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ABSTRACT
A full characterisation of the individual components of a
sea-state is key to enabling the response of an offshore structure
to be accurately calculated. This paper discusses the
partitioning of a time series of directional wave spectra into
wind-sea and swell components with distinct frequency and
direction characteristics. Once the wave data have been
partitioned, JONSWAP or Pierson-Moskowitz parameters can
be fitted to each spectrum using ‘best-fit’ techniques. The
result of the partitioning and fitting analyses is a time series of
wave parameters defining the wave spectrum for each
component of the sea state.
A 10-year site specific time series of directional wave
spectra has been partitioned in this way and used in the analysis
of the Triton FPSO, a turret moored FPSO in the central North
Sea. The representation of the directionality and magnitude of
each environmental force acting simultaneously on the vessel,
allows the relative heading of the vessel to be determined and
the mooring and hydrodynamic analyses to be performed.
These analyses provided input to a structural analysis of the
FPSO, which resulted in an inspection plan for monitoring the
effects of the metocean conditions on the unit.
1.

Figure 1. Triton FPSO

wind sea, plus swells which have travelled to the site from
distant storms. The wind sea and the swells often approach the
vessel from different directions and hence it is important to be
able to separate these components before fitting analytical
spectra to the wave data.
Directional wave data for the vessel location can be in the
form of hindcast or measured data. Typically, hindcast data
provides spectral energy values for a range of wave frequencies
and directions at 6-hourly time intervals. The spectral data are
read into partitioning software which identifies the spectral
peaks and then fits a JONSWAP spectrum to each peak using a
least-squares fitting procedure. The output from the program is
a time series of Hs, Tp, direction and spectral parameters α and
γ for each identified seastate. σa and σb may also be provided if
required.

INTRODUCTION

There is increasing interest among offshore operators and
classification societies in performing hydrodynamic and
mooring analyses in the time domain, i.e. for several years
duration. To calculate the response of a vessel at each time step
it is necessary to define the parameters of wave spectra that
represent the wave conditions at a particular location. At any
one point in time a wave climate consists of a combination of
locally-generated
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Hindcast data such as this has a variety of applications.
Here it is applied to the case of the Triton FPSO seen in Fig. 1.
Triton is a turret moored FPSO operated by Hess Limited in the
central North Sea, see Fig. 2. The vessel is free to weathervane around the turret in response to the wave, wind and
current forces acting on it. Depending on the magnitudes and
directions of the applied forces the vessel will take up a heading
relative to prevailing environmental conditions.

improvement of spectral information. The model currently
assimilates wave heights from the ENVISAT satellite altimeter
mission launched by the European Space Agency (ESA).
Previous to October 2003 the ERS-2 altimeter was used, also an
ESA mission. In order to provide spectral output the model
utilises more comprehensive, two dimensional observations
from Synthetic Aperture Radars (SAR). Since 2000, directional
spectra from the model have been available for a range of 24
directions and 30 frequencies. Data from the wa ve model are
available on a global grid and for the purpose of this work, ten
years of spectral data from the nearest point on the model grid
were utilised.
Homogeneity changes in the model present challenges for
the provision of continuous long term hindcast data. For
example the failure of an altimeter has been shown to cause
changes in the bias and variance when compared to wave buoy
data (Bidlot et al [1]). Each satellite mission has a set length
and may be replaced from time to time with a more
sophisticated altimeter or SAR.
In order to combat these difficulties and provide a fully
integrated source of wave data, Fugro Oceanor AS perform
bespoke calibration of the model with a range of further
satellite data and, if available, in-situ buoy networks. The main
source of altimeter data for the calibration has been the
Topex/Poseidon mission, which ran from 1992 to 2002 before
replacement with the Jason mission. Topex 2 was introduced to
follow ground tracks midway between Jason tracks, increasing
the amount of data from 2001. The satellite data are reorganised
from individual tracks to data contained within a 10° x 10°
square areas. All data are retained and no averaging is
undertaken. The wave height and wind speed data are corrected
to remove bias relative to a large satellite/buoy matched data set
and are run through a carefully designed automatic data control.
The closest along-track locations for each satellite mission to
each grid point are found and time series of the calibrated
satellite wave heig hts are extracted. Scatter plots are then
produced for the matched wave model against satellite
significant wave heights. Any inhomogeneities occurring in the
data are investigated and corrected if necessary. This method
of calibration has regularly yielded high quality results
throughout the North Sea when compared to sources of in-situ
data such as that from the Ekofisk and K13 platforms. The wind
speed is also calibrated using an analgous procedure. Global
comparison statistics for the model against satellite data are
presented in Barstow et al [2].

Figure 2. Location of Triton FPSO in the central North Sea:
57°05’N, 000°53’E

During late 2006 Hess decided that a cost effective,
proactive development program to monitor vessel integrity
would be advantageous. Analyses were performed by Bureau
Veritas to assess the current state of the unit, focusing on the
mooring system and the vessel structure. FPSO responses are
based on a hydrodynamic analysis, performed by combining the
environmental loads at the appropriate headings with the
response amplitude operators of the vessel. Key to this analysis
is the ability to describe analytically the wave spectra
approaching the vessel from different directions. Current and
wind effects may also be a factor. Fugro GEOS provided a ten
year hindcast metocean time series containing wave spectral
parameters for the bimodal spectrum along with wind and
current, speed and direction data.
2.

PARTITIONING AND FITTING DIRECTIONAL
WAVE SPECTRA

2.1

DATA SOURCE

Hindcast directional wave spectra and wind time series
data are obtained from the Fugro Oceanor Worldwaves
database. The database is derived from the European Centre for
Medium Range Weather Forecasts (ECMWF) Wave Model
(WAM) and calibrated against satellite data. Model output may
be provided in the form of integrated wave parameters or for a
more complete set of information on the sea state a spectral
output is available. Bidlot et al [1], provide an overview of
recent changes to the ECMWF model and the ongoing

Calibration of this type is applied to each grid point on a
global grid both for the integrated parameters and for the
spectrum as a whole. In order to obtain a data set unique to the
Triton site, a further site specific calibration was undertaken
using data from the closest satellite tracks; Topex and Geosat
Follow-On. The resulting calibrated values of significant wave
height (Hs) from the wave model are plotted against the closest
satellite data in Fig. 3, demonstrating the high quality of these
data.
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Data are provided as a sequence of spectral matrices for
each time step ready for input to the partitioning process. A
concurrent time series of integrated wave parameters, wind
speed and wind direction is also required as an output from this
process

dominant peak or discarded according to whether or not it
meets certain criteria detailed in the following sections.
2.2.2

Identify and Combine Wind Sea Peaks

After the peaks have been identified they are assigned as
either a wind-sea or swell component. Concurrent wind speed
and direction data are required to assess whether each peak
meets the following criterion:
c p = γw U10 cos δ
where

c p is the phase speed of the spectral
component.
γw is a factor applied to the wind speed to
ensure all possible wind peaks are included.
U10 is the wind speed at 10m elevation.
δ?is the angle between the wind and the wind
sea (0 = δ ?=??π?/2)

Or in deep water: fp = g/2π . [ γw U10 cosδ]-1
where

Figure 3. Calibrated model significant wave height (Hm0) against
satellite (Hs).

2.2

(2)

fp is the peak wave frequency

The factor γw is variable although is usually specified between 1
and 1.5. A typical value is 1.33.

PARTITIONING PROCEDURE

Any partition whose peak falls within the parabolic
boundary defined in the criterion is considered to be forced by
the local wind, and all peaks within this region are combined
and defined as wind-sea.

An established partitioning algorithm detailed in work by
Hanson and Phillips [3] and Aarnes and Krogstad [4] which in
turn used ideas from Hasselmann et al [5] and Gerling [6] is
used to identify the peaks within the spectra for each time step
and assign the energy to wind-sea or swell components.
Partitioning may be undertaken using spectra from numerical
model hindcast data or measured wave buoy data, or to allow
comparison between the two, as described in Feld and Mork
[7]. A summary of the partitioning methodology is provided in
the following sections.
2.2.1

(1)

2.2.3

Combine Swell Peaks

All peaks not assigned as wind-sea are considered to be
swell. If more than one peak is assigned to swell then the peaks
are analysed to assess whether or not they are part of the same
swell system. If either of the following criteria are met, then the
peaks are combined. The factors ?κ and v are variable user-input
thresholds.

Peak Isolation and Partitioning

Each value or point in the spectral matrix represents a
frequency-direction combination. Before analysis begins the
number of peaks required is specified. In the North Sea two
peaks, one wind-sea and one swell, is usually sufficient to
capture the dominant conditions. However the same
methodology may be applied to more complex systems where
additional swell peaks are expected. The spectral matrix is
analysed using the ‘steepest ascent’ method to find the local
energy maxima. This is achieved by comparing the spectral
energy at each point in the matrix, to each adjacent point and
assessing which energy ‘belongs’ to which local peak. If the
number of required peaks has been correctly estimated then the
number of local peaks should be equivalent to the number of
required peaks. In some cases there may be additional local
peaks but these are likely to contain small amounts of energy.
All energy belonging to that peak will be reassigned to a more

•

Peak separation: Two peaks are combined if the spread
of either peak satisfies:
∆f2 = κ.δf2
where

•

3

(3)

∆f2 is the distance between the peaks
δf2 is the spread of each individual peak
κ ?is the spread function

Minimum height between peaks: Two peaks are
combined if the lowest point between them is greater
than the peak minimum factor, ν, times the smaller of
the two peaks:
s>ν.m
(4)
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2.2.4

the Pierson-Moscowitz spectrum. Given this information it is
possible to use a least squares fitting procedure ot find the
remaining parameters, gamma, sigma -a and sigma-b or just
gamma ,?if?sigma-a and sigma-b are fixed values. This involves
the input of initial values for the parameters and iterating until
the closest match to the function is found.
An example result for one time step is presented in Fig. 4.
The dark and light blue areas illustrate how the spectrum is
partitioned across the range of frequency and direction. The
bottom left hand plot shows the omni-directional spectrum for
each of the two peaks, the associated Hs values and whether the
peak has been assigned as wind-sea or swell. The bottom right
hand plot shows the full omni-directional spectrum of the total
seastate and how the combined fitted spectrum compares to the
original omni-directional spectrum before partitioning. In this
case a good fit has been achieved and the total energy within
the sea state is conserved.

Energy Threshold Check

Low energy peaks are negligible in comparison to the
total energy contained within the dominant peaks and these
partitions are therefore removed. When working with measured
data this step also serves to remove spectral noise belo w a
certain energy threshold.
The threshold is calculated from the peak frequency fm
and two user-defined parameters a and b:
e = a / (b + f m4 )
2.2.5

(5)

Evaluation of Partitioning Method

The Hansen and Phillips partitioning method was
compared with wave spectra measured off the west coast of
New Zealand by Ewans et al [8]. The comparison showed that
in general the method performed well, although in a few cases
small low frequency swells were missed because a maximum of
two partitions had been specified. Ewans et al also present
results using a bimodal spectral fitting method proposed by
Guedes Soares [9], which gave a good fit to the measured
spectra. However, this method only partitions the data in the
frequency domain, and so cannot separate sea states coming
from different directions if they have similar peak frequencies.
2.3

FITTING PROCEDURE

2.3.1

Calculation of JONSWAP or PiersonMoskowitz Spectra

2.3.2

Large Gamma Cases

In cases where two spectra are fitted and one of these is a
small swell with a low significant wave height, this spectrum
will often have a high gamma. As the time series of parameters
is prepared for entry to engineering software it is sometimes
necessary to enforce a sensible range of values. Typically
gamma will be limited to a value of 10. However, limiting
gamma will reduce the total wave energy represented by the
calculated spectral parameters unless some adjustment is made
to conserve the energy in the sea state.
If significant wave height values are calculated from a
peak with reduced gamma then they would be reduced and in
turn extreme wave height values derived from the output time
series would be underestimated. Therefore a routine has been
developed in order to allow limitation of gamma values without
loss of energy from the sea state.

The partitioning methodology allows identification of the
dominant peaks within the wave spectra for each time step. In
order to use this information, omni-directional spectra for each
peak must be calculated by summing the amount of energy in
each partition. Then each omni-directional spectra is
approximated using the JONSWAP spectrum, or the PiersonMoskowitz spectrum if the calculated peak enhancement factor
γ is less than or equal to 1. In the North Sea case this will
result in one or two spectra for each time step according to the
number of peaks identified during the partitioning process.

This method is undertaken for each time step where one
of the peaks has a gamma value greater than 10 and has been
refitted using a gamma equivalent to 10. Alpha must be
adjusted in order to compensate for the reduction in energy
caused by setting a limit on gamma. The key considerations are
the accuracy of the significant wave height and zero-crossing
period for the entire sea state. These may be assessed by
comparing the original time series data for the sea state as a
whole, to the new values calculated from the fitted omnidirectional spectrum. Adjustments are made to the alpha value
of one of the peaks for that time step so that the correct
significant wave height for the total wave energy is obtained
and the total mean zero -crossing period value is as close as
possible to the required value.

The aim of the fitting procedure is to obtain values of the
JONSWAP parameters alpha (α)?
?, gamma (γ), sigma-a(σa ) and
sigma-b(σb) for each peak. The enhancement widths may be
fitted along with alpha and gamma or may be fixed at the
accepted values 0.07 and 0.09.
Approximation to the JONSWAP spectra is achieved
using the Gunther method. A parabola is fitted to the highest
spectral density estimate and one point either side to identify
the peak frequency. Alpha is calculated by assuming that the
spectrum in the range 1.35f m to 2.00f m can be approximated by
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Figure 4. Partitioning and fitting the spectrum.
2.3.3

component one corresponds to high frequency spectral peaks
and component two corresponds to low frequency spectral
peaks. For the majority of records component one will be the
wind-sea peak and component two will be the swell peak. In
periods of lesser wind influence there may be no wind-sea
peak. In this case the spectrum may contain one or two swell
peaks. In the case of two swell peaks, component one will
contain the higher frequency of the two peaks and component
two, the lower.

Quality Control

The rigorous fitting procedure is the starting point for a
high level of quality control within the output time series of
spectral parameters. In addition for each spectral fit, a
normalised rms error and a bias are calculated so that the
goodness of fit may be assessed and unacceptable fits may be
removed. Each fit is identified in terms of the spectrum used;
JONSWAP or Pierson Moskowitz, and whether it has been
designated wind sea or swell.

Further quality control must be applied to maintain
continuity of spectral peaks. This may be achieved by
applying an algorithm to track each peak as it grows and
decays through time and to ensure continuity in the
presentation of the parameters in the two components.

The rms error and bias are available for each peak and if
the values fall outside of an acceptable defined range then
individual sea states are flagged or discarded. High error
values are most commonly found in the smallest sea states
where it is a challenge to fit spectra using standard methods.
Error values will also be higher if sigma values are fixed
rather than found using the least squares method. If treated as
free parameters then sigma values are limited a maximum of 1
and 2 respectively.
2.4

Table 1 lists the parameters that are available from the
analysis. Sigma values for each peak may also be provided if
they are not specified as fixed.
The procedure described in this section may be applied
to any site using any number of required peaks. For example
in areas exposed to swell waves from more than one direction
at the same time, more than one swell peak would be required
to accurately describe conditions. The approach may then be
extended to track individual swells to their original source.

DATA FORMAT

Data are presented in time series format for each of the
required parameters. The wave parameters are provided in two
components, or more depending on the number of peaks
specified. Component one contains the parameters defining
the first spectral peak and component two the parameters
defining the second peak. Presentation of results is such that

5
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Column Heading

Definition

Time

Time stamp (GMT)
Significant Wave Height (m) for low
frequency spectral peak
Peak Wave Period (s) for low frequency
spectral peak
JONSWAP Equilibrium Range Constant
for low frequency spectral peak
JONSWAP Peak Enhancement Factor for
low frequency spectral peak
Mean Wave Direction (°T, from) for low
frequency spectral peak
Significant Wave Height (m) for high
frequency spectral peak
Peak Wave Period (s) for high frequency
spectral peak
JONSWAP Equilibrium Range Constant
for high frequency spectral peak
JONSWAP Peak Enhancement Factor for
high frequency spectral peak
Mean Wave Direction (°T, from) for high
frequency spectral peak
10-minute Mean Wind Speed at 10m
above sea level (m/s)
10-minute Mean Wind Direction at 10m
above sea level (°T, from)

Hs 1
Tp 1

Alpha 1
Gamma 1

WavDir 1
Hs 2

Tp 2
Alpha 2
Gamma 2

WavDir 2
WindSpd

WindDir

hindcast data set, the sea state for each time step is represented
by up to two peaks. Figure 6 plots all wind sea and swell
peaks against the peak wave direction (° from). As expected,
the data show that the highest waves were generated by the
wind-sea peak. The wind-seas approached from all directions
with a fairly consistent magnitude apart from the North-East
sector. The highest significant wave heights are generated by
westerly winds. The swells wave heights were much lower,
with the largest swells coming from the north.

Table 1. Parameters in the hindcast data set.
3.

TRITON FPSO

3.1

METOCEAN REGIME

Figure 6: Significant wave heights with direction for 2
peaks (each dot represents a sea state).
For the Triton analysis, 10-year hindcast data were
provided containing wave spectral parameters for up to two
peaks. In addition, a concurrent time series of wind speed,
wind direction, current speed and current direction were
provided, all of which may impact the heading of the vessel.

Directional spectral wave data, partitioned into wind-sea
and swell components and approximated to omni-directional
spectra, allow the comprehensive study of vessel response in
the time domain. It is important that each wave energy source
is identified and represented analytically so that all cases are
included within calculation of vessel motion and mooring
response. If omni-directional or single peak spectra alone are
used then the resulting responses could be over conservative.
Conversely, important design cases could be missed. Fitted
spectral parameters alpha and gamma (and optionally sigma-a
and sigma-b) are available for each time step providing a
much more accurate description of the sea state than if a
typical or average value of gamma were used.

The following analyses, similar to a previous study
undertaken by Bureau Veritas [10], were undertaken for the
Triton FPSO using the hindcast data:
•
•
•

The North Sea is a wind-sea dominated environment.
The strongest winds typically come from the sectors between
North-West and South-West and conditions are dominated by
the passage of anti-cyclonic systems often resulting in strong
storms. However, the North Sea also experiences longer
period swell waves especially in the more exposed Northern
region. In the central and southern North Sea the fetch is more
limited in most directions and significant wave heights are
lower, although storm waves are steeper with short periods.
The Triton FPSO is located in the central area and as such
experiences both wind sea and swell effects, although
conditions are dominated by the wind. Therefore within the

•
•
3.2

Calculation of vessel heading, and hence the heading
of swell and wind-sea relative to the vessel.
Mooring analyses including calculation of fatigue.
The 100 year response of wave bending moments,
wave shear forces, accelerations and relative wave
elevation using a long term approach.
Structural analyses.
Comparison with in-situ measurements.
HEADING ANALYSIS

Heading analyses were completed using the Bureau
Veritas ARIANE-3Dynamics software package.
The availability of the time series of partitioned wind-sea and
swell, with associated wind and current data allowed vessel
heading to be calculated for each sea state at each time step.
Further inputs required for this analysis are first order motion

6
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3.3

response amplitude operators (RAO’s), quadratic transfer
functions, wind and current vessel response characteristics
(obtained from wind tunnel tests) and total mooring pattern
description in the model.

HYDRODYNAMIC ANALYSIS

Once the vessel heading, and hence the relative headings
of each environmental force, are known the hydrodynamic
responses of the vessel can be computed. The computation
used the spectral parameters fitted to the partitioned wave data
at each time step. The RAOs for the vessel at the relevant
headings were combined with the wave spectra to compute the
100-year vessel response at three-hourly intervals. Figure 8
shows the RAO for the vertical wave bending moment
amidships compared to a typical energy density spectrum for
the site.

Results of the heading analysis are presented in Figure 7
below. Each dot represents one three-hour seastate. The study
showed that the vessel heading is generally governed by the
wind-sea and by the wind directions when intensities are
important. However, the Triton FPSO can face wind-sea with
Hs equivalent to 4 metres from all directions. There is a weak
correlation between vessel heading and swell directions. High
intensities of these parameters can occur from almost all
incidences.

The parameters of interest for structural assessment are
wave bending moments, wave shear forces, accelerations and
relative wave elevation at any point on the structure. The longterm distribution of each parameter was calculated based on
the whole hindcast database. Figure 9 represents the long-term
distribution of the vertical wave bending moment amidships
and the 100-year extremes. The same approach was repeated
along the vessel in order to obtain the 100-year response (Fig.
10). Checks were then made to compare the actual stress
levels against the design values in order to monitor vessel
integrity. In addition, knowledge of the actual load ranges
experienced by the hull enabled fatigue calculations to be
carried out with a higher accuracy.
The final aim of the analysis was to ensure vessel
integrity for the future. This included consideration of the
possible evolution of the weight of the vessel, for example the
addition of topsides, and the extension of the operating life of
the vessel. To meet this objective, calculations needed to be as
refined as possible to allow an accurate description of the unit
to be drawn-up. The availability of hindcast data enabled the
conditions that the vessel had experienced over the past 10
years to be reproduced and analysed. It also allowed a good
estimate to be made of what the vessel will have to face in the
future. Practically, the results from the Bureau Veritas study
have yielded a plan for inspections of both the structural
elements of the FPSO, and also the mooring lines, prioritizing
areas where high stresses are expected. Further work involves
long term in-situ measurement aboard the vessel which may
be cross-checked with the results obtained using metocean
data. This will allow the actual vessel responses to be
predicted and ensure that the model and the vessel are in
accordance.
Figure 7 (left). Relative headings between each
element incidence and the vessel heading. 180° means that
the element is going towards the vessel bow (head waves).
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Long-term distribution of vertical wave bending moment amidships
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4.

CONCLUSION
[2] Barstow, S.F., Mørk, G., Lønseth, L., Mathisen, J.P.,
and Schjølberg, P., 2005. “The Role of Satellite Wave Data in
the Worldwaves Project”, Paper 206, Ocean Wave
Measurements and Analysis, Fifth International Symposium
WAVES 2005, Madrid, Spain.

A time series of wave spectral output from the ECMWF
WAM model was obtained and passed through a bespoke
calibration procedure using various satellite altimeter data
sets. Each individual spectrum from the calibrated time series
was analysed using partitioning software. The spectra were
partitioned into 1 or 2 peaks using a steepest ascent algorithm
and then fitted using the JONSWAP or Pierson-Moscowitz
spectrum to give time step specific values of the defining
spectral parameters alpha and gamma. This in addition to the
usual parameters Hs, Tp and peak wave direction. Quality
control checks were applied to the parameters and the data
were presented so that parameters associated with a wind-sea
peak were contained within the first component of the
presentation and parameters associated with the swell peak
were contained in the second.
The data were then applied to the case of the Triton
FPSO, located in the central North Sea. The partitioned data
showed that the highest waves were caused by wind-sea
dominated sea-states and that these may originate from a range
of direction sectors. Swell waves were highest when
originating from the North sector, as a result of the fetch
length. Heading analyses were completed for each time step
and showed that the heading was governed by the wind-sea
and by the wind. Swell waves and current had little effect on
the vessel’s heading. Headings were then combined with the
wave spectra and motion RAO’s of the vessel to assess vessel
response, specifically for the 100-year case. Stress levels were
compared with design values. These analyses have resulted in
a comprehensive view of vessel integrity providing an
inspection plan for monitoring the effects of the metocean
conditions on the unit.
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