, in a greater degree depends on function of angulai·energy
distribution in wind waves spectrum. That is why it can be interesting to calculate non-linear
interaction, paying special attention to modern concept of angular energy distribution function.

3. Calculation results of non-linear interaction in wind waves spectrum
3.1 Spectrum approximations. The most typical approximations of S( m, e) frequencyangular spectrum were used in calculations as follows:
S(m, e) = S(m) Q(m, e) ;
(5)
where S( m) - frequency spectrum; Q( m, e) - angular energy distribution.
Frequency approximation is used as JONSWAP spectrum

S(OJrnax )4

S(m) = ag 2 m- S e-4 -;;- re"pl-(OJ-OJmax)2/(2<T2OJ~)I,
where

0'

={0.07 w~th ~::; 1
0.09

WIth

(6)

. ill = ~

m > l'

OJ'
max

Angular energy distribution one is used sequentially as two approximations, one of
which is usual cosine energy distribution

Q(m,e)=

T
![ °

+ I) )]cosn(e 2 n r 2 (n+l)/2

0)

le - 01::; 7l/2;
with le - 01 ~ ,,/2.
with

(7)

The second angular distribution is be used as JONSWAP (Hasselmann et al., 1980)
experimental data
(8)
QJ (m, e) = [2 2S- 1 r 2 (s + 1)/r(2s + 1)] cos 2s«e - 0)/2),
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where

for w ~ 1 and jl = -2.34 in all other cases.
The spectrum approximation ofM.S. Donelan (Donelan et al., 1980) is used as well:

S

= smax (w)P ,smax = 9.77; jl =4.06

S(0)) = aD g20)-Se-(

w::r r exp[-(ar-Wnw<N(2cr1w~1.,)l,

(9)

D

where aD = 0.006(Ujc max ) with 0.83 < Ujc max < 5;
(YD

= 0.08[1 + 4(Ujc max

1.7

r

D

f

l

with 1 <Ujc max <5;

]

.

with

= { 1.7+0.610g(Ujc max )

with

0,83 <Ujc max <1;

I~Ujcmax <5;

U - wind speed on ten-meter horizon; c max

-

the phase waves speed, frequency of which

coincides with spectrum maximum frequency.
The angular energy distribution is set by the formula

Q(O), 0) =
where

p=

2.61
2.28
{
1.24

~ p sech 2 (O - 8(0))),

wl.3

W-1.3

(10)

with 0.56 < w < 0.95
with 0.95 < ;;; < 1.6
with
> 1.6

w

In Banner's work (Banner, 1990), using high-frequency stereophoto, the formula (lO)
have been refined. The new approximation of p parameter in the field of high frequencies
~ 1.60 have been received

w

p = lOY,

(11)

where y = -0.4 + 0.8393exp[- 0.567In(w 2 )].
In further calculations the above-stated approximations of frequency-angular spectrum
will be used.

3.2. Calculation results of non-linear transfer for JONSWAP spectrum.
_
Error estimation of non-linear transfer. At first the precision ofnumerical calculations was
estimated. For the JONSWAP typical spectrum the calculation precision was estimated by
recalculations with doubled number of calculated points until the difference of the numerical
results in two sequential cases became as that of the' given value. The calculation error not
more than 1-2 % in the vicinity of (0.9 ~ ~ 1.5) spectral maximum was obtained by a
number of sequential calculations. In this case in (0.8 ~ ~ 0.9) and (1.5 < iiJ~ 2.5) frequency
ranges the calculation error did not exceed 3-5 %, in ranges (0.7 ~ ~ 0.8) and
(2.5 < ~ 3.5) the error did not exceed 5-10 %. Besides, accuracy of conservatism of a
collision integral, obtained by integration of the (1) expression Gn/(k) on a Wave vector k (in

w

w

w

a dimensionless form the value Sn/(w,O)w 3 on frequency wand direction

w

owas integrated),

has been estimated. The evaluation error of preservation of non-linear energy transfer did not
exceed 1 %.
Non-linear transfer in a spectrum with cosine angular distribution of energy. At first we
shall see the calculation results of non-linear energy transfer for a spectrum of approximation
JONSWAP (6) with cosine angular distribution (7). The calculation results we present on a
plane {w, O} by isolines of a normalized variable of non-linear energy transfer and frequencyangular spectrum (see Fig. la and Ib).
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il S3 / g- 4)·
Gn(m
(})- = Gn(OJ
o)f(-aJmaxmax
i'
i'
,

S(m,B) = S(aJ,B)/ Smax
where

(12)

'

maximum offrequency-angular spectrum.
The value ofthe normalized JONSWAP spectrum for r = 3.3 peakness and cosine angular
energy distribution, in which n = 12, is shown on Figure la. The function non-linear transfer fot the
same case is represented on Figure lb. As it is shown on this Figure, the value of non-linear transfer
is located along a horizontal axis and is limited by ±45° angles. There are two main extremums of
the G~~) type in the fun~ion of non-linear transfer. Positive G~7) extremum, function maximum, is
located on a general direction in a point 0;(+) = aJjaJ max ~.95. The negative G~l) extremum is
S max -

located in a point 0;<-) R! 1.08 .In the main extreme vicinity it is possible to find the local maximums
and minimums. So, for enough narrow angular distribution ~ cos n (B), w~ere n2 10, the main
maximum is divided into two symmetrical with respect to general direction.
It points to the fact that linear interaction influences stabilizing on angular energy
distribution: the rather narrow angular distribution becomes wider, and for wide angular distribution
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Fig. I. Nonnalized value ofthe JONSWAP spectrum (a) and the function of non-linear energy
transfer(b), peakness y=3.3 and cosine angular distribution n= 12
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ofenergy this process is inverse. Moreover, for enough narrow angular distribution the non-linear
transfer becomes negative on a general direction on frequencies less than maximum frequency. Its
extremum for this case is located on freq~ency 053(-) Rl 0.74, and the value is less on two orders
than main maximum mean,.
There is the second extremum in a vicinity of a main negative extremum. It is located on
O5~-) Rl1.35 frequency. Its value comprises approximately 52% ofa maUl negative extremum value.
Besides there are two additional maximums" which are symmetric relative the general
direction. They are located on large frequencies: in a point 2(+) Rl1.62 at an f}iRl 20's° angle.

m

Their value comprises 35 % of a main maximum.
The same values of spectrum and non-linear transfer for JONSWAP spectrum with the
same peakness, for cosine angutar distribution t7} with n = 2, are shown on Fig.. 2a and 2b..
The surface oEnon-linear transfer function has become smoother and wider. It takes up
almost the whole right half-plane {ai', B}. The non-linear transfer function is in fact equal to
·8
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Fig.2. Nonnalized value of the JONSWAP spectrum (a) and the function of non-linear energy
transfer(b), peakness y=3. 3 and cosine angular distribution n=2
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zero in the left half-plane. The main extremums have remained approxil'nately the same. Two
additional positive extremums are located on little bit higher frequencies in points: 2( +) 1':;1' 2.2 ,

w

where the angle is () 1':;1 ±42 o. The maximum of these values approximately comprises 11 % of
the G~7) main maximum value. The sec(~md negative extremum remains on the same place and
is of approximately relative value. The local extremums, which took place in the previous case
in main maximum vicinity, have disappeared.
Non-linear transfer in a spectrum with angular energy distribution (8). Next stage was that
the same frequency spectrum (5H6), but for another function approximation of angular energy
distribution (8), obtained by JONSWAP (HasseIrnann et al., 1980) experiment data was calculated.
The normalized variables of spectral energy density and of non-linear energy transfer
function for = 3.3 spectrum peakness are shown on Fig. 3a, 3b by isolines on a plane {w, ()}.
One can point out that the fonn of a frequency-angular spectrum has remained approximately the
same, but there are insignificant, on the first sight non zero, spectral density values in some vicinity
of () = ± 7( / 2 axis, which decrease rapidly as they move away from axis to the left half-plane. As it
will be shown hereinafter, this spectrum form differs from that the previous (see Fig. 2a) principally,
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Fig.3. Nonnalized value of the JONSWAP spectrum (a) and the function of non-linear energy
transfer(b), peakness y=3.3 and the angular distribution (8)

300
The non-linear energy transfer function (see Fig. 3b) changed significantly. Now it
already takes up not only left, but also almost the whole right half-plane {05, B}. The isoline
form reminds medusa in a vertical plane. «Medusa feelers» are extended around a center of a
polar coordinate system {05, B} from the right half-plane to that the left.
There are the same main properties of non-linear energy transfer function in the right
half-plane, though it has become much wider here. The non-linear transfer has the same
positively - negative extreme structure. The positive maximum G~7) is located on a general

05i+) =1.9,
is located in a point 05 H ~

direction in a point 05(+)~ 0.95. Two additional maximums are located in points
where the angle is B ~ ±37.5 o. The main negative minimum G~·?

1.06, but the area of negative function values of non-linear transfer is extended from a main
minimum to the left half-plane on a significant distance. It bypasses the center of a polar
coordinate system {05, B} , reducing its value as it moves away from the center. The non-linear
transfer practically is equal to· zero in a direct vicinity of the beginning of the polar coordinate
system {05,B}. On the opposite side of zero area (with B~±1800) the non-linear transfer
starts to increase. New area with positive values of the non-linear energy transfer is observed
here, that it was not pointed out earlier. It is enclosed by negative values. The maximum of
area is located in a point as follows: 53(+) = 3.3, B ~ ±180 0 . Its value approximately comprises
0.5 % of the main maximum of positive non-linear energy transfer.
To study a new positive maximum, the similar calculations for the JONSWAP spectrum
with r = 7.0 peakness, were repeated. The main properties remain the same, but relative value
of the non-linear transfer in new maximum vicinity becomes less. The value of a new maximum
comprises approximately 0.1 % of its main value.
For spectrum =1.0 peakness the mam properties remain the same. However the new
positive maximum is defined even more obviously. The relative maximum value has become
noticeably more and comprises 3.6 % ofthe main positive maximum of non-linear energy transfer.
Non-linear transfer for other approximations of frequency - angular spectrum. The
approximation of spectrum, proposed by M.S. Donelan (9) (Donelan et aI., 1980), for r=3.3
spectrum peakness, and also the corrected version of this approximation proposed by M.
Banner (11) (Banner, 1990) (Fig. 4a and 4b) were recalculated. The main properties of the
non-linear transfer function remain the same and have a positive and negative extremum. The
area of negative values is prolated to high frequency range along a general direction because of
that, that the high-frequency tail of spectrum approximation abates more slowly as ~ ar4 . It

r

is in ~±45° angles sector, outgoing from a point 05~ 1.0 . New positive area is approximately
in the same symmetrical angles sector in the left half-plane. Its maximum is located in a point
as 05 ~1.74 B= 180 0 . This maximum comprises 0.5 % of main positive extremum.
To estimate non-linear interaction the function of angular energy distribution (8) with
2s=4 exponent, independent offrequency, was used in the article ofD.D. Crombie (Crombie et
aI., 1978), which was devoted problem of high-frequency radar measurements of marine
surface. This problem showed experimentally the presence of spectral components extending
against wind. The same spectrum approximation with =3.3 peakness was recalculated. The
main calculation stages of non-linear interaction are the same. It is possible to select four
clearly divided areas on a plane {05, B}. Three from them are characterized by positive values
and one includes these negatives. In the right half-plane the maximum positive value is located
in a point as follows: 05 ~1.06 B= 180 o. Its value comprises 2 % of maximum. The same
calculations for = 1.0 peakness ·show the same properties, but the non-linear transfer function

r

r

301
is stretched on a plane {0;, e} to a greater extent. The maximum of new positive value
comprises 4.5 % of main maximum.
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Fig.4. Nonnalized value of the Donelan {9} spectrum (a) and the function of non-linear energy
transfer(b}, peakness y=3.3 and angular distribution (lO}-(II)

4. Conclusion
Non-linear interaction in wind wave spectrum for its various approximations was
estimated by numerical calculations using algorithm of a numerical integration of the highest
precision. The obtained numerical results have allowed to confirm and to correct a number of
main properties of non-linear interaction function, such as location and value of the main
positive and negative extremums etc. They showed a profound effect of the form of a
frequency - angular spectrum on non-linear interaction function.
In particular, it was found that, the value of non-linear energy transfer is also limited by
the approximately same frequency - angular intervals for typical cosine spectrum (7)
approximations, nonzero values of which are included to a half-plane (le! : : ; n/2). In case, when
the function of angular energy distribution becomes wider and has small, but nonzero values
with le! ~ n/2, the function of non-linear energy transfer changes significantly. Its value
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becomes to differ from zero in its frequency-angular plane {tV, e}. The calculation results
show close ratio between the value of non-linear energy transfer and angular energy
distribution function especially in the left half-plane {tV, e} (101 ~ reI2).
The values, which differ from zero, in a direction opposite to a general direction of
waves spectrum distribution, i.e. with of e= 180 0 are of special interest. In spite of the fact
that the function of angl,llar energy spectrum distribution in this direction practically is equal to
zero, stable presehce of a positive range of values of non-linear energy transfer is observed
here. Their value depends on both function of angular energy spectrum distribution and on its
frequency approximation. For the same function' of angular distribution the relative value of
non-linear energy transfer becomes significantly greater for a wider frequency spectrum. Its
value changes more than by the order, when the spectrum peakness changes from r =7.0 to
r = 1.0. It shows the non-linear transfer increasing in a direction opposite general, in
accordance to wave development.
One can point out that the function of non-linear energy transfer becomes equal to zero
in a direct vicinity of the beginning of a {tV, e} polar coordinate system. It is true for small
frequency values. The non-linear energy transfer goes around of a beginning of a {tV, e}
coordinate system, as it «is forbidden» by resonance conditions (2H3).
According to hereinabove issues, it is possible to propose the following interpretation
of spectral components generation in a wave spectrum extending in a direction opposite to
wind velocity. In an initial stage pf wave development from a shore, when they are formed by
homogeneous wind blowing from a shore, their spectrum is represented by rather narrow
frequency - angular. The general approximation direction coincides with wind direction. In
accordance with its further development, by the result of non-linear transfer and wind velocity
pulsations, the angular wave distribution becomes wider. In some moment the components,
which direction can differ by an angle little bit greater than 90 0 (Iel ~ r(12) from average wind
direction in wave speCtrum:·
From that moment; the generation of spectral components directed against wind starts
by non-linear transfer~:~ffect. The. first part of expression (4) does not directly' depend on a
value of N = N(k) 'waVe operation. If N(k)= 0, the value of non-linear interaction for this
component Gill (k) .' may differ from zero. According to (1)' the linear growth of a spectral
density of the given component starts. Then its development becomes already nonIinear. As it
was shown by the calculation results,the waves development extending against wind is more
. .
intensively as wave develops.
In spite of that the wind brings the further wave development, it on the other hand, is
also dissipative factor for spectral components extending to towards it.
These waves extending against wind, may reach a shore, from which the initial wave
development started, as it was described by Barber in 1961 (Barber, 1961).
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Research 96-05-65213
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SPECTRAL WAVE CLIMATE DATA FROM SPACE-BORNE SAR
C. Mastenbroek
ARGOSS, P.O. Box 61, NL-8325 ZH Vollenhove, The Netherlands
email: kees@argoss.nl
Abstract
Spectral wave measurements made by a space-borne
SAR can be used to derive wave climates. The ERS1 and ERS-2 missions have acquired a global data
set of SAR observations that contains information
on the global distribution of swell wave energy. Here
a method is described how to exploit this unique
archive. In coastal regions the SAR can be used to
study the effect of shallow water on both the wave
length and the amplitude of incoming swell.
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The SAR wave mode observations acquired by the
ERS-l/2 missions are a valuable data set. For many
parts of the world, these data constitute the only
spectral ocean wave measurements available. Since
the launch of ERS-1 mid 1991, about 100 SAR wave
mode measurements have been made in each box of 1
degree longitude by 1 degree latitude, which makes
the assessment of detailed· wave climates based on
these measurements feasible.
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Figure 1: Location of the 11 NOAA buoys used for
the validation of the BAR wave mode retrieval algorithm presented in this paper.
the ERS-1/2 satellites in their wave mode. This application aims specifically to iniprove wave climate
descriptions. In the second example the· scheme is
used to analyse a SA,R image acquired in a shallow
coastal region. This example shows the potential of
the BAR to study the spatial evolution of a swell
.system entering a shallow basin.

Hasselmann and Hasselmann (Re£. ·1) proposed
closed relations that give the SAR image spectrum
as a function of the ocean wave spectrum. To re-·
trieve ocean wave spectra from SAR measurements
these relations have to be inverted. As the mapping
.relations are nonlinear in the ocean wayespectrum
that is to be retrieved, this operation is "non-trivial.

. 2. THE RETRIEVAL METHOD
In the algorithm used in the present study, the ocean
wave spectrumis retrieved iri two steps frOln the SAR
spectrum: first the wind sea spectrum is determined,
.. and subsequently the swell peaks are obtained from
the residual SAR spectrum. This separation into two
steps is possible because, in general, the contribution
to the orbital velocity variance of the swell waves
is negligible. This means that the mapping of the
sweil waves is influenced by the wind waves, but not
vice versa. Hence the level of the wind sea peak
C;1n be determined without having information of the
presence of swell waves.

Several methods have been proposed to retrieve a
wave spectrum from a SAR observation. In one
approach, developed at the Max Planck Institute
(MPI) in Hamburg, a first guess wave spectrum from
a numerical wave model is changed iteratively until
its SAR image matches the observed SAR spectrum
(Ref. 1-3).
.
.
In Mastenbroek and De Valk (Ref. 4) a.n alternative route is followed. In this method a first guess
wind spectrum is constructed from the wind vector
measured simulta.neously with the SARspectrum by
the scatterometer; The swell contribution is subsequently estimated from the residual SAR spectrum.

The spectral shape Of the wind sea is assumed to be
given by a standard parameterization found in literature. Presently the JONSWAP parameterization
is used. As the· wind vector is take!l from the collocated scatterometer measurement, this leaves only
the stage of development and the exact propagation
direction of the wind waves to be determined. This

Here a brief overview of the merits of the Mastenbroek and de Valk approach is presented.. We will
briefly discuss the validation of the retrieval method,
followed by tWQ particular applications. In the first
the scheme is applied to SAR measurements made by
1
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is dOlW by minimizing a cost function that expresses
the difference bet.ween the SAn. image spectrum of
t.he wind Rea and the observed SAR spectrum. The
Rhape of t.his cost. funct.ion is derived from t.he st.at.ist.ics obeyed by the SAR spectrum.
:\ fter t.he wind sea nmt.rillllt.ion is cst.ablislwd, t.he
swell peaks are determined from the residual SAR
image. This is clone without prescribing the spect.ral form of t.hese swell peaks: the determination of
theRe peaks iR complet.ely parameter free. It is for
t.his reason t.hat. the inversion method is called semiparamet.ric: t.he wind sea peak is retrieved by est.imat.ing t.wo paramet.ers, the wave age and the propagat.ion direct.ion, but t.he shape and size of the swell
p0aks are complet.ely det.ermined by t.he SAR obserYat.ions. This in CClllt.rast. t.o t.he fully-parametric MPI
inverRion Rchcme, where a first guess wave spect.rum
is divided int.o part.itions, amI where each wave partition has only three degrees of freedom to adjust. itself
t.o t.he observed SAR spectrum.
Special at.tention was paid to the eliminat.ion of nonwaye ell~lllents in the observed SAR spectra. In a
small percentage of cases, usually associated with low
wind speeds, low wave number features are visible
that are probably caused by the presence of slicks
on t.he ocean surface. After extensive comparison
with llllo~' data it. was found that these caseR could
be effectively ident.ified by evaluating the range averaged, one-dimensional SAR spectrum. The surface
slick dominated ca.'1es show aSAR. spectrum t.hat increaseR monot.onously with decreasing wave number.
By screening aU low w'ind speed cases on this behaviar. t.he slick dominated spect.ra could be effectively
eliminated. Globally about 6% of the wave spectra
are completely rejected hy this screening met.hod.
3. COLLOCATION OF BUOY DATA WITH
SATELLITE OBSER.VATIONS

ERS-1 SAR
SIN = 10.2

Retrieved
Best fit SAR spectrum
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To validat.e t.he SPRA inversion scheme, ERS-l/2
t.ral buoy records. The wave mode. spectra were obtabled from ESA data product UWA, which were
collocated with scat.terometer· wind vectors from the
WNF product. For the present study 6 years of satellite observat.ions were available, divi<Ied into three
periods:

EHS-1
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23.5°
23.5°
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where t.he angle indicat.es t.he inddelll:e augle setting
of t.he SAR wave mode during that period. On .June
9, 1998 t.he format of I'~SA 's SAR wave mode produet.
UWA was changed. The new product can only be
validat.f~d after about a year of data is avai1abl(~.
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Figure 2: Example of the retrieval of a wave spectrum dominated by swell. This case was recorded at
the 2nd of November 1992, 19:32 GMT, near buoy
46002.
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The combinations of SAR wave mode spectra with
scatterometer wind vector were subsequently collocated against records of 11 NOAA buoys. For this
validation study only those NOAA buoys were selected that are located at least 100 km offshore (see
figure 1). The·wave observations were obtained "from
two' different sources: for the data from September
1992 until December 1995 use was made of the F291
disks provided by NODC; data for the years 1996 and
1997 were obtained from the web site of the NDBC.
Both data sets contained the One dimensional energy
density spectrum from 0.03 to 0.30 Hz, in steps of
0.01 Hz.
.
Due. to the large amount of avalIable data, a very
tig4t collocation' between the satellite and buoy observations COilld 1:)e made: using a maximum spatial" separatioll of 60 km more than 500 observations
could be "matched.· As the buoy spectra are reported
with hourly intervals, the maximum. time separation
between satellite and buoy measurement was 3(} minutes.
Before analyzing the collocation data set statistically,
two· examples will be presented to-illustrate the work.ing of the SPRA inversion method.

Height waves T> 12 sec, ERS-1,S';'19.9°
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Figure 4: Wave height derived from ERB-l BAR observations at a 1 g. go incidence angle, with a correction (Lpplied ta compensate jor the underestimation
of high wind speed cases.
of the wave climate in offshore regions, this is not a
serious limitation.

4•. EXAMPLE OF A SWELL DOMINATED CASE
5.. SWELL ENTERING.A SHALLOW REGION
One of the more subtle features of the retrieval of
wave spectra from SAR imagery is that it is possible to obtain information on wind sea spectra whose
longest wave components are too short to be resolved
by the BAR. The non-linearity of the mapping relations causes waves in the cut-off range to be imaged
in the spectrl;tI domain. as two .pands on either side
of range axis (Ref. 5) . The level of these bands is
related to the level of the waye spectrum. Given the
wind speed and a prescribed ''Spectral shape of the
wind waves.,: the stage of deveJopment of the wind
waves can be derived froin the< level of these bands
in th~ observed SAR sp~ctrum.:
The fig:ures 2 and 3 illustrate a case where the sea
state is dominated by swelL Her~ the SAR spectrum
shows a wave systell}' too long to be attributed to
the wind. In light 'wind cases like this one, when
the wind sea leaves no signature in the SAR spectrum, it is assumed that the wind sea spectrum is
fulIy developed. Using the orbital velocity variance
from this wind sea peak the swell is determined from
the observed SAR spectrum. The comparison off the
derived .and observed energy spectra shows that this
procedure gives excellent results in this case. Note
that without additional data, sudl as cross-spectra
between 2' looks, it is not possible to resolve the 180
ambiguity in the swell propagation direction. For the
present purpose of the SPRA scheme, the assessment
0

The main purpose of the SPRA algorith~js·thecanal
ysis of the gXobal SAR waye l.ll0de ,data set acquir~d
by the ERS-I!2 missions. However" with some. minor
~odifications, it can also. bE; us()d' to. analyse. SJ\R
measurements recorded in the image. mode. The
most important difference 'concerning the applica~
tion of SPRA method is the lack of a simultaneous
wind measurement with the SAR image. When the
SAR IS operating in image mode, the scatterometer "
is switched off. Some wind information can be ob~
tained from the mean radar cross sectiOn observed by
the SAR itself.. As this radar cross section is a function of two parameters, wind speed and direction, it
is insufficient to derive the full wind vector. However,
when it is combined with some in-situ data concerning the predominant wind djrection direction, it may
be possible to make an estimate of the distribution
of the wind speed over the image.
Here we will demonstrate the potential of the ERS
SAR to analyse the spatial evolution of the s(ia state
with an example on the Northern border of the
Netherlands (see figure 5). The following steps are
taken in the processing of the PRI image. The SAR
image is divided into blocks of 5 by 5 km, and for
the blocks of interest the SAR spectrum is calculated
using an FFT: Additional to this, the average radar
cross section in each of these blocks is determined,
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Figure 5: ERB-1 BAR image acquired on February
29, 1996, 10:35 GMT, of a part of the Dutch Waddensea. . The numbers 1-4 indicate the four 5 by 5 km
regions for which the wave spectra are determined.

Figure 6: Energy density spectra in the regions 1-4
indicated in the BAR image above. Here it is assumed
that the deep water dispersion relation holds.

taking into account corrections due to power losses
in the AD-converter of the ERE-I. In this particular
example it appeared that the radar cross section in
blocks 2-4 was consistent with the wind speed measured on one of the islands (approximately 5 m/s).
Assuming the direction of the wind is constant, the
radar cross section ,at location 1 seemed to indicate
a wind speed that was a few m/s higher.

DepthS: 40, 35, 32.5 and 20 m
1.2r----r----,----r-----.------;r-----,

f
Using the wind vectors thus determined, the SPRA
algorithm was applied to the SAR spectra at the four
locations. In the first set of calculations, we assumed
that the depth of the water is unlimited, and that the
deep water dispersion relation is applicable. The energy density spectra resulting from this calculation
are shown in figure 6 as a function of (deep water)
frequency. On all four locations a swell system is
detected with a wave length of approximately 200
m coming from the North-West towards the coast.
Apart from a clear decrease in energy, these results
seem to indicate an increase of the incoming swell
system as it approaches the coast. However, when
we use the actual depths and apply the shallow water dispersion relation (fig. 7), we find that the frequency of the swell system is actually conserved. We
conclude that the SAR has detected the reduction of
the wave length of the incoming swell due to shoaling.
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Figure 7: As previous figure, but using the shallow water dispersion relation is combination with the
actual estimated depths. The depth decreases from
about 40 m on location 1 to 20 m in location 4·
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Fi'gnre 8: Average signijie.ant wave height determined
from altimeter measnrement:s made by .several mis.sions over the past decade and a half (Geo.mt, ERS1/2, Topex/Poseidon).

Figure 10: As the previous jigure, Imt for the swell
component. Note thnt the ,S'AR is only ClLlJnble of detecting/ swell waves longer than 100 m, so the actnal
swell m.ay be higher'.

6'. SPATIAL DISTRIBTJTION WIND SEA AND
SWELL
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Irttil~ SPRA idle'me a distiflct-ion is made between
wind' sea: and sweH peaks~ One could argue that in
l1atllre it is ~lOt alw!1yR dear ~tlH~re the bOFder ,between swell: and wind sea must be drawn. However,
we hav~ adopted. this coneept becaufle it allows u~
to Introducesorne simple' and reliable notions ",bout
t.he relation between wind andw~ves: A post~riOri
we can try to establish whet.her't.his concept of separation between swell and wind sea has any physic<:tl
significance. This 'vc will cio by looking at. t.he sp~tial
dist.ribut.ion of hoth t.he height of hoth the swell and
t.he wind sea, averaged over all ERS-1/2 SAR wave
mode observations.

~~

Figure 9: Average hr.ight of the wind sea Wlwe.s, ns
dcrivedfnnn ERS-l/2 SAR wave mode obsenJ(Ltion.s.
The bar indicated the average propagation direction
of the wavr.s (with a 18W ambiguity).

In figure 8 spatial dist.ribution of t.he average significant wave height as rlleasured by radar altimeters
carried 011 four different satellite missions (Geosat.,
ERS-l/2, Tbpex/Poseidon). Note that the wave
height directly t.o the East of the continent is lower
t.han on the Western side. 'When we analyse t.he data
collected in this region by the ERS-l/2 SAR, we see
that t.his difference can be attribut.ed to swell.' This
is dearly illust.rated in t.he figures 9 and 10. In t.he
first the average retrieved height of locally generat.ed
wind sea is shown. The predominant feature in t.his
fignre is the decreasing height. ofthe wind sea towards
t.he equat.or. Figure 10 shows t.he average height. of
t.he swell component.s longer t.han 100 m. Here we
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clearly see that the continent is sheltering the region
to its East from swell that apparently comes in from
the West.

4. Mastenbroek, C & De Valk, C F 1998, A semiparametric algorithm to retrieve ocean wave spectra
from SAR, submitted to J. Geophys. Res.

The above example clearly illustrates that the wind
sea and swell retrieved by the SPRA show a completely different behavior, and that they can be understood in terms of locally and remotely generated
wave systems, respectively.

5. Garello, R & Le Caillec, J M 1997, SAR imaging
of the ocean surface: nonlinearities simulation and
estimation, IEEE conference proceedings, 1515-1517.

7. CONCLUSIONS
It is possible to retrieve valuable spectral wave information from the ERS-1/2 SAR. In tIlis paper a
brief validation was shown of the Semi-Parametric
Retrieval Algorithm (SPRA). This method is able to
retrieve wave spectra without relying on prior knowledge of the sea state. Instead, the scheme uses wind
information that can be obtained either from a simultaneous scatterometer measurement (in case of
the ERS-1/2 SAR wave mode) or from the average
radar cross section measured by the SAR itself (in
case of the ERS-1/2 image mode and the future ENVISAT ASAR). Two applications show the potential
of this approach. In the first a case of swell entering
a shallow region is analysed. It is shown that the
SAR is capable of discerning the decrease in both
the energy and the length of the swell system that
is caused by the interaction with the bottom. In the
second example the average wave height along the
tip of South America is analysed. Compared to an
analysis based on altimeter data only, the SAR is
capable of adding a considerable amount of detail.
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Abstract
An overview is given of current operational methods for retrieving twodimensional ocean wave spectra from near real-time ERS-l SAR wave
mode (SWM) imagette spectra. The SWM data quality and performance
of the WASAR algorithm are assessed. Sensitivity analyses and validation
studies are performed using two-dimensional NOAA buoy data as well as
TOPEX and ERS-l altimeter-derived significant wave heights. An intercomparison between SWM-retrieved and WAM model spectral parameters
shows a good overall agreement, however with a small but systematic overprediction of windseas and underprediction of swell by the WAM. While
the former can be explained by to too strong forcing by the ECMWF wind
fields, the latter is attributed to too strong damping of swell by the WAM.
Some evidence is found of a misalignment between the wind speed vector
and the wind stress in the presence of swell.

1

Introduction

One of the major drivers of the first European Remote Sensing Satellite ERS-1
launched on 17 July 1991, was applications in wave research and wave forecasting. Through the wave mode of the synthetic aperture radar (SAR) ERS-1
provided for the first time detailed spectral information on the sea state globally, continuously and in quasi-real time, far beyond the capabilities of other
wave observation systems. These unprecedented data together with the third
generation global Wave model WAM, implemented operationally at the European Centre for Medium-Range Weather Forecasts (ECMWF), enable for the
first time a variety of ocean wave studies to be performed operationally and on
global scale, some of which are outlined in the following.

1.1

Current and potential applications

• The development of improved ocean wave models for operational wave forecasts and the computation of wave climatologies is of considerable economic
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benefit for numerous activities, such as ship routing [Lehner et al. 1996], fisheries, off-shore operations and coastal protection. Such improvements have to
rely on increasingly detailed wave measurements which, on a global scale, can
only be provided through satellite remote sensing.
• The prospect of global continuous wave spectral data led to the development
of spectral data assimilation schemes of various complexity with respect to
dynamical consistency (see the overview in [Bauer and Heimbach, this issue]),
which are able to assimilate individual spectral components of the wave field on
the basis of SWM spectral retrievals. Although spectral assimilation schemes
have not yet been implemented operationally at ECMWF, their benefit was
clearly revealed in the above mentioned studies.
• Owing to the sensitivity of the surface wave field to the wind, assimilation
of spectral wave data not only leads to improved wave fields but also to wind
field corrections. In this way, accurate wave models combined with spectral
wave measurements enable the validation of surface wind output of atmospheric
general circulation models ( G C M s ) . ·
.
• Beyond practical applications, monitoring and mod~lljng of the dynamics of
waves is essential also for an improved understanding of the mechanisms that
govern the transfer of momentum, sensible and latent heat and gases such as
C02 across the wavy air-sea interface - an area of research that is rapidly gaining significance through the development of sophisticated global coupled oceanatmosphere-carbon cycle climate models (e.g. Weisse and Alvarez [1997]). As
an example, numerical simulations of the wind-driven ocean circulation have to
rely on an accurate representation of the relationship between the wind stress,
wind profile and sea state. The dependence of wind stress on sea-state is still
an open question (Rieder and Smith [1998]; Rufenach [1998]). Spectral wave
data are valuable to resolve this question.
• Various groups have recently begun to investigate long-term wave climatologies with the aim to assess possible changes of wave climate due to long-term
natural variability such as the North Atlantic Oscillation (NAO), anthropogenic
greenhouse warming, or other climate changes (see e.g. Bouws et al. [1996];
Kushnir et al. [1997]; WASA Group [1998]). Continuous global wave field observations would be valuable for such studies as the integration of wind effects
by the waves cannot be recovered from impacts on wave height alone but translates into more complex spectral properties.

1.2

Outline of the performed analyses

The potential of forthcoming ERS-1 wave data has been a strong motivation
for significant advances in wave modelling itself and the development of the
third generation wave model WAM. In the spirit of data assimilation which
may be viewed as an optimal methodology of fitting dynamics to data, and as a
means to constrain the solutions to inverse problems related to the retrieval of
geophysical parameters from remotely sensed measurements, the WAM model
was developed to enhance the retrieval of wave spectral information from the
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nonlinearly distorted ERS-1 SWM data. A brief account of the history of spectral wave modelling is given in Section 2. The ERS-l SAR wave mode data
are described in Section 3. A brief outline of the inversion problem and of
the wave spectral retrieval algorithm WASAR is given. A three year set of
global ERS-1 SWM wave spectral retrievals between 1993 and 1995 and the
WASAR algorithm were subject to various qU9-lity and performance analyses
which are presented in Section 4.. Sensitivity analyses and validation exercises
of the ERS-1 SWM spectral retrievals using operational buoy data from NOAA,
as well asaltirneter-cierived significant wave heights from TOPEX!POSEIDON
are presented in Section 5 and 6, respectively. Finally, an intercomparison
of SWM-retrieved wave spectral parameters with WAM model spectra is performed (Section 7).

2
2.1

Global ocean wave modelling
Historical aspects

First important developments in the modelling of ocean surface waves were
made through the statistical approach of the wave spectrum, the evolution
of which is described by an energy balance equation [Gelci et al.· 1957]. A
significant step was the derivation of a general expression for the source function
for this equation, consisting of three terms which incorporate the basic physical
processes ofwave generation by the wind, nonlinear couservative spectral energy
transfer, and white capping dissipation, governing the dynamics of surface waves·
[Hasselmann 1960]. By the mid-sixties. explicit representations were available
for the wind input [Phillips 1957J; [Miles 1957], as well as for conservative
nonlinear interactions among different wave components [Hasselmann 1967],
forming the basis of first generation· wave models. However, in first generation
models nonlinear effects were largely simplified or neglected altogether, thus
avoiding an explicit modelling of the complete energy balance and resulting in a
decoupled representation of the wave dynamics.. Although of some success, these
wave models were not able to account for some essential observed proper.ties
of growing windsea spectra. Gradually it was recognized that the nonlinear
interactions played a central role for Wave growth (see e.g. the Joint North Sea
Wave Project pONSWAP 1973]).
A significantly revised view of the spectral energy balance emerged, which found
its way into wave modelling through the development of more sophisticated, second generation models [SWAMP Group 1985]. The representation of the nonlinear source term in second generation models is still based on a parametrization
which is gauged on a family of spectral distributions. This effectively leads to
a parametrical description of the windsea in terms of a few spectral parameters. This, and the limitation of the interactions to a set of idealized reference
distributions, prevent an accurate description of the variety of wave conditions
encountered in different regions of the world oceans.
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2.2

The operational wave model WAM

Therefore, today's global third generation wave models like the WAM [WAMDI
Group 1988]; [Gilnther et al. 1992] integrate the basic energy balance equation
on the sphere from first principles without introducing prior assumptions on
the spectral shape. The physical processes are fully incorporated into the three
source terms for the wind input, the resonant nonlinear wave-wave interactions
and the dissipation due to wave breaking.
The WAM model now runs routinely at most operational forecasting centres
and has been implemented at more than 100 research institutions. It has been
extensively validated locally through case studies and field data, including fetchlimited wave growth conditions and extreme storm conditions, and on a statistical basis against buoy data (for an overview see Komen et al. [1994]).
Besides its central role played in operational wave forecasting, the WAM model
also plays an important role at interpreting image spectra measured with the
ERS-1 SAR. It is used to provide the first guess for the wave spectral retrievals.
Although this might cause doubts as to the applicability of the retrievals for
model validations, it has been demonstrated in Hasselmann, S. et al. [1996a],
(referred to in the following as [HBHH)) and Heimbach et al. [1998] that the
approach is not as circular as this may appear, since the improved retrieval
algorithm used here is insensitive to the initial input spectrum. The first guess
information is used essentially only to remove the 1800 ambiguity and augment
the retrieved spectrum beyond the azimuthal cut-off.

2.3

WAM model data used here

Two sets of model data are at our disposal:
• The main set consists of three years of WAM spectra which were produced
operationally at the ECMWF. The runs were performed every six hours, corresponding to one assimilation time step of ERS-1 altimeter data. The model
spectra were collocated to the ERS-1 SWM spectra available in near real-time.
• In addition to the above data set a global run of the WAM model was
conducted at MPI for austral winter JJA 1995. The model set-up and wind
forcing was identical to the ECMWF set-up, but without the assimilation of
altimeter data. The model was furthermore extended by a module to compute
detailed wave age spectra at all model grid points [Bauer and Heimbach, this
issue]. The reason for re-running the wave model was twofold:
1. The impact of the assimilation of ERS-1 altimeter wave heights on the
ECMWF wave products needed to be assessed.
2. The spectral wave age is a useful quantity for dynamical investigations
related to wave propagation. In the context of ocean swell propagation, spectral
wave age enables one to trace back swell to its origin in space and time.
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3

The ERS SAR wave mode

In the low bit rate intermittent sampling mode (so-called "wave mode") the
ERS-1 SAR collects 5 x 10 km snap shot imagettes every 200 km along the
satellite orbit. The data are transformed into low bit ratewavenumber spectra
and disseminated in near real-time by the European Space Agency (ESA) as
part of the fast delivery product (FDP) to the major forecasting services.
A necessary prerequisite for the use of the SWM spectra is the development of an
algorithm to retrieve ocean wave spectra from SAR image spectra. This is not
straightforward. The SAR imaging mechanism is strongly nonlinear through
the distortions induced by the wave orbital motions (the "velocity bunching
mechanism", cf. the MARSEN review in Hasselmann et al. [1985]). This results,
among other effects, in image smearing and a loss of information beyond the
so-called azimuthal cut-off wavenumber, corresponding typically to wavelengths
shorter than about 100 - 200 m in the satellite flight direction. In addition,
SAR images suffer from a 1800 frozen-image ambiguity. Nevertheless, even with
these limitations, Hasselmann, K. and Hasselmann, S. [1991], (referred to in
the following as [HH]) were able to develop an efficient algorithm based on
the inversion of the full nonlinear wave-to-SAR transform, enabling a reliable
retrieval of wave spectra from SAR spectra within the computational constraints
of operational applications. A first evaluation of the ERS-1 SAR wave mode was
carried out for a three-day data set in the Atlantic [Briining et al. 1994J. Based
upon this evaluation, an improved algorithm has recently been proposed by
[HBHHJ and implemented [Hasselmann, S. et al. 1998]. This so-called WASAR
algorithm was used for the retrieval ocean wave spectra from the three year
global set of ERS-1 SWM data between 1993 and 1995.

4

Retrieval assessment

The SWM data comprises a total of some 1.2 million wave spectra with an
average daily output of 1100 successfully retrieved spectra. The retrieval process
incorporated a data quality test for the input SWM data, and a reliability test
for the retrieval. The input SWMdata was rejected if the signal-to-noise ratio
of the SAR spectrum (defined as the ratio of the spectral peak to the clutter
noise background) was less than 3 db or if the first guess wave height was below
0.1 m. The retrieved spectra were discarded as unreliable if the cost function
was not reduced to less than half of its initial value. Fig. la shows that with
the beginning of the quasi real-time distribution of the FDP about 75 percent
of the SWM data could be successfully retrieved.
The retrieval fidelity is represented in Fig. 1b in terms of the distributions of
the pattern correlation coefficients for the simulated and observed SAR spectra
for the summer 1994 and winter 1994/95 seasons in the Northern and Southern
Hemisphere. All distributions show a rather narrow peak around 0.9, indicating
that for the major part of the data retrievals of high fidelity were achieved.
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Performance of SAR retrieval algorithm
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Figure 1: (a): Data quality and retrieval performance measured in terms of
the cost function reduction factor. (b): retrieval algorithm fidelity measured in
terms of the correlation between observed and simulated SAR spectrum.

5

Retrieval sensitivity and validation - buoy spectra

In a first step we present an intercomparison between ERS-1 SWM spectral
retrievals and collocated two-dimensional buoy spectra during 1993. The buoy
data were obtained from heave, pitch and roll buoys operated by the National
Oceanographic and Atmospheric Administration (NOAA). Except one buoy off
Hawaii, all buoys are located near the American continent, sufficiently off the
shore to exclude orographic or coastal effects. Four buoys are situated in the
North Pacific, four buoys in the North Atlantic. In view of the limited amount
of collocated buoy spectra available we focus here on the use of buoy spectra
for a sensitivity analysis of the WASAR algorithm rather than on a direct
intercomparison. A validation of SWM-retrieved wave heights using a 1 year
global set of TOPEXjPOSEIDON and ERS-1 altimeter data will be presented
in the next section. A further indirect validation based upon consistent wind
field corre.ctions inferred from the assimilation of ERS-1 SWM retrievals is given
in [Bauer and Heimbach, this issue].
We allowed a very broad spatial collocation window of 600 km, yielding a total
1652 buoy spectra collocated to ERS-1 SWM data. While this broad window
is sufficient for the present sensitivity study, a rigorous validation would have
to restrict the distance to about 100 km, thus severely reducing the number of
buoy data. An alternative sensitivity study based on a synthetic perturbation
of first guess input spectra may be found in Heimbach et al. [1998].
Complementary to the retrieval of ocean wave spectra from SWM data using
WAM spectra as first guess, a second retrieval exercise was carried out using buoy data as input. A symmetric regression between both retrievals was
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Figure 2: Sensitivity of retrieval with respect to first guess (f.g.) input.

performed, taking into account those retrieval pairs only which jointly fulfill
the retrieval quality criteria described in the preceding Section. (notation:
y = bsym . x, with mean < . >, bias I::i. = < x > - < Y >, symmetric slope
bsym and correlation coefficient r). This yielded a subsample of roughly 1000
spectra. The statistical regression parameters for the significant wave heights
are presented in Tab. 1.

~. WAM vs. W-ret.

<x>/rn
<y>/rn
f:!./rn
bsym
r

2.53
2.57
-0.04
1.02
0.73

I Buoy vs.

B-ret.

2.16
2.57
~0.41

1.16
0.71

I WAM vs.
2.53
2.16
0.37
0.89
0.72

Buoy

I W-ret. vs.

B-ret.

I

2.57
2.57
0.00
1.02
0.82

Table 1: Statistical regression parameters of significant wave heights.

Fig. 2 shows that while buoy and WAM first guess differ considerably (a), a
good agreement between buoy and WAM retrieval (b) is found (cf. Tab. 1),
confirming the weak dependence of the the retrieval on the first guess. A direct
comparison between buoy and WAM data reveals differences in terms of the
mean spectral parameters. This can partly be explained by the large allowed
collocation distance. The same applies for the comparison between buoy and
buoy-input retrieved data. It should be noted that high sea states are extremely
rare in the data sample. Therefore, no conclusions can be drawn yet with respect
to direct validation of SWM retrievals using buoy spectra.
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6

Retrieval validation - altimeter data

Complementary to the quality, performance, and sensitivity analyses, a global
validation of SWM-retrieved significant wave heights H:wm was performed for
the period 1994, using independent, collocated data from the ERS-1 (H:rs) and
the TOPEX (H;OP) altimeters (see also Bauer and Heimbach [1998]). The ERS1 altimeter data were also part of the ESA FDP, and obtained via ECMWF. The
TOPEX data were provided as omine product by AVISO, Toulouse (France).
Although limited in scope to one single parameter of the full spectrum, such
an assessment is essential to increase confidence in the SWM retrievals, or to
detect remaining deficiencies. Furthermore, it offers some advantages to buoy
comparisons, since it yields a global coverage, comprising data of various wind
and wave regimes.
Whereas the TOPEX data are of high accuracy (e.g. Gower [1996]), the ERS1 altimeter FDP data are known to be low-biased. To compensate for this
effect we applied a linear correction proposed by Queffeulou [1996]: H;rs =
1.11 H!DP ERS + 0.09
The spatial and temporal limits for SWM-to-altimeter cOllcations were set to
• 260 km and 1 min. for SWM-to-ERS-1 altimeter collcations
• 100 km and 90 min. for SWM-to-TOPEX altimeter collcations
A good overall agreement between SWM-retrieved and TOPEX and ERS-1
altimeter-derived H s was found, with a slight low bias of H: wm with respect to
both H;rs and H;op (not shown). Taking advantage of the spectral information
provided by one partner of the collocated pairs, stratification of the full H s
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Figure 4: Seasonal mean wave height of individual largest wavelength swell
systems> 250 m (top); sasonal mean swell wavelength (bottom); JJA 1994.
sample with respect to spectral properties could be made. Results of the regression SWM vs; ERS-1 altimeter regressions of pure windsea and swell cases
are depicted in Fig. 3 together with mean regression parameters. The slight
underestimation of H;wm could be attributed to the underestimation of high
windseas by the SWM. The altimeter and SWM-retrieved swell wave heights
were in very good agreement.
The windsea underestimation could not be unambiguously attributed to a single cause. It should, nevertheless, be mentioned that the underestimation of
SWM-retrieved H s with respect to altimeter data is in conflict with the preliminary assessment of the SWM-retrievals with respect to buoy data, the latter
suggesting H;wm to be overpredicted. Further validation should, therefore, aim
at multisensor collocations to resolve this issue.
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7

Model validation

Global validation of the WAM using spaceborne data has until recently been
limited to H s derived from altimeters. Because of their limitation to H s , altimeter data, although providing continuous global coverage, are of limited
value when trying to detect detailed deficiencies in the spectral properties of a
wave model. The three year WAM vs. ERS-1 SWM intercomparison [Heimbach
et al. 1998] has for the first time addressed spectral details of the wave field in
various regions of the world oceans. In the following we focus on some aspects
of the spectral characteristics.
Fig. 4 (upper panel) depicts the global distribution of seasonal mean swell
wavelength for JJA 1994. The corresponding distribution of swell wave heights
for the longest wavelength swell system in each spectrum is depicted in Fig. 4
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(lower panel). For the latter plot swell wavelengths were required to exceed a
lower threshold of 250 m, the purpose being to focus on long wavelength swell.
One can thereby more easily identify the regions into which the long wavelength
swell is radiated.
The effect of fetch can be clearly seen in all Figures. The shortest wavelengths
are found in the lee of the continents, in mid-latitudes off the east coasts, the
longest wavelengths in the eastern parts of the ocean basins and in the open
Southern Ocean. An interesting feature is the occurrence of long wavelength
swell in the eastern equatorial oceans originating in the high-wind mid-latitude
regions: the swell wavelength isolines exhibit a distinct eastward-equatorward
slant, corresponding to the main direction of propagation from the extra-tropics.
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Seasonal mean directional distributions for WAM (dashed-dotted) and ERS-1
SWM (solid) windsea and swell wave heights for JJA 1994 are shown in Fig. 5
and 6 for the South Pacific and the South Atlantic, respectively. The plots reveal
an overprediced windsea wave height in contrast to an underpredicted swell wave
height by the WAM model. The former was attributed by Heimbach et al. [1998]
to too strong wind forcing by the ECMWF analysed UlO wind vector fields,
consistent with an ECMWF wind field validation using ERS-1 scatterometer
data by Bentamy et al. [1996]. The qualitative underprediction of swell was
attributed to too strong damping of low frequency wave components by the
WAM model. The magnitude of underprediction was found to be artificially
increased though the assimilation of low-biased (uncorrected) ERS-1 altimeter
data. The relative bias reported to be of the order of 20 percent could be
reduced by half in the absence of assimilation [Heimbach 1998].
An interesting feature is revealed from the directional distrbutions of windsea
wave heights. The two latitudinal bands between 30° and 50° as well as between
50° and 65° in the top panels of Fig. 5 and 6 reflect the mid-latitude westerly
strong wind regime. Except for the sampling area between 30° and 50° in the
South Atlantic off the South American coast all SWM-derived wave roses seem
to be rotated compared to the model wave roses. The direction of rotation
corresponds to the main propagation direction of the underlying swell (bottom
panels of Fig. 5 and 6). As can be inferred from Fig. 4 the sampling area off
the South American coast corresponds to the only region of the entire Southern
Hemisphere ocean which does not carry important swell contributions of long
wavelengths. This is due to the large scale shadowing of propagating swell by
the South American continent. The results suggest that the observed wave field
carries a signature of the misalignment of the wind stress with respect to the
wind speed vector in the presence of swell, previously reported by Riederand
Smith [1998] in the context of three-component anemometer data, and Rufenach
[1998] in the context of ERS-1 scatterometer and buoy data.

8

Conclusion

The ERS-1 SAR wave mode (SWM) data represent the first data set to provide
detailed spectral information of ocean surface waves with continuous global coverage over several years. The present work has demonstrated the applicability
of the SWM ocean wave spectral retrievals for global wave modelling through
various quality and performance analyses of the WASAR retrieval algorithm,
validation exercises as well as statistical and dynamical intercomparisons with
WAM model data. The statistical and dynamical analyses presented here enabled the identification of a number of discrepancies between the ERS-1 SWM
and the WAM model data, pointing to possible shortcomings of the WAM model
or the forcing wind fields. More detailed investigations are needed of a larger
ensemble of individual wave events to resolve the complex interplay between the
basic dynamical processes of wave generation, dissipation and nonlinear energy
transfer.
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Wind waves are the part of climatic system. The definition of a climate as the ensemble
of states, which the system with multiscale variability passes, may be applied to wind wave
climate. Wind wave parameters have the synoptic, season and interannual variability. Climatic
ensemble of the wave states traditionally characterised by angular spectral density S(ro,8,x,y,t)
as the function of frequency ro, direction 8, spatial coordinates (x,y) and time 1. In applied
investigations (e.g. shipbuilding [Buckley, 1988]) the climatic wave spectra (CWS) are used as
some average parameter. For offshore industry the wave climate is mainly long-term
distributions and their quantiles. Therefore, in applications both the climatic spectra and
distributions may be used. These characteristics may be calculated either by means of wave
measurements or hydrodynamic simulations.

Climatic wave spectra (CWS)
One of the result of a lot wave measurements and modelsimulations is numerous wave
spectra (hundreds, thousands or more). Usually in the seas and oceans both wind waves and
swell presents simultaneously. Each wave systems has it own height h, period 't and direction 8.
So, the system of random values 8 depend from space and time (x,y,t) and have the dimension
3, 6 or more. To any value of 8(x,y,t) correspond a spectral density of a mixture of waves
and swell or only waves or swell:
S(ro,8)=S(ro,8,8).

(1)

In the simplest case exclude in S(.) the relation from (x,y) and 8, i.e. suppose, that
S=S(ro,t). Then for fixed (x,y) only two parameters -

mean wave height and period are

enough. In this situation there are two stages of wave spectra classification:
• introduction ofa system of parameters 8 (e.g. mean h,
S(ro) to a space of 8;

't)

for transition from the space of
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• parametric presentation of relation 8(t) to some stable states.
The problem will be regarded in some examples.

Stationary case
One of specific region of the World ocean is North Pacific, where the following main
types of stable conditions are exist [Results, 1990].
• trade winds with prevailing wind waves and one or more swell;
• cases with the wind convergence with weak waves and swell.
The first type depends from three parameters hswell, 'tswell, hwind , the second - from five
hsweu,hswell_2,'tswell_1,'tswell_2,hwind. Each type is proceeding for a long time period (tenths for days
and nights). So the stable state reflects the stationarity with a weak variations of parameters.
Suppose, that the distribution FE (i;1,i;2,... ,i;n), where i;k are parameters, is known, or at least the
mean

8, variance DE and covariance COV(i;i,i;j) are known. Then, applying any

approximations of wave and swell spectra or their mixture [Winds,1974], and assuming (1) as
nonrandom function of random argument 8, by the method of statistical linearization may
derived:

(2)

8(ro)=S(ro,8),
D,(o>

J"

feJS(o>
1=1

where

as(ro)

~1

J)' D" + 2~( ~1 J)
as(o>

1;=1;

1>J

_(as(~ )J COV(~i~)'
1;=1;

~J

I;=~

(3)

are the derivatives of spectral density by the approximation parameters.

Oi;i

The example of mean climatic wave spectra and it 10% and 90% quantiles (for the
situation of strong trade wind) is shown at Fig. 1. The calculations were made both by the
wave measurements [Results,1990] and by relations (2,3) and Monte Carlo (MC) simulation.

The sequence of «storm and calms}} periods
For any moderate zone a stable states are «storms and calms» time periods. North
Atlantic and Black sea will be the examples. For these regions not a spectrum S(ro), but S(ro,t)
is the typical. The last one describe growth of wind waves and then evolution to mixture of
waves and later to a swell (Fig. 2). However, approach, accepted in applications
[Buckley,1988; Ochi 1978], does not consider time persistence of each type. In these
publications only the probabilities of the type are calculated, but not the duration 8(t).
Investigation of duration of the types and their severity may be achieved by means of approach

1
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of theory of outlier of a random processes. Corresponding notations are shown at Fig.3. Here
A are the threshold.

S(oo), m2s

4

3

0.00

0040

0.80

1.20

1.60

2.00

2.40

00,

rad/s

. Fig. 1. Climatic wave spectrafor the

Fig. 2. Examples ofclimatic wave spectra

situation ofstrong trade wind North part of

for North Atlantic in a single storm.

Pacific ocean.
Here solid line is mean spectrum by natural data,
doted line is mean spectrum by (2), dashed lines are
the 10% and 90% quantiles by MC simulation.

In table 1 the main statistics of {H,3,0} (mean E[e], Lm.S. and quanti1es 10% and 90%)
are shown.

Table 1. Statistics of {H, ..J: e}. Black sea, threshold A~2E[h].

r:;$!~li~lfil~~0X;.·<·
Value
90%
E[el
10%
Lm.s

H, m.
2.2
1.5
1.1
0.5

~;";;/' .?<'·'t;,,;u.·,:,;~
3, hr.
28.1
12.2
2.5
11.9

0, hr.
140.2
60.3
2.1
91.1

H, m.
1.2
0.6
0.4
0.3

/e;;+:;;'t:; ;~~i~·~~~ut·ii~~iu;d:-,:c·H!:·
3, hr.
0, hr.
H, m.
3, hr.
0,hr..
68.7
160.5
2.4
40.4
325.5
19.9
47.8
1.4
16.1
98.1
2.2
6.25
0.8
1.9
1.87
21.4
64.5
0.6
12.6
122.9
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h,m.

It is seen, that storm parameters have
the annual variations, i.e. this is the seasonal

10

modulation of wave synoptic variability
(especially

pronounced

1ll

winter).

A

threshold A. is taken in fraction of mean
6

seasonal wave height. For the Black sea the
following seasons are accepted:

winter:

December-March, summer: May-September,
transient: April, October, November. From
4

5

6

T,

days

Fig. 3. Parametric presentation ofstorms

the table 2 is seen, that in summer duration of
storm periods .J is longer, than in winter,
though the intensity of summer storms is

and calms sequence.

lower.
For parametric presentation of frequency spectra the wave measurements near
Gelendzhik were used. Here in the place with the depth 85 m., during 3 years, every 3 hour (in
cases of storm every hour) the 20-minute wave recording were made. The estimates of wave
spectra, wave height and period were calculated for all wave records. In total 6102 spectra
were calculated. Adopting as the parameters 8 a set of spectral moments, all the spectra variety
may be separated to 8 classes with it own probability (tables 2,3).

Table 2. Probability ofCWS ofvarious classes

Swell

\~;IiiIJlil\1 i£lfjmm~&'~

I
II

III
IV

47%
16%

2%
8%
32%
27%
15%

10~o

19~o

30%
22%
8%

6%
17%
20%
32%
13%

Waves
V
Waves & swell
Swell
without
3%
184
4%
4%
2%
VI
se aration
Waves
7%
5%
10%
7%
VII 427
Waves & swell \ - - -Swell
-----+---+----+----/-----+-----+-----1
2%
1%
2%
2%
VIII 123
Waves
with se aration
100%
6102
100%
100%
100%
Total
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Winter. A=0.55 M.
O::s;;h<A
Il
39%
24%
V
28%
VII
9%
t----------J----I-----J
t-----jt-__.......-t---:-:----t---ot----t
1::s;;h<21
I
18%
IV
68%
VI
12%
VIII
2%
h?21
2%
93%
4%
1%
Transient period. 1=0.38 M.
0~h<1
III
49%
13% .
V
23%
VII
15%
r-------t--~__II-_=__:___t
t--:-:::-:---t-~~-t~_:_:_:_tI- ..............+_=-:-__1
1::s;;h<21
Il
35%
IV
45%
VI
13%
VIII
7%
t----'---------;----t-----J
. h~21
I
19%
68%
13%
Summer. 1=0.17 M.
12%
III
70%
3%
15%
V
VII
O::s;;h<A
.7%
Il
59%
24%
10%
VIII
IV
1::s;;h<21
I
38%
51%
VI
9%
2%
h~21
Relation between classification from table 2 and data from table 3 is shown in the Fig. 4.

class
VIII

Waves &
swell
W.waves
Swell

VI
IV
11
3

h~

m.

2

o'---=r-----'-~----L-r-----'--,.__----'--_..__---l__,.___:_-__=_'

1.25"10

t, min

Fig. 4. The lower part: sequence ofstorms and calms. The upper part: sequence of the
types offrequency spectra.

It is seen, that definite sequence of the types of spectra correspond. to every storm or
calm. The probability of all the classes are shown in the table 3. The probability of the types
depends fi:om the wave height. There are no information about duration in table 2; but the
table 3 together with the table 1 shows, that in winter all the spectra for the cases h>21 have
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the mean duration 12.2 hour. More detailed duration data are presented in table 4. It is seen, in
particularly, that prevailing type IV (wind waves) has the mean duration 11 hours.
Table 4. Persistence statistics S (hours) of Cws. Black sea.

Values

ITr

IT
4.4
2.3

I
4.7
4.8

V
4.5
2.9

7.3
6.0

VI

VII

3.3
2.9

2.8
1.0

VIII
3.2
1.4

Some examples of CWS applications
Until the recent time the main usage of CWS were in shipbuilding. In particularly, at 18th
Assembly of International Maritime Organization (!MO) in 1993 the definition of CWS were
introduced for use in structural design of ships.
During the last years the interest to the renewal energy resources is increasing. For the
seas and their shelf zones its becomes especially important, as utilisation of oil and gas from sea
bottom may lead to essential pollution of environment The wind waves are one of the
alternative and ecologically clean sources of energy.
In the last years the General Direction of European Union funded the investigations of
the wave energy in the Mediterranean and part ofN. Atlantic. As the result the WERATLAS
was elaborated [Atlas, 1996]. One of the author of this presentation in· the frame of grants of
MacArthur Foundation (Grant #97-47057-FSU) made an investigation of the wave energy
resources in some Russian seas. Some results were published [Lopatoukhin et. a1. 1997]. E.g.,
for specification of wave energy, the ensemble of CWS was divided into three clusters with
equal probability 33.3%. For the Barents sea the lowest cluster correspond to significant wave
heights HS < 1.8 m., the middle one - to HSE[1.8-2.8] m., and the highest one - to HS>2.8
m. The quantiles of wave energy are estimated by means of the numerical integration of each
climatic spectrum from ensemble:
2

E i = pg
2

rf
0

llS (ro,0)C(ro)drod0 = pg
0
2

2

r

ro-IS(rolhi,"i;)dro

(4)

0

Here p is the density of sea water, g is the gravity acceleration and C(ro) is the group
velocity of waves.
Table 5. Wave power E (kW/m) for Barents sea.
QU8nfile
E, our results
90% Com. Int.
E, WERATLAS

10%
2.68
±0.10
2.5

25%
6.47
±0.20
7.5

50%
15.34
±0.41
16.0

75%
35.20
±1.02
37.0

90%
68.31
±2.06
73.0
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In the table 5 the wave energy resources, calculated by means of stochastic simulation
(one of the our approaches), compared with the WERATLAS data [Atlas,1996] calculated by
the W AM model. It is seen, that simple and not consuming stochastic simulation in this case
leads to almost the same results as in WERATLAS.
One of the important scope of investigations is extreme n-year wave height estimation,
this mean how often are the storm situation with extremely severest waves appears.

Extreme wave parameters
Ifwe have the long annual wave heights sample, then extreme terms (bearing in mind the
initial wave height distribution) converge to the first limit distribution:

(5)

F(h) = exp[-exp[-a(h- b)]].
5.5

Parameters of this distribution may be

hi,m.

calculated from a sample. Biplot of this
distribution is presented in Fig. 5. In this case

5

the

distribution

of

extreme

terms

of

4.5

distribution

(5)

is

also

the

first

limit

distribution. This allow to extrapolate a

4

sample of annual maxima to n years.
3.5

In reality, a limited sample of extreme
storms waves is used for n-year wave height

3

calculation. Formally any maximum and time
2.5

2.5

3

3.5

4

4.5

5 hI

i,m.

of it appearance are a random values. Then
the integral characteristics of wave extremes

Fig. 5. Annual maxima ofwave height in

Q-Q plot ofdistribution (5). Here h/ are the
natural data, hi are the quantiles of (5).

is multidimensional distribution of upper
quantiles F(hl, ...,hm,tl,... ,tm), where ti is the
time of appearing of each outliers.

Baltic sea.
Let us introduce the quantile function of storm impulse sequence {Hi,:5i,0di=1,N:

(6)
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m-I

) N-m--l

h m =m~x( {hJ\~{hk}:'t'1 *'t'j,l,j=l,m i=l

For this function we may put the distribution of the upper quantiles in the following form
m

(7)

F(hp ... ,h m ) = LP(k)Gk(hl, ... ,h k)·
k=l

Here p(k) is the probability ofn storm pulses for prescribed time (e.g., 1 year). Gc(e) is
the distribution function of k upper quantiles in year, i.e. of the values hl, ...,hk in the cases,
that h 1>h2> ...>hk.
The quantile diagram for six year maxima in 35 year sample for Baltic sea is shown at
Fig. 6. There are the median, upper and lower deciles for each maxima.
It is seen from Fig. 6, that the first annual maximum in mean equal to 3.5 m., the second

maximum is a little higher than 3 m. It is also seen, that the second annual maximum for 100year wave h lOo(2)=4.1

M.,

is not equal to 50-year wave height equal to 5.0 m. The ratio

between first and second maximum is shown in Fig.7.

h , m.
2

3

+

2'-----'-----l----.L.-------'
2.5
3
35
4
h ,

1

m.

Fig. 6. Quantile diagram ofthe first six

Fig. 7. Point diagram offirst and second

annual maxima ofwave heights. Baltic sea.

annual maxima ofwave height. Baltic sea.

1 - upper and lower deciles. 2- the median.

Corr(hj,hJ)=O.66.

As the example in the table 6 the 50- and lOO-year wave for the Baltic sea are shown.

The initial data is the 41 year long time series with discrete 3 hour, calculated by Dr. 1.
Lavrenov by parametric spectral model [Problems, 1995]. The n-years waves were calculated
by means of various methods: annual maxima (AMS), POT (Peak Over Threshold) and
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BOULVAR (BOUkhanovsky, Lopatoukhin, VAlentin Rozhkov method), based on the
equations (6) and (7).

Table 6. 50-and lOO-year mean wave heights, calculated by means of different
methods. Baltic sea.
Annual maxima AMS
Peak Over Threshold OT
BOULVAR, 1-8t maximum
BOULVAR, 2-nd maximum
Table 6 shows, that the first maximum, calculated by BOULVAR is the same as by the
AMS . If the estimation of the parameters of distribution (5) is made by the relations between
parameters of initial log-normal and 1st limit .distribution [Hirtzel, 1984], then instead of
h lOo=5.2 M., we have 7.4 M. This once more shows, the dependence between successive wave
heights. If the time lag between observations is large enough and wave heights became
independent, then h1oo=5.1. Such an approach may be valid only in case of exploratory analysis
of data. The 2nd maximum by BOULVAR method is 3.9 m. and is not equal to 50-year wave.

It is important to note, that in POT the mixture of distribution is assumed, and hence do not
distinguish the first and secondary maxima. Therefore the POT estimation of lOO-year wave is
4.7 m., it is between the 1st (5.2) and second (3.9) maxima.

Some conclusions
The approach to classification of wave spectra with due regard for stable states and
temporal variations ofwave parameters is proposed.
The multidimensional probability distribution of storm appearance

IS

needed for

estimation of extreme waves.
For generalisation of the analysis results (spectra and distributions) the stochastic models
are needed.
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ESA's CONTRIBUTION TO OPERATIONAL SEA STATE MONITORING AND
FORECASTING
by
J.A.Johannessen (Head of the Ocean and Sea Ice Unit, Earth Sciences Division, ESA-ESTEC,
Noordwijk, The Netherlands)
and
G. Duchossois (Head of the ESA Mission Management Office, ESA-Headquarters, Paris,
France)

1.

INTRODUCTION

The European Space Agency (ESA) launched ERS-1 in July 1991 [1]. ERS-2 was launched in
April 1995 to ensure the long term continuity of ERS-1 data collection. For twelve months in
1995-1996, during the Tandem mission, ERS-1 and ERS-2 were operated in the same 35 day
repeat orbit with a revisit time of one day. ERS-1 had also been operated in 3-day and 168-day
repeat cycles to cater to a wide range of scientific and operational requirements. Since June
1996, ERS-2 has been the primary operating satellite with ERS-1 being kept in hibernation.
Tandem operation of limited duration are still performed on a campaign basis. Both satellites
carry three active microwave instruments {i.e. a C-band synthetic aperture radar (SAR), a Cband wind scatterometer (AMI-wind), and a Ku-band radar altimeter (RA) supported by a
microwave radiometer (MWR) and a precise range and range rate equipment (PRARE)) and an
infrared-visible Along Track Scanning Radiometer (ATSR). The RA and ATSR instruments
collect data continuously while the SAR and the wind scatterometer are configured in an
alternating mode of operation such that the SAR Wave Mode runs jointly with the wind
scatterometer, while the SAR Image Mode only runs with the scatterometer turned off.
The ERS satellites obtain complementary sea state observations from the radar altimeter, the
scatterometer and the synthetic aperture radar (SAR) [2],[3],[4],[5]. These global observations
are in various combinations used operationally for wind and wave monitoring, analyses and
forecasting [6],[7]. The altimeter measures wind speed and significant wave height for areas
directly below the satellite at a horizontal scale of about 10 km. The sidelooking scatterometer
operates in vertical polarization with three antennas looking 45° forward, sideways, and 45°
backwards with respect to the flight direction. In this configuration it provides a measure of both
wind speed and direction over a swath of 500 km width at a spatial resolution of 50 km. A
complete global coverage is obtained within three days. The synthetic aperture radar (SAR)
provides retrievals of the directional ocean wave spectrum either in wave mode operation
(conducted in synergy with the scatterometer) or in full image mode. In the wave mode small
SAR imagettes of 10 * 5 km are acquired every 200 km along the scatterometer's near range
coverage. The quality of these wind and wave field observations is widely recognized, and the
assimilation of these data into numerical weather forecasting models has a clear impact.
Recently, moreover, it has also been convincingly demonstrated that the SAR also can provide
high resolution wind field observation at a spatial scales of a few kilometers. This may have an
impact on coastal wind field and sea state monitoring which requires finer spatial resolution
[8],[9],[10],[11].
These ERS observations are complemented with simultaneously operating altimetric satellites
(TOPEX/POSEIDON, Geosat Follow-On), SAR satellites (Radarsat, JERS-1) and the NSCAT
scatterometer on ADEOS (operated from 1996 to 1997). Note that Quickscat is scheduled for
launch in November 1998. It is widely recognized that the regularity and accuracy with which
these satellites operate are making a major contribution to the observation and monitoring of the
global ocean and sea ice covered regions of the Earth. From the beginning of the next
millennium new satellite systems such as Envisat (ESA), Metop (Eumetsat/ESA) and Jason
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(CNESINASA) will extend these missions. Table 1 provides and overview of currently
operating and future approved microwave satellites and their corresponding instruments with
contribution to operational sea state monitoring and forecasting.

SATELLITES

ERS-l (1991-1996)

INSTRUMENTS
Radar Altimeter

Scatterometer

Synthetic Aperture Radar

RA (Ku-band)

AMI wind (C-band,VV)

AMI wavellmage (C-band, VV)

JERS-l (1992+)

SAR (L-band, VV)

TIP (1992+)

RA (Ku- and C-band)

ERS-2 (1995 +)

RA (Ku-band)

AMI wind (C-band,VV)

RADARSAT (1996)

SAR (C-band, HH)

ADEOS (1996-1997)
GFO (1998+)

AMI wave/image (C-band VV)

NSCAT (Ku-band,VVJHH)
RA (Ku-band)

~UICKSCAT(1998+)

Rotating Scat (Ku-band)

ENVISAT (2000+)

RA-2 (Ku- and S-band)

JASON (2000+)

RA (Ku- and C-band)

ASAR (C-band,VVIHH)

RADARSAT 11
(2000+)
ADEOS 11 (2000+)

SAR (C-band, HH)
Rotating Scat (Ku-band)

ALOS (2001 +)

SAR (L-band, VV)

LIGHTSAR (2001+)

SAR (L-band, VVIHH)

METOP (2002-2017)

ASCAT (C-band, VV)

Table 1. Overview of present and future approved active microwave satellite missions and
corresponding instruments with contribution to marine weather and sea state monitoring and
forecasting.

In this paper we will summarize the current status of the ESA's ERS contribution to operational
sea state monitoring and forecasting. This will be complemented with a brief consideration of the
continuation of this into the next decade as ensured with the launch of Envisat and Metop.

2.

APPLICATIONS

The interactions of the cloud independent active microwaves with the ocean surface, either from
sidelooking or nadir operating instruments, are strongly linked and dependent on the roughness
of the ocean surface at short gravity-capillary (Bragg scattering waves of order cm or dm), at
intermediate (1 m to 10 m) and long wavelengths (i.e. 100 m). Using empirical retrieval
algorithms and inversion models it is therefore possible to transfer the measured radar intensity
and its spectral properties into estimates of near surface wind, ocean wave spectra and
significant waveheight as indicated in Figure 1.
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Figure 1. An overview of the ocean parameters retrieved from the ERS-I and ERS-2
instruments (i.e. active microwave radar altimeter, scatterometer, and SAR) according to three
.. classes of application, notably: operational, pre-operational and research.

These retrieved geophysical products are currently used operationally at European Centre for
Medium-Range Weather Forecasts.(ECMWF) and several national weather prediction centres
(NWPs) including the UK-Met Office, the KNMI, the DNMI, and Meteo-France; Thesecenters
provide operational services to a wide range of users in the marine sector including offshore and
gas operation and exploration, ship routing and transportation, fisheries, harbor and pilot .boat
operation, and coastal zone protection.
Figure I also defines several "so-called" pre-operational products including SAR derived oil
spill, shallow water bathymetry and high resolution wind fields and radar altimeter derived
accurate profiles of surface topography or slope which in turn are used to calculate the surface
geostrophic current arid sea level variability. In addition, under the category of research, the
active microwaves are used to advance the understanding of: a) air-sea interaction (scat, SAR,
RA); b) near surface current features and location and extent of natural film (SAR); and c)
westward propagating planetary waves such as Rossby waves (RA).
Satellite observations combined and integrated with in situ observations· provide the best
possible picture of the state of the marine environment, and offer an excellent data source for
validation of the models (Figure 2). Conversely, satellite observations are also often validated
against operational model outputs such as provided by ECMWF and NWPs. Such integrated
and systematic use of observations and models results in better scientific analysis and hence
improved understanding of the dominant processes. In turn, this can support improved model
design as schematically indicated in Figure 2. Via data assimilation the satellite and in situ
observations are furthermore homogenized and extrapolated to three dimensional fields, and
together with better initialization and boundary conditions more accurate forecasts are
produced. Such a complete and integrated system moreover support both design and optimal use
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of data collection systems.
In the following subsections some of the major achievements will be highlighted within a few
application classes such as weather and sea state monitoring and forecasting.

KEY MODULES IN INTEGRATED
MARINE SYSTEMS

,

OBSERVATION

IMPROVED ANALYSES

J
-'~J--

mapping environmental lA.
parameters
~

---

ASSIMILATION

f

.~.

f
greater understanding
of processes

I

"12.....
~lr

--

.~

generate more
accurate predictions

Figure 2: Key modules in marine weather and sea state monitoring and modelling systems, .
Weather and sea state monitoring and forecasting
The suite of active microwave instruments flown on the ERS-1 and ERS-2 satellites is providing
for the first time consistent and regular global wind and wave data in near real time (within three
hours of observations), filling the spatial gaps existing with conventional observation systems.
This has opened up exiting new opportunities for wind and wave modelling, and the
assimilation into operational models for the production of short term weather and sea state
forecasts. Moreover, these data are also used to support climate models. The operational
monitoring and forecasting of the near surface wind field and the ocean wave conditions are
briefly described below. A more comprehensive discussion of this is reported in [6],[7] and
[11] .

Wind Field: Scatterometer wind field observations is widely recognized, and they enable for
example small-scale low pressure systems and frontal lines to be identified properly compared
with model background plots. However, the dual directional ambiguity of the solutions must be
removed. In a newly developed removal scheme [12] demonstrate that approximately 95% of all
such ambiguities can be correctly removed. The improvements in the initial wind field data
provided by the ERS scatterometer data have a beneficial impact on analyses and short-range
forecasts, probably mainly from the improvements on the subsynoptic scales.
For example, ECMWF provides operational meteorological forecast services, as well as sea-state
forecasting services, to the national meteorological services of its seventeen participating states.
The ERS scatterometer data are incorporated in such a way as to correct forecast surface wind
fields continually over the oceans. These corrections are then propagated through the numerical
model to provide corrections to other parameters such as atmospheric pressure, temperature and
humidity. Trials have demonstrated that the incorporation of scatterometer data improve the
accuracy of the short-range forecasts by approximately five percent over forecasts where
scatterometer data were not included. In particular, the use of scatterometer data to improve the
accuracy of the wind data for tropical cyclones and hurricanes has proven very useful (see
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Figure 3), so that initial values of atmospheric parameters at the model grid points better match
the actual values. Since January 1996 the assimilation of ERS-2 scatterometer data has been
fully operational at ECMWF. The radar altimeter winds are used to monitor the quality of these
products.
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Figure 3. Example ofthe scatterometer derived wind field of the hurricane Danielle (Courtesy
ofP. Lecomte, ESA-ESRIN).

Ocean Waves: Coincident with the wind field observations from the ERS radar altimeter and
scatterometer are observations of the sea state conditions (Figure 1). The radar altimeter
measures the significant waveheight along the satellite ground track, while the synthetic aperture
radar (SAR) provides retrievalsof the directional ocean wave spectrum either in wave mode or
in full image mode. For the first time these data allow wave modelers to obtain global
information on two-dimensional wave spectra in near real time.
In combination with the scatterometer wind field retrievals these data furthermore provide
capabilities to separately study the wind sea, swell propagation and dissipation [13]. This has
particularly contributed to provision of better wave forecasts since the ERS SAR wave mode
data are allowing improved initialization of the swell field in the model. Moreover, the improved
estimates of the wave spectrum (i.e. partitioning of the wave field into wind wave and swell
components) are in turn used to refine wind field retrievals.
In addition to the improvement in marine weather and sea state monitoring and forecasting
worldwide, the use of off-line products from ERS-l is also providing benefits to the offshore
industry as well as many other coastal activities. Time series of sea state information together
with statistics of significant wave height, peak period and peak direction and estimates of
extreme values of wave height and ranges are being developed as a basis for predicting the sea
state at a given time and location [151. This assists in a whole range of activities such as
planning the timing and logistics of offshore activities to minimise risks to personnel, assessing
marine risks, coastal defence planning, wave energy resource evaluations and setting
engineering design parameters. It is also helping insurance companies in risk analysis, and the
settlement of claims. With the continuity of data offered by ERS-2, longer time series will
increase the potential value of these data sets.
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An example of the direct application of the improved sea state prediction is found in a recent
pilot demonstration project for shiprouting [14] (see Figure 4). Based on an extended inversion
scheme, a general assimilation scheme for improved wave and wind analysis and forecast has
been developed. Together with standard ECMWF data this was used to optimize shiprouting
including the calculation of optimal ship routes as well as the derivation of statistics for cost
savings on ensembles of routes.

Figure 4. Example of a shiprouting optimizing for a containership crossing the Pacific ocean
from United States to Japan (track code: white - great circle; grey: - optimal route). (Courtesy
S. Lehner, DLR).

3.

FROM RESEARCH TO OPERATIONAL APPLICATION

The quantitative retrievals of wind waves and swell from SAR are operational and quite well
advanced as addressed in the previous section. In addition oil spill and shallow water
bathymetry have reached a level of operational use although the methods rely on a certain
"window" of wind field and sea state conditions [17], [18]. Recently, moreover, the wind field
retrievals from SAR data have improved significantly. This is clearly documented in a series of
recent publications including: a) the Proceedings of the third ERS Symposium [4]; b) the
Committee on Earth Observation Satellites (CEOS) Wind and Wave Validation Workshop [8]; c)
the CEOS SAR Workshop [9]; d) the special collection of papers on advances in oceanography
and sea ice research using ERS observations in the Journal of Geophysical Research - Ocean
[11]; and e) the special Earth Observation Quarterly issue on wind field retrievals from SAR
[10].
Quantitative information of the near surface wind field are derived from synthetic aperture radar
(SAR) backscatter intensity measurements and their spectral properties. This allows higher
spatial resolution regional and local wind fields at about 2 to 10 km to be derived. An example
of this is shown in Figure 5 after [16]. Such fields are attractive for applications in coastal
regions, smaller enclosed seas and in the vicinity of the marginal ice zones, and may have
practical applications including towing operations, harbor and pilot boat operations, leisure
boating and selection of sites for wind mills.
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Figure 5. Intercomparison of SAR derived wind field and the operational HIRLAM (VHR) 5
km product [16].
4.

SUMMARY AND FUTURE LOOK

In summary, the major contribution from active microwave satellite observations (here mostly
addressed in the context of ERS-1 and ERS-2) to operational sea state monitoring and
forecasting are:
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•

Improved quality of near surface wind field on global, regional and local scale.

•

Improved quality of wave field on global, regional and local scale.

•

More accurate global statistical description of wind and wave climatology.

•

Improved modelling of tides and storm surges.

•

Improved mapping of ocean surface topography for modelling of the mesoscale to the
global scale ocean circulation.

Following the launch of Envisat in 2000 data from a new and advanced synthetic aperture radar
(ASAR) will become available [19]. In addition to ensuring the continuity of the ERS SAR
observations with a more versatile wave measurement mode, the ASAR instrument will offer
new operating modes including the 400 km wide swath mode (150 m resolution) and global
monitoring mode (1 km resolution). Additionally the alternating polarization mode which uses a
combination of looks and transmit-receive polarizations may turn out to become very useful.
Thanks to the advances in the analysis and interpretation of ERS SAR data including those
associated with the new wind retrieval methods presented in [10] the Agency has made
significant improvements to the ASAR wave mode algorithms and products. The ASAR wave
mode Level 1b product will be derived by processing single look complex (SLC) imagettes
using the cross spectra methodology introduced recently by [20]. This product is completely
"speckle" compensated and allow the wave propagation ambiguity to be resolved. Furthermore
the wind speed can be derived directly from the backscatter intensity or retrieved from the
azimuth cut-off estimates (annotated in the product). In order to adapt existing ERS wave spectra
inversion algorithms to the ASAR cross spectra (and capitalising on the maturity of SAR wind
field retrieval algorithms), the Agency has decided to initiate algorithm prototyping for a new
Level 2 product which will include the ocean wave spectra together with a near surface wind
field estimates. This ASAR wind and wave Level 2 product will also be assimilated
experimentally on a routine basis at ECMWF and validated against model predictions.
By the end of the assumed life time of Envisat (about 2004), there will exist a near 15 year,
continuous and globally homogenous data base of weather independent, microwave radar
altimeter, scatterometer and SAR data. The provision of such high quality data for weather
forecasting, sea state forecasting, and modelling of ocean circulation emphasize the important
contribution of satellite data for marine application and monitoring over the next decade.
Already the success of the ERS scatterometer has led to it becoming an operational sensor on the
METOP series (Table 2).

SENSORS
SATELLITE

Altimeter

Scatterometer

SAR

ERS-l
(1991-1996)

RA

AMI-wind

AMI-image

ATSR

ERS-2
(since 1995)

RA

AMI-wind

AMI-image

ATSR-2

Envisat
(from 2000)

RA-2

ASAR

AATSR

Metop
(from 2003)

Radiometer Spectrometer

MERIS

ASCAT

Table 2. Overview of ESA' s currently operating and planned satellites with contribution to
operational sea state monitoring and forecasting.
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Complementing these active microwave observations are the currently operating
TOPEX/POSEIDON (CNES/NASA) and Geosat Follow-ON (US Navy) radar altimeter
satellites, the approved Jason (CNES/NASA) altimeter satellite to be launched in 2000, the
ADEOS NSCAT which operated for a year from 1996 to 1997, and the Quickscat scatterometer
(NASA) to be launched in late 1998 as already listed in Table 1.
Finally these current and future active microwave satellite observing system with their provision
of regular data with global coverage are timely an essential elements for the implementation and
operation of planned international observing systems such as the Global Climate Observing
System (GCOS) and the Global Ocean Observing System (GOOS). GCOS overall goal is to
develop a fundamental understanding of the global climate system in order to determine the
extent to which climate may be predicted on all scales of space and time and to determine the
nature of those climate changes due to human activities. GOOS on the other hand addresses the
need for the regular provision of key meteorological and oceanographic data for operational
purposes-.
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ANNEX

ANNEX

The COST714 Conference
«Provision and Engineering/Operational Applications of Ocean Wave Data»,
UNESCO, Paris, 21- 25 September 1998.
. A Whitepaper report by
The COST714 Management Committee
This conference was organised in accordance with task 6 of the action schedule of the COST 714,
aiming to build better relations between ocean wave science and users of the wave data and
different kinds ofwave data products.
The conference was attended by 71 including several women scientists. 17 countries were
represented. Several wave scientists both from academia and from applied research institutes gave
presentations, together with invited experts from academia and operations within ocean/coastal
engineering. One invited keynote speaker described the broadness of wave science aspects. Four
invited keynote speakers described the requirements from users communities of shipping, offshore,
coastal engineering and ports and harbours. Proceedings of the conference will be printed by
WMO before end of 1998 and distributed to conference attendants, sponsors and address lists
provided by space agencies, WMO and IOC.
The oral presentations and a smaller number of poster presentations formed the lead to a number
of working group sessions at the end of the conference. These working groups were charged to
analyse the state of art of wave science and wave data provision with a particular view to the
expressed user requirements. They were also charged to recommend new actions in order to
comply better with the needs ofthe users. Two working groups were organised;
- working group 1 for the fields of ship design/operation together with the offshore industry.
- working group 2 for the fields of coastal engineering and management of ports and harbours.
Conclusions and followup actions.
It was concluded relevant and realistic to define some actions of benefit to the users involved,
based on existing resources and emerging methodologies. These actions are described in the
working groups reports below. COST714 will take the responsibility to develop these reports into
more refined recommendations or project proposals to be submitted to ED FP5and/or space
agencies.
Possible partnership consortia will be considered, and cost-benefit analysis shall be included in a
reasonable manner. Recommendations/proposals shall refer to relevant international programmes
such as GODS, space agency announcements of opportunity etc.. Interactive cooperation with the
users and their international constituencies shall be emphasised.
The COST714 management committee will, at its next meeting in Helsinki in February 1999,
consider more developed recommendations/proposals and make decisions on further progress. In
the meantime the communication with user societies shall be enhanced and maintained.
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A . Working group 1.
Working group 1 considered the common requirements for ocean wave data from vessel design!
operation and offshore design/operation. Three major fields of interest were emphasized;
1. Characterization ofabnormallfreak waves (believed to be connected with a number of
ship accidents worldwide.
2. Improved swellforecasts.
3. Provision ofspectral wave climate data.

A.I. Characterization of abnormal/freak waves.
Extremely steep waves are major causes for ship losses. Better understanding may lead to a
improved design and warning system. Measurements from fixed platforms of young, steep waves
are needed. Crest velocity and interaction with currents should be studied. Other techniques that
may be useful are; Ship radar, SAR, altimeter wave parameters. Conditions under which extreme
wave crests occur should be better described in models (both for the meteorological and the ocean
surface (waves) conditions. More attention should be put to rapidly developing storms that
generate young, steep wind waves, and their interaction with currents. Specificly dangerous
regions (<<graveyards») shall get extra attention, based on guidance data offered by the naval
architect community. Remote sensing data acquired during extreme events should be studied.
Possible interaction with OOOS/OODAE will be considered. This could be on the use of current
information provided by the modelisation of OODAE which could serve as input for wave studies,
in particular in the case of extreme events where the role of current is important. The development
of systematic spectral measurements (and archiving) of ocean waves should be recommended to
OOOS.
A.2. Improved swell forecasts.
Planning of offshore operations depends on forecast swell conditions.
- the present accuracy should be established both with regards to non conventional
wave observations (radars) and model products.
- additional ern.phasis should be put on spectral data.
- the description of swell in models should be improved.
- assimilation of spectral wave data (Buoys, SAR, VAGSAT) should be stimulated.
- buoys should routinely provide spectral data (essentially for validation of models
and remote sensing data and for assimilation).
A.3. Spectral wave climate data.
Design of ships and offshore structures, as well as ship routing increasingly need spectral wave
climate data. In the absense of adequate buoy wave data this could be derived from remote sensing
data ( SAR, VAGSAT) and models. The accuracy should be establsihed, and special attention
should be for angular spreading.
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B. Working group 2. (Coastal engineering, port management)
Introduction
The deep water waves are discussed in another workshop group and are used in our group only as
boundary conditions from which the wave energy is transported to shore. Some remarks where
considered to be necessary: The problems of measurement and modelling wave spectra, and
related met ocean parameter, like water level and currents, become more difficult with decreasing
water depth. Before going nearshore and before going into shallow water any verification of
remote sensing data (e.g. altimeter, scatterometer, SAR) should therefore be· performed· in the
deep water zone and accepted in the respective user community. This is especially true for
altimeter and SAR measurements of wave parameters. At present the altimeter wave heights in
coastal waters seems to be not reliable. For SAR data the usefulness in deep water, especially the
large amount of imagett scenes that is recently availble, has been appreciated by a large
community. SAR derived wave spectra and connected parameters near the coast, have been shown
at the conference to be useful in certain circumstances. There seem to be regularly good data at
the pacific coast of Mexico, because of there large wavelength. There are only rare events where
waves could be seen on SAR images in the southern North Sea because of the relative small
wavelength ofthe regional seastate.
After the presentations of practical demands in coastal work on directional and two dimensional
wave information the discussion group on shallow water wave cooperation discussed the common
interests and possible cooperative work in the future. We started from the idea that it is timely and
appropriate to transfer the new nethods to detect directional frequency spectra or twodimensional
spectra in wave number space into practical work.To structure the discussion we distinguish
deepwater-, shallow water- and transition zone for the wave fields. Four major fields of interest
were marked:
1. Monitoring ofshoreline evolution.
2. Transition ofwave fields from deep water onto shore.
3. Goodness ofintsrumentation and methodologies.
4. Definition ofdesign parameters for coastal constructions.

Bl. Monitoring of shoreline evolution
The keynote speakers showed their interest in problems of the sand transport, beach erosion and
sedimentation and in generell morphodynamic processes. The different timescales in these
processes and the high demand on skillful wave mesurements were emphasized, so that the
application of area covering radar methodas as complementary sensors to the conventional point
measurements seemed to be useful. The application of remote sensing methods in connection with
YTS installations was discussed, but a recently started ED-project with emphasis on groundbased
radar systems is devoted to that applications already. A typical cooperation between applied work
and demonstration of remote sensing methods could be:
Transport processes near to the shore may be measured for practical purposes with conventional
instruments. For demonstration the twodimensional wave field is picked up for selected time
periods by the then available SAR-sensors (probably ERS2, and/or ENVISAT and and/or
RADARSAT). This is used by the numerical models to deduce the seastate at the shoreline.
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The area covering radar methods will provide the twodimensional wave spectra. Radar and model
data will be compared with the insitu measurements by waveriders pressure transducers etc. For
the estimation of transportrates (sediment or potentially harmful substances) the twodimensional
wave data should yield better results than the so far available data. In that case both parties,
applyer and producer ofthe new data quality would benefit from the cooperation.

B2. Transition of wave fields from deep water onto shore.
The point was made in the discussion, that the typical parameters to characterize a wave field in
deep water must sometimes be modified. As an example the dispersion relation may change in
space and even in time if water level and currents are changing in time, e.g. by tidal influence. The
concept of significant wave height , direction and directional spread of the waves are still used but
may need accepted definition (the group velocity and phase velocity may not have the same
direction, so that the "wave direction" is different from energy propagation direction).
It was considered to be useful to distribute information on accuracy, reproducability of wave
measurements with different sensors for practical purposes (conventional point measurements and
new area covering methods).

B3. Goodness of instrumentation and methodologies.
There is a need for better information on available instrumentation and methodologies and these
are mentioned with keywords; Information on measurements with area covering sensors. Methods
and systems, accuracy, errors, spatial coverage, reliability. Role of satellite borne SAR or RAR,
groundbased radars, conventional sensors and numerical models. Satellite borne instruments are
useful to measure the deepwater wave conditions, in limited cases it is also useful in shallow
water. The limitation is the decreasing wavelength in shallow water. Groundbased radars (HF and
Mikrowaveradar) are useful instruments at the shore and on fixed structures and even on ships.
They provide both two dimensional spectra and the surface current. Numerical models are used
for forecasting, hindcasting and spatial and temporal extrapolation of measured data. Especially
long statistical timeseries are possible to be generated by numerical models. For that the models
have to be calibrated. This is done by selecting the proper input parameter (especially the wind
field and the associated wave generation source function parameters). A validation with
independent data at selected measurement stations normally follows the calibration. The special
task of models in our context is to transfer the wave energy from the deepwater boundary onto the
coast.
B4. Definition of design parameters for coastal constructions.
Also the difficult problem to define design parameter for constructions was mentioned. It was
stated in addition that several of the mentioned definitions are discussed in the IAHR community,
at least for conventional sensors. References will be sought.

MARINE METEOROLOGY AND RELATED OCEANOGRAPHIC ACTIVITIES
REPORT SERIES

No.

WMOITD-No.

Title

Issued

1

Precipitation Measurement at Sea (G. OlbrGck)

1981

2

Investigation of Contemporary Methods of
Measuring Sea Surface and Surface-layer
Temperatures (F.S. Terziev)

1981

3

Review of Reference Height for and Averaging
Time of Surface Wind Measurements at Sea
(F.W. Dobson)

1981

4

Intercalibration of Surface·based and Remotely
Sensed Data (except Sea Surface Temperature
Data) to Be Used in Marine Applications
(E.P. McClain)

1981

5

The Automation of Observational Methods on
Board Ship (M. Yasui)

1981

6

Report on the Results of An Enquiry on Marine
Meteorological Services Products

1981

7*

Proceedings of the WMO Technical
Conference on the Automation of Marine
Observations and Data Collection

1981

8

Summary WMO Technical Conference on
Automation of Marine Observations and Data
Collection

1981

9

Intercalibrations of Directly-measured and
Remotely Sensed Marine Observations (Alan E.
Strong)

1983

10*

Guide to Data Collection and Services Using
Service Argos (revised version)

1989

11

Drifting Buoys in Suport of Marine
Meteorological Services (Glenn D. Hamilton)

1983

12

WMO Wave Programme: National Reports for
1984 on Wave Measuring Techniques,
Numerical Wave Models and Intercomparisons

WMOITD-No. 35

1985

Supplement No. 1 - Reports for 1985 on
Wave Measuring Techniques, Numerical Wave
Models and Intercomparisons

WMOITD-No. 35

1986

Supplement No. 2 - Reports for 1986 to 1988
on Wave Measuring Techniques, Numerical
Wave Models and Intercomparisons

WMOITD-No. 35

1989
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Supplement No. 3 - Reports for 1989 to 1990
on Wave Measuring Techniques, Numerical
Wave Models and Intercomparisons

WMOITD-No. 35

1990

*

Supplement No. 4 - Reports for 1991 to 1994
on Wave Measuring Techniques, Numerical
Wave Models and Intercomparisons

WMOITD-No. 35

1994

13

User's Guide to the Data and Summaries of
the Historical Sea Surface Temperature Data
Project

WMOITD-No. 36

1985

14

Scientific Lectures at CMM-IX

WMOITD-No. 41

1985

15

Forecast Techniques for Ice Accretion on
Different Types of Marine Structures, Including
Ships, Platforms and Coastal Facilities

WMOITD-No. 70

1985

16*

Field Workshop on Intercalibration of
Conventional and Remote-sensed Sea Surface
Temperature Data (A.E. Strong and
E.P. McClain)

17

Processing of Marine Data (G.D. Hamilton)

WMOITD-No. 150

1986

18

Baltic Multilingual List of Sea-ice Terms
(Jan Malicki, Alex N. Turchin, Hans H. Valeur)

WMOITD-No. 160

1987

19

A Global Survey on the Need for and
Application of Directional Wave Information
(S. Barstow and J. Guddal)

WMOITD-No. 209

1987

20*

La Prevision du Brouillard en Mer (M. Tremant)
Forecasting of Fog at Sea - in French only

WMOITD-No. 211

1987

21

Coastal Winds (E.P. Veselov)

WMOITD-No. 275

1988

22

Wind Measurements Reduction to a Standard
Level (R.J. Shearman and A.A. Zelenko)

WMOITD-No. 311

1989

23

Summary Report on National Sea-ice
Forecasting Techniques

WMOITD-No. 329

1989

24

Proceedings of the Commission for Marine
Meteorology Technical Conference on Ocean
Waves

WMOITD-No. 350

1990

25

Ships Observing Marine Climate - A Catalogue
of the Voluntary Observing Ships Participating
in the VSOP-NA

WMOITD-No. 456

1991

26

The Accuracy of Ship's Meteorological
Observations - Results of the VSOP-NA

WMOITD-No. 455

1991

27

A Survey on Multidisciplinary Ocean Modelling
and Forecasting (Johannes Guddal)

WMOITD-No. 516

1992
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28*

Proceedings of the Commission for Marine
Meteorology Technical Conference on Ocean
Remote Sensing

WMOfTO-No. 604

1993

29

Meteorological Requirements for Wave
Modelling (Luigi Cavaleri)

WMOfTO-No. 583

1993

30

Proceedings of the International Seminar for
Port Meteorological Officers

WMOfTO-No. 584

1993

31*

Proceedings of the International Workshop on
Marine Meteorology

WMOrrO-No. 621

1994

Proceedings of the WMOIIOC Technical
Conference on Space-based Ocean
Observations, September 1993, Bergen,
Norway (US $15.00)

WMOfTO-No. 649

1994

32

Proceedings of the WMO/IOC Workshop on
Operational Ocean Monitoring Using Surface
Based Radars (Geneva, 6-9 March, 1995)

WMOrrO-No. 694

1995

33

Storm Surges (Vladimir E. Ryabinin,
Oleg I. Zilberstein and W. Seifert)

WMOITO-No. 779

1996

34

Polar Orbiting Satellites and Applications to
Marine Meteorology and Oceanography Report of the CMM-IGOSS-IOOE Sub-group on
Ocean Satellites and Remote Sensing

WMOfTO-No. 763

1996

Automated Shipboard Aerological Programme
(ASAP) - Annual Report for 1995

WMOfTO-No. 767

1996

Ice Navigation Conditions in the Southern
Ocean (A.A. Romanov)

WMOfTO-No. 783

1996

Automated Shipboard Aerological Programme
(ASAP) - Annual Report for 1996

WMOfTO-No. 819

1997

36

Handbook of Offshore Forecasting Services
(Offshore Weather Panel)

WMOfTO-No. 850

1997

37

Tropical Coastal Winds (W.L. Chang)

WMOfTO-No. 840

1997

38

Evaluation of the Highest Wave in a Storm
(A.V. Boukhanovsky, L.J. Lopatoukhin,
V.E. Ryabinin)

WMOfTO-No. 858

1998

39

Proceedings of the Commission for Marine
Meteorology Technical Conference on Marine
Pollution

WMOfTO-No. 890

1998

Automated Shipboard Aerological Programme
(ASAP) - Annual Report for 1997

WMOfTO-No. 900

1998

Automatisation de I'observation en mer

WMOfTO-No. 928

1998

35
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41

The Climate of the Baltic Sea Basin

WMOITD-No. 933

1998

42

Provision and Engineering/Operational
Application of Ocean Wave Data

WMUITD-No.938

1998
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