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1.0 Summary
This deliverable is sub-divided into two parts. The first concerns the long-term distribution of
met-ocean parameters characterising sea states. The second concerns the short-term
distribution of crest heights, wave heights and wave periods. In both parts the results of
recent met-ocean research are highlighted and put in the context of both the current code
requirements (deliverable O1/D1) and the procurement and analysis of met-ocean data
(deliverable O1/D2). This document addresses the second part and is hereafter referred to as
deliverable O1/D3 (Part B).
The focus of this report lies in the short-term distribution of crest heights. This represents the
single most important input appropriate to the description of extreme environmental loads
and hence the assessment of structural reliability. From an historical perspective, design
calculations have been based upon the N-year maximum wave height, Hmax; the latter being
one of the inputs required for the application of a nonlinear regular wave model such as a
Stokes 5th-order theory or a stream function solution. However, previous work has shown that
it is the crest heights and not the wave heights that define the extreme wave loads. This is
particularly true for the wave-in-deck (WID) loads since these are entirely driven by the
occurrence of very high crest elevations.
Prior to the completion of the SHORTCREST JIP in 2013, it was widely assumed that the shortterm distribution of crest heights was well described by the Forristall (2000) model. This is
essentially a two parameter fit to a large number of second-order random wave calculations
based upon Sharma & Dean (1981). After considering extensive field data and laboratory
observations, the SHORTCREST JIP questioned this approach arguing that nonlinear effects
beyond second-order and the dissipative effects of wave breaking also needed to be included
(Latheef & Swan, 2013). Building upon this work, recent research (particularly that
undertaken in the LOWISH III JIP) has shown that:
•

The amplification of crest heights beyond second-order can be significant in realistic
design sea states covering a broad range of effective water depths (Latheef & Swan
(2013) and Karmpadakis et al (2019)).

•

Whilst these amplifications undoubtedly reduce with increases in the directionality of
the sea state, they remain significant (>5%) for realistic directional spreads (σθ≤20°);
the rate of reduction being linked to the spectral bandwidth. This situation is directly
relevant to winter storms arising on the UK continental shelf.

•

For larger directional spreads (σθ≥30°), the amplifications beyond second-order
remain small. Whilst this may be relevant to areas dominated by hurricanes or
tropical cyclones, it is not typically relevant to conditions on the UK continental shelf.

•

In the extreme (low probability) tail of the crest height distribution, the dissipative
effects of wave breaking become important. Whilst this may lead to crest heights
below second-order, the wave shape and the associated water particle kinematics will
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be substantially altered by the occurrence of wave breaking, particularly wave overturning.
•

The occurrence of wave breaking will also affect the area statistics governing the
distribution of crest heights over the finite plan area of a topside structure. This is key
to determining the occurrence of WID loading

Evidence to support these important effects is derived from field data from multiple locations,
extensive laboratory data generated in different research facilities and independent
numerical calculations. These are all reviewed in the present report.
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2.0 Introduction
This part of deliverable O1/D3 concerns the short-term distribution of crest heights, ηc, wave
heights, H, and wave periods, T. In the context of met-ocean descriptions, a short-term
distribution describes the exceedance probability of a chosen parameter, Q(ηc), Q(H) or Q(T),
given the characteristics of the underlying sea state; the latter specified in terms of a
significant wave height, Hs, spectral peak period, Tp , spectral shape, Sηη(ω), and directional
spread, σθ .
Historically, considerable emphasis has been placed on the short-term distribution of wave
heights, Q(H). This is convenient for two reasons:
(i)

(ii)

Wave heights can be easily and accurately inferred from a time-history of the water
surface elevation, η(t). Specifically, there is no ambiguity concerning the absolute
value of an elevation since a local H is defined as the difference in elevation
between a given crest, ηc, and an adjacent trough, ηt.
The wave height, H, is one of the inputs required for the application of a regular
wave model such as a Stokes 5th or a stream function solution.

However, in terms of practical design calculations, the distribution of crest elevations is more
important. The explanation for this lies in the fact that within a realistic random or irregular
sea, the largest crest heights are not necessarily associated with the largest wave heights.
Moreover, it is the crest elevation that determines the occurrence of any deck inundations
and hence the onset of wave-in-deck loading; the latter being the most common cause of
platform failure. Furthermore, the maximum wave-induced water particle kinematics
appropriate to the calculation of the drag loading on a sub-structure (or part thereof) are in
phase with the wave crest and are dependent upon the crest elevation rather than the
associated wave height.
Given the points noted above the present deliverable will place a large emphasis on the shortterm distribution of crest heights. Interestingly, this is not only the most important, but also
the most difficult to define. As a result, it has been the subject of a significant research effort.
The explanation for this lies in the fact that the crest heights show the greatest variations
with, and dependence on, the nonlinearity or steepness of a sea state. Moreover, since the
steepness of an individual wave is also affected by the directional spread, the latter itself
being dependent upon the nonlinear wave-wave interactions, it becomes clear that there is
a complex nonlinear relationship between the wave steepness, the directional spread and the
nonlinear amplification. To complicate matters further, these three parameters are also
dependent upon the spectral shape, Sηη(ω) and the effective water depth, kld, where kl is a
representative local wave number and d is the water depth.
In contrast, the wave heights are much less sensitive to nonlinear amplification. This arises
because in the case of a large wave event the even harmonics, particularly the largest
contribution arising at second-order, contribute equally to the wave crest and the adjacent
wave troughs. As a result, there is no net effect on the wave height. Although this simplifies
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the required descriptions, it is important to acknowledge that the wave heights will remain
critically dependent upon the spectral shape, particularly the spectral bandwidth. As such,
many of the simplest models, based upon the assumption that the spectral form is narrowbanded, will prove to be inaccurate.
To complicate matters further, the occurrence of wave breaking affects both the crest height
and the wave height distributions; the percentage change in the former being larger. In deep
water, wave breaking is solely dependent upon the local wave steepness. However, given the
comments noted above, this means that it will also be (indirectly) dependent upon the local
wave period; the distribution of wave periods being a key element in quantifying the role of
wave breaking. In shallower water wave breaking becomes dependent upon both the local
wave steepness, either ηckl or ½Hkl, and the wave height to water depth ratio H/d; the latter
becoming progressively more important as the water depth reduces. Unfortunately, this adds
another level of complexity: the gradual transition between these two alternative criteria,
steepness and H/d, being the subject of sustained research effort.
As far as the short-term distribution of met-ocean parameters are concerned, the crest height
distributions are the most important; the single issue that has received the greatest research
attention being the competing influence of nonlinear amplification and wave breaking.
Specifically, the extent to which these effects drive departures from the second-order crest
height distribution in realistic, directionally spread seas; the second-order model being the
basis of most design calculations.

Page 7 of 39

Met-ocean research relevant to fixed offshore structures (Part B)

OCG-50—04-31B

3.0 Historical perspective
Prior to the completion of the SHORT-CREST JIP in 2013, it was widely believed that the shortterm distribution of wave parameters could be accurately represented by a second-order
model. Moreover, in intermediate and deep water, no account was taken of the effects of
wave breaking. As such, the distribution of crest heights was represented by Forristall (2000).
This defines a two-parameter Weibul fit to long random wave simulations based upon the
second-order model of Sharma & Dean (1981). Given the inevitable time lag in the
development of international standards and the adoption of present best practice, both ISO
and API continue to recommend this approach, specifically Forristall (2000). The only
exception concerns NORSOK N003 which places a greater emphasis on physical model testing
and therefore includes additional effects provided the sea states are correctly represented. A
full discussion of these requirements is given in O1/D1.
With the completion of the CREST and SHORT-CREST JIPs, and other related studies, questions
were beginning to be raised concerning the adequacy of a second-order model and the effects
of wave breaking. From a theoretical perspective it had long been recognised that whilst the
inclusion of second-order terms gives a first appreciation to nonlinear effects, this is unlikely
to be adequate in the very steepest sea states, or in the context of very steep individual waves
(Baldock et al. (1996), Johannessen & Swan, 2001, 2003). Moreover, at a third-order of wave
steepness the inclusion of the resonant or near-resonant interactions raises the possibility of
changes to the underlying linear components defining the sea state. This represents a
fundamental change in the sense that nonlinear effects cease to be terms that are simply
added to the underlying linear components, but now present possible changes to these
components. The importance of these effects has long been recognised in the context of the
slow spectral evolution relevant to hindcast modelling and are incorporated in thirdgeneration hindcast models. However, Gibson & Swan (2008) showed that related effects can
result in local and rapid energy transfers in the vicinity of a large individual wave event.
In addition to the theoretical advances, the CREST and SHORT-CREST JIP’s produced both new
laboratory and field data. In respect of the laboratory studies a systematic investigation of
several deep-water sea states, including a range of directional spreads, high-lighted both the
importance of nonlinear amplifications beyond second-order and the dissipative effects of
wave breaking. A full account of this study is given in Latheef & Swan (2013) with some
example data re-produced in Figure 3.1. This data relates to realistic directionally spread seas
characterised by Tp=16s and σθ=15° in a water depth of d=125m; the sequence of sub-plots
describing progressively increasing Hs. In all cases comparisons are made between the
laboratory data, the linear Rayleigh distribution and the second-order Forristall (2000)
distribution. In the first four sub-plots, (a)-(d), the laboratory data shows increasing
amplifications above the second-order model. Confirmation of this is provided by:
(1) The error bands noted on Figure 3.1(b) which define the extent of the statistical
uncertainty. Whilst this is not insignificant, particularly in the tail of the distribution,
the amplifications are not simply a matter of the statistical variability.
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(2) The agreement between data recorded in two independent laboratory facilities on
Figure 3.1(d); the first located at Imperial College London and the second at Marin in
The Netherlands. Given the fundamental difference between these facilities (not least
in respect of scale, paddle type, signal generation, sea state specification and
absorption techniques) this represents important independent verification.
It is also interesting to note that with further increases in Hs, Figures 3.1(e) and 3.1(f), the
extent of nonlinear amplifications beyond second-order reduce. Indeed, in the steepest sea
state (Figure 3.1(f), corresponding to Hs=20m), the crest heights recorded in the laboratory
lie below the second-order distribution; the largest crest heights approaching the linear
(Rayleigh) solution. The explanation for this lies in the dissipative effects of wave breaking.
At this point it is important to note that earlier laboratory studies have also shown departures
from second-order in uni-directional seas (Onorato et al., 2006), but these rapidly reduced
with the introduction of a directional spread (Onorato et al., 2009). In this sense the earlier
data are consistent with the observations of focused waves undertaken by Johannessen &
Swan (2001). The fact that large departures from second-order can arise in uni-directional
seas comes as no surprise since this defines the exact conditions in which the third-order
resonant terms can grow. However, real seas are not uni-directional and hence the challenge
was to determine the extent to which the departures from second-order persist as the
directional spread increases to realistic values. In this respect the results presented by Latheef
& Swan (2013) and Onorato et al. (2009) are inconsistent; the former arguing that they remain
significant for directional spreads of σθ=15° and the latter suggesting they become very small
for all cases in which σθ>0°.
The CREST and SHORT-CREST JIP’s also involved the assembly and analysis of a very large data
base of field observations (Christou & Ewans, 2014). Much of this data related to deep water
conditions and involved a very rigorous quality control (QC) procedure; the latter widely
adopted as an industrial standard and described in Ewans & Christou (2011). Whilst the QC
procedure was very effective, eliminating any spurious wave records, too much emphasis was
placed on the identification of so called ‘freak’ or ‘rogue’ wave events using the criteria
outlined by Haver (2000). Nevertheless, this dataset is important in the sense that it clearly
identifies some short-term crest height distributions that show significant departures from
second-order. An example of this data is provided on Figure 3.2(a) which corresponds to sea
states in which Hs>12m. Comparisons between this data and the equivalent laboratory data
reported in Latheef & Swan (2013), reproduced on Figure 3.2(b), exhibit a striking similarity.
The fact that these effects were observed in field data ensures that they cannot be due to
unrepresentative uni-directional wave interactions. However, conclusions based upon field
data are not without their difficulties. Setting aside any uncertainties regarding the accuracy
of the measurement apparatus, mostly relating to definition of the absolute datum, the
typical evolution of a storm ensures that the met-ocean conditions, defined by (Hs, Tp and σθ),
are continuously changing. To assume stationarity, data records are typically limited to a
duration of 20 minutes. However, this includes insufficient waves to explore the tail of the
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short-term distribution; the latter being most relevant to engineering calculations and the
region in which significant departures from second-order theory are most likely to occur. As
a result, some form of data binning needs to be applied and the size of the bin inevitably leads
to an increase in the statistical uncertainty. Unfortunately, this is largest in the very region in
which we are seeking to identify relatively small, but important, departures from secondorder theory.
Although the data presented on Figure 3.2(a) appear convincing, not least because there are
significant departures from second-order theory over a broad range of exceedance
probabilities, the statistical uncertainties discussed above make it very difficult to draw
conclusions based upon field data alone. This is exacerbated by the fact that although a data
base of field observations may be very large, the number of records involving very large and
steep sea states will inevitably be limited. In practice, the sea states relevant to engineering
design are, by definition, very rare. As such, field observations alone are unlikely to provide
sufficient data.
To clarify this position, particularly the role of directional spreading, several researchers
sought to investigate the extent of the nonlinearity based upon numerical calculations.
Although such calculations are not without their difficulties, they involve a very different set
of assumptions when compared to laboratory generated data. Specifically, they are much less
susceptible to the influence of unwanted/spurious wave reflections from the downstream
boundary or beach. As such, an independent validation of laboratory observations using
numerical calculations makes a convincing case. Unfortunately, the level of computational
effort required to undertake sufficiently long random wave simulations is such that early
attempts to achieve this were (necessarily) based upon the most efficient model
formulations; typically, the Nonlinear Schrodinger Equation (NLSE). These formulations are
limited in terms of the bandwidth they can accommodate and, as a result, questions remain
concerning the validity of these calculations. Examples of this work include Onorato et al.
(2002, 2005), Socquet-Juglard (2005) and Gramstad & Tulsen (2007), among others.
A key result arising from these calculations is the rapid reduction of the modular instabilities
with the introduction of directional spreading. Since these instabilities are believed to be
responsible for the amplification of crest heights beyond second-order, usually expressed in
terms of increased kurtosis, the calculated crest height distributions are shown to be (or
inferred to be) in broad agreement with Forristall (2000). However, given the uncertainty
regarding the importance of spectral bandwidth, these results are inconclusive. To address
this point, other wave models have been applied. For example, Ducrozet et al. (2007) carried
out simulations of directional seas using a HOSM and found small deviations from Gaussian
distributions, which were accounted for by second-order theory. However, the nonlinearity
of the sea states studied was too small and the simulated time too short for conclusions
relevant to the statistical analysis of extreme ocean waves to be drawn. Alternatively, Toﬀoli
et al. (2008) and Toﬀoli et al. (2010) undertook simulations based upon the Euler equations
and showed that deviations from second-order theory are minimal when directional seas are
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considered. These calculations are at odds with the experimental measurements reported by
Latheef & Swan (2013) and the ﬁeld observations of Christou & Ewans (2014). On closer
inspection, the reason for this discrepancy lies in the numerical simulations; in particular, the
poor resolution of the spectral peak and the truncation of the input spectrum at relatively low
wavenumbers (kmax ≈ 6kp). This ensures that the highest frequencies, which are important in
the largest waves, are ﬁltered out. Additionally, the method used to apply the directional
spreading function made the calculations non-ergodic.
More recently, Xiao et al. (2013) carried out highly discretised HOSM simulations of
directional sea states in deep water and showed that effects beyond second-order can be
significant in directional spread seas. Speciﬁcally, they identified deviations from secondorder theory for directional spreads of σθ=10° and 12° at the spectral peak; results that are
directly relevant to design calculations. Nevertheless, it remains clear that there is some way
to go before there is agreement between numerical calculations the available laboratory and
field data.
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Figure 3.1: Normalised crest height distributions, 𝜂𝑐 /𝐻𝑠 vs. 𝑄, taken from the laboratory study of
Latheef & Swan (2013). All cases relate to 𝑇𝑝 = 16 s, 𝜎𝜃 = 15° and 𝑑 = 125 m with (a) 𝐻𝑠 = 3 m,
(b) 𝐻𝑠 = 10 m, (c) 𝐻𝑠 = 12.5 m, and (d) 𝐻𝑠 = 15 m, (e) 𝐻𝑠 = 17.5 m and (f) 𝐻𝑠 = 20.0 m.
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(a)

(b)

Figure 3.2: Normalised crest height distributions showing qualitative agreement between field
observations and laboratory data. (a) Field data from Christou & Evans (2014) for 𝐻𝑠 > 12 m and (b)
Laboratory data from Latheef & Swan (2013) for 𝐻𝑆 = 12 m.
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4.0 Recent research results
4.1 Field data
Following the completion of the SHORT-CREST JIP, there has been an on-going effort to
examine the adequacy of the Forristall (2000) crest height distribution. Whilst there is
compelling evidence of its success across a broad range of relatively moderate sea states,
there is also evidence of significant departures in the steepest sea states. Unfortunately,
when field data alone is considered, this is not always unambiguous; the difficulties arising
because of a desire to describe the tail of the distribution in circumstances when the amount
of data describing the most extreme seas is inevitably limited (see above). Nevertheless,
important indications can be described.
In deep water conditions, further analysis of the available data has identified clear departures
from Forristall’s second-order model (Makri et al., 2016). Evidence of this is provided in
Figures 4.1 and 4.2. In these cases the sea states have been grouped or binned according to
the sea state steepness defined by:

𝑆1 =

2𝜋 𝐻𝑠
𝑔 𝑇12

,

(4.1)

where T1 is the mean wave period calculated from the ratio of the first two spectral moments,
m0/m1. In each case the field data are again compared to the linear Rayleigh model and the
second-order Forristall model, with statistical error bands included in each case. Comparisons
are also made to the Tayfun and Fedele (2007) model, indicated in green. This model is based
upon the calculation of the high-order surface cumulants and may be taken to be
representative of other solutions based upon Gram-Charlier type distributions. However,
since this approach is neither fully predictive nor accurate it will not be considered further.
In Figure 4.1 all of the deep-water sea states corresponding to a given steepness are included;
while in Figure 4.2, the data is pre-screened to include only those states that have a high
excess kurtosis based upon the calculated surface cumulants. Whilst the latter approach is in
some sense self for-filling, a high excess kurtosis being indicative of effects beyond secondorder, the purpose of these plots is simply to indicate that with a careful analysis of field data
there are clearly sea states in which the crest height distribution is significantly larger than
second-order.
As part of the re-assessment of Maersk’s Tyra field, the available field data has been the
subject of a rigorous investigation. This work was continued within phase III of the LOWISH
JIP. With a water depth of d=45m, the wave conditions lie within the intermediate-depth
regime. In these cases, the observed crest height distributions again show significant
amplifications above the Forristall (2000) second-order model (Karmpadakis et al, 2019a,b).
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Evidence of this is provided on Figure 4.3; the sea states again binned in terms of the sea state
steepness.
As part of the LOWISH III JIP, data from shallower water platforms were also analysed
(Karmpadakis et al, 2019a,b and 2020). An example set of results are presented on Figure 4.4.
These relate to steep sea states in progressively shallow water; details of the Hs/d and kpd
non-dimensional parameters given in the figure caption. These results are interesting for two
reasons:
(a) There are significant departures from the Forristall (2000) model, the effects being
similar to those discussed earlier and readily attributable to the competing influence
of nonlinear amplification (beyond second-order) and the dissipative effects of wave
breaking. In terms of the former, it is interesting to note that narrow-banded theory
(and calculations) suggest that the nonlinear amplifications will reduce to zero for
kpd<1.38. The present results clearly suggest that this is not the case (Figures 4.4(a)
and 4.4(b)); the likely explanation being the inappropriateness of a narrow-banded
solution.
(b) With a progressive reduction in the effective water depth (kpd) the crest height
distributions are progressively dominated by wave breaking; the latter being
dependent upon both the local wave steepness and the effective H/d ratio.

4.2 Laboratory data
With Latheef & Swan (2013) having provided a detailed analysis of deep water laboratory data
(kpd>2.0), recent research has sought to extend this study into intermediate and shallow
water depths (Karmpadakis et al 2019a and Karmpadakis & Swan 2020). In large part this has
been undertaken within the LOWISH III JIP, with measurements undertaken both in the wave
basin at Imperial college (IC) and in the shallow water wave basin at Queens University Belfast
(QUB). The purpose of this work was three-fold:
(i)

(ii)

(iii)

To identify the competing influences of nonlinear amplification and wave breaking
in intermediate and shallow water depths; the purpose being to quantify changes in
the crest height distributions.
To demonstrate good agreement between the laboratory generated data and the
available field data, confirming that the former is relevant to practical design
conditions.
To use the laboratory data to generate both new physical insights and new
modelling procedures, particularly in respect of wave breaking.

Examples of the generated data are given in Figures 4.5 and 4.6. The first relates to data
generated in the IC wave basin and relates to Tp=12s, kpd=1.53 and σθ=10°. Once again, the
sequence of sub-plots describes data recorded in sea states of increasing steepness: Sp=0.01
→0.07 with ΔSp=0.01. In each case comparisons are provided with the linear Rayleigh and the
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second-order Forristall distributions; the data produced from twenty “3-hour” simulations. In
the least steep case (Sp=0.01 on Figure 4.5(a)), the difference between the Rayleigh and
Forristall distributions is small and the laboratory data in good agreement with these
solutions. However, with increasing steepness the second-order effects becomes more
significant. More importantly, in the steeper cases (Sp=0.03 on Figure 4.5(c) and Sp=0.04 on
Figure 4.5(d)), the data consistently lies above the second-order Forristall model. Conversely,
with further increases in the sea state steepness the effect of wave breaking becomes more
pronounced and the crest heights reduce. Indeed, with a reduction in the water depth, the
effects of wave breaking become more important such that in the two steepest cases (Sp=0.06
on Figure 4.5(f) and Sp=0.07 on Figure 4.5(g)) the larger crest elevations are smaller than the
predictions of Forristall (2000).
Figure 4.6 extends these results into shallower water, the data relating to effective water
depths lying in the range 1.22>kpd>0.73, with σθ=10°. This corresponds to the limit of the
laboratory facilities without introducing the additional complications due to changes in
bathymetry. Figure 4.6(a) concerns a sea state with Tp=14s in a water depth of d=50m,
corresponding to kpd=1.22. In this case, sub-plot (a) describes the sea state (Hs=12.2m)
exhibiting the largest departures from second-order theory and sub-plot (b) the steepest sea
state (Hs=18.3m) showing the clearest evidence of wave breaking.
Similar results are presented on Figures 4.6(c) and 4.6(d) relating to Tp=16s in a water depth
of d=50m; the latter defining an effective water depth of kpd=1.02. In this case the largest
departures from second-order occur for Hs=12.0m; the amplification above second-order
being of the order of 10%. Conversely, the steepest sea state (Hs=20m on Figure 4.6(d))
describes a very large reduction in crest elevations due to wave breaking. Finally, Figures
4.6(e) and 4.6(f) concern two cases recorded in the QUB wave basin with Tp=16s and 18s
respectively, both in a water depth of d=40m. These cases correspond to effective water
depths of kpd=0.84 and 0.73 respectively. In both cases the sea state steepness (Sp=0.02) is
such that the nonlinear amplifications are larger than the effects of wave breaking. Taken as
a whole, the intermediate and shallow water data (Karmpadakis et al 2019a and Karmpadakis
& Swan 2020) exhibits marked departures from the second-order model; the relative balance
between the nonlinear amplification and the dissipative effects of wave breaking depending
on the sea state steepness.
Before adopting these results, it is critical to ensure that the laboratory data is representative
of the available field data. Direct comparisons between laboratory and field data are
presented on Figures 4.7(a)-(f) and 4.8(a)-(f). In both cases sub-plots (a), (c) and (e) address
the crest height distributions and sub-plots (b), (d) and (f) the corresponding wave heights.
Figure 4.7 concerns field data from three water depths corresponding to d=42.35m, 27.36m
and 24.98m; the effective water depths defined by kpd=1.19, 1.01 and 1.0. In contrast, Figure
4.8 addresses field data recorded in a single water depth (d=7.7m), but the variation in Tp
defines effective water depths of kpd=0.9, 0.83 and 0.72. In all cases there is very good
agreement between the laboratory and field data, including those cases for which significant
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departures from the second-order model are identified (Karmpadakis et al 2019a and
Karmpadakis & Swan, 2020).

4.3 Numerical calculations
Despite the fact that the recent analysis of field data (Section 3.1) and new laboratory studies
(Section 3.2) have provided further evidence of crest heights larger than second-order, the
absence of a truly independent validation means that the case is yet to be fully made. Indeed,
this uncertainty is reinforced by the fact that some numerical calculations are at odds with
the laboratory / field data suggesting that second-order crest height statistics are adequate,
even in the steepest sea states. Given the practical importance of the crest height
distributions, this needs to be resolved. Unfortunately, given the fundamental limitations of
field data (see Section 3.1), the required independent validation must involve comparisons
between laboratory observations and numerical calculations.
In an as yet unpublished study of numerical calculations of extreme waves Hadjigeorgiou
(2018) has established a number of important points.
•

•

•

•

That the role of directionality, in reducing amplifications beyond second-order, is
critically dependent upon the spectral bandwidth. This is very important in respect of
earlier numerical calculations. These suggest that crest height amplifications beyond
second-order rapidly reduce with the introduction of even a small directional spread.
However, such calculations were based upon narrow-banded wave formulations.
Having modelled realistic broad-banded frequency spectra, the nonlinearity continues
to reduce with increasing directionality, but does so much more slowly than that
predicted by narrow-banded models.
That the resolution of the underlying wave spectrum, particularly in the case of
directionally spread seas, is critically important in modelling the short-term crest
height distributions.
When seeking to model large individual wave events, commonly referred to as
“focused wave events”, the introduction of directionality leads to subtle (nonlinear)
changes in the phasing of the wave components. As a result, the identification of the
largest crest elevations requires an iterative study of the underlying phases. If this is
not undertaken, the crest elevations will be under-estimated.
When modelling random waves, the duration of an individual seed and the total
number of seeds needs to be sufficiently large. This is well established in a laboratory
context, but an analysis of earlier numerical work suggests these requirements are
seldom met. Once again, this will lead to an under-estimate of the crest height
distributions.

Having established these points, Hadjigeorgiou (2018) has undertaken detailed numerical
calculations using both the Krasitskii (1994) implementation of the Zakharov (1968) equation
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(ZE), and a higher-order spectral model (West et al. 1987) or HOSM. Neither of these models
is limited in terms of the spectral bandwidth and, in the case of uni-directional wave fields,
they produce essentially identical results. However, with the introduction of directionality,
the computational effort associated with the implementation ZE is such that the required
spectral resolution is difficult (perhaps impossible) to achieve. As a result, the HOSM was
adopted as the preferred method of calculation for directionally spread seas.
Figure 4.9 concerns numerical calculations of a uni-directional sea, σθ=0°, in which Tp=16s and
d=125m; the corresponding effective water depth defined by kpd=2.02. Four sub-plots are
provided describing the crest height distributions relating to the significant wave heights of
Hs=10m, 15m, 17.5m and 20m; the corresponding sea state steepness defined by
½Hskp=0.081, 0.122, 0.142 and 0.163. In each case comparisons are made between the linear
Rayleigh and the second-order Forristall distributions, the laboratory data of Latheef & Swan
(2013) and numerical calculations based upon ZE. In sub-plots (a) and (b), relating to Hs=10m
and 15m respectively, there is very good agreement between the numerical calculations and
the laboratory data; both defining crest heights larger than second-order. In contrast, subplots (c) and (d), relating to Hs=17.5m and 20.0m respectively, again exhibit departures from
second-order, but the laboratory data describes crest heights that are substantially smaller
than the numerical calculations. Indeed, in the steepest sea state (Figure 4.9(d)) the crest
heights lie below second-order. This arises due to the dissipative effects of wave breaking
which is not included in either the second-order model or the ZE calculation; the importance
of the effect being clearly demonstrated.
To address this issue the empirical breaking model developed by Latheef & Swan within the
SHORT-CREST JIP was applied to the numerically generated data. The results of these
calculations are presented on Figures 4.10(a) and 4.10(b). These relate to the two steepest
sea states considered on Figure 4.9. In each case the full set of crest height distributions are
re-produced together with a new solution in which the numerically predicted crest heights
are reduced by the empirical breaking model; the latter applied without modification. This
additional distribution is shown to be in very good agreement with the laboratory data.
Given that Figure 4.9(b), corresponding to Hs=15m, exhibits very good agreement between
the numerical predictions and the laboratory observations, without the need for an additional
breaking criterion, this case is reconsidered in Figure 4.11. This provides five sub-plots
corresponding to directional spreads of σθ=5°, 10°, 15°, 20° and 30°. Once again, comparisons
are made with the linear Rayleigh and the second-order Forristall distributions; the laboratory
observations added in the two cases for which it is available (σθ=15° and 30° on Figures 4.11(c)
and 4.11 (e) respectively). In accordance with the discussion given above, all of the numerical
calculations given in Figure 4.11 were undertaken using a HOSM. Comparisons between the
various distributions, across the broad range of directional spreads, highlights several
important results:
•

Whilst the amplification of the crest heights above second-order reduces with
increasing directional spread, the rate of reduction is much less than that predicted
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by earlier narrow-banded calculations. As a result, sea states with realistic directional
spreads, corresponding to 10°≤σθ≤20°, have the potential to exhibit significant
amplifications above second-order, provided they are sufficiently steep.
It is only when the directional spread increases to σθ=30°, that the amplifications
above second-order are effectively reduced to zero.
Where laboratory data is available the numerical predictions are shown to be in very
good agreement. In particular, in Figure 4.11(c) corresponding to σθ=15°, the
numerical calculations reproduce the amplification of the crest heights above secondorder, providing a good description of the laboratory data recorded in both the
Imperial College and Marin wave basins.
In the case noted immediately above the amplifications above second-order, at a
short-term exceedance probability of Q=10-3, are of the order of 10%. This is
comparable to the difference between the linear and second-order solutions. In
contrast, with a directional spread of σθ=20° (Figure 4.11(d) this amplification reduces
to about 5%. Nevertheless, this remains significant in terms of the wave-in-deck
loading: a 5% increase in the predicted crest elevations accounting for a very
substantial potential increase in the applied loads if that 5% enters the deck structure.

Most importantly, the numerical calculations presented in Figure 4.11 confirms the
importance of the spectral bandwidth when seeking to model a random sea and provides the
first truly independent confirmation of crest heights significantly above second-order.
Moreover, the results are consistent with the accumulated field data (Section 3.1) and, at the
same time, confirm that if the directionality of the sea state is large, σθ≈30°, the crest heights
will be well represented by a second-order model.

4.4 Area effects
It has long been appreciated that for a given probability of exceedance, the maximum crest
elevations arising over the finite plan area of a topside structure is larger than the maximum
arising at a single point. Moreover, the larger the finite plan area, the larger the increase in
the crest elevation. These effects were first investigated by Krogstad et al. (2004), Forristall
(2006) and, more recently, Forristall (2015): the latter describing work undertaken in the
SHORT-CREST JIP. Although these contributions clearly identify the importance of area
effects, providing the basis for what is included in the international standards (see O1/D1),
there are two important limitations. First, the studies were limited to second-order effects
and did not incorporate the effects of wave breaking. In respect of Forristall (2015) good
agreement was shown to some laboratory data. However, on closer inspection, neither the
temporal nor the spatial resolutions were consistent and this can profoundly affect the extent
of the area amplifications. Second, Forristall (2015) was based upon fits to the short-term
exceedance probabilities of the order of 10-3. In practice, information is required at both lower
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and higher exceedance probabilities and these may be associated with very different area
amplifications.
To resolve these issues Ma (2017) used some very long random wave simulations to directly
explore the area amplifications. Three cases were considered, two in deep water (d=150m)
and one in shallower water (d=45m). Full details of these cases are given in Table 4.1 and the
results presented on Figure 4.12. Six sub-plots are provided, each horizontal pair addressing
a specific test case. The left-hand plots concern the exceedance probability of the normalised
crest heights, ηc/Hs vs. Q. These contrast the point-averaged, 𝜂𝑐,𝑝̅ , and the area maximum,
𝜂𝑐,𝐴̅ , distributions based upon linear simulations, second-order simulations and fully nonlinear
laboratory data. In comparing these results, the key findings are as follows:
•

•

•

The laboratory data highlights the difference between the point-average (black dots)
and the area-maxima (red dots) distributions. Indeed, the magnitude of the difference
is shown to be comparable to the well-established difference between linear Rayleigh
and second-order Forristall point statistics. The only exception to this occurs in the
shallow water case, Figure 4.12(e), which addresses a smaller plan area (Table 4.1).
The calculation of area statistics based upon second-order simulations does not
provide a good description of the laboratory data; the differences being apparent
across the full range of exceedance probabilities.
The effects of wave breaking are clearly noted in the tail of the distribution; the areamaximum distributions showing a marked reduction. This is particularly noticeable in
the two steepest sea states (Figures 4.12(c) and 4.12(e)). Indeed, it is interesting to
observe that the area-maximum distribution appears more sensitive to the dissipative
effects of wave breaking than the point-averaged distribution (Figure 4.12(c)).

The right-hand plots directly address the area-amplification and its variation with the
exceedance probability, Q. In these cases, the amplification is defined by:

𝜂

𝑟𝐴 = 𝜂𝑐,𝐴 − 1,
̅
𝑐,𝑝

(4.2)

Once again, calculations based upon linear, second-order and experimental data are
provided. Comparing these results, for a given exceedance probability, the inclusion of
increased nonlinearity leads to a larger area amplification, rA. However, rA generally reduces
for larger waves having a smaller exceedance probability. The explanation for these
observations lies in two competing parts:
(A) According to Lindren (1970) and Boccotti (1983) the largest waves in a linear
representation of a sea state will be associated with the focusing of wave components
whose amplitude is proportional to the spectral shape rather than its square root.
These arguments form the basis of the NewWave theory (Tromans et al. 1991) noted
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in both the ISO and API guidelines. It therefore follows that the effective bandwidth
of the largest waves will be smaller than the sea state as a whole; the larger the waves
the smaller the effective bandwidth. Since area amplifications are directly dependent
upon the spectral bandwidth, rA is expected to reduce with increasing crest height or
reducing Q.
(B) Considering the difference between the various models (for a given Q), the inclusion
of additional nonlinearity leads to an increase in the spectral bandwidth, particularly
in respect of the transfer of energy to the higher frequencies arising at third-order and
above. Broader spectra give rise to more rapid spatial change and hence larger area
amplifications.
Whilst both (A) and (B) are undoubtedly important, neither include the occurrence of wave
breaking. When waves break, the phasing of the wave components becomes locally locked
such that the crest elevations are more persistent, despite the fact that they are undergoing
turbulent dissipation. This will typically produce a further reduction in the area amplification
adding to the effect noted in (A) above. However, since breaking typically occurs in the tail of
the distribution, these effects may be masked by the statistical variability (or uncertainty)
which is largest in this part of the distribution.
In making comparisons to recommended practice, both ISO and API recommend the addition
of 15% to the point statistics to account for area effects. Although this amplification clearly
depends on the area of the topside structure, the most recent evidence (Figure 4.12) suggests
that whilst this may be appropriate for ULS (10-2) conditions, it will be overly conservative for
ALS (10-4) conditions. In contrast, NORSOK’s preference for extensive model testing ensures
that the competing influences of wave evolution, nonlinearity and wave breaking are
incorporated in all design sea states, provided the latter are correctly modelled.
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5.0 Concluding remarks
Recent research has confirmed that in defining the short-term distribution of crest heights,
the low probability tail of the distribution is subject to the competing effects of nonlinear
amplification beyond second-order and the dissipative effects of wave breaking. This has been
confirmed by independent studies based upon:
•
•
•

Field data from multiple locations.
Laboratory data generated within different research facilities.
Independent numerical calculations using a high order spectral model.

These changes are observed in realistic directionally spread seas arising in a broad range of
water depths. As such, they are directly relevant to design conditions on the UK continental
shelf.
Whilst the occurrence of wave breaking undoubtedly becomes more prevalent as the
effective water depth reduces, it is observed in all water depths. In deep water, wave breaking
is governed by steepness, ½Hk or ηck, while in intermediate and shallow waters it is covered
by a combination of steepness and relative depth, H/d and ηc/d.
Given the changes in wave shape and the associated water particle kinematics, the
occurrence of wave breaking can have a profound effect on both local and global loading,
particularly in those cases where the wave has the potential to break into the topside
structure generating substantially increased wave-in-deck loading.
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Case
D1
D2
S1

Hs (m)
14.67
17.20
14.1

Tp (s)
16.0
16.0
15.0

d (m)
150
150
45

kpd
2.397
2.397
1.035

OCG-50—04-31B

½Hskp
0.117
0.137
0.138

Area
60m x 60m
60m x 60m
36m x 28.8m

Table 4.1: Test cases used in the analysis of area effects. The parameters are given as
equivalent full-scale values; the sea states defined by JONSWAP spectra, γ = 2.5, with Ewans
(1998) directional spreading.
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Figure 4.1: Normalised crest heights, 𝜂𝑐 /𝐻𝑠 vs. 𝑄, derived from field data recorded in deep water
and binned according to the sea state steepness, 𝑆1 . [_______] Rayleigh; [_______] Forristall; [_______]
Tayfun and Fedele (2007); and [•] field data. Note: the red dashed lines denote the 95% confidence
limits.
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Figure 4.2: Normalised crest heights, 𝜂𝑐 /𝐻𝑠 vs. 𝑄, derived from field data recorded in deep water
with a large excess kurtosis (𝜆 > 0.42) and binned according to the sea state steepness, 𝑆1 . [_______]
Rayleigh; [_______] Forristall; [_______] Tayfun and Fedele (2007); and [•] field data. Note: the red dashed
lines denote the 95% confidence limits.
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(a)

(b)

(c)

Figure 4.3: Field data recorded in an intermediate water depth (𝑑 = 45 m); comparisons between
[_______] Rayleigh; [_______] Forristall and [•] field data. (a) 𝑆𝑝 = 0.025, (b) 𝑆𝑝 = 0.028 and (c) 𝑆𝑝 =
0.031.
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Figure 4.4: Field data recorded in shallow water (𝑑 = 7.7 m) with (a) 𝐻𝑠 /𝑑 = 0.22, 𝑘𝑝 𝑑 = 0.91, (b)
𝐻𝑠 /𝑑 = 0.23, 𝑘𝑝 𝑑 = 0.74, (c) 𝐻𝑠 /𝑑 = 0.45, 𝑘𝑝 𝑑 = 0.57 and (d) 𝐻𝑠 /𝑑 = 0.46, 𝑘𝑝 𝑑 = 0.45. [_______]
Forristall and [•] recorded data.
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(g)

Figure 4.5: Laboratory data recorded on intermediate water depth (𝑑 = 50 m) with 𝑇𝑝 = 12 𝑠,
𝜎𝜃 = 10° and increasing sea state steepness (a) 𝑆𝑝 = 0.01, (b) 𝑆𝑝 = 0.02, (c) 𝑆𝑝 = 0.03, (d) 𝑆𝑝 =
0.04, (e) 𝑆𝑝 = 0.05, (f) 𝑆𝑝 = 0.06 and (g) 𝑆𝑝 = 0.07.
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Figure 4.6: Laboratory data recorded in intermediate and shallow water depths (a) 𝐻𝑠 = 12.2 m,
𝑇𝑝 = 14 s and 𝑑 = 50 m; (b) 𝐻𝑠 = 18.3 m, 𝑇𝑝 = 14.0 s and 𝑑 = 50 m; (c) 𝐻𝑠 = 12.0 m, 𝑇𝑝 = 16 s
and 𝑑 = 50 m; (d) 𝐻𝑠 = 20.0 m, 𝑇𝑝 = 16 s and 𝑑 = 50 m; (e) 𝐻𝑠 = 8 m, 𝑇𝑝 = 16 s and 𝑑 = 40 m;
and (f) 𝐻𝑠 = 10.1 m, 𝑇𝑝 = 18 s and 𝑑 = 40 m. [_______] Rayleigh, [_______] 2D Forrristall, [--------] 3D
Forrsitall and [•] measured data.
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Figure 4.7: Normalised crest height, 𝜂𝑐 /𝐻𝑠 , and wave heights, 𝐻/𝐻𝑠 , distributions showing
comparisons between field data [•] and experimental data [•]. (a)-(b) 𝑑 = 42.35 m with 𝑘𝑝 𝑑 = 1.19
and 𝐻𝑠 /𝑑 = 0.14, (c)-(d) 𝑑 = 27.36 m with 𝑘𝑝 𝑑 = 1.01 and 𝐻𝑠 /𝑑 = 0.08, (e)-(f) 𝑑 = 24.98 m with
𝑘𝑝 𝑑 = 1 and 𝐻𝑠 /𝑑 = 0.08. [_______] The Rayleigh and [_______] Forristall distributions have been added
for reference.
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Figure 4.8: Normalised crest height, 𝜂𝑐 /𝐻𝑠 , and wave height, 𝐻/𝐻𝑠 , distributions showing
comparisons between field data [•] and experimental data [•]. (a)-(b) 𝑑 = 7.7 m with 𝑘𝑝 𝑑 = 0.9 and
𝐻𝑠
𝑑

= 0.24; (c)-(d) 𝑑 = 7.7 m with 𝑘𝑝 𝑑 = 0.83 and
_______

𝐻𝑠 /𝑑 = 0.27. [

] The Rayleigh and [

_______

𝐻𝑠
𝑑

= 0.21; (e)-(f) 𝑑 = 7.7 m with 𝑘𝑝 𝑑 = 0.72 and

] Forristall distributions have been added for reference.
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Figure 4.9: Numerically calculated crest height statistics based upon the Zakharov equation (ZE) for
𝑇𝑝 = 16 s, 𝛾 = 2.5 and 𝜎𝜃 = 0°. (a) 𝐻𝑠 = 10 m, (b) 𝐻𝑠 = 15 m, (c) 𝐻𝑠 = 17.5 and (d) 𝐻𝑠 = 20 m.
[_______] Rayleigh, [_______] Forristall; [•] laboratory data and [•] numerical calculations.
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(b)

Figure 4.10: Re-calculation of Figures 4.9(c) and 4.9(d) with the inclusion of an empirical breaking
criteria. 𝑇𝑝 = 16 s, 𝛾 = 2.5 and 𝜎𝜃 = 0° for (a) 𝐻𝑠 = 17.5 m and (b) 𝐻𝑠 = 20.0 m. [_______] Rayleigh,
[_______] Forristall; [•] laboratory data and [•] numerical calculations without breaking and [•]
numerical calculation with breaking limits applied.
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(a)

(b)

(c)

Figure 4.11: Numerically calculated crest height statistics based upon the HOSM (West et al., 1987)
applied to sea states with increasing directionality. 𝐻𝑠 = 15 m, 𝑇𝑝 = 16.0 s, 𝛾 = 2.5, 𝑑 = 12.5 m
and (a) 𝜎𝜃 = 5°, (b) 𝜎𝜃 = 10°, (c) 𝜎𝜃 = 15°, (d) 𝜎𝜃 = 20° and (e) 𝜎𝜃 = 30°.
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(d)

(e)

Figure 4.11 (continued): Numerically calculated crest height statistics based upon the HOSM (West
et al., 1987) applied to sea states with increasing directionality. 𝐻𝑠 = 15 m, 𝑇𝑝 = 16.0 s, 𝛾 = 2.5,
𝑑 = 12.5 m and (a) 𝜎𝜃 = 5°, (b) 𝜎𝜃 = 10°, (c) 𝜎𝜃 = 15°, (d) 𝜎𝜃 = 20° and (e) 𝜎𝜃 = 30°.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.12: Comparisons between crest-height distributions at a single point and over an area. For
Case D1: (A) Normalised crest-height distributions, (𝜂𝑐 /𝐻𝑠 ) vs. 𝑄: [_______] the Rayleigh distribution,
[_______] the 2nd-order point-distribution, [•] the measured point-distribution, [__ __] the linear
simulated area-distribution, [___ _ ___] the 2nd-order simulated area-distribution and [•] the measured
area-distribution. (B) Area-amplification ratios (𝜏𝐴 ): [•] linear simulation, [•] 2nd order simulation
and [•] measured data. The same plots for Case D2 (sub-plots c,d) and Case S1 (sub-plots e,f).
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