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Nearshore morphodynamic models are computationally demanding, especially when the time scale of interest is
weeks or longer. Hence, they often rely on a simple parameterization or non-linear wave theory to estimate the
skewed-asymmetric shape of the near-bed, free-streamwave orbital motion, relevant to the prediction of onshore
sand transport during mild wave conditions. Recently, Abreu et al. (2010) presented a simple analytical expression
for this shape. Here, we present parameterizations to estimate the non-linearity parameter r and phaseϕ in this ex-
pression, such that the non-linear orbital motion can be estimated efficiently from values of the significant wave
heightHs, wave period T, andwater depth h, standard output of nearshoremorphodynamicmodels. The parameter-
izations are basedon adata set of 30.000+field observations of the orbital skewness Su and asymmetryAu, collected
under non-breaking and breaking wave conditions. Consistent with earlier observations, we find that the Ursell
number, which includes Hs, T and h, describes the variability in Su and Au well and we use it to link Hs, T and h to r
and ϕ. The comparison of our findings to another large field data set suggests that wave non-linearity depends
weakly on wave directional spread and that our parameterizations may underestimate Su for narrow-banded
swell and (unidirectional) laboratory conditions. Furthermore, the use of the parameterizations is not advised on
bed slopes steeper than in our data set (i.e., >1:30).

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

As waves propagate from deep water onto beaches, their surface
form and orbital water motion become increasingly non-linear be-
cause of the amplification of the higher harmonics. Initially, the wave-
form becomes asymmetric about the horizontal axis, with shorter,
higher crests and longer, shallower troughs. This type of asymmetry
is known as skewness and, for the orbital motion u in the direction
of wave advance, is often quantified with the skewness parameter
Ru (e.g., Ribberink and Al-Salem, 1994),

Ru ¼ umax

umax−umin
: ð1Þ

Because the maximum positive (‘onshore’) u, umax, exceeds the max-
imum negative (‘offshore’) u, umin, Ru exceeds 0.5. Ru is generally larg-
est in the shoaling zone, and decreases as waves propagate further
onshore and break. In the surf zone, the asymmetry about the hori-
zontal axis changes into asymmetry about the vertical axis as the
waves increasingly pitch forward, with a steep front face and a gentle
rear face. This type of non-linearity, referred to as asymmetry, is relat-
ed to the skewness of the derivative of u, the acceleration a (Elgar et
31 302531145.

rights reserved.
al., 1997). Analogous to Eq. (1), velocity asymmetry can be described
with the skewness parameter Ra (Watanabe and Sato, 2004),

Ra ¼
amax

amax−amin
: ð2Þ

Orbital motion with asymmetry only has Ra>0.5 and Ru=0.5. Ve-
locity asymmetry can also be expressed as (Suntoyo et al., 2008)

α ¼ 2Tc=T; ð3Þ

where Tc is the duration between the negative-to-positive zero-
crossing and umax, and T is the wave period. When Ra exceeds 0.5, α
is less than 0.5. Under natural conditions, Ru typically varies between
0.5 and 0.7, and α between 0.2 and 0.5 (Elfrink et al., 2006).

Both velocity skewness and asymmetry generally result in on-
shore sand transport (e.g., O'Donoghue and Wright, 2004; Ribberink
and Al-Salem, 1994; Ruessink et al., 2011; Van der A et al., 2010).
This wave-induced transport results in onshore sandbar migration
(e.g., Hoefel and Elgar, 2003; Hsu and Hanes, 2004; Ruessink et al.,
2007) and contributes to beach accretion during mild wave condi-
tions. An accurate description of the cross-shore evolution of the
near-bed orbital motion is thus of crucial importance to nearshore
waves–currents–bathymetric evolution (morphodynamic) models.
Highly advanced deterministic wave models, such as those based on
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the Boussinesq or the Reynolds-Averaged Navier–Stokes equations,
can nowadays provide this accurate description (e.g., Kennedy et al.,
2000; Torres-Freyermuth et al., 2010); however, they are still too
computationally demanding to be used in a morphodynamic setting,
especially when the time scale of interest is days, weeks, or even lon-
ger. Furthermore, it is not a priori obvious that morphodynamic
models including an advanced wave model result in more accurate
predictions of beach evolution than models with a less advanced
wave model because of the more pronounced accumulation of errors
over time (Pape et al., 2010). Manyoperationalmorphodynamicmodels
rely on simple parameterizations of the shape of the near-bed orbital mo-
tion. Initial parameterizations (e.g., Roelvink and Stive, 1989; Stive, 1986)
considered velocity skewness only, but more recent parameterizations
(e.g., Drake and Calantoni, 2001; Elfrink et al., 2006) consider velocity
asymmetry as well, see Malarkey (2008) and Abreu et al. (2010) for re-
views. Many of these parameterizations consider a limited number of
higher harmonics or construct an orbital shape by patching together for-
mulations for subsets of the waveform (e.g., from the zero up-crossing
to umax, etc.), which results in unrealistic acceleration time series. To over-
come these shortcomings, Abreu et al. (2010) introduced a simple analyt-
ical expression for the free-stream near-bed horizontal orbital motion,

u tð Þ ¼ Uwf
sin ωtð Þ þ rsinϕ

1þ
ffiffiffiffiffiffiffiffiffi
1−r2

p
1−r cos ωt þ ϕð Þ : ð4Þ

Here, t is time,Uw=(umax−umin)/2 is the velocity amplitude,ω=2π/T,ϕ
is a phase, r is a non-linearity measure and f ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1−r2

p
is a dimensionless

factor that ensures the amplitude of u to equal Uw. Eq. (4) is equivalent to
Uw∑∞

k¼0
1
nk sin kþ 1ð Þωt þ kϕ½ � with r=2n/(1+n2). For r=0, Eq. (4)

describes sinusoidal flow. For 0b rb1, it results in velocity-asymmetric
flow for ϕ=0, velocity-skewed flow for ϕ=−π/2, and mixed
asymmetric-skewed flow for −π/2bϕb0. Abreu et al. (2010) also out-
lined an approach how an (R,α) combination can be converted into an
(r,ϕ) pair to estimate the near-bed orbital motion from Eq. (4). With
this approach they found good agreement between synthetically generat-
ed and measured waves, with R and α determined from each individual
measured wave. Motivated by this good agreement, Abreu et al. (2010)
suggested that Eq. (4) canbe included innearshore bathymetric evolution
models by using existing parameterizations for Ru and α (e.g., Dibajnia et
al., 2001; Elfrink et al., 2006; Tajima andMadsen, 2002) to estimate r and
ϕ and, hence, u(t). Recently, Ruessink et al. (2009) and Ruessink et al.
(2011) applied Eq. (4) to study the effect of wave non-linearity on sand
transport.

The u(t) form produced by Eq. (4) is monochromatic and it is not a
priori clear whether its non-linearity is representative of a series of ran-
dom, natural waves. To go from the time scale of a singlewave to that of
a series of waves, Elfrink et al. (2006) derived synthetic wave trains
from statistical wave parameters such as the root-mean-square wave
height and the duration of positive orbital motion, with the non-
linearity of each individualwave determined from its height and period,
the water depth, and the local bed slope. However, the time-averaged
non-dimensional third-order moment of the synthetic wave trains
compared poorly to field measurements. Thus, even though individual
waves may be described rather accurately, error accumulation makes
the use of a series of individual waves to estimate time-averaged mea-
sures of wave non-linearity questionable.

The aim of the present paper is to propose a new methodology to
compute the non-linearity parameter r and phaseϕ in Eq. (4) from a rep-
resentativewave heightH, wave period T andwater depth h such that the
monochromaticu(t) (i.e., Eq. (4)) has the velocity skewness andasymme-
try representative of a series of random, natural waves. Our approach
(Section 2) is as follows. Firstly, we process a data set of ∼34.000 time se-
ries of natural near-bed orbital motion into the third-order moments
skewness Su and asymmetry Au (equations are given below). We prefer
these two measures of wave-nonlinearity over Ru and α, as these latter
two parameters are applicable to individual waves only. Secondly, we
combine Su and Au into a measure of the total non-linearity B and a
phase ψ. Thirdly, we follow Doering and Bowen (1995) and parameter-
ize B and ψ in terms of the local Ursell number Ur, which is a function
of H, T and h. Finally, we transform (B,ψ) into (r,ϕ). When applied in a
morphodynamic model, our methodology thus combines a given H, T,
and h into Ur, which in turn is used to estimate B and ψ, and finally, r
and ϕ. Applications of our approach in the morphodynamic model of
Van Rijn, (2007a,b) are also presented (Section 3). Discussion and conclu-
sions can be found in Sections 4 and 5, respectively.We stress that our ap-
proach is not meant to replace the aforementioned advanced wave
models; instead, it serves as a short-cut in practical engineeringmodeling
where the use of these advanced models is not straightforward.

2. Parameterization

The data used here were collected during a series of subtidal and in-
tertidal field campaigns at the barred beaches of Egmond aan Zee, Texel
and Terschelling (all in The Netherlands) and of Truc Vert (France). The
Dutch experiments comprise the Terschelling Nourtec campaigns exe-
cuted between 1993 and 1995 (De Kruif and Rijks, 1998; Ruessink et
al., 1998; Van Enckevort and Reincke, 1996), the Egmond Kust2000
and Coast3D campaigns in 1998 (Kroon and de Boer, 2001; Ruessink
et al., 2001), the Egmond intertidal campaign in 2005 (Price and
Ruessink, 2008), and the Texel Slufter intertidal campaign in 2009 (De
Vries, 2010). The French experiment was conducted in spring 2008 at
the Aquitanian Truc Vert beach (Ruessink, 2010). During all Dutch de-
ployments, instantaneous (2 or 4 Hz) near-bed velocity and pressure
recordings were made with a bidirectional electromagnetic flow
(EMF) meter at a nominal height (depending on the experiment) be-
tween 0.1 and 0.5 m above the bed, and a pressure transducer (PT) be-
tween 0 and 2.2 m above the bed. During the French experiment, 10 Hz
near-bed velocity and pressure was recorded with an acoustic Doppler
velocimeter (ADV)with an internal PT between 0.1 and 1.3 m above the
bed as bed level changed with time. Most measurements were carried
out in burst mode, providing 2048 or 2400 s of data per hour. The
ADV data comprised records of 24 min and 40 s each half hour. The
data from the Egmond and Texel intertidal campaigns were recorded
continuously, and processed in records of 15 min to ensure stationarity
with respect to the changing tidal water level. All data blocks in which
the PT, EMF, or ADV were temporarily dry were removed from the
data, implying that our analysis below does not contain any data from
the swash zone. The number of instrumented positions during each de-
ployment ranged from 1 to 9. In total, 33.962 data records were avail-
able for further processing. The local bed slope at each measurement
location was generally less than about 1:30.

All records of cross-shore and alongshore orbital velocity in the sea-
swell frequency f=0.05−1 Hz range were combined into time series of
total sea-swell orbital velocity in the direction of wave advance, uw(t),
using eigenfunction analysis. From each uw(t), the skewness Suwas com-
puted as

Su ¼ u3
w tð Þ
σ3

uw

; ð5Þ

where the overbar represents a time average and σuw is the standard de-
viation of uw(t). Thewave asymmetry Auwas also computedwith Eq. (5),
replacing uw(t) by its Hilbert transform (Elgar, 1987).With this definition,
waves that pitch forward have negative Au. Time series of the PTs were
processed into water depth h, spectral significant sea-swell (frequency
range 0.05 to 0.33 Hz) wave height Hs and period T=m−1/m0, where
mn is the spectral moment of order n. Subsequently, the Ursell number
Ur was calculated as (Doering and Bowen, 1995),

Ur ¼ 3
4

awk
khð Þ3 ; ð6Þ

with aw=0.5Hs and k is the local wave number computed with linear
wave theory using T. In our data, Hs ranged between 0.05 and 3.99 m,
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T between 3.1 and 13.9 s, h between 0.25 and 11.2 m, and Ur between
0.004 and 24.8. If we take Hs/h=0.33 as the outer edge of the surf
zone (Ruessink et al., 1998), 31.4% of the data were collected under
breaking wave conditions. 4.7% of the data had Hs/h>0.6.

Fig. 1 shows Su and Au as a function of Ur. For Urb0.04, both Su and Au
scatter around 0, indicating that the orbital motion is essentially sinusoi-
dal. For Ur>0.04, Su initially increases to a maximum value of (on aver-
age) 0.63 at Ur≈1−1.5, then reduces to ≈0.2 for Ur≈10. For Ur=
[0.04−0.3], only Su is non-zero, indicating a preponderance of large
wave crests. For larger Ur, Au steadily increases to ≈−0.85 for Ur≈10,
representing the change to pitched-forward waves. Although there is
considerable scatter, there are no apparent groups of observations that
are clearly at odds with other observations, neither for Su nor for Au.
This implies that the variability in Su and Au is dependent primarily on
the local h, H and T, and not on beach slope, as the Ursell number does
not contain beach slope information. This is consistent with the findings
of Kuriyama et al. (1990), Doering and Bowen (1995) and Elfrink et al.
(2006) for the range of bed slopes considered here. The observed scatter
may, in part, be due to variability inwind speed and direction (Feddersen
andVeron, 2005) and inwave-directional spread (e.g., Janssen, 2006), see
also Section 4 below.

The class-mean values of Su and Au were combined into a measure
of the total (non-dimensional) non-linearity B,

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Su

2 þ Au
2

q
ð7Þ

and phase ψ,

ψ ¼ tan−1 Au=Suð Þ; ð8Þ
implying that Su=Bcosψ and Au=Bsinψ. The dependence of B on Ur
(Fig. 2a) suggests a fit in the form of a Boltzmann sigmoid,

B ¼ p1 þ
p2−p1

1þ exp p3−logUr
p4

; ð9Þ

where p1 and p2 are themagnitude of B forUr→0 andUr→∞, respective-
ly, p3 is related to the deflection point, and p4 is a measure of the slope.
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Fig. 1. (a) Near-bed velocity skewness Su and (b) asymmetry Au as a function of the Ursell n
mean values based on binning the individual estimates according to log(Ur)±0.05. The verti
Doering and Bowen (1995).
Using p1=0 and a non-linear least-squares fitting procedure, we find
p2=0.857±0.016, p3=−0.471±0.025 and p4=0.297±0.021, where
the range represented by the ± values is the 95% confidence interval.
For ψwe fit a tanh-function (Fig. 2b),

ψ ¼ −90°þ 90°tanh p5=Ur
p6

� �
; ð10Þ

and find best-fit values p5=0.815±0.055 and p6=0.672±0.073.
Now that we have obtained empirical functions to relate Ur to B

and ψ, the next step is to compute r and ϕ from B and ψ. B and r are
related as (Malarkey and Davies, submitted for publication)

B ¼ 3b=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1−b2
� �q

; ð11Þ

with b ¼ r= 1þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1−r2

p� �
. The phase ψ is related to ϕ as

ϕ ¼ −tan−1 Au=Suð Þ−π=2 ¼ −ψ−π=2: ð12Þ

We summarize our approach with an example. The Battjes and
Janssen (1978) wave transformation model was run with an offshore
root-mean-square wave height of 1.5 m, a period of 8 s, shore-normal
incidence, and a tidal water level of 0 m over the Egmond profile
shown in Fig. 3i. At each grid point, the root-mean-square wave
height Hrms (Fig. 3a), period T, and water depth h are known, which
are combined into Ur (Fig. 3b) using Eq. (6) with aw ¼ 0:5

ffiffiffi
2

p
Hrms.

The non-linearity parameters B and ψ can subsequently be estimated
with Eqs. (9) and (10), respectively (Fig. 3c and d),which, in turn, are
converted to r and ϕ using Eqs. (11) and (12), see Fig. 3e and f. At
each grid point, Uw can be estimated with linear wave theory
(Fig. 3g), Uw=πHrms/Tsinh(kh). Finally, the estimates of r, ϕ and Uw

are input into Eq. (4) to yield a monochromatic u(t) at each grid
point (Fig. 3h). These series can be used as input into an appropriate
sand transport equation.
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3. Application

The proposed parameterization was embedded in the cross-shore
morphological CROSMOR model (Van Rijn, 2007a,b). It can be chosen as
an alternative to the Isobe andHorikawa (1982)method,which combines
fifth-order Stokes with third-order cnoidal wave theory and can yield
skewed and asymmetric orbital wave motion. The Isobe and Horikawa
(1982) method was recently described extensively in Abreu et al.
(2010), and is therefore not reiterated here. In the CROSMOR model, the
effect of the skewness and asymmetry of the near-bed orbital motion is
implemented in the bedload equation. The original version of this equa-
tion dates back to Van Rijn (1984, 2007a)modified it to include asymme-
try effects on sand transport by incorporating the approach of Nielsen
(2006).

The aim of this section is to illustrate the effect of the new parame-
terization on nearshore morphological change, compared to the previ-
ous Isobe and Horikawa (1982) approach. To this end, the CROSMOR
model was run with both approaches for 5 days with the initial profile
shown in Fig. 4c, a time-invariant offshore root-mean-square wave
height of 1 m and peak period of 10 s, and semi-diurnal (tidal) water
level variations with a range of 1.1 m. The initial profile is based on a
profile measured during the Duck94 experiment at Duck, N.C. (e.g.,
Gallagher et al., 1998; Hoefel and Elgar, 2003), the field experiment
that sparked much of the recent interest in the effect of velocity asym-
metry on sand transport. The median grain size was set to 350 μm.
Fig. 4a illustrates the peak onshore and offshore near-bed orbital veloc-
ities – default CROSMOR output – estimated by both approaches for the
initial profile. As can be seen, differences in the peak onshore velocity
are minimal. Across the sandbar, the peak offshore velocity estimated
with the Isobe and Horikawa (1982) remains approximately constant,
while that estimatedwith the new approach shows amore pronounced
water depth dependence. This illustrates that the velocity skewness
produced by the Isobe and Horikawa (1982) approach is considerably
larger than that computed with the newmethodology. The same differ-
ence can be seen near the shoreline; the peak onshore and offshore
orbital velocity in the new approach are about equal, indicating a dom-
inance of velocity asymmetry, while with the Isobe and Horikawa
(1982) approach the velocity skewness is unrealistically pronounced.
Apparently, the Isobe andHorikawa (1982) approach does not correctly
reduce velocity skewness for high Ur.

Fig. 4b shows that both the bed load and suspended load are af-
fected by the choice of velocity parameterization. For the bed load a
difference was expected as the bed load is directly affected by the
shape of the near-bed orbital motion. The suspended load is affected
because the two parameterizations yield different orbital shapes, and
hence bed shear stress and reference (near-bed boundary) concentra-
tions to solve the advection–diffusion equation used to estimate the
suspended load. For both approaches, the net (i.e., the sum of the
bed load and suspended load) transport is onshore and peaks sea-
ward of the bar crest, resulting in onshore bar migration and growth
(Fig. 4c). As the cross-shore gradients in bed load are predicted to be
more pronounced with the new parameterization, the bar height has
grown more as well (Fig. 4c). The runs were repeated with a median
grain size of 200 μm and the same wave and water level forcing. In
this case, the seaward-directed suspended load was predicted to be
slightly larger than the shoreward-directed bed load and the sandbar
moved offshore. Again, after 5 days, the sandbar was more pronounced
with the new velocity parameterization than with the Isobe and
Horikawa (1982) approach (Fig. 4d), although the difference in bar height
is less than in the 350 μm simulation. The model simulations presented
here thus indicate that the primary effect of the new velocity parameter-
ization is to induce larger gradients in cross-shore sand transport (com-
pared to that predicted with Isobe and Horikawa (1982)), which, for the
two cases examined here, results inmore pronounced bar growth during
both onshore and offshore bar migration.

4. Discussion

In this section we compare our findings to the existing Su and Au

parameterizations proposed by Doering and Bowen (1995) and
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Kuriyama (2009) and to the Ur dependence of Su and Au in the
Duck94 data set.

Fig. 2 also contains the Doering and Bowen (1995) fits for B, ψ, Su
and Au, based on their 48 data points shown in Fig. 1. These and our
fits differ primarily for Ur in excess of ∼3. In the Doering and
Bowen (1995) fit, B increases linearly with log(Ur), whereas in
our fit B saturates at about 0.9. Also, the Doering and Bowen
(1995) ψ is slightly closer to −90∘ for high Ur. Both differences
have minimal effect on Su (Fig. 2c), but cause Au to increase faster
with Ur for Ur>3 than in our data (Fig. 2d); however, it is obvious
from Fig. 1 that the high-Ur behavior of the Doering and Bowen
(1995) fits was based on four data points only, while our data com-
prised 2.218 observations with Ur>3. Their four points fall within
the scatter of our data.
Kuriyama (2009) combined Doering and Bowen (1995)'s parame-
terization for Su with his own Su fit based on data collected at Hasaki,
Japan (Kuriyama et al., 1990). We note that Kuriyama et al. (1990)
and Kuriyama (2009) used the non-linearity parameter Π=kHs/
(2π)coth3(kh); in shallow water, Π is proportional to Ur, Ur=3πΠ/
4. On the whole, his Su values fall below those of Doering and
Bowen (1995)'s and our parameterization (Fig. 2c). Kuriyama et al.
(1990) based his original fit on Su values computed from uw series in-
cluding infragravity waves (i.e., including fb0.05 Hz), while we restrict-
ed ourselves to the sea-swell frequency range. When we compare his
sea-swell Su (Fig. 6 in Kuriyama et al., 1990) to our observations, we
find that both data sets largely overlap, implying that the difference
in Fig. 2c is due to a difference in the computational method (see also
Appendix B in Kuriyama (1991)). Kuriyama (2009) did not propose
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350 μm and 200 μm, respectively. In (c) and (d), the thin black line is the initial profile. x=0 corresponds to the most seaward grid location in 10-m depth.
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an Au parameterization (instead, he focused on the acceleration
skewness) but his Su fit allows to construct the Au curve shown in
Fig. 2d. The Ur dependence of Au is similar to that of Doering and
Bowen (1995). Kuriyama et al. (1990) did not have any data for
Ur>5.

The Duck94 data used here was collected between August 10 and
November 3, 1994 at Duck, N.C., using 13 co-located EMF (nominal
height of 0.5 m above the bed) and PT sensor-combinations posi-
tioned in a cross-shore array from approximately 8-m depth to just
seaward of the swash zone. All measurements were collected contin-
uously with a sampling frequency of 2 Hz and were processed here in
blocks of 1 h. In total, 17.134 data blocks were processed, with Ur in
the 0.005–15 range, comparable to our data set. The Su and Au

Duck94 values broadly show the same Ur-dependence as our values,
compare Fig. 5 with Fig. 1; however, there are differences. While in
our data only 1.1% of all values had Su>1, in the Duck94 data this
was 8.7%. In more detail, the Duck94 Su is, on average, larger than in
our data set for Ur>0.6 (Fig. 5a). A similar difference is not notable
for Au (Fig. 5b). Note that also the Duck94 Au does not increase as pro-
foundly with Ur for high Ur as suggested by Doering and Bowen
(1995) and Kuriyama (2009). Although there is considerable scatter,
Fig. 6 suggests that Su is negatively related to the sea-swell directional
spread sθ, here estimated with a principal component analysis of the
(u,v) matrix (sθ corresponds to the square root of the relative contri-
bution of the second eigenvector to the total variance). The larger Su
are limited to situations with sθb15−20° in both data sets. Because
the Duck94 data set contains considerably more data points with
sθb15° (30.8% at Duck versus 13.1% in our data for the Ur selection
shown in Fig. 6), Su is, on average, higher in the Duck94 data set for
the same Ur, causing the overall differences seen in Fig. 5a. The differ-
ences in sθ characteristics may be due to the fact that our data were
collected primarily in sea-dominated settings; the Duck94 data con-
tains more narrow-banded swell conditions. If we extrapolate the de-
pendence of Su on sθ to unidirectional (sθ=0) laboratory conditions,
we may expect that the fits proposed here will underestimate Su in
laboratory settings. Analogously, the dependence of Su on sθ implies
that models that compare well to measures of wave non-linearity in
the laboratory, may not necessarily perform well when applied to
field situations. The weak dependence of wave non-linearity on the
directional characteristics of the primary waves is qualitatively con-
sistent with earlier laboratory observations (Elgar et al., 1993) and
theoretical considerations (Janssen, 2006), and is likely due to the
weakening of the energy transfer from the primary-wave frequencies
to their higher harmonics with an increase in directional spread
(Janssen, 2006, and references therein). Why here the directional
spread affects skewness but not asymmetry, is not understood.

5. Conclusions

We have extended the work of Doering and Bowen (1995) and
Kuriyama (2009) by developing a new methodology to compute a
monochromatic time series of the free-stream, near-bed orbital veloc-
ity from a representative wave height, wave period and water depth
such that it has the velocity skewness and asymmetry representative
of a series of random, natural waves. Our methodology is based on the
analysis of 30.000+ data blocks of 2–10 Hz near-bed orbital veloci-
ties collected in the field and links the wave height, period and
water depth through the Ursell number to a measure of wave non-
linearity and phase in the orbital-velocity expression of Abreu et al.
(2010). We believe that our approach is particularly relevant for near-
shore morphodynamic models that aim to predict nearshore evolution
on time scales of weeks and longer, for which advanced deterministic
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wave models are too computationally demanding. In the operational
Van Rijn (2007a,b)'s CROSMOR model, the new parameterization re-
sults inmore pronounced bars during both onshore and offshoremigra-
tion, compared to predictions using the Isobe and Horikawa (1982)
methodology. The parameterizations of non-linearity and phase we
propose here are based predominantly on directionally spread sea con-
ditions, and may underestimate the skewness of orbital velocity in
narrow-banded (in direction) swell and unidirectional laboratory
waves. Furthermore, the use of the parameterizations is not advised
on bed slopes steeper than in our data set (i.e., >1:30).
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