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This work presents a methodology for identifying and reproducing critical wave events that induce extreme mooring 

line tension in floating offshore wind turbines. The approach begins with fully non-linear sea-state realisations, gener

ated using a JONSWAP spectrum and propagated via a fully non-linear potential flow solver. The Hilbert transform is 

applied on the linear component obtained from a four-wave spectral decomposition process of the surface elevation, 

to extract amplitude envelopes and instantaneous phase information, enabling the isolation of critical wave events 

responsible for extreme structural responses. Each critical wave event is expressed as a sum of focused wave groups 

using a Gaussian envelope regression methodology, allowing for individual iterative amplitude correction and phase 

focusing to overcome the challenges of reproducing steep wave events. The corrected focused wave groups are then 

recombined to create a ‘Hyper-Group’ with accurate spatial and temporal focusing at the desired location. The repro

duced event is numerically validated against the original sea-state, demonstrating very good agreement in induced 

mooring line tension. This methodology provides an efficient framework for generating realistic design waves, sup

porting targeted numerical and experimental testing of floating offshore wind turbines under extreme conditions.
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1. Introduction 

A design wave is a representative wave profile or episode used in 
the structural and hydrodynamic analysis of offshore and marine 
structures to assess their performance under extreme environmen
tal conditions. Unlike fully random sea states, which require 
lengthy time-domain simulations, design waves are typically 
short-duration, deterministic, or response-conditioned wave 
(RCW) profiles that capture the essential characteristics of 
extreme events. Their purpose is to simplify the evaluation of ulti
mate loads, motions, and structural integrity while ensuring safety 
and reliability. Design waves are particularly valuable in the early 
stages of design, where rapid iteration and comparative analysis 
are critical, as well as in detailed assessments where computa
tional efficiency is paramount.

Offshore structures, such as floating wind turbines, must with
stand rare but severe wave events that can induce critical loads 
and responses. Traditional approaches relying on irregular sea 
state simulations – though comprehensive – are often computa
tionally expensive and time-consuming. Design waves address 
this challenge by distilling the most severe wave conditions into 
manageable, repeatable profiles that can be analysed using 

deterministic or simplified methods. These waves are derived 
from statistical analyses, probabilistic models, or response- 
conditioned techniques, ensuring they represent the most probable 
extreme events for a given return period or environmental 
condition.

In industry practice, design waves are integrated into design stand
ards and guidelines issued by classification societies and regula
tory bodies. For example, DNV (Det Norske Veritas) and ABS 
(American Bureau of Shipping) provide frameworks for using 
design waves in the structural assessment of offshore installations 
in documents like American Bureau of Shipping (2020); Palfy 
(2016). Standards, such as DNV GL AS (2021) and DNV GL 
(2018), recommend the use of design waves for ultimate limit 
state and fatigue limit state assessments, often allowing for the 
application of deterministic design waves (e.g. NewWave, Stokes 
waves) or RCWs to evaluate extreme loads, provided calibration 
against fully random sea state simulations or experimental data.

The NewWave deterministic model for extreme wave crests in 
random seas introduced by Tromans et al. (1991) separates the 
wave surface displacement into random and deterministic 
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components. This ‘most probable extreme wave’ model offered a 
computationally efficient alternative to time-domain simulations 
and was further explored by Bennett et al. (2012), Whittaker et al. 
(2016), and Hann et al. (2018) among others, emerging as a cen
tral tool for modelling abnormal or focused wave groups (FWGs). 
However, as shown by Hann et al. (2018), while the NewWave 
can model extreme responses, its effectiveness depends on the 
inclusion of background wave trains and the consideration of non- 
linear wave–wave interactions, which could limit its predictive 
accuracy.

Taylor et al. (1997) and Cassidy et al. (2001) introduced the con
cept of the Constrained NewWave (CNW) to address the need for 
dynamic assessment models that account for structural, founda
tion, and wave loading non-linearities. Constraining deterministic 
NewWaves within random backgrounds highlights the importance 
of random wave histories in extreme response statistics. This 
approach builds on the work of Lindgren (1970), where the key 
idea is to constrain the random process such that it includes a 
specified extreme event at a particular time, while the rest of the 
process remains statistically consistent with the underlying ran
dom sea state.

In parallel, design wave methodologies increasingly focused on 
response-conditioned approaches, aiming to capture the most criti
cal wave episodes that induce extreme structural responses, an 
example being the conditional random response wave methodol
ogy by Skjoldager Dietz (2005). Brown et al. (2023) and Hou and 
Liu (2024) explored the use of short design waves and CNW 
methods to reduce computational costs while targeting extreme 
responses. Short design waves showed potential for predicting 
surge and heave extremes in semi-submersible platforms, but 
required refinement for pitch predictions. Dermatis et al. (2025)
introduced an approach for RCWs, accounting for combined 
wave- and low-frequency responses in moored floating bodies. By 
using both response amplitude operators and quadratic transfer 
functions (QTFs), short-duration wave episodes exciting resonant 
slow-drift motions were identified and validated the approach 
experimentally.

Such methods represent a shift from purely statistical or determin
istic design waves to explicitly accounting for the dynamic wave- 
structure interaction, offering more realistic and targeted assess
ments of extreme loads. The conceptual framework is that extreme 
structural responses are often triggered by specific wave charac
teristics, such as wave grouping, phase alignment, or resonant 
interactions. Wave groups are particularly consequential for float
ing offshore structures by inducing resonant motions, extreme 
loads, and non-linear responses, while they can also excite low- 
frequency (slow-drift) motions. Aliyar et al. (2025) showed that 
FWGs, especially with directional spreading, amplify odd and 
even harmonic responses in surge and pitch, leading to coupled 

resonant behaviours. In addition, wave groups often culminate in 
breaking waves, which pose severe threats to structures. 
Moreover, Tang et al. (2019) observed that wave groups exhibit 
asymmetry and envelope contraction due to non-linearities, affect
ing the harmonic content of structural responses.

Several methods are employed for identifying wave groups in sur
face elevation time histories. The Hilbert transform is widely used 
to extract the wave envelope, which is then analysed for group 
characteristics. Hudspeth and Medina (1988) compared Hilbert 
envelopes with the smoothed instantaneous wave energy history 
introduced by Funke and Mansard (1979), showing that the 
Hilbert transform effectively captures group lengths and frequen
cies. Senthilkumar et al. (2015) applied the Hilbert-Huang trans
form of Huang et al. (1999) to decompose wave groups in 
crossing seas, using intrinsic mode functions to identify groupi
ness factors. In addition, Fu et al. (2021) proposed a wavelet- 
based detector to identify wave groups and predict freak waves, 
where the time-frequency localisation is ideal for detecting tran
sient group events and their non-linear evolution.

In experimental settings, the phase-inversion (harmonic separa
tion) method is used to separate harmonic components. Fitzgerald 
et al. (2014) and Adcock et al. (2019) developed phase-based har
monic separation techniques, using multi-phase signals to extract 
odd and even harmonics. Harmonic decomposition allows for the 
separation of bound and free waves, improving the accuracy of 
group analysis. This method is particularly effective for FWGs, 
where non-linearities are localised. A more recent development of 
a four-phase method can be seen in Liu et al. (2025).

Hansen et al. (2025) provided further experimental insights into 
the use of design waves for floating wind turbines. Harmonic sep
aration revealed that even harmonic responses dominate total 
surge and pitch responses, while design waves targeting maximum 
responses in surge and pitch were validated, even though har
monic low-frequency surge responses remained challenging to 
reproduce accurately. Furthermore, drift motions have been exper
imentally demonstrated to be associated with sub-harmonic com
ponents. Gudmestad et al. (2009) linked ringing and springing 
responses in floating structures to sub-harmonic resonance, where 
difference-frequency loads excite low-frequency motions. 
Extended phase manipulation is employed to reconstruct missing 
phases and separate weakly non-linear effects from strong non- 
linearities. Stagonas et al. (2018) and Buldakov et al. (2017) used 
iterative focusing techniques to generate wave groups with con
trolled spectra, enabling the study of extreme responses in labora
tory and numerical settings.

In previous work, Stagonas and Paradeisiotis (2025) introduced a 
methodology for envelope regression of critical wave events 
(CWEs) and their reconstruction as a superposition of FWGs, 
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termed a ‘Hyper-Group’ (HG). This methodology is designed for 
the systematic processing of large numbers of CWEs, by describ
ing each one as a collection of Gaussian functions (elementary 
envelopes) and certain frequency and phase related scalar parame
ters. This process has been used to develop a probabilistic frame
work for generating Design Hyper-Groups (DHGs).

To clarify the objectives of this work and the rationale behind the 
demonstration approach, the following key terms must first be 
defined: ‘Critical Wave Event’, ‘Hyper-Group’ and ‘Design Hyper- 
Group’.

Critical wave event: A short-duration segment of a sea-state surface 
elevation that induces extreme structural responses (e.g. mooring 
line tension, pitch, surge, or heave) in a floating offshore structure. 
CWEs are naturally occurring events extracted from simulated or 
measured sea-states, capturing the non-linear interactions and 
dynamic features responsible for extreme loading conditions.

Hyper-Group: A synthetic, short-duration wave event composed 
of multiple focused wave groups. Each group is deterministically 
described by its spectrum, phase, and temporal location within the 
HG. Since the HG is a linear superposition of these groups, it also 
represents a linear surface elevation.

Design Hyper-Group: A probabilistically generated Hyper-Group 
designed to replicate the effects of CWEs on floating offshore 
structures under specific sea-state conditions. DHGs are derived 
from a stochastic framework developed through the analysis of 
hundreds of CWEs.

The properties of a DHG’s components are conditionally sampled 
based on sea-state features and natural periods of the floating 
structure. A DHG is tailored to induce a specific extreme response 
(e.g. mooring line tension, pitch, or heave) and carries a specified 
probability of occurrence and a probability of exceedance for 
induced response thresholds, which are defined during the devel
opment of the stochastic framework. The technical details of this 
probabilistic framework, including how the calculated statistics 
are processed to generate DHGs, are beyond the scope of this 
paper and will be addressed in future work.

Within the context of this work, CWEs specifically concern 
extreme mooring line tension response. They are identified and 
isolated from fully non-linear sea-state realisations using envelope 
analysis to define their temporal boundaries and characteristics. 
Having clarified the distinctions between ‘critical wave event’, 
‘Hyper-Group’ and ‘Design Hyper-Group’, it is now possible to 
state the purpose and scope of this work.

The primary objective is to demonstrate how the application of 
amplitude correction and phase focusing techniques to HGs 

propagated in a non-linear environment by extension enables the 
practical application of DHGs in design analyses for floating off
shore wind turbines (FOWTs). The key advantage of HGs lies in 
their deterministic composition: each HG consists of a finite num
ber of FWGs, for which the spectrum, phase, and temporal loca
tion are defined a priori. This structure enables precise 
reproduction of the entire HG in numerical or experimental wave 
tanks, avoiding the challenges associated with correcting and 
focusing actual CWEs (i.e. those extracted from measured or 
simulated long surface elevations). Overall, this approach pro
vides a computationally efficient alternative to long-duration sea- 
state simulations, enabling targeted testing of offshore structures 
under extreme conditions.

A secondary objective is to assess and enhance the physical real
ism of DHGs when subjected to non-linear wave propagation. 
While DHGs are synthetically generated to replicate extreme 
structural responses, their realism under conditions where wave–
wave interactions alter wave dynamics must be validated. This is 
addressed through the same process applied for the primary objec
tive, where finally a new, ‘realistic’ linear component of the 
corrected Hyper-Group (CHG) is obtained through spectral 
decomposition and harmonic separation. This component can 
then be integrated into multi-physics tools like OpenFAST, 
where second-order effects are added via closed-form schemes. 
By doing so, it is ensured that the synthetic wave events used in 
structural analyses are not only energetically consistent but also 
physically representative of real-world hydrodynamics.

The proposed process is demonstrated in a numerical wave tank, 
using the fully non-linear potential flow solver OceanWave3D of 
Engsig-Karup et al. (2009), following a simplified approach 
detailed in Section 2. Section 3 presents the application of the 
methodology of Gaussian regression and reconstruction as an HG 
to a single CWE for mooring line tension, rather than directly 
using a synthetic DHG. Then, the iterative amplitude correction 
and phase focusing process is applied to each individual FWG 
composing the obtained HG, exactly as it would be applied to a 
DHG. Following the convergence of the correction process for 
each individual FWG, they are recombined as a CHG and propa
gated in the numerical wave tank. The resulting CHG is used as 
input for an OpenFAST FOWT model, and the induced mooring 
line tension is compared to that of the original CWE, its initial HG 
representation (pre-correction) and the sea-state section from 
which the CWE was isolated. The results demonstrate a high level 
of agreement compared to the original CWE and the importance 
of non-linear propagation in making a synthetic DHG more 
realistic.

2. Materials and methods 

The process for the reproduction of CWEs involves the generation 
of fully non-linear sea-state realisations, wave–structure 
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interaction simulations, envelope analysis via Hilbert transform 
and isolation of CWEs, the generation of a corresponding HG 
composed by FWGs, and finally the reproduction of the HG in a 
numerical wave tank via amplitude correction and phase focusing 
of the individual FWGs.

2.1 Sea-state realisations and OceanWave3D 

simulations 

A wave scatter diagram is considered, representative of potential 
floating offshore wind farm locations in the Mediterranean sea. 
Random sea-state realisations are defined based on a JONSWAP 
spectrum, for a number of significant wave height Hs and peak 
wave period Tp pairs. The sea-state cases are selected based on 
three main considerations: first, to represent a range of extreme 
conditions; second, to cover a spectrum of significant steepness 
values; and third, to avoid wave breaking, which imposes a con
straint on the maximum steepness of the selected sea-states. 
Extreme conditions are defined here as sea-states with return peri
ods exceeding one year and relatively long peak wave periods. 
The rationale for these choices is rooted in the observation that 
CWEs for mooring line tension can also occur in more frequently 
occurring sea-states, with their effects naturally becoming more 
pronounced when the peak wave period approaches the natural 
periods of the FOWT.

The sea-states are propagated using the OceanWave3D fully non- 
linear potential flow solver, resulting in a vast set of free surface 
elevations and wave kinematics. Then, the spectral decomposition 
and separation of harmonics of the surface elevations allows the 
isolation of the linear component to be used for the next steps.

The datasets are generated starting from seven different cases of 
sea-state parameter combinations. Each case is labelled based on 
the parameters of the initial JONSWAP spectrum which was then 
utilised for the fully non-linear propagation via OceanWave3D. 
Thus, the cases are noted by HJ

s and TJ
p pairs, referring to the ini

tial linear realisation of the JONSWAP spectrum that was used as 
input. For each case (HJ

s ; TJ
p pair), 20 different sea-states (differ

ent randomly distributed phase angles) were realised in 
OceanWave3D, leading to a total of 140 fully non-linear sea- 
states. Naturally, due to non-linear wave–wave interactions, the 
resulting significant wave height Hs is lower than the HJ

s defining 
the initial JONSWAP spectrum; meanwhile, the resulting Tp will 
also show some variation compared to TJ

p .

Table 1 summarises the cases for the sea-state simulations along 
with the median values for the significant wave height, peak wave 
period, and significant sea-state steepness which is defined as:

Table 1. Summary of statistics from OceanWave3D simulations

Case HJ
s: m TJ

p: s (Hs )50th: m (Tp )50th: s (εss )50th 3 10−2

1 5.0 8.0 4.624 8.032 4.59

2 6.0 8.0 5.338 7.913 5.45

3 6.0 10.0 5.770 10.058 3.65

4 7.0 10.0 6.618 9.942 4.29

5 8.0 10.0 7.445 9.948 4.80

6 7.0 12.0 6.817 11.916 3.07

7 8.0 12.0 7.744 11.796 3.55

ϵss ¼
2π
g

Hs

T2
p

1. 

Starting from the rule-of-thumb, 3-h interval for statistical sta
tionarity of a sea-state, the length of the simulations is defined 
as 2 raised to an integer power dlog2ð3� 3600Þe. Therefore, 
the duration of each sea-state realisation is te ¼ 213 ¼ 8192 [s] 
(� 2 1

4 [hr]).

A sensitivity analysis was conducted in OceanWave3D to evaluate 
the impact of spatial and temporal discretisation on the accuracy 
of wave simulations. Four cases were tested using a challenging 
sea-state condition (Hs = 8 [m], Tp = 12 [s]), where the coarsest 
resolution was constrained by the Courant number condition 
(Cr � 1) for the lowest frequency components of the discretised 
JONSWAP spectrum. The results are presented in Table 2, where 
CrðfpÞ is the Courant number at the peak wave frequency, Dt is the 
time step, Dx is the spatial resolution, Nz is the number of vertical 
grid points, E is the spectral energy, and var, skew, and kurt refer 
to the variance, skewness, and excess kurtosis of the surface ele
vation, respectively.

The ‘Coarser’ discretisation was selected for this study (Cr = 
0.633, Dt ¼ 2� 3) due to its optimal balance between accuracy 
and computational efficiency. Compared to the ‘Baseline’ 
case, it exhibits only a 0.36% reduction in significant wave 
height and a 0.72% decrease in spectral energy (E), while 
preserving higher-order statistics (e.g. skewness and kurto
sis). These metrics confirm that the dominant wave dynam
ics, critical for low-frequency structural responses such as 
mooring line tension, are accurately captured. In addition, 
the reduced computational demand enables practical applica
tion in iterative correction processes and long-duration 
simulations.

In the context of the discretisation of the computational domain, 
the seven cases can be categorised in three groups based on the 
peak wave period (I,II,II � Tp ¼ 8; 10; 12 [s]). The basic 
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parameters of the spatio-temporal discretisation are summarised in 
Table 3.

Table 2. Convergence study for OceanWave3D discretisation parameters

Case Cr( fp) Δt: s Δx: m Nz Hs: m ΔHs: % E ΔE: % Var Skew Kurt

Baseline 0.509 2� 4 2.3 23 7.812 0.0 58.494 0.0 3.814 0.156 −2.982

Coarser 0.633 2� 3 3.7 15 7.784 −0.36 58.072 −0.72 3.787 0.164 −2.986

Coarse 0.325 2� 4 3.7 15 7.791 −0.27 58.187 −0.52 3.795 0.153 −3.002

Fine 0.616 2� 4 1.9 27 7.813 +0.01 58.503 +0.02 3.814 0.151 −2.987

Table 3. Discretisation of computational domain

Group Nx Nz Δx: m L: m d: m f s: Hz Δt: s Nt

I 801 21 2.5 — — — — —

II 646 17 3.1 2000 100 23 2� 3 216

III 542 15 3.7 — — — — —

For the discretisation of the input JONSWAP spectrum, the fre
quency interval is defined by the duration of the simulation as 
Df ¼ 1=te. Given the range of wave heights Hs 2 ½5; 8� used in the 
simulations and considering the recommendation in DNV (2010), 
a first approximation of the cut-off frequency is obtained via the 
expression fcut ¼ ð2πÞ� 1 ffiffiffiffiffiffiffiffiffiffiffiffiffi

2g=Hs
p

� 0:25 : 0:32. The number of 
frequencies Ns was defined as 2 raised to an integer power 
dlog2½ð fcut � fminÞ=Df �e, by considering the frequency range to be 
2 raised to a negative integer power, specifically fcut � fmin ¼ 2� 1. 

The values for the discretisation of the frequency domain are pre
sented in Table 4.

Table 4. Discretisation of the JONSWAP spectrum

Δf : Hz Ns fmin: Hz f cut : Hz max(κd)

2� 13 212 2� 5 17

32
113.577

The JONSWAP wave spectrum with peakedness factor γ ¼ 3:3 is 
utilised for the generation of irregular waves imposed as boundary 
conditions at the western boundary of the numerical wave tank. 
The total wave system is obtained as

ηðtÞ ¼
XNs

i¼1
η̂i cosð� ωit þ ϕiÞ2. 

where the component amplitude is defined as η̂i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SðωiÞδω

p

and the phase angle is random, calculated as ϕ ¼ /aþ ib where 
a; b 2 Nð0; 1Þ (normal distribution).

Figure 1 illustrates the geometry of the computational domain 
defined in OceanWave3D along with the position of the probes 
where the surface elevation and other wave kinematics are 
recorded. Probe 0 corresponds to the position of the wavemaker, 
while Probe 3 is the phase focus location where the measured sur
face elevation is the input for the wave–structure interaction simu
lations following the required processing. The generation and 
absorption (relaxation) zones are set up to both have lengths of 
λmax=2, where λmax is the maximum wavelength, corresponding to 

Figure 1. Computational domain in OceanWave3D
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the minimum frequency defined in the discretisation of the input 
JONSWAP spectrum.

Only unidirectional waves are considered as the most critical load
ing conditions for mooring systems often arise from unidirectional 
wave groups aligned with the ‘down-wave’ mooring line. This 
assumption is both appropriate and conservative for assessing 
maximum expected tension levels under given metocean condi
tions. While directional spreading can influence the spatial and 
temporal focusing of wave energy, the core methodology pre
sented in this work (amplitude correction, phase focusing, and 
iterative correction of HGs) is independent of the directional char
acteristics of the sea-state. Extending the methodology to multi- 
directional sea-states would primarily involve enhancing the prob
abilistic framework for generating DHGs, which is a subject for 
future work.

Regarding wave-breaking effects, investigating their applicability 
requires a different set of computational tools such as CFD simu
lations, or purely experimental testing in physical wave tanks to 
fully capture the associated highly non-linear dynamics. However, 
this work focuses on demonstrating how the underlying linear 
framework of the proposed methodology enables computationally 
efficient reproduction of CWEs in a controlled, non-breaking 
environment. The non-breaking condition is imposed using a 0.5 g 
limit for the vertical particle acceleration, whereas the solver 
applies smoothing at the instances where this limit is violated. It 
was ensured through the steepness of the sea-state cases selected 
that the required smoothing corrections are very rare as to not 
affect the results in any significant way.

Next, using the method of harmonic separation described in 
Fitzgerald et al. (2014), decomposition of each sea-state realisation 
up to the fourth order is achieved using each set of four resulting 
non-linear surface elevations from OceanWave3D in order to isolate 
the first-order (linear) component of the propagated sea-state.

For each case of ðHs; TpÞ pair, a numerical sea-state is generated 
as in Equation 2 using a random phase angle ϕ. This is considered 
as the reference or ‘ϕ0’ realisation. Then, three additional realisa
tions are generated corresponding to the necessary phase shifts 
ϕ0 þ π=2; ϕ0 þ π; ϕ0 þ 3π=2. The four surface elevations are 
then passed to OW3D as boundary conditions for the non-linear 
propagation. The results are four non-linear signals that allow the 
application of the four-wave harmonic separation method and sub
sequent spectral decomposition.

The Fourier transforms of the four surface elevations are denoted 
by s0; s1; s2; s3 accordingly. The phase angles are ‘synchronised’, 
so that ϕ ¼ 0 at the peak wave frequency fp ¼ 1=Tp for all four 
signals. This is achieved by calculating and adding the required 
number of phase corrections. Finally the spectra of the linear, 

difference-frequency, sum-frequency, and third-order components 
are obtained as

S1 ¼ ðs0 � is1 � s2 þ is3Þ=43. 

S2� ¼ ðs0 þ s1 þ s2 þ s3Þ=44. 

S2þ ¼ ðs0 � s1 þ s2 � s3Þ=45. 

S3 ¼ ðs0 þ is1 � s2 � is3Þ=46. 

The corresponding surface elevations η1ðtÞ; η2� ðtÞ; η2þðtÞ; η3ðtÞ
are then obtained via the inverse Fourier transform of each spec
trum accordingly.

2.2 OpenFAST model and simulations 

A numerical model of a FOWT defined in the non-linear aero- 
hydro-servo-elastic simulation tool OpenFAST is utilised to carry 
out time-domain simulations given the generated sea-states as 
inputs. The response of the FOWT is analysed, allowing the iden
tification of extreme response events in the various degrees of 
freedom. For this work, the focus is primarily on the analysis of 
extreme mooring line tension events.

The 140 sea-states were then used as input to the OpenFAST soft
ware package to calculate the response of the FOWT, identify 
extreme responses of mooring line tension, and isolate the corre
sponding CWEs within the sea states. Utilising the first-order sur
face elevation obtained from the four-wave decomposition as 
input, the equations of motion of the modelled structure are solved 
in the time and frequency domains. This results in the response of 
the FOWT in all degrees of freedom along with mooring line loads 
up to the second order (Alonso Reig et al., 2023).

Within OpenFAST, second-order waves are modelled using sum 
and difference frequency interactions between pairs of first-order 
wave components. This scheme employs the transfer function 
derived by Sharma and Dean (1981). The frequency ranges for dif
ference and sum interactions are defined as [0, fp] Hz for difference 
frequencies and [ fp, fcut] Hz for sum frequencies. The chosen 
ranges ensure that the energetic content of the second-order wave 
forces is accurately captured while maintaining computational effi
ciency. The second-order floating platform forces are computed 
using the full QTF of the difference and sum frequencies.

The FOWT computational model employed in the entirety of the 
analysis is the DeepCwind floating wind system with a semi- 
submersible substructure combined with NREL’s offshore 5 MW 
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baseline wind turbine, defined in Robertson et al. (2014) and 
experimentally validated in Robertson et al. (2017). The only 
changes made to the original DeepCwind OpenFAST model were 
related to the mooring system. In particular, the depth of the 
seabed was considered to be 100 m during this work in order to 
accommodate a related experimental campaign by Paradeisiotis 
et al. (2025) with a scaled model of a similar FOWT concept. 
Therefore, the change of depth for the OpenFAST simulations, 
made the adjustment of the mooring line length necessary to adapt 
to the lower depth. This in turn means that the weight of the moor
ing lines is also different, thus, the platform mass (i.e. ballast) also 
had to be slightly adjusted to maintain the same draught at the 
equilibrium position of the FOWT.

In comparison to the original FOWT system as defined in 
OpenFAST, these modifications resulted in a 10% reduction in the 
surge natural period (from 113.764 [s] to 102.388 [s]), indicating a 
slightly stiffer system in the surge direction, while the pitch and 
heave natural periods remained unchanged. This adjustment does 
not affect the general applicability of the methodology for repro
ducing CWEs or HGs. It is important to distinguish between the 
probabilistic framework for generating DHGs and the general 
reproduction process of HGs demonstrated in this work. While the 
probabilistic framework, which is developed based on a specific 
FOWT configuration, incorporates non-dimensional parameters 
(e.g. correlations with structural natural periods) to facilitate 
future generalisation, its transferability to other FOWT designs 
requires further investigation. In contrast, the reproduction meth
odology itself (amplitude correction, phase focusing, and recombi
nation) is general and independent of the specific structural 
configuration or water depth.

2.3 Identification of critical wave events 

To classify which wave events are critical, it is required to define 
what constitutes an extreme response event within each sea-state/ 
structure interaction simulation. Therefore, threshold values are 
calculated for each variable of interest. Specifically, the response 
peaks from the time history of each variable which are higher than 
the root-mean-squared (rms) value (yðtiÞ > yrms) are considered 
and the following dimensionless quantity is defined:

yrms ¼
yðtiÞ
yrms
� 17. 

Thus, a dataset is created from this quantity from all the qualified 
peaks, which is then fitted by an appropriate statistical distribu
tion. This is a classic problem in extreme value theory, where the 
choice of distribution depends on the tail behaviour of the dataset 
and the physical processes driving the corresponding extremes 
values. The generalised extreme value distribution framework is 

employed, which nests the Gumbel, Weibull, and Frèchet distribu
tions as special cases. Finally, the threshold of extreme response 
for each variable is defined by the top 1% of peaks via the quantile 
function of the corresponding distribution Qðp ¼ 0:99Þ.

Having identified the response peaks that qualify as extreme, the 
corresponding instance in the exciting surface elevation is associ
ated. Next, it is necessary to define the extent of the corresponding 
CWE around the associated instance, to isolate its surface eleva
tion for further processing and recreation. Given the surface eleva
tion ηðtÞ of the sea-state, through the Hilbert transform HfηðtÞg
the envelope uðtÞ ¼ jHfηðtÞgj and instantaneous phase angle 
θðtÞ ¼ /HfηðtÞg are obtained. Thus, the surface elevation is 
expressed exactly as ηðtÞ ¼ uðtÞeiθðtÞ.

The duration of the wave event DTev is selected based on the 
instantaneous frequency ωH ¼ dθ

dt. The limits of the wave event are 
defined by the discontinuities of instantaneous frequency prior 
and after the instance of the extreme response. Discontinuities 
here are defined as the time instances where the value of instanta
neous frequency is zero or negative (ωH � 0). Finally, the imme
diate prior and posterior zero-crossing in the surface elevation are 
used as the lower and upper limit of a wave event.

2.4 Reproduction of critical wave events 

To allow for the systematic statistical processing of CWEs and to 
aid the recreation process of individual wave events, a characteris
tic angular frequency ~ω of the wave event and a constant phase 
angle ~ϕ are defined. This is done by approximating the instantane
ous phase θðtÞ of the isolated wave event by a linear regression 
function as

unwrapfθðtÞg � ~ωt þ ~ϕ8. 

At this stage, the methodology of Stagonas and Paradeisiotis 
(2025) is employed to express the CWE as a combination of 
FWGs that is a HG. Technical details of this methodology are 
beyond the scope of this work; however, for the purposes of com
pleteness, a brief summary is provided. This process involves the 
regression of a wave event’s envelope as the sum of N Gaussian 
elementary envelopes:

uðtÞ � GðtÞ ¼
XN

n¼1
gnðtÞ9. 

where
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gnðtÞ ¼ Anexp �
t � tc

n
Tn

� �2
" #

10. 

For each isolated CWE, the surface elevation time history is 
shifted so that the instance of the extreme response coincides with 
t ¼ 0. Hilbert transform is applied again to obtain the analytic sig
nal of the CWE and consequently calculate its envelope and 
instantaneous phase angle. The number of Gaussian functions, N, 
used to approximate the envelope of a CWE, depends on the num
ber of local maxima M in the original envelope uðtÞ. To identify 
these maxima, a low-pass filter with a cut-off frequency of fcut=2
is first applied to uðtÞ. A constraint is then imposed to ensure that 
the temporal distance between consecutive peaks exceeds 2=fcut, 
thereby avoiding closely spaced peaks that could impede conver
gence. If this constraint is violated, only the peak with the larger 
amplitude is retained.

The Gaussian regression algorithm then determines the optimal 
characteristic widths Tn of the Gaussian functions gnðtÞ, with ini
tial conditions based on the second time-derivative of the remain
ing peaks. This is formulated as a least squares minimisation 
problem, with a constraint 0 < Tn < 1=fmin applied to ensure 
physically meaningful results. Gaussian functions for which 
Tn ! 0 are discarded. This process results in a set of N � M
Gaussian elementary envelopes, each characterised by a triplet of 
parameters fAn; Tn; tc

ng.

The iterative optimisation for Gaussian envelope regression termi
nates when either the relative tolerance criterion (ϵ � 10� 5) is met 
for the Tn values of all elementary envelopes or the maximum iter
ation limit (104) is reached. This ensures robust convergence, with 
�9% of regressions reaching the iteration cap due to minor 
numerical oscillations near boundary conditions (e.g. Tn ! 0). 
Such cases do not indicate failure but reflect the maximum achiev
able accuracy within the computational constraints. Further tech
nical details, including the objective function and numerical 
integration scheme, are provided in Stagonas and Paradeisiotis 
(2025).

Next, the HG is obtained as the sum of N FWGs, each correspond
ing to a Gaussian elementary envelope. The nth FWG is generated 
as

ηnðtÞ ¼
AnX
PnDf

XNf

i¼1
Pnð fiÞDf cos½� ωiðt � tc

nÞ þ ϕn�11. 

using a corresponding variance spectrum

Pnðf Þ ¼
1
2
jSnð f Þj2

Df
12. 

By using the characteristic frequency ~ω from Equation 8, the 
amplitude modulation of a unit amplitude wave with frequency ~ω
by each nth Gaussian elementary envelope

ηgn
¼ gnðtÞe� i~ωt13. 

provides the amplitude spectrum as Snð f Þ ¼ Ffηgn
g. Lastly, the 

phase angle ϕn is calculated as ϕn ¼
~ϕ � θðtc

nÞ � 2π=Tntc.

While the Gaussian regression and HG generation process is 
designed for statistical processing of CWEs to build a probabilistic 
framework for DHGs, this work demonstrates its application to a 
single CWE as a proof of concept. The goal is not high-fidelity 
reconstruction of individual CWEs but illustration of how the 
same technical steps (correction, focusing and recombination) 
apply to both CWEs and DHGs. The probabilistic robustness of 
DHGs is acknowledged but not explored here; instead, the focus 
is on validating the core process of amplitude correction and phase 
focusing in a controlled setting. The accuracy of reproduction for 
a single CWE depends on the initial envelope regression, but the 
methodology’s broader applicability to synthetic DHGs remains 
its primary advantage.

Finally, to correctly generate waves of a pre-selected target spec
trum, the iterative procedure of Buldakov et al. (2017) is followed 
to calculate the required amplitude and phase corrections:

an
inð fiÞ ¼ an� 1

in ðfiÞ
atðfiÞ

an� 1
out ðfiÞ

14. 

ϕn
inð fiÞ ¼ ϕn� 1

in ð fiÞ þ ½ϕtð fiÞ � ϕn� 1
out ð fiÞ�15. 

where ain is the input amplitude spectrum, at the target amplitude 
spectrum, aout a recorded output spectrum and ϕ the phase of a 
spectral component. The aout amplitude spectrum, does not neces
sarily correspond to the focus location. In fact, it is preferable to be 
placed close to the wavemaker in certain cases. Further, discussion 
regarding selection of the amplitude correction location, follows 
during the presentation of the results in the next section.

Beginning with the separated, first-order component of the surface 
elevation of an identified CWE, ηðtÞ, the one-sided amplitude 
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spectrum and phase are computed using a fast Fourier transform 
(FFT). The target amplitude spectrum at and phase angle ϕt at the 
focus location are defined by evaluating B-spline interpolations 
applied to the original amplitude spectrum, and unwrapped phase 
within the frequency limits fmin and fcut as defined in the full sea- 
state simulations (Table 4), ensuring smooth transitions and con
sistent frequency resolution. To further assist the correction and 
focusing process, a low-pass filter with a cut-off frequency of 3fp
is applied to the amplitude spectra of the individual FWGs. This 
filtering removes high-frequency spectral components without 
compromising the energetic content of the FWGs.

The length of the CWE, HG and individual FWG simulations, is 
defined as 2 raised to the integer power of dlog2ð2Ldom=υminÞe

where υ is the wave celerity, namely, based on the time required 
for the slowest wave (corresponding to fcut) to make a round trip 
to the western boundary of the computational domain. Prior to the 
calculation of the required phase shift for the wavemaker signal, 
the target surface elevation (focus location) is shifted in time by 
Ldom=υmin, to allow proper mixing and for all the frequency com
ponents to be correctly propagated.

Then, the surface elevation at the focus location ηf ðtÞ is recon
structed by superposing the individual frequency components:

ηf ðtÞ ¼
XNs

j¼1
at;jcosðωjt þ ϕt;jÞ16. 

The wavemaker signal is generated by correcting the phase of 
each frequency component to account for propagation from the 
wavemaker location x0 to the focus location xf . The wavenumber 
κ for each frequency component is calculated using the dispersion 
relation κ ¼ κ0cothðkdÞ, where κ0 ¼ ω2=g is the deep water wave
number. The phase correction Dϕ is then calculated as 
Dϕ ¼ κðxf � x0Þ, therefore, the phase at the wavemaker comes as 
ϕwm ¼ ϕt þ Dϕ. The surface elevation at the wavemaker ηwmðtÞ is 
generated by superposing the corrected phase components:

ηwmðtÞ ¼
XNs

j¼1
awm;jcosðωjt þ ϕwm;jÞ17. 

where the amplitudes awm are the same as the target amplitudes at

for the initial calculation. For subsequent correction iterations, the 
input spectrum ain for the wavemaker is calculated from Equation 14
and awm ¼ ain is set for the calculation of the wavemaker signals 
from Equation 17. To enable the harmonic separation and spectral 
decomposition process, three additional wavemaker signals with 

phase shifts of π=2, π and 3π=2 relative to ηwmðtÞ are generated for 
propagation.

Four convergence metrics are employed to govern and evaluate 
the iterative amplitude and phase correction process for each 
FWG, by comparing each correction iteration (C0,C1,C2,. . .) to 
the target. These metrics include the percentage difference in max
imum wave height (DHmax), the cosine similarity (CSt) of the tem
poral surface elevation, the normalised mean squared error 
(NMSEs) of the amplitude spectrum and the percentage difference 
in phase angle at the peak frequency (DϕðfpÞ). Convergence was 
deemed achieved when DHmax < 3%, CSt approached unity (typi
cally >0:95), NMSEs approached zero (typically <0:05), and 
DϕðfpÞ approached zero (typically <2%).

These thresholds are selected based on their physical significance 
in capturing the dynamic behaviour of the FWGs. A DHmax error 
below 3% ensures that the peak wave height, which is critical for 
loading conditions, is accurately reproduced. The CSt guarantees 
that the corrected temporal shape aligns with the target, preserving 
the essential focusing characteristics. The NMSEs ensures that the 
spectral energy distribution remains consistent with the target. 
Finally, DϕðfpÞ is used to maintain phase alignment at the domi
nant frequency.

3. Results and discussion 

The proposed approach to improve the accuracy in the reproduc
tion of CWEs, that is, wave events that often include steep wave 
groups, is demonstrated in the following results produced in the 
numerical wave tank setup using the fully non-linear wave propa
gation code OceanWave3D. This demonstration is carried out for 
a specific CWE which belongs in case 3 (HJ

s ¼ 6:0 m, Tp ¼ 10 s). 
The duration of each simulation is te = 2048 [s] with Dt = 0.125 
[s] and the target at and input ain spectra contain Ns ¼ 512 fre
quency components for f 2 ½fmin; fcut�. The spatial resolution of the 
computational domain was also redefined, with Dx = 2.7 [m], 
Nx = 742 and Nz = 20.

First presented are the results for the conventional approach of 
amplitude correction and phase focusing, namely, using as targets 
the amplitude spectrum and phase angle of the first-order (linear) 
component of the entire CWE. This aims to highlight the chal
lenges when trying to reproduce such a complex and steep wave 
event, while it serves as a reference point to illustrate the efficacy 
of the proposed approach. Next, the second set of results concern 
the corresponding Hyper-Group, obtained through the process of 
Gaussian envelope regression and reconstruction with FWGs. In 
that, the amplitude correction and phase focusing is individually 
applied to each composing FWG. Then, the individual corrected 
spectral quantities are combined to reproduce a corrected version 
of the entire Hyper-Group (CHG). Finally, the two sets of results 
are compared both in terms of the corrected surface elevations and 
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most importantly regarding the induced mooring line tension in 
the FOWT model in OpenFAST.

3.1 Wave event reproduction 

The first step in each cycle of propagation in either a numerical or 
experimental wave tank and subsequent amplitude correction and 
phase focusing is the harmonic separation and spectral decomposi
tion of the wave event. This allows the isolation of the first-order 
(linear) component of the waves upon which the correction and 
focusing is applied and the corrected first-order component is 
propagated for the next iteration.

Figure 2 illustrates the resulting amplitude spectra and phase 
angles of the 1st, 2nd� , 2ndþ and 3rd order components along the 
corresponding amplitude spectrum AðηÞ and phase angle of the 
examined CWE. This illustration highlights the transfer of energy 
to lower and higher frequencies relative to the peak wave fre
quency due to non-linear wave–wave interactions. In particular, 
for frequencies f > 3fp approximately, the amplitude of the first- 
order component becomes significantly lower than that of the 
higher order components, indicating that above 3fp, the surface 
elevation is dominated by non-linear effects, while the linear com
ponent contributes minimally. This observation supports the later 
application of the low-pass spectral filter to the target amplitude 
spectra of individual FWGs during the amplitude correction pro
cess. The filter’s sole purpose is to prevent numerical instabilities 
by removing high-frequency components that contribute mini
mally to the energetic content but could impede convergence.

f: Hz

φ f
: r

ad
A
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m

Figure 2. Spectral decomposition of critical wave event
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Nonlinear surface elevation – C5

η:
 m

Figure 3. Surface elevation: comparison of original wave event and 

correction iteration no. 5

Figure 3 shows the resulting corrected non-linear surface elevation 
of the CWE in comparison with the original (‘target’) non-linear 
surface elevation. This comparison highlights the main challenges 
of attempting to reproduce entire wave events, especially when 
they include steep waves. The corrected wave event ηf – as meas
ured at the phase focusing location – is the result of five amplitude 

correction and phase focusing iterations. The large number of 
required iterations has to do with the fact that the amplitude cor
rection location was set at xac ¼ 100 m (Probe 1 in Figure 1), 
namely close to the wavemaker. This means that the aout spectrum 
in Equation 14 corresponding to the amplitude correction location 
does not differ significantly from the target amplitude spectrum 
atgt. Therefore, the amplitude spectrum corrections in each itera
tion are minor, which slows down the convergence process. 
However, this choice is necessary because the alternative of 
selecting the amplitude correction location to be at 
xac � xf ¼ 1000 m – or generally closer to the focus location –
produces an input amplitude spectrum ain which imposes very 
sharp corrections due to the complexity of the target spectrum, 
and leads to the divergence of the iterative correction process.

A second issue, which is exacerbated by the large number of itera
tions, is that some frequency components gradually move out of 
phase and produce waves outside the target time limits of the CWE. 
Besides the fact that this phenomenon potentially alters the subse
quent induced mooring line tension when exciting a floating struc
ture, it leads to the third and main issue, that this ‘displacement’ of 
energy carrying components does not allow accurate reproduction 
of the highest peaks in steep waves where the role of higher-order 
components is essential. As seen in Figure 3, the difference at the 
highest peak is significant along with the shape of the dominant 
wave group at this location which corresponds to the instance of 
maximum induced mooring line tension in the original CWE. 
These are the challenges that the proposed approach aims to rectify.

Again, starting from the first-order component of the CWE, a cor
responding Hyper-Group composed of 13 FWGs is obtained fol
lowing the methodology described in Stagonas and Paradeisiotis 
(2025). The 13 FWGs are enumerated from the highest to the 
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lowest corresponding envelope peak. The amplitude correction 
and phase focusing iterative process was then applied to each of 
the 13 FWGs individually. One main difference in the correction 
process for the FWGs is that, with the exception of the steeper 
FWG 1, the amplitude correction location was set at the focusing 
location, that is, xac � xf ¼ 1000 m. For FWG 1, the amplitude 
correction location was set at xac ¼ 500 m, namely, at the mid
point of the wavemaker and the focus location. Because the target 
amplitude spectra of the FWGs are smooth Gaussian curves, con
vergence of the correction process is much faster. Moreover, the 
potential impact of the 3fp low-pass filter was quantified by com
paring the spectral energy of each FWG before and after its appli
cation. The average relative difference in spectral energy for the 
most energetic FWGs (1–6) was −0.013% which is negligible. 
Meanwhile, the maximum difference, which was −0.865% for 
FWG 7, remains well below the threshold of physical or numerical 
relevance.

An example of the amplitude and phase correction applied in each 
iteration for the FWGs is presented in Figure 4. The notation ‘C0’ 
stands for ‘Correction – Number 0’ which corresponds to the ini
tial amplitude correction and phase focusing. It is referred to as 
‘initial’ and not first, since no propagation has preceded. 
Accordingly, ‘C1’, ‘C2’ and so on indicate subsequent correction 
and focusing iterations, that is, first iteration, second iteration and 
so on. The convergence behaviour of the iterative correction pro
cess for all 13 FWGs is illustrated in Figure 5, which presents the 
evolution of the four convergence metrics across correction itera
tions C0–C4. The results demonstrate that most FWGs converge 
within two to three iterations (C2), meeting all predefined thresh
olds. However, FWG1, which is the steepest and most non-linear 
wave group, exhibits slower convergence, with DHmax and CSt

diverging after C3. The best metrics for FWG1 are observed at 
C3, beyond which further iterations degrade performance. 
Similarly, FWG3 requires an additional iteration (C4) to meet the 

DHmax and DϕðfpÞ thresholds due to a combination of steepness 
and phase sensitivity. For all FWGs, the correction process was 
stopped when further iterations offered diminishing returns, bal
ancing accuracy and computational efficiency.

f: Hz
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Amplitude correction and phase focusing – FWG 1 – C0

Figure 4. Wavemaker amplitude correction and phase focusing for 

the generation of a focused wave group in OCW3D

Figure 6 presents the results of the iterative correction process for 
the first four FWGs. Here, the first-order components of the sur
face elevation at the focus location (η1st

f ) are illustrated against the 
first-order component of the target FWG from the initial Hyper- 
Group. For moderately steep FWGs (e.g. FWG 2, FWG 3 and 
FWG 4), two correction iterations are enough for nearly perfect 
phase focusing while achieving a deviation of < 5% in maximum 
wave height. In contrast, steeper FWGs, such as FWG 1 (top left 
of Figure 6), present greater challenges due to their increased con
tribution from higher-order non-linear components. For FWG 1, 
further correction iterations do not significantly improve ampli
tude reproduction accuracy, and introduce out-of-focus waves at 
the start and end of the wave group, similar to the challenges 
observed when correcting the entire CWE at once. Figure 7
presents the final non-linear surface elevations of all the 13 cor
rected FWGs to illustrate the temporal location of each within the 
corrected Hyper-Group. Having now established the corrected 
input spectrum and phase distribution for each one, it is possible 
to propagate all FWGs at once to obtain the final CHG.

Since the corrections are applied on the linear components, this 
means that the wavemaker input is obtained by simple superposi
tion of the individually corrected surface elevations for each 
FWG. Displayed at the top of Figure 8 is a comparison of the 
first-order CHG surface elevation (red line) with the initial, target 
Hyper-Group. Meanwhile, shown at the bottom of Figure 8 is 
again the first-order CHG surface elevation against the resulting 
non-linear CHG surface elevation, to highlight the increased 
amplitude of the highest peaks due to the effects of higher-order 
wave components. In addition, the resulting non-linear surface 
elevation of the CHG as propagated in OceanWave3D is displayed 
in Figure 9 against the original CWE, along with a comparison of 
the amplitude spectra for the two cases.

Finally, Figure 10 shows the essential comparison of the induced 
mooring line tension obtained via OpenFAST, between the various 
cases of exciting waves used in the simulation. The figure shows 
the response of the upstream mooring line (No. 2) in the direction 
of the incoming waves. At the top of Figure 10, the red line indi
cates the response when the full sea-state surface elevation is used 
as input to the simulation, while the blue line shows the response 
to the original CWE (not reproduced) which was isolated from 
this full sea-state’s surface elevation. At the bottom, the full sea- 
state is used again as reference, while the green line corresponds 
to the reproduced HG which was derived from the above pre
sented process. For comparison, the initial HG (yellow line) used 
as the target for the correction is also included.
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Figure 5. Convergence metrics for the 13 focused wave groups along the correction iterations
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Figure 6. First-order surface elevations: comparison of target and corrected focused wave groups 1

Compared to the maximum induced mooring line tension from the 
full sea-state simulation, the original CWE shows a � 1:72% devi
ation, the initial HG 24:6% and the reproduced HG 4:19%, namely 
a 20.41% improvement in accuracy between the CHG and the ini
tial HG. This shows that the CHG compares extremely well with 
the response to the sea-state and the isolated CWE and can be 

confidently used as an efficient approach to test the FOWT either 
in a numerical or experimental setting. Furthermore, the impres
sive improvement in accuracy compared to the initial HG, indi
cates that the correction and non-linear propagation process serves 
as a physical refinement mechanism for synthetic HGs. The 
method accounts for wave–wave interactions, steepening and 

–4
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Figure 7. Focused wave groups comprising the corrected Hyper- 

Group
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Surface elevation – CO
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Figure 8. Corrected Hyper-Group surface elevations. Top: 

Comparison of first-order component with the initial, target Hyper- 

Group. Bottom: Non-linear corrected Hyper-Group and its first-order 

component
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Critical wave event vs corrected hyper-group
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Figure 9. Comparison of the original critical wave event (CWE) with 

the corrected Hyper-Group (CHG). Top: Non-linear surface 

elevations. Bottom: Amplitude spectra
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Figure 10. Induced mooring line tension in OpenFAST. Comparison 

between the full sea-state simulation, the isolated wave event, the 

initial Hyper-Group and the corrected Hyper-Group

higher-order harmonic generation that are absent in the initial lin
ear superposition. This process effectively filters out non-physical 
artefacts while enhancing the realism of the surface elevation, 
ensuring that the corrected HG retains the energetic and focusing 
characteristics of the CWE.

Overall, when applied to DHGs, the process is highly suitable for 
experimental model testing, offering precise spatial and temporal 
focusing of wave energy at the model’s location, which is critical 
for reproducing extreme response conditions (e.g. mooring line 
tension). The short-duration nature of DHGs reduces experimental 
time and cost, while their deterministic and linear framework sim
plifies wave generation using standard wave makers.

However, the methodology faces specific constraints. The 
Gaussian regression approach to compute an associated HG does 
not guarantee consistently accurate reconstruction of singular 
CWEs as the envelope regression accuracy varies on a case-by- 
case basis. It is instead employed for the development of the prob
abilistic framework where inaccuracies are averaged out across 
the large number of processed CWEs, enabling the generation of 
synthetic DHGs. In addition, very steep waves (near breaking) 
pose challenges for phase focusing, reducing accuracy in repro
ducing the highest peaks. Despite these challenges, the presented 
methodology paired with the concept of DHGs provides a cost- 
effective and efficient framework for experimental testing while 
remaining an adequate option for the propagation of singular 
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CWEs. Future work will focus on refining the methodology for 
near-breaking waves and refine the envelope regression aspect for 
CWEs.

4. Conclusions 

This study introduces a methodology for identifying and reproduc
ing CWEs that induce extreme responses in floating offshore 
structures. By isolating the linear component of non-linear sea- 
states and using the Hilbert transform to define event boundaries, 
CWEs are systematically extracted and analysed. The recreation 
process employs iterative amplitude correction and phase focus
ing, addressing challenges in reproducing steep wave events in 
numerical and experimental wave tanks. A novel contribution of 
this work is the decomposition of CWEs into focused wave groups 
(Hyper-Groups), enabling individual correction and faster conver
gence. This approach mitigates issues like out-of-phase compo
nents and energy displacement, therefore improving the accuracy 
of reproduction. Validation in OceanWave3D and OpenFAST 
demonstrates that the CHG reproduces the target event with a 
4.19% deviation in induced mooring line tension, closely match
ing the original CWE and full sea-state response. The methodol
ogy provides an efficient framework for testing FOWTs under 
extreme conditions, reducing computational and experimental 
costs compared to full sea-state simulations. It enhances the real
ism of design waves, supporting safer and more reliable offshore 
structure design. Future work will focus on the experimental vali
dation of this approach in physical wave tanks, conducted in a sys
tematic manner and in conjunction with the probabilistic 
framework for Design Hyper-Group generation, also enabling the 
investigation of the applicability range of the underlying linear 
framework.
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