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A B S T R A C T

Physical model testing in irregular waves is often used to assess performance, and validate numerical models,
of offshore structures and platforms, yet the full phase-resolved experimental conditions including reflections
and correct nonlinearity are seldom replicated numerically. This results in uncertainty in numerical model
validation, particularly when considering extremes. Herein we assess a time-reversal approach for the accurate
numerical replication of experimentally generated wave fields. Fifteen irregular sea states, including steep and
breaking cases, are generated in two large laboratories in the UK and replicated numerically using the time-
domain nonlinear potential flow code OceanWave3D. Through statistical, temporal, and spatial analysis, the
method is demonstrated to be effective at re-creating sea states with a wide range of steepness, bandwidth,
and duration, in two very different laboratories. Typical values of the coefficient of determination between
experimental and numerical surface elevations, 𝑟2, averaged over all measurement locations exceed 0.9 and
are significantly larger than the alternative replication approaches assessed. The resulting numerical model
outputs, when used as inputs to hydrodynamic models of offshore systems, will provide an improved level of
validation, subsequently reducing uncertainty in both hydrodynamic model performance and platform design.
The method is also naturally suited to replicating measured ocean data for conditions that can be approximately
modelled as two-dimensional.
1. Introduction

Scaled physical model testing is an essential part of the development
of marine renewable energy (MRE) devices along with other offshore
structures and platforms. This testing enables device motions, loading
and performance to be assessed in a well controlled environment (In-
gram, 2011; Noble et al., 2017) which facilitates the validation of
hydrodynamic models (e.g. Beatty et al., 2019; Stansby et al., 2022)
in a relatively low-cost environment. Once validated, these models can
subsequently be used to infer full-scale performance at sites of interest
(e.g. Moreno and Stansby, 2019) and iterate the design of offshore
structures and devices (Garcia-Teruel and Forehand, 2021).

Simplified tests in regular wave (monochromatic) conditions are
often carried out in order to assess the characteristics of the physical
model and validate basic numerical model characteristics (e.g. Ahn
and Shin, 2020; Palm et al., 2016). However, in order to assess device
performance and behaviour in realistic conditions, testing in irregular
(multi-chromatic) wave conditions is necessary (Wu et al., 2018; Chen
et al., 2018). When validating hydrodynamic numerical models in
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irregular sea states, often the accurate replication of the experimentally
generated wave fields in the model is not considered. Often the assumed
spectra are (re-)produced numerically without consideration of the
experimentally generated spectra or the phase-resolved realisations
in the basin including the nonlinearity and the reflections present
(e.g. Stansby et al., 2022; Rahmati and Aggidis, 2016). Ignoring these
aspects can result in significant discrepancy between the physical and
numerical models, particularly when considering extremes, e.g. eleva-
tions, mooring loads and platform motions. If the numerical replication
of experimentally generated wave fields is improved, this will provide
an increased level of model validation, subsequently reducing uncer-
tainty in the model performance and the design and performance of
full-scale offshore systems.

In order to re-create irregular wave conditions in numerical models,
one approach is to directly use the time-domain wave gauge measure-
ments from experiments to drive the hydrodynamic model of the device
i.e. to calculate excitation forces. Previous work using this approach to
vailable online 8 November 2022
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drive hydrodynamic models of devices tends to rely on assuming linear
wave theory and omitting the presence of reflections (e.g. Beatty et al.,
2019). This has limited application to realistic nonlinear sea states in
realistic basins with imperfect absorption. It is possible, with arrays
of gauges, to extend this type of approach to consider reflections and
account for nonlinearity to a certain degree, e.g. up to second-order,
relatively simply. One of the issues with this, however, is that the re-
creation of the wave field is local to the measurement position and only
approximate. For steep wave conditions, linear, or indeed second-order,
theory cannot be used to accurately predict the wave fields away from
the measurement locations. This is as a result of nonlinear dispersion
altering the speed and phase of the wave components. This limits the
estimation of excitation forces acting on floating bodies. It is therefore
desirable to replicate the wave field over a large area (at least as large
as the dimension of the body/bodies) and not just the time-series at
specific locations.

In order to accurately replicate a desired nonlinear phase-resolved
wave field in both space and time, numerical models and/or experi-
ments are required. Most work aiming to re-create observed nonlinear
multi-chromatic wave fields in the time-domain tend to focus on in-
dividual events such as rogue waves, e.g. McAllister et al. (2019),
Ducrozet et al. (2020), Ma et al. (2022). Methods to do this include
iteration of the amplitude and phase of frequency components at the
boundary which can operate on either the measured elevations (McAl-
lister et al., 2019) or linearised measurements (Stagonas et al., 2018).
Another approach is the exact numerical representation of the physical
wave basin and replication of wavemaker motions (Kanehira et al.,
2021). This approach, however, requires a numerical model for each
basin along with recorded wavemaker motions for every sea state,
which are not routinely recorded in many wave basins. There are also
issues with this approach for long-run irregular sea states where force-
feedback wavemaker motions include those to absorb reflected waves,
yet are negligible, or are much smaller, in a numerical model with
absorption zones. This will result in the generation of spurious waves.

Iterative approaches are able to provide good agreement to tar-
get conditions but can require several iterations which can be time-
consuming and expensive. In McAllister et al. (2019), Buldakov et al.
(2017), Draycott et al. (2019a) between 3 and 8 iterations were used
to re-create short-run focused wave conditions in a laboratory. Here
we will propose a time-reversal approach which requires only two runs
(experimentally or numerically) to re-create the desired conditions.
The first run uses the target time-series as the boundary condition for
the model. This subsequently provides, with appropriate linearisation,
the time-reversed boundary condition for the second-run at the target
location, under the assumption that the wave propagation process is re-
versible, appropriate for potential flow. The time-reversal approach was
first developed for acoustics (Fink, 1992) and has since been applied
to the generation of target water wave surface elevations. The nature
of the approach – considering the nonlinear wave propagation between
the wavemaker and the measurement location – means that it automati-
cally deals with the effects of nonlinear dispersion. Previous work using
the time-reversal approach has focused on the experimental re-creation
of full-scale observed extreme wave events (Ducrozet et al., 2020; Ma
et al., 2022), the numerical re-creation of Peregrine breathers (Ducrozet
et al., 2016), the experimental re-creation of Peregrine breathers (Chab-
choub and Fink, 2014), and the numerical re-creation of short-run
experiments (Padozki et al., 2022). One of the challenges with the time-
reversal approach is defining the input boundary conditions, which
are often based on linear theory. In Ducrozet et al. (2020), they deal
with this by removing bound waves from the measurements, using an
iterative approach based on the full second-order solutions of Dalzell
(1999).

All previous research has focused on the re-creation of short-
duration events and sea states and either omits or avoids the effect
of reflections (see Ducrozet et al., 2020; Ma et al., 2022). None of the
2

previous work focuses on the numerical re-creation of experimentally
measured conditions over long time-frames (which include reflections)
typically used to assess device performance. In this paper we modify
the time-reversal approach for this specific application, designed to
explicitly deal with reflections present in experiments, and removing
second-order bound waves, from both the experiments and the nu-
merical model, using a fast approximate method (following Walker
et al., 2004). We use OceanWave3D (Engsig-Karup et al., 2009) as
our numerical model which solves the fully nonlinear potential flow
(FNPF) equations. We trial the approach in two facilities, FloWave
at the University of Edinburgh, and the Ocean basin in the COAST
(Coastal, Ocean and Sediment Transport) laboratory in the University
of Plymouth. Fifteen wave conditions were generated in both facilities
with a range of peak period, significant wave height and bandwidth
values — providing a range of sea state steepness’. All 15 cases are re-
created numerically, as short runs (100 s) and long runs (2100 s). Short
run re-creations are compared to alternative re-creation approaches to
assess the relative performance.

The remainder of the paper is laid out as follows. In Section 2
the experimental and numerical set up is described along with the
specification of the 15 wave cases modelled. Section 3 details the imple-
mentation of the time-reversal approach along with two other methods
to create like-for-like conditions. Results for the short run cases are
presented in Section 4 along with comparison between methods, whilst
results for the long runs with statistical analysis are presented in
Section 5. Concluding remarks are made in Section 6.

2. Experimental and numerical set-up and conditions

2.1. Experimental set-up

In both large facilities (testing at 1:20 to 1:50 scale), wave gauges
were used to measure surface elevations at several spatial positions.
In the 25 m diameter circular FloWave basin, the same wave gauge
positions were used for both the short and long irregular sea state tests.
These positions are defined in Table 1 and span ±6 m from the target
position for phase definition (𝑥 = 0 m) which was set to the tank centre.
Gauges 4–8 were designed to have spacings based on a Golomb ruler
to facilitate reflection analysis (see Draycott et al., 2018).

In the COAST laboratory (35 m long by 15.5 m wide) different
array configurations were installed for the short and long run tests,
defined in Tables 2 and 3 respectively. As a result, target positions for
phase definition are also different and are 17.3 m and 14.8 m from the
wavemakers for the short and long runs. For the short runs gauges 3
and 4 were used for reflection analysis, whilst for the long runs gauges
2–5 were used. The implications of having only 2 gauges for reflection
analysis for the short runs are discussed further in Section 4. Diagrams
of both facilities, compared to the numerical model configuration and
dimensions (see Section 2.2), are presented in Fig. 1.

2.2. Numerical model configuration (OceanWave3D)

The numerical model, OceanWave3D (Engsig-Karup et al., 2009),
was set up to be a 2D representation of the experimental wave basins
as depicted in Fig. 1. The length of the numerical domain, 𝐿𝑥, was set
to 40 m with the number of nodes 𝑁𝑥 set to 1000. The depth, 𝑑, was set
to 2 m to match experiments and the number of 𝑧 nodes, 𝑁𝑧, was set to
10. The timestep 𝛥𝑡 was set to 1/32 = 0.03125 s using a fourth order
Runge–Kutta time integration scheme. The Courant number ranges
from 1.46 to 2.17 based on the celerity associated with 𝑇𝑝 (see Table 4)
and all simulations are stable due to the time-integration scheme. Note
that the Courant number is 3.46 based on the shallow water wave speed
and decreasing this value to 1 only provided a small improvement to
the results, with the 𝑟2 between experiments and the model output (as
presented later in Sections 4 and 5), increasing by approximately 0.003.
A double relaxation zone (see e.g., Perić et al., 2022) of total length

10 m, each 5 m (from 𝑥 = −22.5 m to −12.5 m) was used for wave
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Table 1
FloWave wave gauge placement relative to target position for both short and long runs. The target position for phase definition (𝑥 = 0) is
12.5 m from the wavemakers.

Gauge number 1 2 3 4 5 6 7 8 9 10 11

𝑥 [m] −6 −4 −2 −0.36 −0.27 0 0.45 0.64 2 4 6
𝑦 [m] 0 0 0 0 0 0 0 0 0 0 0
Table 2
COAST laboratory wave gauge placement relative to target position for short runs. The target position for
phase definition (𝑥 = 0) is 17.3 m from the wavemakers.

Gauge number 1 2 3 4 5

𝑥 [m] −10 −7.5 0 0.3 −4.06
𝑦 [m] 0 0 1.5 1.5 0
Table 3
COAST laboratory wave gauge placement relative to target position for long runs. The target position for phase definition (𝑥
= 0) is 14.8 m from the wavemakers.

Gauge number 1 2 3 4 5

𝑥 [m] −2.899 −1.043 0 0.15 0.3
𝑦 [m] 0 0 0 0 0
w
a

𝜔

generation and absorption, whilst a damping pressure zone is applied
for the final 5 m of the numerical domain (from 𝑥 = 12.5 m to 𝑥 =
17.5 m).The relaxation zone length, 𝐿𝑟𝑒𝑙𝑎𝑥 = 5 m, was set to ensure
hat 𝐿𝑟𝑒𝑙𝑎𝑥∕𝐿𝑝 ≥ 1 for all cases, where 𝐿𝑝 is the wavelength associated

with the peak frequency. 𝐿𝑟𝑒𝑙𝑎𝑥∕𝐿𝑝 ranges from 2.2 to 1 for the sea
states defined in Table 4. Using a relaxation zone to generate waves
will reduce the presence of spurious free (error) waves which can be
significant using wavemakers (see e.g. Schäffer, 1996). Since the model
does not allow overturning (with single-valued surface elevation), wave
breaking is accommodated using a local smoothing function and is
active when the vertical acceleration is greater than 0.5 𝑔, where 𝑔
is the acceleration due to gravity. The linear boundary conditions are
defined in the form of a surface elevation time-series at the interface
between the relaxation zones (𝑥 = −17.5 m).

2.3. Wave conditions

Fifteen irregular wave cases were defined as detailed in Table 4.
Target energy density spectra, 𝑆(𝑓 ), were defined using the JONSWAP
formulation (Hasselmann et al., 1973) with different values of peak
period, 𝑇𝑝, significant wave height, 𝐻𝑚0, and peak enhancement factor,
𝛾. This results in a range of sea state steepness values, 0.5𝐻𝑚0𝑘𝑝,
as detailed in Table 4. In order to generate conditions in both the
laboratories and the FNPF model, discrete frequency components, 𝑓𝑗 ,
are required with an associated amplitude, 𝑎𝑗 , and phase, 𝜙𝑗 , defined at
the target location, 𝑥𝑡𝑎𝑟. 𝑗 ∈ F and F is the set of frequency components.
The desired complex linear amplitude spectrum at the target location
is therefore defined as:

𝐴𝑗 = 𝑎𝑗𝑒
𝑖𝜙𝑗 ∀𝑗 ∈ F (1)

where 𝑎𝑗 =
√

2𝑆(𝑓𝑗 )𝛥𝑓 and, for irregular sea states 𝜙𝑗 are random
phases which are uniformly distributed between 0 and 2𝜋. The discrete
frequency increments, 𝛥𝑓 , are determined based on the sea state repeat
time 𝑇𝑟, where 𝛥𝑓 = 1∕𝑇𝑟. For short runs 𝑇𝑟 = 64 s, and the run time
𝑇𝑟𝑢𝑛 was set to 100 s, whereas for long runs 𝑇𝑟 = 2048 s and 𝑇𝑟𝑢𝑛 =
2100 s. For short runs the final 64 s (36–100 s) are used for analysis.
Similarly, the final 2048 s (52–2100 s) was used for the analysis of
the long runs. Performing analysis over these time frames allows for
all wave frequency components to arrive at the measurement location
and the incident wave field should therefore be stationary. A potential
build-up of reflections means that the total wave field, however, is
only approximately stationary. Taking measurements over the sea state
repeat time also enables accurate spectral analysis to be carried out
as the frequencies match the input wave frequencies, giving accurate
information for each component and minimising spectral leakage. Both
3

long and short runs were generated in both facilities for all the sea
states in Table 4 with the exception of the long run for sea state 2 in
the COAST laboratory due to a data collection issue.

3. Re-creation approaches

For the short runs, the time-reversal approach was compared with
two other methods which are, according to linear theory, able to
produce similar phase-resolved conditions to experiments. This section
describes the three methods used:

1. Input based on target time-series, with phase shifts based on
linear dispersion to define boundary conditions

2. Input based on measured time-series at the target position with
reflections removed, with phase shifts based on linear dispersion
to define boundary conditions

3. Time-reversal technique based on the measured time-series, lin-
earised, with reflections removed

Method 1 assumes that both the physical and numerical wavemakers
can perfectly reproduce the target input signals, whereas method 2
allows for imperfect generation by using the spectra measured in the
tank whilst assuming linear propagation. Method 3 does not make
assumptions on wave generation performance or wave linearity. The
methods are described in detail in Sections 3.1–3.3.

3.1. Method 1: target time-series linearly phase shifted

In order to generate waves in both physical and numerical wave
basins it is required to define the wave field at the boundary. When
specific target phases (𝜙𝑗) are defined away from the wavemaker at a
target location, it is common to assume linear dispersion in order to
obtain the phases at the boundary required for wave generation. The
complex linear amplitude spectrum at the boundary position, 𝑥𝑏, can
therefore be calculated using:

𝐴𝑏,𝑗 = 𝑎𝑗𝑒
𝑖[𝜙𝑗−𝑘𝑗 (𝑥𝑏−𝑥𝑡𝑎𝑟)] = 𝐴𝑗𝑒

−𝑖𝑘𝑗 (𝑥𝑏−𝑥𝑡𝑎𝑟) ∀𝑗 ∈ F (2)

here 𝑘𝑗 is the wavenumber associated with frequency component 𝑗
nd is related through the linear dispersion relation:

𝑗 =
√

𝑔𝑘𝑗 tanh (𝑘𝑗𝑑) (3)

where 𝜔𝑗 = 2𝜋𝑓𝑗 , 𝑑 is the water depth and 𝑔 is acceleration due to
gravity.

For this method, an Inverse Fast Fourier Transform (IFFT) is ap-
plied to Eq. (2) in order to define the desired linear surface elevation
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Fig. 1. Diagram of the numerical wave flume (middle) along with the FloWave (top) and COAST (bottom) laboratories (COAST dimensions from Ransley, 2015). For the COAST
laboratory schematic, wave gauge positions and relative positions are depicted for the short run tests.
Table 4
Target wave conditions.

ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

𝐻𝑚0 [m] 0.06 0.06 0.06 0.09 0.09 0.09 0.13 0.13 0.13 0.16 0.16 0.09 0.09 0.16 0.16
𝑇𝑝 [s] 1.2 1.4 1.8 1.2 1.4 1.8 1.2 1.4 1.8 1.4 1.8 1.4 1.4 1.4 1.4
𝛾 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 1 2 1 2
0.5𝐻𝑚0𝑘𝑝 0.083 0.062 0.039 0.12 0.094 0.058 0.18 0.14 0.084 0.17 0.10 0.094 0.094 0.17 0.17
4
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Fig. 2. Diagram of time-reversal approach based on the linear incident signal.
Fig. 3. Mean coefficient of determination for the three methods applied to FloWave data. Values are averages over all gauges, and are presented for cases 1 to 11 (see Table 4) as
function of 𝐻𝑚0 (bottom axis) and 0.5𝐻𝑚0𝑘𝑝 (top axis) for different values of 𝑇𝑝. The maximum and minimum values obtained over the different wave gauges are shown using

rror bars.
Fig. 4. Mean coefficient of determination for the three methods applied to COAST laboratory data. Values are averages over all gauges, and are presented for cases 1 to 11 (see
Table 4) as a function of 𝐻𝑚0 (bottom axis) and 0.5𝐻𝑚0𝑘𝑝 (top axis) for different values of 𝑇𝑝. The maximum and minimum values obtained over the different wave gauges are
hown using error bars..
t
p
d

ime-series in the relaxation zone in OW3D (or equivalent boundary
onditions in other numerical models). Note that a similar process will
e carried out in the software used to generate the wave conditions in
5

oth laboratories: typically applying linear transfer functions to convert b
he complex elevation amplitude spectra (Eq. (2)) to paddle torque,
osition or rotation spectra before taking the IFFT to create time-
omain signals. This approach effectively treats the numerical wave

asin in the same manner as the physical wave basins.
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.2. Method 2: measured time-series linearly phase shifted with reflections
emoved

In the experimental basins, the measured elevation spectrum at 𝑥𝑡𝑎𝑟
ill differ from the desired spectrum for various reasons including im-
erfect generation, imperfect absorption introducing reflected waves,
nd nonlinearity. Although both basins use force-feedback wavemakers
or wave absorption, reflections will exist from imperfect absorption
rom the beach (COAST) and imperfect absorption from wavemakers
FloWave and COAST). One way to improve on method 1 is to update
he target complex amplitude spectrum (𝐴𝑗) with the experimentally
btained spectrum at the target location.

In order to calculate the incident spectrum, required for the wave
nput, we must use multiple wave gauges to identify and remove the
eflected components. At a wave gauge location 𝑥𝑔 the theoretical
omplex amplitude spectrum is:
𝑚
𝑗,𝑔 = 𝐴𝑚

𝑗,𝑖𝑛𝑐𝑒
−𝑖𝑘𝑗 (𝑥𝑔−𝑥𝑡𝑎𝑟) + 𝐴𝑚

𝑗,𝑟𝑒𝑓 𝑒
𝑖𝑘𝑗 (𝑥𝑔−𝑥𝑡𝑎𝑟) (4)

oting that 𝐴𝑚
𝑗,𝑖𝑛𝑐 is complex and includes the incident phase for fre-

uency 𝑗. 𝐴𝑚
𝑗,𝑟𝑒𝑓 is the complex reflected spectrum.

To separate the incident and reflected components, we follow the
pproach detailed in Zelt and Skjelbreia (1993) to resolve left and right-
ravelling wave components. The aim is to solve for 𝐴𝑚

𝑗,𝑖𝑛𝑐 and 𝐴𝑚
𝑗,𝑟𝑒𝑓 by

inimising the difference between the measured (𝐵𝑚
𝑗,𝑝) and theoretical

𝐴𝑚
𝑗,𝑔) values of the spectrum over several wave gauge locations.
For wave gauge 𝑔 this difference is:

𝑗,𝑔 = 𝐵𝑚
𝑗,𝑔 − 𝐴𝑚

𝑗,𝑔 (5)

he merit function, 𝐸𝑗 , to be minimised is based on the weighted sum
f square differences across all wave gauges (from 1 to 𝐺):

𝑗 =
𝐺
∑

𝑔=1
𝑊𝑗,𝑔𝜖𝑗,𝑔𝜖

∗
𝑗,𝑔 (6)

here the weights, 𝑊𝑗,𝑔 , are set according to how useful each gauge,
nd corresponding separations are, for resolving the components for
ach frequency 𝑗. These weights along with the analytic solutions for
he minimisation of Eq. (6) are presented in Zelt and Skjelbreia (1993)
nd used herein to solve for 𝐴𝑚

𝑗,𝑖𝑛𝑐 and 𝐴𝑚
𝑗,𝑟𝑒𝑓 . Numerical approaches can

lso be used to minimise Eq. (6) e.g., Draycott et al. (2019b).
For method 2, the complex amplitude spectrum to define the bound-

ry conditions is calculated as:
𝑚
𝑏,𝑗,𝑖𝑛𝑐 = 𝐴𝑚

𝑗,𝑖𝑛𝑐𝑒
−𝑖𝑘𝑗 (𝑥𝑏−𝑥𝑡𝑎𝑟) ∀𝑗 ∈ F (7)

here an IFFT is applied to Eq. (7) to define the surface elevation time-
eries in the relaxation zone. Note that only the final 𝑇𝑟 s of each test
s used for analysis to ensure stationarity and hence the reconstructed
6

e

time-series for the boundary condition is padded (extended at the start)
to give the correct 𝑇𝑟𝑢𝑛 lengths required — thus using the repeating
signal over the known sea state repeat time.

3.3. Method 3: time-reversal approach using the linearised incident time-
series

The aim here is to define the linear incident time-series in the
relaxation zone which will produce the measured nonlinear time-series
(in the laboratory or ocean). This requires bound waves to be removed
from the measured time-series whilst accounting for the effects of
nonlinear dispersion and separating out the reflections. This is achieved
by a time-reversal approach based on the linearised incident wave
measurement. The time-reversal approach is primarily used to account
for nonlinear dispersion and the linearisation allows for the proper
specification of boundary conditions in OceanWave3D. Reflection anal-
ysis applied to the linearised signals also provides improved estimates
of the incident signals as bound wave components are not incorrectly
treated in the linear analysis. The implemented approach is based on
using a single numerical model configuration as depicted in Fig. 1
with time-reversed wave signals, similar to how the approach would be
applied in experiments. Alternative equivalent approaches in numerical
models are possible, for example, by using two model configurations
with two wavemaker locations to ‘mirror’ the wave signals.

The method is schematised in Fig. 2. All measured wave gauge
signals are linearised (see Section 3.3.1) and then passed through a
frequency domain reflection analysis code (Section 3.2). An IFFT is
applied to the incident complex amplitude spectrum at the target posi-
tion to obtain the linearised incident time-series, which is subsequently
padded, at the start, to obtain the initial 𝑇𝑟𝑢𝑛 time-series lengths. An
dditional 30 s of repeat data is also added to the end of the signal to
void loss of the end of the signal in the time-reversal procedure, which
ould occur due to time required for the time-reversed wave signal to

each the measurement location. This linearised incident padded time-
eries is then time-reversed and used as the linear boundary condition
or OceanWave3D. It is worth noting that the initial time-reversal
s not required when generating a temporally symmetric group (as
n Chabchoub and Fink, 2014; Ducrozet et al., 2016), but is, however,
equired for random irregular sea states. After the first OceanWave3D
un, surface elevations at the target position in OceanWave3D are
ubsequently extracted, linearised and time-reversed before being used
s the boundary condition for the second run. Final outputs are then
xtracted over the domain. At this point, the reflected wave signals
an be added on to the OceanWave3D elevations and velocity fields
sing linear wave theory to improve the numerical re-creation of the

xperimentally generated conditions.



Applied Ocean Research 129 (2022) 103397S. Draycott et al.

0

3

o
n
s
o
𝜂
t
l
b

𝜂

Fig. 6. Comparison of surface elevation time-series between FloWave experiments and the time-reversal approach for cases 1–11 for measurements at the target position (𝑥 =
m). Shown for ±5𝑇𝑝 around the maximum recorded at 𝑥 = 0 m in experiments.
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.3.1. Linearisation
Following Walker et al. (2004), we seek to remove the second-

rder bound wave components from both experimentally measured and
umerically modelled surface elevations. To remove the second-order
ub-harmonic components, the data is high-pass filtered with a cut-
ff frequency of 0.1 hz (which is around 0.12𝑓𝑝 to 0.18𝑓𝑝) to obtain
ℎ𝑝. To remove the second-order superharmonic components we seek
o find values of Stokes coefficients which set the skewness, 𝑠, of the
inearised signal, 𝜂𝑙, to zero. The relationship between 𝜂𝑙 and 𝜂ℎ𝑝 can
e approximated as (Walker et al., 2004):

(𝑡) ≈ 𝜂 (𝑡) −
𝑆22 (𝜂 (𝑡)2 − �̂� (𝑡)2) (8)
7

𝑙 ℎ𝑝 𝑑 ℎ𝑝 ℎ𝑝
where �̂�ℎ𝑝 denotes the imaginary component of the Hilbert transform
f 𝜂ℎ𝑝, and 𝑆22 is related to the Stokes coefficients defined in Fenton
1990) by 𝑆22∕𝑑 = 𝑘𝐵22. The skewness, 𝑠, which we aim to set to zero
s defined as

=
𝐸(𝜂𝑙 − 𝜂𝑙)3

𝜎3
(9)

where 𝜎 is the standard deviation of 𝜂𝑙 and 𝜂𝑙 is the mean. Eq. (9) is
set to zero by searching for values of 𝑆22 (Eq. (8)) using the ‘fminbnd’
function implemented in MATLAB. It is to be noted that although
this approach is effective, easy to implement and fast, this approach
can only be approximate. This approach inherently assumes a narrow-
banded spectrum and that components greater than second order in

wave steepness are negligible. The iterative approach implemented
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Fig. 7. Comparison of surface elevation time-series between COAST laboratory experiments and the time-reversal approach for cases 1–11 for measurements at the target position
𝑥 = 0 m). Shown for ±5𝑇𝑝 around the maximum recorded at 𝑥 = 0 m in experiments in FloWave (for consistency with Fig. 6).
n Ducrozet et al. (2020), however, does not assume a narrow-banded
pectrum, yet still omits the effect of higher-order components whilst
eing more time-consuming and challenging to implement. An alter-
ative approach is to generate repeated sea states with phase shifts in
rder to separate the wave harmonics (e.g. Buldakov et al., 2017). With
wo-phase repeats, the even and odd harmonics can be separated, yet
o remove third-order effects from the linear signal, four-phase repeats
re required (Buldakov et al., 2017). This approach is more accurate
han the other methods mentioned, yet significantly more costly, and
ith limited application to ocean data where the phases cannot be
anipulated.
8

4. Short runs and method comparison

In this section we assess the performance of the time-reversal ap-
proach (method 3) for the short runs and compare this to the perfor-
mance of methods 1 and 2. Analysis is carried out over one repeat time
(64 s) from 36 s to 100 s.

4.1. Error analysis for the methods

To compare the three methods with experiments, data is extracted
from the numerical model runs at the equivalent positions to wave
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Fig. 8. Comparison of spatial surface elevation measurements between FloWave experiments and the time-reversal approach for cases 1–11. Shown at the time of maximum
recorded at 𝑥 = 0 m in experiments.
gauges in experiments in both facilities. The coefficient of determi-
nation, 𝑟2, was calculated between the numerical and experimental
surface elevations. The mean 𝑟2 values over all gauge positions, for the
𝛾 = 3.3 cases (cases 1 to 11 in Table 4) are presented for the three
methods in Figs. 3 and 4 for the FloWave and COAST laboratories re-
spectively. Assessing Figs. 3 and 4 it is evident that there are significant
differences between the method performance, particularly for lower 𝑇𝑝
sea states. It is also clear that for methods 1 and 2 the performance
differs significantly between facilities and there is a high degree of
sensitivity to steepness.

For the re-creation of FloWave conditions (Fig. 3) it is clear that
method 3, based on the time-reversal approach, provides the best re-
creation, followed by method 2 and then method 1. Performance for
method 1 is quite poor for the lower 𝑇𝑝 values. This is mainly a result
of differences in the target and measured phases, even for near linear
conditions, and could be a result of difficulties in precisely controlling
phase for high frequency wave components in a circular wave basin.
9

Method 2 provides significant improvement over method 1 as this
approach considers the measured phases and amplitudes at the mea-
surement location. However, significant reduction in performance is
noted with increased steepness which may be attributed to unaccounted
for nonlinear dispersive effects when determining the phases at the
boundary. Method 3 resolves this issue and subsequently performs
well for all conditions with only a modest reduction in performance
with steepness which can be attributed partially to the approximate
linearisation approach (valid to second-order) and to wave breaking
being only approximately modelled.

Similar to the FloWave re-creation, method 3 performs most
favourably for the re-creation of wave conditions in the COAST lab-
oratory (Fig. 4). Similar 𝑟2 values are obtained for method 3 applied to
both the COAST and FloWave sea state re-creations despite the differ-
ence in wave basin configurations, differences in the generated wave
conditions, and different measurement locations. Method 1 in this case
performs reasonably well for low steepness conditions suggesting the
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Fig. 9. Comparison of spatial surface elevation measurements between COAST laboratory experiments and the time-reversal approach for cases 1–11. Shown at the time of
maximum recorded at 𝑥 = 0 m in experiments in FloWave (for consistency with Fig. 8).
linear phases are well produced in these experiments, whilst methods
1 and 2 both display reduced performance with increasing steepness
owing to the previously described effects of nonlinear dispersion.
Method 2 does not provide a significant improvement over method
1 despite basing the boundary condition on the measured amplitudes
and phases at the target location. This could be a result of observed
aliasing effects in the reflection analysis at some frequencies due to the
limited number of gauges (=2) and the relatively large separation. This
separation, 𝛥𝑥, of 0.3 m, does not allow for accurate reflection analysis
to be carried out above approximately 1.5 Hz (Goda and Suzuki, 1976)
(where 𝛥𝑥 > 0.45𝐿𝑗 and 𝐿𝑗 =

2𝜋
𝑘𝑗

is the component wavelength).
Assessing the error bars in Figs. 3 and 4, which represent the

maximum and minimum values measured over all gauges, it is apparent
that the two laboratories demonstrate different behaviour. There is
higher variation in method performance in FloWave across the gauges.
One reason for this is the increased spatial range of measurements
10
obtained in FloWave. Another reason is the circular geometry of the
basin, resulting in non-planar reflected waves which spread out, and
reduce in amplitude, with distance from the absorbing/reflecting wave-
makers (Draycott, 2017). This results in some spatial variability and
also means that the reflection analysis calculations carried out near
𝑥 = 0 m becomes inaccurate far from this location, affecting the
performance of methods 2 and 3 away from the target position. One
way to improve this in FloWave would be to include spatially varying
reflections using knowledge of the geometry following previous work
on this topic (Draycott, 2017). It is interesting to note for method 3
that the performance at the target position (the maxima of the error
bar, always observed at 𝑥 = 0 m) is very similar between both facilities
and for all sea states.

The mean 𝑟2 values for the three methods applied in both facilities
as a function of sea state steepness are presented in Fig. 5. In this figure
the 𝛾 = 1 and 𝛾 = 2 cases are also included (cases 12–15 in Table 4).
It is apparent that the sea state steepness dominates performance,



Applied Ocean Research 129 (2022) 103397S. Draycott et al.

V
m

t

Fig. 10. Mean coefficient of determination for the three methods applied to FloWave data for long runs shown in addition to the coefficient of determination at the target location.
alues are averages over all gauges, and are presented for cases 1 to 11 (see Table 4) as a function of 𝐻𝑚0 (bottom axis) and 0.5𝐻𝑚0𝑘𝑝 (top axis) for different values of 𝑇𝑝. The
aximum and minimum values obtained over the different wave gauges are shown using error bars.
Fig. 11. Mean coefficient of determination for the three methods applied to COAST laboratory data for long runs shown in addition to the coefficient of determination at the
arget location. Values are averages over all gauges, and are presented for cases 1 to 11 (see Table 4) as a function of 𝐻𝑚0 (bottom axis) and 0.5𝐻𝑚0𝑘𝑝 (top axis) for different

values of 𝑇𝑝. The maximum and minimum values obtained over the different wave gauges are shown using error bars..
particularly for methods 1 and 2, and that in general, good results can
be obtained for all methods when sea states have low steepness. For
these cases, linear wave theory would provide a suitable numerical re-
creation of the wave field without the need for numerical modelling.
For the higher steepness cases, however, only method 3 provides high
performance when considering all of the gauge positions (as presented),
and performs similarly well for both facilities despite differences in the
generated sea states, nature of the basins, and measurement locations.
A slight reduction in performance of method 3 is noted for sea states
with larger spectral bandwidth (lower 𝛾).

4.2. Temporal and spatial comparison of the time-reversal approach with
experiments

Time-series of surface elevations generated using the time-reversal
approach for cases 1–11 are compared to experiments in Figs. 6 and
7 for FloWave and COAST experiments respectively. Comparisons are
made at the target position for phase definition (𝑥 = 0 m), and are
shown, for direct comparison, ±5𝑇𝑝 around the time that the maximum
surface elevation was measured at 𝑥 = 0 m in FloWave. Good perfor-
mance is observed for all cases and for both facilities, with slightly
increased discrepancy noted for the higher steepness conditions. Com-
paring Figs. 6 and 7, the time-series at the target position is extremely
similar between both facilities for the higher 𝑇𝑝 and lower steepness
cases, showing that waves have been generated similarly in both facil-
11

ities despite the different propagation distances from the wavemakers.
This suggests for these cases the phase changes over different distances
due to nonlinear dispersion are not significant. For the lower 𝑇𝑝 and
higher steepness cases, however, time series are noticeably different
between the facilities which may be a combined result of the effects of
nonlinear dispersion and the aforementioned difficulties in controlling
phase precisely for high frequency components in circular basins.

Figs. 8 and 9 present plots of the surface elevation in space for
the time reversal approach and the experiments for the FloWave and
COAST experiments respectively. For consistency and to enable direct
comparison, the spatial plots are shown at the time which the maximum
surface elevation is recorded in experiments in FloWave at 𝑥 = 0 m
for cases 1–11. In general very good agreement is demonstrated across
all measurement positions indicating that like-for-like conditions have
been simulated over the entire domain for both facilities (also indicated
by the high 𝑟2 values averaged over all wave gauge locations as shown
in Figs. 3 and 4). The horizontal fluid velocities are also extracted
from the model and plotted on this figure as an example of the fully
nonlinear kinematics that can now be obtained. These should be equiv-
alent to those existing in experiments (yet difficult to measure over a
useful spatial range), and can be used to drive hydrodynamic models
and compared to experimental data obtained for loads and platform
motions.

5. Long runs

In this section the performance of the time-reversal approach ap-
plied to the long runs is assessed. For the long runs, due to file size
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Fig. 12. Comparison of surface elevation time-series between FloWave experiments and the time-reversal approach for cases 1–11 for measurements at the target position (𝑥 =
m). Shown for ±15𝑇𝑝 around the maximum recorded at 𝑥 = 0 m in experiments.
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onsiderations, numerical model outputs are only extracted at the
auge positions rather than the entire domain.Analysis is carried out
ver one repeat time (2048 s) from 52 s to 2100 s.

.1. Error analysis

Coefficients of determination are presented for the long runs for
oth FloWave and COAST laboratory sea state re-creation in Figs. 10
nd 11 respectively. The mean values are presented over all gauge
ocations, with error bars representing minima and maxima over the
auges, in addition to the values at the target position. Good perfor-
ance is obtained for both facilities and for all cases. The performance

f the FloWave sea state re-creation, however, when averaged over all
12
auges is slightly reduced relative to the short runs (Fig. 3). This is
xpected to be a result of the build up of reflections over the long
ests violating the assumption of stationarity made in the reflection
nalysis. The minimum 𝑟2 values in FloWave (bottom of error bars)

are calculated at 𝑥 = 6 m where reflections are most different from
those calculated at 𝑥 = 0 m and used for the input to OceanWave3D.
Improved performance is noticed for the COAST laboratory re-creation
relative to the short runs which is, at least partly, suspected to result
from improved reflection analysis due to the increased number of useful
gauges. This, however, may also be improved due to the smaller spatial
range ( Table 3) of wave gauge measurements available for analysis in
the COAST laboratory for the long runs.
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Fig. 13. Comparison of surface elevation time-series between COAST laboratory experiments and the time-reversal approach for cases 1–11 for measurements at the target position
(𝑥 = 0 m). Shown for ±15𝑇𝑝 around the maximum recorded at 𝑥 = 0 m in experiments in FloWave (for consistency with Fig. 12).
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.2. Time-series and crest distribution comparison with experiments

Time-series of surface elevations generated for cases 1–11 are com-
ared to experiments in Figs. 12 and 13 for FloWave and COAST
aboratory experiments respectively. Comparisons are made at the tar-
et position for phase definition (𝑥 = 0 m), and are shown for the time
he maximum elevation was recorded in Flowave (at 𝑥 = 0 m) ±15𝑇𝑝.
ood agreement is found for all sea states and for both facilities.

For the long runs it is possible to compare wave crest and height
robability distributions between the experiments and the numerical
odel. Empirical crest distributions are calculated from both the nu-
erical model and experimental surface elevations and are presented
13

n Figs. 14 and 15 for cases 1–11 at 𝑥 = 0 m. The distributions are a
ompared to the Rayleigh distribution along with the narrow-band
econd-order model of Kriebel and Dawson (1991). The numerical and
xperimental distributions agree well, and are in general agreement
ith the second-order distributions of Kriebel and Dawson (1991). This

uggests the numerical model in combination with the time-reversal
pproach is able to re-create the phase-resolved bound wave contri-
ution observed in experiments. For all but the largest waves, where
here is significant uncertainty of the probabilities as a result of poor
ampling, the distributions are well predicted by second-order theory.
here are, however, some notable differences between the experiments
nd numerical simulations for the largest crests observed, particularly
or cases 10 and 11 (bottom row). For these cases (along with 7, 14
nd 15) breaking was observed in experiments which may explain the
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Fig. 14. Comparison of crest distributions between FloWave experiments and the time-reversal approach for cases 1–11 for measurements at the target position (𝑥 = 0 m).
discrepancy in the amplitude of the largest crests. Despite these small
differences, the similarity of the distributions demonstrate that the
time-reversal approach provides a means to create like-for-like wave
crest distributions along with the phase-resolved wave fields.

6. Conclusions

In this paper we assess the performance of a time-reversal approach
for the numerical replication of experimentally generated wave fields.
The approach is designed to deal with reflections present in the basin
along with nonlinearity — both in terms of the generated wave fields
and the specification of the boundary conditions. Fifteen wave condi-
tions were re-created (JONSWAP spectra with a range of 𝑇 , 𝐻 and 𝛾
14

𝑝 𝑚0
values) which were generated in two laboratories and both short (100 s)
and long (2100 s) runs are modelled.

For the short runs, the time-reversal approach (method 3) is com-
pared against two alternative approaches. The boundary conditions
for these methods are based on phase shifting (1) the target, and (2)
the measured incident, spectra using the linear dispersion relation.
Considerably increased performance is found using the time-reversal
approach. This is concluded to be largely a result of nonlinear disper-
sion automatically accounted for in the time-reversal approach and the
removal of bound wave components. In addition, improvements over
method 1 are attributed to the consideration of the measured ampli-
tudes, phases, and reflections (also included in method 2). As a result,
for methods (1) and (2) there is significantly reduced performance

with increased sea state steepness. Performance for the time-reversal
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Fig. 15. Comparison of crest distributions between COAST laboratory experiments and the time-reversal approach for cases 1–11 for measurements at the target position (𝑥 =
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pproach (3) is acceptable for all cases (mean 𝑟2 values over all mea-
urement locations exceeds 0.8 for all conditions) and wave fields
re convincingly similar over a wide range of measurement locations
nd sea state conditions in both laboratories. There is a slight reduc-
ion in performance with steepness which may be attributed to the
pproximate linearisation approach and to wave breaking which is
nly accommodated using local smoothing in the potential-flow based
umerical model without overturning.

The time-reversal approach also proves effective at re-creating ir-
egular wave fields over long periods, both in terms of the measured
ime-series and the statistics of crest distributions. Slightly reduced
erformance is noted for the re-creation of long wave fields in FloWave
ompared to the short-run cases which is suspected to be a result of
15

q

violation of strict stationarity – required for spectral analysis – over
he long duration of the time-series. Increased performance for the long
uns is noted for the re-creation of wave fields in the COAST laboratory
hich is attributed to the use of a more suitable reflection analysis
rray, highlighting the requirement for appropriate gauge placement
or reflection analysis in achieving optimal results.

The results demonstrate the effectiveness of a time-reversal ap-
roach for the numerical re-creation of experimentally generated steep
rregular wave fields with a modest requirement of two numerical
uns per wave field. Accurate numerically re-created wave fields en-
bles a more robust comparison of device motions and loads against
xperimental measurements, particularly for extremes. This will subse-
uently enable a more thorough appraisal of the model performance for
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challenging conditions: often associated with large platform or device
response in extreme, nonlinear, and possibly breaking, waves. This
understanding, whilst reducing uncertainty in validation, can facilitate
required improvements to both the numerical model and/or device
design.
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