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Kinematics Under Extreme Waves
Nonlinear contributions in near-surface particle velocities under extreme crests in ran-
dom seas can be important in the prediction of wave loads. Four different prediction
methods are compared in this paper. The purpose is to observe and evaluate differences
in predicted particle velocities under high and extreme crests, and how well they agree
with measurements. The study includes linear prediction, a second-order random wave
model, Wheeler’s method [1970, “Method for Calculating Forces Produced by Irregular
Waves,” JPT, J. Pet. Technol., pp. 359–367] and a new method proposed by Grue et al.
[2003, “Kinematics of Extreme Waves in Deep Water,” Appl. Ocean Res., 25, pp. 355–
366]. Comparison to laboratory data is also made. The whole wave-zone range from
below still water level up to the free surface is considered. Large nonlinear contributions
are identified in the near-surface velocities. The results are interpreted to be correlated
with the local steepness kA. Some scatter between the different methods is observed in the
results. The comparison to experiments shows that among the methods included, the
second-order random wave model works best in the whole range under a steep crest in
deep or almost deep water, and is therefore recommended. The method of Grue et al.
works reasonably well for z�0, i.e., above the calm water level, while it overpredicts the
velocities for z�0. Wheeler’s method, when used with a measured or a second-order
input elevation record, predicts velocities fairly well at the free surface z��max, but it
underpredicts around z�0 and further below. The relative magnitude of this latter error
is slightly smaller than the local steepness kA0 and can be quite significant in extreme
waves. If Wheeler’s method is used with a linear input, the same error occurs in the
whole range, i.e., also at the free surface. �DOI: 10.1115/1.2904585�
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Introduction

Estimating the loads on offshore structures in extreme irregular
aves is sensitive to the wave kinematics model used. In particu-

ar, contributions from nonlinear effects in wave-zone particle ki-
ematics up to the free surface in random seas can be important,
nd have therefore been addressed throughout several studies in
ecent years. Traditionally, in addition to linear modeling, Wheel-
r’s method �1� has been frequently used in engineering applica-
ions. In a review study on different methods, Gudmestad �2�
ound that Wheeler’s method underpredicts the velocities under
teep irregular waves, and he identified a need for further re-
earch. Another method is the second-order random wave model-
ng described in Stansberg �3�, Stansberg and Gudmestad �4�, us-
ng the formulation by Marthinsen and Winterstein �5�. This

ethod has not yet been very widely in use for kinematics de-
criptions, �while, on the other hand, the related problem of ex-
reme crest elevation is now quite frequently being modeled by
econd-order methods, see, e.g., Ref. �6��. Recently, a new method
as been suggested by Grue et al. �7�. These three methods, plus
he linear model, are compared in the present study. In addition, a
art of the work also includes comparisons to selected experimen-
al velocity data from the NHL-LDV �laser Doppler velocimetry�
tudy by Skjelbreia et al. �8�.

Due to their simplicity, and reasonable agreement in moderate
ea states, the Wheeler method and the linear model are still in
requent use today for engineering applications also in extreme
ea states. However, based on the above mentioned and other
ecent experiences, there is a need to address this practice. A
eneral feeling of uncertainties related to the correctness of using
he traditional Wheeler method for calculating kinematics under
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extreme waves, combined with the interesting report of Grue et al.
�7�, have been the main reasons for revisiting the present subject.

Three different sources of data are considered:

�a� purely numerical second-order simulation data, including
regular, bichromatic, and irregular waves

�b� measured irregular elevation records from MARINTEK
Ocean Basin laboratory data

�c� measured irregular elevation records from NHL-LDV
data, also including measured velocities

Within the scope of the present study, some selected large and
steep wave events in the time domain are considered, while a
more systematic analysis based on complete irregular records is
planned for future studies.

2 Linear Reference Model and Normalization
We shall use the commonly used linear wave model as a refer-

ence. A thorough description is given in several textbooks, see,
e.g., Dean and Dalrymple �9�, and we do not go into details of that
description here. In the wave zone, linear orbital wave velocities
are modeled up to the calm water surface and are assumed to be
constant around this level. In the following, u�1��z , t� shall denote
the linear velocity time series at a vertical level z�0, while
u0�t��u�1��0, t� shall denote the linear horizontal velocity ampli-
tude at z=0.

In this paper, data will be normalized with respect to the linear
velocity amplitude u0. For each selected event in the time domain,
the velocity parameters will be transformed in the following way,
for both regular, bichromatic as well as for irregular wave records:
All velocities are divided by the corresponding linear velocity
u0�t� at z=0. For purely numerical simulations, u0�t� is directly
found from the linear input wave elevation record �0�t� by use of
the linear velocity transfer function, written in the frequency do-

main as
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U��� = �A���
cosh k�h + z�

sinh kh
�1�

here U��� is the modulus of the Fourier transform of the linear
rbital velocity u0�t� at z=0, A��� is the Fourier transform modu-
us of the corresponding wave elevation �0�t�, � is the angular
ave frequency, k is the angular wave number, and h is the water
epth. � is related to k through the linear dispersion relation:

�2 = gk tanh kh �2�

or numerical reconstructions of measured elevation records, u0 is
ound, in the same manner, from a linear wave elevation compo-
ent �0�t� estimated from the measured record. For each crest
vent in the time domain, the vertical level z is normalized by
ultiplication with the linear angular wave number k0 locally es-

imated for the actual wave crest, found from the linear wave
omponent in the following way:

k0 �
�0

2

g
�3�

Hence, k0 is actually the linear deep-water wave number corre-
ponding to �0�. The local angular wave frequency �0 is defined
rom the linear wave elevation and velocity time series �0�t�, u0�t�
t the crest peak, by using the approximation of regular-wave
heory:

�0 �
u0

A0

sinh kh

cosh k�h + z�
�4�

here g is the acceleration of gravity, and A0 is the linear crest
eight of the actual random event.

Nonlinear Correction Methods
Three different nonlinear methods for the prediction of wave-

one particle velocities u up to the free surface are compared and
enchmarked to the linear model:

�a� second-order model
�b� method of Grue et al.
�c� Wheeler’s method

In this comparison, we focus on the horizontal velocity ux under
he peaks A��max of selected wave crests. In particular, extreme
steep� waves in irregular-wave trains on deep or almost deep
ater are considered. A few examples on regular and bichromatic
aves are also addressed. Unidirectional waves are assumed. We

onsider this assumption to be conservative with respect to the
xtreme velocities, in accordance with the findings by Johannes-
en et al. �10�.

Second-Order Model. Time series of horizontal velocities are
onsistently modeled at any vertical level up to the linear free-
urface wave elevation A0�t���linear�t� by use of the second-order
rregular-wave modeling in Refs. �3,4�, which was based on the
ormulation in Ref. �5�. A linear input wave record is used, which
an be either purely numerical or extracted from measurements.
rbitrary water depth can be modeled in the present version. Full

torm durations, typically 3 h, can be modeled.
The horizontal velocity amplitude at a level z under a crest is

ormulated as

utot�z� = u�1��z� + u�2,sum��z� + u�2,diff��z�, z � 0

utot�z� = u0 +� �u�1�

�z
�

z=0
z + u�2,sum��0� + u�2,diff��0�, z � 0 �5�

here u�2,sum� and u�2,diff� are the contributions from the sum- and
ifference-frequency potentials, respectively. For more details, we
efer to the above references. Roughly speaking, in deep water,

his model represents a linear extrapolation of the linear velocity

21010-2 / Vol. 130, MAY 2008
gradient for z�0, plus a second-order difference-frequency poten-
tial term, which is generally negative under energetic wave
groups.

Note that in deep water the sum-frequency velocity potential is
zero, and for regular waves also the difference-frequency contri-
bution is zero then. In finite waters, this is modified, but in almost
deep water the modifications are small. An essential item in the
model is the choice of the low-pass filter in the tail of the linear
spectrum, which is needed in order to assure consistency in the
perturbation to second order. Here, we use the cutoff criterion
proposed in Stansberg �11� for deep-water waves: �high
� ��khighg�, where khigh=2 /Hs. Comparisons to experimental data
have indicated that this reasonably works well �4�. A discussion of
this criterion was also made by Brodtkorb �12�.

Method of Grue et al. A new method has been proposed in
Grue et al. �6�, based on observations from fully nonlinear wave
simulations and from experimental results in a wave flume. Steep
deep-water transient waves and similar events are considered. The
method is phenomenological but has some physical basis in third-
order Stoke’s regular-wave theory. It is intended for use on indi-
vidual waves one by one, from observed crest heights and wave
periods only. It is rather simple and is therefore potentially an
interesting method.

The hypothesis is that the vertical profile of the horizontal ve-
locity is simply given by

ux�z� = u0� exp�k�z� �6�

with the normalized reference velocity at z=0 defined as

u0� = ��� g

k�
�7�

Here k� is the actual �nonlinear� angular wave number 2� /L, L is
the wave length, and �� is a steepness parameter. In Ref. �7�, �� is
implicitly found from measurements, see Eqs. �8� and �9� below.
�Invoking third-order Stokes theory, we identify it as k�A0, where
A0 is the linear crest height, while neither A0 nor k�A0 are explic-
itly expressed in the original reference�. If linear theory is valid,
Eq. �7� reduces to u0�=��A0.

The nonlinear wave number k� and the steepness �� used in this
formulation are given by the following third-order Stokes regular-
wave formulation

k��max = �� +
1

2
��2 +

1

2
��3 �8�

��2

gk�
= 1 + ��2 �9�

Following the procedure in Ref. �7�, we find the wave fre-
quency �� from the trough-to-trough period TTT observed from
the wave time series. This differs from the definition chosen for
the other methods, Eq. �4�. For narrow-banded spectra, the two
definitions do not differ significantly. For broad-banded spectra,
there may be some deviations. In the identification of troughs, we
use a zero-crossing criterion, unless otherwise stated. In the origi-
nal, referred procedure, also the crest height �max is found from
the measurement.

The method is based on a regular-wave theory; thus, in its basic
form, it does not take into account any low-frequency difference-
frequency contributions �i.e., the return flow�. There are, however,
ways to take the return flow into account in this procedure, al-
though we have not made use of such here.

Comments on Definitions and Notations. The estimated wave
frequency �� and wave number k�, defined in the method of Grue
et al. above, are generally different from those used elsewhere in
this study. In order to distinguish the parameters from the others,
we have therefore identified the present ones by use of the asterisk
*
. The differences partly arise because the local wave period defi-

Transactions of the ASME



n
d
d
i
f

T
fi
n

f
n
w
a

�
z
w
e
o
d

w
s
t
r
a
q
t
t
s
f

w
w
e

t
d
v
t
m
i

I
o
w
s
w
s

w

J

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/offshorem

echanics/article-pdf/130/2/021010/5592990/021010_1.pdf by U
niversity O

f C
alifornia San D

iego user on 29 N
ovem

ber 2021
itions differ. Furthermore, the wave number k� is nonlinear and
ecreases with increasing steepness, while a linear wave number
efinition is used in the other methods. In this study, we also find
t convenient to define a “linear” wave number k0� found directly
rom TTT:

k0� �
��2

g
, k� =

k0�

1 + ��2 �10�

his linear wave number is generally different from the one de-
ned for the other methods �k0�, due to another wave period defi-
ition as mentioned above.

Also, the present reference velocity u0� is differently defined
rom a corresponding parameter used in the other methods. The
ormalizing velocity unit is given in Eq. �7�: u0�=����g /k��,
hich can be written in terms of the parameters �0, ��, u0, A0,

nd k� above:

u� = u0

��

�0

��1 + �k�A0�2�
�11�

to third order�. This means that the present normalized velocity at
=0 in general differs from 1, and in most cases it will be some-
hat lower. As a result, graphs from use of the method of Grue

t al. will in general appear shrinked �or sometimes stretched� on
ur plots relative to what they would have looked like using their
efinitions directly.

Wheeler’s Method. The method proposed by Wheeler �1� is
idely in use since it is simple and it takes into account an ob-

erved reduction from linear predictions around z=0. At the same
ime, when a measured record is used as input, it also predicts
easonable free-surface velocities. The basic principle is that from
given elevation record, one computes the velocity for each fre-

uency component using linear theory, assuming each component
o be freely propagating �although they are in reality nonlinear in
he higher frequency tail of the spectrum�. Then, for each time
tep in the time series, the vertical �z� coordinate is “stretched”
rom the original level z to a level z�:

z� =
z − �

1 +
�

d

�12�

here � is the elevation and d is the water depth. Thus, for deep
ater, it simply implies a time-varying vertical shift following the

levation.
It should be noted that if a linear input elevation record is used,

he method transforms �stretches� the linear fluid velocities up and
own according to the elevation. Thus, there may be a significant
elocity reduction under high crests relative to the linear model
hroughout the whole water column in the wave zone. The relative

agnitude of this reduction is approximately equal to the normal-
zed vertical shift k0�max:

	u

u0
= exp�k0�max� − 1 � k0�max �in deep water� �13�

f, on the other hand, a nonlinear �e.g., a measured or a second-
rder� elevation record is used as input, nonlinear components
ill add as if they were independent and “free” near the free

urface. It can be shown analytically that for a deep-water regular
ave, a purely second-order elevation input will give exactly the

ame free-surface velocity as the consistent second-order model.
The consistent second-order model gives, from Eq. �5�,

utot�z = A0� = u0 + 	� �u

�z
�

z=0

z = u0 + �k0�A0�2 �14�
hile Wheeler’s method with a second-order elevation input gives

ournal of Offshore Mechanics and Arctic Engineering
ufree surface = u0 + 2�A�2� = u0 + 2��0.5k0�A0�2� = u0 + �k0�A0�2

�15�
where we have used the fact that the second-order elevation com-
ponent is A�2�=0.5k0�A0�2 �from Stokes theory�. The above effect
is strongly reduced or vanished around z=0 and below, in which
region the Wheeler method will predict the same velocities as
with a linear input.

When using a measured input record, a low-pass filter is needed
in order to avoid too high frequencies leading to excessive free-
surface velocity estimates. A reasonable filter choice procedure
can be trying to include linear plus second-order contributions
only, since that will lead to a free-surface velocity reasonably
close to that of the consistent second-order model �see the para-
graph above�. In practice, fcut�4fpeak, where fcut is the cutoff
frequency and fpeak is the spectral peak frequency, often leads to a
useful result.

4 Data Sets

Numerical Simulations. Linear and second-order numerical
deep-water wave simulations are made by use of MARINTEK’s
in-house software for modeling of second-order wave kinematics,
based on the formulations given in Refs. �3–5,11�. Four different
cases are run, see Table 1. One particular crest event is considered
for each of the cases. A JONSWAP spectrum formulation with
gamma=2.5 was used for the spectrum. Deep water is assumed.

The maximum local steepnesses kA shown in the table are de-
fined from actual crest event parameters in the time domain as
described previously in Sec. 2.

Ocean Basin Elevation Measurements. A measured elevation
record from an earlier experiment with extreme waves in
MARINTEK’s Ocean Basin is used as input to wave-zone kine-
matics estimation. Only elevation was measured, not kinematics

The wave spectrum data are given in Table 1 �full scale�. A
10,000 year Norwegian Sea storm sea state, with a two-peaked
Torsethaugen spectrum formulation, is used. One particular time-
domain event with a large and steep wave is selected from the
time series here. The model scale was 1:55, and the water depth
was 335 m, i.e., deep water. Waves were measured without any
structure in the basin.

From the measurements, the linear �free� wave component is
extracted using a second-order filtering technique followed by the
low-pass filtering procedure described previously for the second-
order model.

Wave Flume Data Including Kinematics Measurements. Se-
lected measurements from an earlier LDV experiment �8�, made
in a wave flume at NHL, Trondheim, are considered. The wave
spectrum data are described in Table 1. A JONSWAP spectrum
formulation is used. Results are here scaled up 80:1 from the
original data so that the sea state corresponds approximately to an

Table 1 Summary of data sets used in study „wave heights H
in meters; periods T in seconds kA=maximum “linear” local
wave steepness in selected events…

Regular Bichromatic Irregular

H T kA H1 H2 T1 T2 kA Hs Tp kA

Numerical 7.6 12.0 0.1 11.9 5.6 15.0 9.0 0.40 16.0 14.0 0.38
simulations 21.6 12.0 0.3

Ocean
basin
experiment

20.0 20.0 0.38

NHL-LDV
experiment

17.6 16.0 0.35
0.39
MAY 2008, Vol. 130 / 021010-3
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xtreme storm condition. The water depth corresponds to
04.5 m, i.e., deep water for wave periods T�11.5 s. Two differ-
nt events are selected among the largest in a run with approxi-
ately 500 waves. Waves were measured without any structure in

he basin.
In addition to surface elevations, particle velocities were mea-

ured at fixed vertical �z� level with 4 m intervals in the wave
one. The experiment was repeated for each z level.

Examples From Results

Regular and Bichromatic Waves. Elevation time series
amples and corresponding, normalized velocity profiles under
rests are shown in Figs. 1–3. These cases include numerical
imulations only. Details of the actual wave conditions are given
n Table 1. The regular waves include one moderate and one high
teepness case. �Notice that, according to the formulation defined
n the previous chapters, the steepness parameter k0A0 refers to the
inear or free wave component of the actual record and not to the
otal nonlinear wave.� The bichromatic wave is steep, especially
round the extreme peak where the superposition of the two com-
onents leads to a local steepness corresponding to near breaking.

The elevation plots include linear and second-order modeling.
elocity profile models include the following:

�a�

ig. 1 „a… Elevation time series and „b… normalized horizontal
elocity profile under crest peak. Regular wave numerical
imulation. Moderate steepness k0A0=0.10.
linear model �up to z=0�

21010-4 / Vol. 130, MAY 2008
�b� second-order model
�c� method of Grue et al.
�d� Wheeler’s method, using linear input
�e� Wheeler’s method, using second-order input

The regular-wave velocity profile plots clearly demonstrate that
the second-order profile coincides with the linear one up to z=0,
while above this, it simply follows the linear extrapolation k0z.
Grue et al.’s method follows quite well the second-order model.
Wheeler’s method shows too low velocities, especially below the
free surface �use of second-order input compensates for this near
the surface�.

In the bichromatic case, the second-order model shows a reduc-
tion around z=0 and below, in accordance with the negative �re-
turn� current arising due to the setdown effect under energetic
groups, even in deep water. This effect is less pronounced for the
method of Grue et al. Wheeler’s method shows significantly lower
velocities at z=0 in this very steep case.

Irregular Waves. Elevation time series and velocity profile
plots for selected extreme events in steep irregular waves are pre-
sented in Figs. 4–7. Details on the sea states are given in Table 1.
Figure 4 shows a purely numerical wave, while the other three
figures shows wave events from laboratory records, and the mea-
sured elevation is then also included in the time series plots. In

Fig. 2 As Fig. 1, but high steepness k0A0=0.30
two of the figures �Figs. 6 and 7�, the velocity profiles also include

Transactions of the ASME
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easured velocities from the NHL-LDV measurements �8�.
With measured elevation available, the Wheeler prediction with

econd-order elevation input �used in the purely numerical stud-
es� is now replaced by measured input.

As far as the comparison of the different models is concerned,
hese plots demonstrate similar characteristics as those of the
ichromatic case in Fig. 3. One should also notice that the local
teepnesses are in the same high range, from 0.35 to 0.40, which
s near the classical breaking criterion for regular waves �0.42�.

The comparison to measurements shows that the second-order
levation reproduces reasonably well the measured nonlinear
harpening and enhancement of crest, and flattening of troughs.
till it is missing a portion of the extreme crest peak level, which

s not surprising considering the high local steepness.
Measured velocity profiles compare reasonably well to those of

he second-order and the model of Grue et al. in the water column
bove the mean water level. At z=0 and below, the second-order
odel seems to compare quite well.

Discussion
In the lower wave zone z�0, all nonlinear models generally

redict lower velocities than the linear model for irregular waves.

ig. 3 „a… Elevation time series and „b… normalized horizontal
elocity profile under extreme crest peak. Bichromatic wave
umerical simulation. Local max steepness k0A0=0.40.
his is also confirmed by the measured velocity data. For z�0,

ournal of Offshore Mechanics and Arctic Engineering
linear data cannot be defined �and should be assumed to be
constant—equal to u0�, while all the other models show increased
velocities with increasing z, in agreement with the measurements.
At the free surface, predicted velocities are up to 1.3–1.5 times u0
in the steepest events. The “performances” of each of the different
nonlinear models are discussed in the following.

The second-order model is the one that compares best with the
LDV measurements of the selected test run, both with respect to
the gradient for z�0 and with respect to the reduction �relative to
linear� at z�0. The difference observed at the highest measure-
ment level in Event 1 may be due partly to higher-order effects,
but the possible measuring uncertainty at such measurement
points with a very short fluid measurement duration should also be
kept in mind. Furthermore, all examples �numerical and experi-
mental� show that for z�0 the predicted gradient of the normal-
ized velocity agrees reasonably well with k0z or is slightly higher.
This is a helpful result, indicating that the regular-wave approxi-
mation in the estimation of the local k0 works quite well. The
choice of the low-pass filter for the input spectra, based on a
criterion taking into account the perturbation problem, seems to
have been satisfactory. It is, however, recommended to address
this further, e.g., through sensitivity studies. Another possible
topic to study further is the consequencues from the use of such a
nonlinear kinematic model on statistical properties of velocities

Fig. 4 As Fig. 3, but irregular-wave event from numerical
simulation. Local max steepness k0A0=0.38.
and possible forces and responses.

MAY 2008, Vol. 130 / 021010-5
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The method of Grue et al. compares fairly well both with the
easurements and with the second-order model in the zone z
0. It is, however, not always quite robust with respect to the

rough-to-trough estimation of the wave period T�, since for ir-
egular waves there may sometimes be alternative and equally
ogical choices for this estimation, except for narrow-banded
pectra. It is not clear from the definition in the original reference
hether a zero crossing or a local minimum trough criterion is
sed in their work. In our work, we have basically used zero
rossing, but our experience also indicates that a local minimum
riterion may, in fact, work better. More systematic studies should
e made to clarify this. Furthermore, the method basically ne-
lects the negative return current effect for z�0 under energetic
ave groups, although a minor effect is in most cases still appar-

ntly predicted near z=0 due to the higher-order wave length
longation reducing the reference velocity u0�. Some overpredic-
ion at levels below z=0 can also be identified in the original
esults �7�, which qualitatively confirms our finding.

Wheeler’s method, if based upon a linear wave elevation record
nly, significantly underpredicts the velocities at all depth levels.
he relative error is in the range of 0.5k0A0–0.75k0A0, where k0A0

s the local steepness.
If Wheeler’s method is based on a nonlinear record, e.g., upon
second order or a measured time series, the velocity predicted

ig. 5 „a… Elevation time series and „b… normalized horizontal
elocity profile under extreme crest peak. Irregular-wave event,
cean basin experiment. Local max steepness k0A0=0.38.
ear the surface is clearly improved compared to the linear input
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case above. However, it rapidly decreases with z, and at z=0 and
below the relative underprediction is typically 0.5k0A0–0.75k0A0s
as with a linear input record. The rapid decrease is strongest for
the steepest waves—hence the method may be a fairly reasonable
choice for low-steepness waves. For a typical individual design
wave in the North Sea with H=29 m, T=15 s, k0A0 is approxi-
mately 0.26. Assuming a second-order input record then, use of
Wheeler’s method will predict reasonably well at the free surface,
while it will be expected to underpredict by approximately 10–
20% in the region around z=0 and below. Another item, which
makes the method less robust, is the need to define a low-pass
filter for a measured input wave signal, to avoid excessive high-
frequency contributions. In a way, this problem may appear to be
similar to the filtering problem in the second-order model, but the
difference is that in the Wheeler method case, there seems to be
no clear physical criterion behind the filter choice. One reasonable
criterion, however, might be to try to filter away all contributions
of order higher than 2, since use of a pure second-order model as
input gives a free-surface velocity reasonably close to a consistent
second-order model �but it still predicts too low velocities further
down in the fluid�.

In this paper, we have made limited selections from large data
sets. In the underlying work, comparisons for more examples
were made, which generally support the findings shown here.

Fig. 6 „a… Elevation time series and „b… normalized horizontal
velocity profile under extreme crest peak. Irregular-wave event,
NHL-LDV experiment „Event 1…. Local max steepness k0A0
=0.35.
Still, there is a need to include a wider variety of data for a more
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ystematic study. A limitation has also been made in the selection
f methods. Further work with a broader scope is therefore
uggested.

Conclusions
At the free surface of steep crests, z=�max, all of the three

onlinear methods predict the maximum velocity reasonably well,
xcept when Wheeler’s method is used with linear input in which
ase a significant underprediction is observed. The maximum ve-
ocities are typically 30–40% higher than linear predictions. At
ower levels in the wave zone, there are larger discrepancies be-
ween the models. An overall conclusion is that among the meth-
ds investigated here, the second-order random wave model

ig. 7 As Fig. 6, but another event „Event 2…. Local max steep-
ess k0A0=0.39.
orks best at all levels of the water column under a steep crest in

ournal of Offshore Mechanics and Arctic Engineering
deep water, and is therefore recommended. The method of Grue
et al. works reasonably well in most cases for z�0, i.e., above the
calm water level, while it generally overpredicts the velocities for
z�0. Wheeler’s method, when used with a measured or a second-
order input elevation record, predicts fairly well the velocities at
the free surface, but it underpredicts around z=0 as well as at
lower levels. The relative magnitude of this underprediction is
slightly lower than the local steepness k0A0 and can be quite sig-
nificant in extreme waves. If Wheeler’s method is used with a
linear input, the same error occurs also at the free surface.

Further work is recommended to compare the different methods
in a more systematic way and also in a broader range of sea states,
not only selected events in extreme conditions as focused on here.
A broader study could also include a more comprehensive com-
parison to a larger set of related results in the literature. Further-
more, a sensitivity analysis of the low-pass filter needed in the
second-order random wave model is needed to establish it as a
robust model. Finally, the consequences from the present findings
on the resulting wave loads, such as drag forces on slender struc-
tures and wave slamming loads, and their statistical properties,
should be investigated.
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