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Hindcast studies for the Dutch Wadden Sea using the spectral wind wave model SWAN have shown the sig-
nificant influence of currents on wave predictions in the tidal inlets. In a number of cases with strong gradi-
ents in opposing, partially blocking current, wave heights are significantly overestimated. Ris and Holthuijsen
(1996) propose that such overestimations are due to insufficient steepness dissipation of waves on an oppos-
ing current gradient. The present paper presents a new formulation for the enhanced breaking dissipation of
waves on negative current gradients (accelerating opposing current; decelerating following current).
Nonlinear effects are not included in detail for these partial blocking conditions, but handled parametrically.
Unlike the expression by Ris and Holthuijsen (1996), the proposed expression isolates the steepening effect
of the current gradient on the waves, so that inherently steep young wind sea is not overly dissipated. This
expression contains one additional unknown parameter, which was calibrated using laboratory observations.
Validation of this enhanced dissipation term for field cases of the Amelander Zeegat tidal inlet (Dutch
Wadden Sea) shows an improvement in the tidal channel for both opposing and following current situations
with negative gradients. In particular, the results for the young wind sea on the tidal flats are not significantly
affected, as desired, unlike with the expression of Ris and Holthuijsen (1996). However, since the remaining
dissipation terms in SWAN have been calibrated without this enhanced dissipation term, the addition of the
proposed formulation results in some deterioration of the overall statistics.

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

The spectral wind wave model SWAN (Booij et al., 1999) is widely
used for the computation of wave fields over shelf seas, complex
coastal areas and in shallow lakes. The accurate estimation of the
nearshore wave processes in this model is important to various appli-
cations in these environments.

The Dutch Wadden Sea (Fig. 1) is an example of a complex coastal
system that poses significant challenges to nearshore wave modeling.
The region is enclosed by a series of barrier islands and the mainland
coasts of the provinces of Friesland and Groningen. Tidal inlets are
found between the barrier islands, each featuring an ebb tidal delta,
one or more main tidal channels, and a complex system of smaller
channels and flats extending into the Wadden Sea interior. Apart
from the tidal channels, the Wadden Sea interior is shallow and flat,
with tidally-modulated depths normally ranging between 0 m (dry-
ing) and 3 m.

The Amelander Zeegat tidal inlet (Fig. 2) is found between the bar-
rier islands of Terschelling (to the west) and Ameland (to the east). A
program of wave monitoring has been running in this inlet since 2003
(Zijderveld and Peters, 2008). Hindcast studies with SWAN based on
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this data (Groeneweg et al., 2008; Van Vledder et al., 2008) have
shown the significant influence of currents on the prediction of
wave fields in this tidal inlet. In a number of cases where strong cur-
rent gradients are found, typically for strong, partially blocking op-
posing current, wave heights are significantly overestimated. This
affects the reliability with which these predictions can be applied in
the assessment of safety against flooding, or other geophysical appli-
cations in such regions. This issue is addressed in the present study.

The influence of currents on wave fields are typically divided into
effects on the wave kinematics and dynamics (Jonsson, 1990). The in-
fluence of currents on wave kinematics include effects on the wave
phase velocity and the wave number and wavelength. For example,
waves traveling over a horizontally sheared current field experience
current-induced refraction (e.g. Holthuijsen and Tolman, 1991). The
effect of currents on the wave dynamics is described by the action
balance equation, given by (1) below. Waves propagating into an op-
posing current gradient with increasing strength (a negative current
gradient) will experience an increase in wave height, which, together
with a reduction in wave length, may cause steepness-induced break-
ing. Conversely, an accelerating following current (positive gradient)
results in a reduction in wave height. Note in this regard that a fol-
lowing current that decelerates also constitutes a negative gradient.
When a wave field meets an opposing current with a velocity that ap-
proaches the wave group velocity, waves are blocked. Here the ray
theory embodied in (1) predicts an infinite wave amplitude (singu-
larity), and hence nonlinear effects need to be taken into account
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Fig. 1. Bathymetry of the DutchWadden Sea in the north of the Netherlands, with depths in m below NAP (Dutch leveling datum). Rectangle indicates the location of the Amelander
Zeegat region (detail in Fig. 2). Projection in Dutch RD system.
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(e.g. Whitham, 1974). These so-called near field conditions will not
be considered here.

When currents interact with waves that are actively forced by
wind, additional effects are found (Haus, 2007). Wind moving over
a wave field in ambient opposing current will have a higher speed rel-
ative to the waves (a lower effective wave age) than without it, and a
lower relative speed in the case of following current, even if the cur-
rent field is spatially uniform. The result is a respective increase and
decrease in the growth rate of the waves. In addition, Haus (2007)
shows that wind-driven waves that experience current refraction
over a horizontally sheared current can experience a reduction in
their growth rate due to a shifting of the (wave-induced) wind stress
direction away from the mean wind direction.

In terms of the far field wave-current interaction (away from the
blocking point) these kinematic, dynamic and wind growth-related
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Fig. 2. Bathymetry of the Amelander Zeegat region in the Dutch Wadden Sea, including the
Dutch RD system.
effects of currents on waves are, in principle, included in the linear ki-
nematic and dynamical equations of SWAN. Booij et al. (1999) pre-
sent a validation of current-induced shoaling and refraction using
analytical expressions. The exception is the dissipative process that
accompanies steepening waves in negative current gradients. Ris
and Holthuijsen (1996), hereafter RH96, show that SWAN, using the
whitecapping expression of Komen et al. (1984), underestimates
wave dissipation in such situations, leading to a strong over-
estimation in the significant wave height. Models for enhanced
wave dissipation on opposing current in the far field have been pro-
posed by RH96, Chawla and Kirby (1998, 2002) and Suastika
(2004). These authors all assume a bore-based breaker model (either
Battjes and Janssen (1978) or Thornton and Guza (1983)) to be ap-
propriate for modeling the dissipation, using the mean wave steep-
ness as governing parameter. However, Chawla and Kirby (1998)
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note, from experimental observation, that current-induced breaking
is very different from depth-induced breaking—the breaking is weak
and unsaturated, as opposed to the saturated breakers observed in
depth-induced breaking. As a practical problem, Ris (1997) reports
that the model of RH96 fails under wind wave growth situations,
since young wind waves, being inherently steep, are too strongly dis-
sipated. This approach is therefore unsuitable for field situations that
feature a combination of wind growth and current interaction, such
as in the Dutch Wadden Sea. Hence an alternative approach for the
dissipation modeling is required.

The present study aims to develop a formulation for the enhanced
dissipation of waves on negative current gradients (both opposing
and following currents) in the far field (non-blocking conditions)
that can be applied within the context of a spectral model such as
SWAN with linear kinematic equations. This expression is to be suit-
able for both mature waves and young wind sea. The formulation is
calibrated and its performance assessed for a range of idealized and
field situations.

The present study investigates the application of a saturation-
based expression for the far field steepness dissipation of waves on
negative current gradients. A number of saturation-based expressions
have been proposed in the literature, including Phillips (1985), Alves
and Banner (2003), Babanin et al. (2010) and Ardhuin et al. (2010). In
the present study, the expression of Alves and Banner (2003), as
adapted by Van der Westhuysen (2007), is applied. It will be shown
that the proposed calibration settings for this expression, obtained
for wind wave growth conditions, yield too little dissipation on op-
posing current with a negative gradient (as was found for the
Komen et al. (1984) expression by RH96 and Chawla and Kirby
(2002)). It is, however, conversely not desirable to recalibrate the
whitecapping expression to levels sufficient for current-induced
steepening at the expense of underprediction for wind wave growth.
Hence, a new scaling is proposed that yields enhanced dissipation
proportional to the degree of steepening of the wave field due to
the negative current gradient. The latter is estimated from the propa-
gation velocity in frequency space cσ, normalized with the local radi-
an frequency.

In order to investigate the different models for enhanced current-
induced dissipation, a data set of 31 cases was assembled. These cases
include the flume experiments of Lai et al. (1989), Suastika (2004)
and field cases in the Amelander Zeegat during various storms. The
data from the two flume experiments are used to calibrate the pro-
posed formulation. The calibrated expression is subsequently validat-
ed for deep water, fetch-limited wave growth conditions in the
absence of current (showing no influence, as expected), and using
field observations in the Amelander Zeegat during three W and NW
storms. Since in the Wadden Sea the time scales of energy propaga-
tion through the domain are typically shorter that those of the
changes in forcing conditions, stationary conditions typically exist
here, and will be modeled accordingly.

This paper is structured as follows: Section 2 presents the method-
ology followed in this study, including a description of the proposed
enhanced dissipation expression. Section 3 presents the calibration
of this expression, followed by a validation in Section 4. Section 5
closes the paper with conclusions. Appendix A presents a discussion
on the model derivation given in Section 2.

2. Method

This section presents the methodology of this study. This includes
a description of the additions to the action balance equation in SWAN
(Section 2.1), the formulations for enhanced current-induced dissipation
investigated (Section 2.2), the model settings applied (Section 2.3),
the selection of calibration and validation cases (Section 2.4) and
the statistical measures used to assess the model performance
(Section 2.5).
2.1. Additions to the action balance equation

The spectral wind wave model SWAN computes the evolution of
wave action density N (=E/σ, where E is the variance density and σ
the relative radian frequency) using the action balance equation:

∂N
∂t þ∇x;y⋅ c

→
gþ U

→
� �

N
� �

þ ∂
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with the wave kinematics given by the linear expressions (e.g. Mei,
1983):
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and the right-hand side given by:

Stot ¼ Sin þ Swc þ Snl4 þ Sbot þ Sbrk þ Snl3 þ Swc;cur þ Sbot;perf
� �

ð5Þ

The terms on the left-hand side of Eq. (1) represent, respectively, the
change of wave action in time, the propagation of wave action in geo-
graphical space (with cg

→
the intrinsic group velocity vector and U

→
the

ambient current), the shifting of the relative radian frequency σ due
to variations in mean current and depth (with the propagation velocity
cσ) and depth- and current-induced refraction (with propagation veloc-
ity cθ in directional space θ). In Eqs. (2)–(4), s is the spatial coordinate in
the propagation direction θ,m is a spatial coordinate perpendicular to s,
k
→
is the wavenumber vector and d is the depth. In the present study, we

shall only consider stationary simulations, so that ∂N/∂t=0 in Eq. (1).
The right-hand side of Eq. (1) represents processes that generate, dissi-
pate or redistribute wave energy, given by Eq. (5). In deep water, three
source terms are dominant: the transfer of energy from the wind to the
waves, Sin; the dissipation ofwave energy due towhitecapping, Swc; and
the nonlinear transfer of wave energy due to quadruplet (four-wave)
interaction, Snl4. In shallow water, dissipation due to bottom friction,
Sbot, depth-induced breaking, Sbrk, and nonlinear triad (three-wave) in-
teraction, Snl3, are additionally accounted for.

In the present study, two additional source terms are included in
Eq. (5). These are terms for the enhanced breaking dissipation of
waves on a current Swc, cur, the subject of this study, and a special dis-
sipation term Sbot, perf required for the evaluation of the Suastika
(2004) laboratory data set (see Section 2.4.2 below).

2.2. Models for enhanced breaking dissipation on negative current
gradients

Below, various formulations for steepness breaking (whit-
ecapping) are presented. First, the saturation-based whitecapping ex-
pression proposed by Van der Westhuysen (2007) is presented.
Subsequently, two formulations for enhanced breaking dissipation
on negative current gradients are described, namely the expression
of RH96 and the formulation proposed in the present study.

2.2.1. Saturation-based whitecapping
Van der Westhuysen (2007) proposes an adapted version of the

saturation-based whitecapping formulation developed by Alves and
Banner (2003). This expression is combined with the wind input
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formulation proposed by Yan (1987). The whitecapping expression of
Van der Westhuysen (2007) is composed of two parts, namely a con-
tribution to the dissipation by wave breaking, and a weaker non-
breaking contribution:

Swc;SB σ ; θð Þ ¼ f br σð ÞSdis;break þ 1−f br σð Þ½ �Sdis;non−break; ð6Þ

where the breaking part is based on the saturation-based expression
of Alves and Banner (2003), as modified by Van der Westhuysen et al.
(2007):

Sdis;break ¼ −C′
ds

B kð Þ
Br

� �p
2

tanh kdð Þ½ �
2−p
4 g

1
2k

1
2E σ ; θð Þ; ð7Þ

and the non-breaking part is based on the pulse-based expression of
Komen et al. (1984), providing low-level background dissipation
(e.g. for swell):

Sdis;non−break ¼ −Cds
k
~k

� �q ~s
~sPM

� �r
~σ E σ ; θð Þ: ð8Þ

The weighting factor fbr determines the changeover from the dis-
sipation of breaking to non-breaking waves. This weighting is a func-
tion of the ratio between the spectral saturation B(k) and a threshold
saturation level Br:

f br σð Þ ¼ 1
2
þ 1
2
tanhh10

B kð Þ
Br

� �1
2

−1

 !i ð9Þ

Over the spatial scales considered in the field cases of the present
study, only the component Eq, (7) in the expression (6) is relevant.
The parameter p is a function of the inverse wave age u∗/c, based on
scaling arguments involving a spectral balance between the wind
input, whitecapping and nonlinear interaction terms (see Van der
Westhuysen et al. (2007) for details):

p u�=cð Þ ¼ 3þ tanh 25
u�
c
−0:1

� �h i
ð10Þ

In Van der Westhuysen (2007) the remaining parameters of
Eq. (7) were calibrated to C′ds=5.0×10−5 and Br=1.75×10−3

respectively.

2.2.2. Ris and Holthuijsen (1996)
As discussed in Section 1, RH96 show that the default, pulse-based

whitecapping expression of Komen et al. (1984) does not provide suf-
ficient wave breaking dissipation in situations of strong negative cur-
rent gradients, such as found under partial blocking conditions. They
demonstrate that the addition of a dissipation term based on the
bore-based breaker model of Battjes and Janssen (1978) to Eq. (5) is
effective in the modeling of the rapid dissipation occurring near the
blocking point. This expression reads:

Swc;cur σ ; θð Þ ¼ −C″
ds;RHQb

smax
~s

� �2
~σ
k
~k
E σ ; θð Þ; ð11Þ

where~s ¼ ~k
ffiffiffiffiffiffiffiffi
Etot

p
is the mean wave steepness, ~σ the mean relative ra-

dian frequency, given by

~σ ¼ E−1
tot ∫

2π
0 ∫∞

0σE σ ; θð Þdσdθ ð12Þ

and ~k the mean wave number, defined as

~k ¼ E−1
tot ∫

2π
0 ∫∞

0
1ffiffiffi
k

p E σ ; θð Þdσdθ
� �−2

: ð13Þ
The proportionality coefficient C″
ds ;RH≡αBJ ¼ 1. The variable Qb is

the fraction of breaking waves, determined by

1−Qb

lnQb
¼ −8

Etot
H2

m
ð14Þ

in which a maximum wave height Hm is defined based on a limiting
steepness

Hm ¼ 2πsmax
~k

ð15Þ

The limiting steepness smax is set to 0.14, based on Miche's criteri-
on for the limiting steepness of an individual breaker. We note that
Chawla and Kirby (1998) show that when propagating on an oppos-
ing current, waves can break at a lower steepness than this. RH96
demonstrate that expression (11) enhances the dissipation for
waves exceeding a mean steepness of ~s=0.08, as such can occur on
strong negative current gradients.

2.2.3. Enhanced saturation-based dissipation
Chawla and Kirby (2002) show that, as an alternative to the bore-

based expression proposed by RH96, wave dissipation on negative
current gradients can be modeled using a conventional whitecapping
expression of the form Eq. (8) with an enhanced proportionality coef-
ficient Cds. A number of studies (e.g. Alves and Banner, 2003; Ardhuin
et al., 2010; Van der Westhuysen et al., 2007) have discussed the re-
strictions of the whitecapping form Eq. (8), in favor of a saturation-
based approach. Consequently, the basic form of the saturation-
based whitecapping expression (7) is applied here to model the
enhanced dissipation due to wave-current interaction, included as
Swc, cur in Eq. (5). We start by assuming that the degree of enhance-
ment of the whitecapping term Eq. (7) should scale with the relative
increase in the wave steepness due to the current gradient, over the
time scale of that steepening. This can be expressed as dS�

dt =S
�, where

S∗ is the steepness spectrum given by:

S� σð Þ ¼ kE σð Þ12 ð16Þ

For simplicity, deep water conditions are assumed, being applica-
ble to the tidal channels that this model is mainly intended for. The
normalized rate of increase in the wave steepness can then be
expressed as:

dS�

dt
=S� ¼ 1

σ2E
1
2

σ2 dE
1
2

dt
þ E

1
2
dσ2

dt

" #
¼ 1

2
dE
dt

=E þ 2
dσ
dt

=σ ð17Þ

Hence, the normalized rate of increase in wave steepness is de-
pendent on both the rate of increase of the energy density E and the
rate of increase of σ, namely the dynamic and kinematic effects of
the current respectively.

To isolate the effect of the current gradient, we make the further
approximation that the source terms in Eq. (1) are weak relative to
the effect of the current gradient over the limited spatial scales that
the latter acts. Therefore, over this limited domain, the action flux
Fconst would be approximately constant along a wave ray:

cg þ Us

� �
N ¼ cg þ Us

� � E
σ

¼ Fconst ð18Þ

where Us is the current velocity component in the direction of the
wave propagation. Considering the situation away from the block-
ing point (cg≫Us), we have (deep water):

E ¼ 2
g
Fconstσ

2 ð19Þ



Table 1
Selected cases from the laboratory flume experiment of Suastika (2004).

Case Q Hm0 Tp
(m3/s) (m) (s)

l100suast003 0.078 0.2 1.1
l100suast002 0.078 0.5 1.1
l100suast004 0.078 0.8 1.1
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Substituting Eq. (19) in Eq. (17), the first term on the RHS of Eq.
(17) can be related to the rate of change of σ:

dS�

dt
=S� ¼ 1

2
2
dσ
dt

=σ
� �

þ 2
dσ
dt

=σ ¼ 3
dσ
dt

=σ ð20Þ

Hence, the normalized rate of increase in steepness due to the cur-
rent gradient can be related exclusively to (dσ/dt)/σ=cσ/σ, where cσ
is given by Eq. (3).

Note that the overall steepening expressed in Eq. (17) is also af-
fected by processes such as wind wave growth that influence E direct-
ly. This implies that if wave steepness itself would be used as a
predictor for modeling enhanced current-induced dissipation (as in
RH96), it would erroneously include the effect of these additional
wave steepening processes as well. In Section 4.1 we will show that
this leads to unintended dissipation of young wind fields, for exam-
ple. In view of this, in the proposed model cσ/σ is used to isolate the
normalized rate of increase in steepness due to the current alone.

Of the processes contained in Eq. (3), a negative gradient in the
current U

→
(last term on RHS) is considered to be the largest contribu-

tor to positive values of cσ, and hence an increase in steepness
according to Eq. (20), see analysis in Appendix A (Battjes, 2011).
Note also from this analysis that such negative gradients can occur
under both opposing and following currents. Observations of wave
dissipation on negative current gradients in the literature are mostly
limited to opposing current cases (e.g. Chawla and Kirby, 2002; Lai
et al., 1989; Suastika, 2004). To our knowledge, the flume experiment
of Babanin et al. (2011) are the only observations featuring a negative
current gradient in following current. Their results indeed show that
waves steepen on a decelerating following current, which can lead
to breaking dissipation.

Based on the above, we scale the whitecapping expression (7)
with cσ/σ to obtain enhanced dissipation for negative gradients in
both opposing and following currents. Dimensional analysis then
yields:

Swc;cur σ ; θð Þ ¼ −C″
ds max

cσ σ ; θð Þ
σ

;0
� �

B kð Þ
Br

� �p
2

E σ ; θð Þ: ð21Þ

As above, deep water conditions are assumed, so that the shallow
water scaling factor tanh kdð Þ½ �2−p

4 in Eq. (7) is dropped. This term is
only relevant under conditions where dissipation is due to wind sea
growth. The dissipation modeled with Eq. (21) is determined by the
spectral saturation level B(k) as a ratio of the threshold level Br as in
Eq. (7), but is enhanced by the factor cσ/σ. The enhanced dissipation
is not required in situations of positive current gradients, where the
elongating waves do not experience increased breaking. This is
achieved with the maximum function, so that only frequency upshifts
are taken into account. In the absence of direct observations, the pa-
rameterizations of Br and p are taken similar to those of Eq. (7).
Hence, Eq. (21) contains one additional calibration parameter relative
to Eq. (7), namely the proportionality coefficient C″ds. The calibration
of this parameter is considered in Section 3.

2.3. Model settings

The computations presented here were performed using the
SWAN model version 40.72ABC, in stationary third-generation
mode. For the deep water physics, the combination of wind input
Sin and saturation-based whitecapping Swc of Van der Westhuysen
(2007), presented in Section 2.2.1, was applied. Quadruplet nonlinear
interaction Snl4 was modeled using the Discrete Interaction Approxi-
mation (DIA) of Hasselmann et al. (1985). The shallow water source
terms include triad nonlinear interaction Snl3 according to Eldeberky
(1996) and bottom friction according to Hasselmann et al. (1973),
both with their default settings in SWAN. For depth-induced breaking
Sbrk, the biphase breaker model of Van der Westhuysen (2010) was
applied, with the extension proposed by Van der Westhuysen
(2009). In the Amelander Zeegat field cases, wave diffraction, which
may redistribute the energy of waves steepened by the current geo-
graphically, is taken into account with the phase-decoupled diffrac-
tion expression of Holthuijsen et al. (2003). Hereafter, these settings
will be referred to as the default model. Two further variants are stud-
ied, featuring the additional expressions for enhanced current-induced
dissipation of RH96 given by (11) and the proposed expression (21).
The convergence criteria applied are the so-called curvature-based
criteria proposed by Zijlema and Van der Westhuysen (2005).

2.4. Data sets

In order to calibrate and assess the performance of the proposed
expression for wave dissipation on opposing current, a data set of
partially blocking laboratory flume cases (calibration) and field
cases (validation) have been assembled. These are presented below.

2.4.1. Lai et al. (1989) flume experiment
Lai et al. (1989) investigated the transformation of the wave spec-

trum on a strong negative current gradient in a flume of 8 m length
and 0.75 m depth. An opposing current flow was induced along the
flume, which was contracted by the presence of a shoal, resulting in
an increase in the current velocity from U=−0.13 to −0.22 m/s.
Random, long-crested waves were mechanically generated at the
downstream end of the flume. In the case considered here, the inci-
dent wave field had a significant wave height of Hm0=0.019 m and
a mean period of Tm01=0.5 s. This represents a partial blocking situ-
ation with U/cg, peak=0.52, which resulted in a strong reduction in
the observed significant wave height over the shoal, in combination
with an increase in the absolute mean wave period Tm01.

2.4.2. Suastika (2004) flume experiment
Suastika et al. (2000) and Suastika (2004) studied partial and full

wave blocking using a 35 m long flume, with a 12 m measurement
section at its center. Three of these cases are considered here, all in-
volving partial blocking with U/cg, peak=0.47 to best represent the
conditions in the Dutch Wadden Sea (Table 1). Random waves
(JONSWAP spectrum) were mechanically generated at the one end
of the flume, while a water head difference induced an opposing cur-
rent flow along the flume. At the measurement section, the flow was
contracted by a false wall and perforated bottom to create a sump for
suction pumps. Here water was gradually withdrawn through the
bottom of the flume, creating an opposing current that reduced ap-
proximately linearly to zero in the up-wave direction (negative gradi-
ent). However, the presence of this perforated false bottom had the
disadvantage of introducing an additional source of dissipation, that
must be added to Eq. (5). The dissipation due to the interaction be-
tween the waves and the false bottom is given by:

Sbot;perf σ ; θð Þ ¼ −2μbcgE σ ; θð Þ ð22Þ

where μb is a coefficient that is dependent on the wave height and pe-
riod, which was empirically estimated by Suastika (2004). This source



Table 3
Selected cases for the W storms recorded during January and March 2007 in the
Amelander Zeegat. Wind speed and direction are spatial averaged observations.
Water levels at station Nes. Current speed and direction are computed values at buoy
location AZB42.

Case Date and time U10 Udir WL U θc
(UTC) (m/s) (°N) (m NAP) (m/s) (°Cart)

f102am07z028 11/01/2007 04:00 11.9 237 1.36 1.39 140
f102am07z032 11/01/2007 16:00 14.8 265 1.06 0.58 137
f102am07z033 11/01/2007 16:40 14.8 264 0.95 0.78 140
f102am07z034 11/01/2007 20:40 18.2 268 0.44 0.60 141
f102am07z003 11/01/2007 22:40 18.8 279 1.29 0.44 325
f102am07z006 18/01/2007 17:20 20.3 267 1.43 0.69 326
f102am07z039 18/01/2007 18:00 20.1 268 1.82 0.54 323
f102am07z040 18/01/2007 18:40 19.9 269 2.24 0.29 331
f102am07z042 19/01/2007 07:40 13.1 271 1.45 0.74 323
f102am07z043 19/01/2007 12:00 14.3 272 1.36 1.36 139
f102am07z044 18/03/2007 07:40 14.8 274 1.10 1.03 323
f102am07z045 18/03/2007 09:20 13.8 275 1.76 0.49 324
f102am07z009 18/03/2007 14:40 18.1 266 0.67 1.16 140
f102am07z010 18/03/2007 15:40 17.9 271 0.63 0.83 141
f102am07z011 18/03/2007 17:00 17.1 268 1.17 1.00 324
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of dissipation, which is significant, is accounted for in the simulations
for this experiment, but is irrelevant for general application.

2.4.3. Amelander Zeegat
Conditions in the Dutch Wadden Sea are represented by a collec-

tion of 27 stationary cases taken from NW and W storms occurring
over the Amelander Zeegat during 2007. The NW storms feature
high water levels of up to 2.6 m NAP (Dutch Leveling Datum) com-
bined with wind speeds of up to 18.5 m/s from 320 to 331∘N
(Table 2). The W storms feature wind speeds of up to 20.3 m/s from
264 to 279oN (Table 3). During the NW events, the wind and offshore
waves are directed more or less straight into the tidal channel. Al-
though during W events the wind direction was not parallel to the
tidal channel, offshore waves propagate into the tidal inlet by refrac-
tion over the ebb tidal delta. During these events, two arrays of wave
buoys were placed along transects through the tidal inlet, where
strong current gradients are found (Fig. 2). The buoys AZB32, AZB42
and AZB52 in the main channel were well-situated to record condi-
tions of wave-current interaction. Currents were not measured, but
computed using the hydrodynamic model Delft3D including tidal,
wind and wave forcing, calibrated to water level observations.

2.5. Method of analysis

The predictive ability of the dissipation expressions (11) and (21)
was determined on the basis of scatter index and relative bias scores,
which were computed for both the significant wave height Hm0 and
the mean period Tm−1,0. These measures are defined respectively as

Rel:biasΨ ¼
∑N

i¼1 Ψi
SWAN−Ψi

obs

� �
∑N

i¼1Ψ
i
obs

; ð23Þ

and

SIΨ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N ∑N

i¼1 Ψi
SWAN−Ψi

obs

	 
2q
1
N ∑N

i¼1Ψ
i
obs

ð24Þ

where Ψobs is the observed significant wave height Hm0,obs or mean
period Tm−1,0,obs, and ΨSWAN is the corresponding modeled value
Hm0,SWAN or Tm−1,0, SWAN, in a sample of size N. These statistical
measures were computed over all cases for a given laboratory or
field situation (e.g., Suastika (2004) or Amelander Zeegat). Subse-
quently, these individual scores were combined with a weighted av-
erage (based on the number of cases per situation) to obtain overall
scores for, for example, the total validation subset.
Table 2
Selected cases for the NW storms recorded during November 2007 in the Amelander
Zeegat. Wind speed and direction are spatial averaged observations. Water levels at
station AZB11. Current speed and direction are computed values at buoy location
AZB42.

Case Date and time U10 Udir WL U θc
(UTC) (m/s) (°N) (m NAP) (m/s) (°Cart)

f102am07z016 08/11/2007 18:10 11.8 282 1.3 1.27 322
f102am07z017 09/11/2007 00:10 15.6 323 0.7 0.87 141
f102am07z018 09/11/2007 02:20 15.8 320 0.3 0.75 144
f102am07z019 09/11/2007 04:50 17.3 322 1.5 1.24 322
f102am07z020 09/11/2007 08:10 18.2 325 2.6 0.30 326
f102am07z021 09/11/2007 09:20 18.4 326 2.4 0.69 141
f102am07z022 09/11/2007 11:00 18.5 328 1.7 1.32 138
f102am07z023 09/11/2007 12:30 18.2 331 1.0 1.24 140
f102am07z024 09/11/2007 14:30 18.0 328 0.4 1.28 141
f102am07z025 09/11/2007 17:20 16.8 325 1.0 0.62 312
f102am07z026 09/11/2007 19:10 15.8 331 1.5 0.51 323
f102am07z027 09/11/2007 20:30 15.5 326 1.5 0.22 139
For the calibration of the dissipation model, a third statistical mea-
surewas used, namely a combined error function ε. This error function
is defined in terms of the scatter indices ofHm0 and Tm−1, 0, as follows:

ε ¼ 1
2

SIH þ SITð Þ ð25Þ

using the definition in (24). As above, this error function was comput-
ed over all cases for a given laboratory or field situation. By consider-
ing the weighted mean of the error ε over a collection of cases,
optimal calibration settings were determined for the total calibration
subset.
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Fig. 3. Calibration of (21). Error function ε as function of proportionality coefficient C″ds
for various calibration subsets.



Table 4
Overall statistics of the Suastika (2004) and Lai et al. (1989) calibration cases presented
in Fig. 4. Rel.biasH and Rel.biasT indicate the relative bias in Hm0 and Tm01, respectively.
SIH and SIT indicate the corresponding scatter indices.

Case and model
variant

Rel.biasH SIH Rel.biasT SIT
(−) (−) (−) (−)

Suastika (2004)
Default 0.388 0.453 0.009 0.050
RH96 0.223 0.263 0.029 0.055

Proposed model 0.056 0.099 0.057 0.072
Lai et al. (1989)

Default 0.772 1.029 −0.028 0.040
RH96 0.203 0.320 −0.008 0.025

Proposed model 0.091 0.282 −0.003 0.025
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3. Calibration

The expression for enhanced dissipation Eq. (21) features one cal-
ibration parameter, namely the proportionality coefficient C″

ds, the
calibration of which is considered in this section. Before this calibra-
tion was carried out, the impact of nonlinear effects was estimated
using the Stokes third-order dispersion relation of Kirby and
Dalrymple (1986). It was confirmed that these are indeed not signif-
icant in the partial blocking cases considered here (not shown).

The laboratory flume case of Lai et al. (1989) and the partial block-
ing cases of Suastika (2004) were used for the calibration of Eq. (21).
Fig. 3 presents the calibration of C″ds by means of the optimization of
the error function ε, where SIH and SIT are the scatter indices of Hm0

and Tm−1, 0 respectively. Panels (b) and (c) show that in the individ-
ual calibration subsets of Lai et al. (1989) and Suastika (2004) the
error ε has a local maximum at C″ds=0 and a strong reduction over
0bC″dsb0.5, indicating the importance of including the dissipation
term Eq. (21). The calibration result for the total calibration data set
(panel (a)) gives an optimal setting of C″ds=0.65.

Fig. 4 presents the calibration results with C″ds=0.65 along the
flume for two representative examples of the laboratory cases, with
the results for the RH96 expression included for comparison. The
corresponding overall error statistics are given in Table 4. The left-
hand panels of Fig. 4 show the calibration results for a partial blocking
case of Suastika (2004). Panel (g) shows positive values of the predic-
tor cσ/σ along the flume, which corresponds to the negative current
gradient (panel (e)) and leads to enhanced dissipation. As a result, a
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Fig. 4. Calibration results of (21) for case l100suast002 of the flume experiment of Suastika (
parison between Van der Westhuysen (2007) (thin solid) whitecapping only, and with RH9
normalized rate of change in the wave steepness cσ/σ.
significant improvement in the modeled Hm0 is found over that of
both the default and RH96 runs, which is reflected in the statistics
in Table 4. The mean wave period is predicted less accurately, howev-
er, showing an overestimation approaching the partial blocking point.
Examination of the frequency spectra reveals that this is due to an ex-
aggerated frequency-downshift of spectral components in SWAN due
to the blocking of higher-frequency components (not shown).

For the flume case of Lai et al. (1989), the predictor cσ/σ (panel (h))
has positive values where the current gradient is negative (panel (f)),
leading to enhanced dissipation, and negative values where the current
gradient is positive. As a result, the strong overestimation of significant
wave height over the negative current gradient with the default model
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is corrected using Eq. (21) (panel (b)). In addition, the enhanced dissi-
pation also leads to an improved agreement between the modeled and
observed mean period (panel (d)). Both these improvements are simi-
lar to those found with the RH96 expression, as can also be seen in the
statistics in Table 4. Fig. 5 presents the corresponding frequency spectra
for this case at a number of observation stations. Location X=2.74 m is
situated in the strong negative current gradient discussed above, where
the default model strongly overestimates the variance density. This
overestimation is skewed towards higher frequencies, resulting in the
observed underestimation of the mean period. Both the RH96 expres-
sion and the proposed formulation Eq. (21) correct this overestimation
of the variance. These two model variants generally reproduce the ob-
served spectra well, although some remaining overestimation is found
towards the end of the flume.

4. Validation

In this section, the performance of the calibrated expression (21) is
evaluated on the basis of the validation data set, and compared with
the performance of the RH96 expression. The model performance is
first assessed for idealized fetch-limited wave growth without current.
This is done in order to verify the desired characteristic that the expres-
sion for enhanced current-induced dissipation should not affect model
results in the absence of ambient current. Subsequently, the proposed
expression is validated for the complex field situation of the Amelander
Zeegat.
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Fig. 5. Frequency spectra results for the partial blocking case of Lai et al. (1989) at six locatio
ecapping only, and with RH96 (dashed) and proposed model with C″ds=0.65 (thick solid).
scale at the various locations.
4.1. Idealized fetch-limited wave growth

Fig. 6 presents simulation results for deep water fetch-limited
wave growth, for a wind speed of U10=20 m/s. The results of three
model variants are shown, namely (i) the default model featuring
the whitecapping expression of Van der Westhuysen (2007), (ii) the
default model with the addition of the enhanced dissipation (21),
and (iii) the default model with the addition of the enhanced dissipa-
tion proposed by RH96. First, as expected, Fig. 6 shows that the de-
fault model produces a satisfactory growth curve through the
observations of Kahma and Calkoen (1992). Second, on this scale,
the results of the model variant including Eq. (21) cannot be distin-
guished from those of the default model. This verifies the desired
characteristic that the expression for enhanced current-induced dissi-
pation should not affect wave growth results in the absence of ambi-
ent current, as is also apparent from inspection of Eq. (21).

By contrast, Fig. 6 shows that the application of the RH96 expres-
sion to the default model yields a strong underestimation wave
growth for younger wind sea, up to a fetch of about X∗=1×106.
This result is analogous to that presented by Ris (1997), who used
Komen et al. (1984) whitecapping as basis. Ris (1997) showed that
this spurious model performance is due to excessive dissipation of
steep young waves by the RH96 expression. The length scales over
which this underestimation of wave growth occurs are relevant for
the Wadden Sea situation, in particular for local wind sea growth in
the Wadden Sea interior, as will be shown below.
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4.2. Amelander Zeegat validation subset

The model performance is subsequently considered for the valida-
tion subset featuring NW and W storms recorded in the Amelander
Zeegat inlet in 2007. The conditions in these cases are equally distrib-
uted between opposing and following current in the inlet, with a
number of opposing current cases exceeding 1 m/s. Scaled with the
wave group velocity, maximum opposing relative current speeds
of around U/cg,peak=0.4 are found, thus corresponding to partially
blocking conditions.
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Fig. 7. Scatter plot results for the Amelander Zeegat validation cases. Comparison between
and proposed model with C″ds=0.65 (right). Shown are results of Jan/Mar 2007 (inverted t
Fig. 7 compares model results in the tidal channel (buoys AZB32/42/
52) with observations in terms of scatter plots of Hm0, Tm−1, 0 and the
non-dimensional ratio Hm0/d. These parameters have been computed
for the frequency range 0.03–0.5 Hz. The left-hand column presents
the results of the default model, featuring the whitecapping expression
of Van der Westhuysen (2007). Although the general agreement be-
tween themodel results and the observations is good, thewave heights
in the tidal channel are overestimated by an average of 9%. For condi-
tions with negative current gradients, this is related to insufficient dis-
sipation of waves steepening in the current, as illustrated by the flume
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cases above. The results for themeanperiod showgood agreementwith
the observations. The results of the Hm0/d ratio in the tidal channel, in
relatively deep water (Hm0/db0.2), reflect those of the significant
wave height Hm0 with an overestimation of 9%. The center column of
Fig. 7 presents the simulation results of the default model including
the additional expression of RH96. With this additional term, the over-
estimation of the significant wave height and the Hm0/d ratio at the
channel buoys is reduced to 4%, with only a slight deterioration of the
mean period results.

The right-hand column of Fig. 7 presents the corresponding results
for the default model in combination with the enhanced dissipation
(21), using the calibrated value C″ds=0.65. For the channel buoys
AZB32/42/52, the 9% overestimation in Hm0 and the Hm0/d ratio
found with the default model is now corrected. The improvement is
the most pronounced for the cases of the November 2007 storm, for
which a number of data points were overestimated using the default
model. For the Jan/Mar 2007 storms, similar, although less pro-
nounced, improvement in predicted significant wave heights is
seen. The good agreement between modeled and observed mean pe-
riod found with the default model is retained.

Fig. 8 presents the corresponding results for all buoys in the
Amelander Zeegat study domain, with the channel buoys discussed
above indicated byfilled symbols. Considering this total data set, the rel-
atively small negative bias in significant wave height of 3% is increased
to a negative bias of 9% with the inclusion of the RH96 term and 8%
with expression (21). As above, the mean period results show only
minor sensitivity to the additional dissipation terms. The most signifi-
cant difference between the three model versions is seen in the results
of the Hm0/d ratio at the buoys in the shallow interior (AZB41/51/61/
62). At these buoys, the model version including the RH96 term show
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Fig. 8. As in Fig. 7, but now for all buoys, with error statistics given outside of the parenthes
repeated inside the parentheses.
a strong underestimation of this parameter (bottom center panel). At
these buoys, steep, young wind sea is excessively dissipated by the
RH96 term, as was found in the fetch-limited growth curve results in
Fig. 6 above. As a result, the overall statistics of this model variant are
poorer than those of the default model. By contrast, application of Eq.
(21) does not lead to the strong deterioration in Hm0/d results for youn-
ger wind sea over the tidal flats foundwith the RH96 expression. This is
due to the fact that the enhanced dissipation term Eq. (21) isolates the
steepening due to the current gradient. Nonetheless, with the inclusion
of Eq. (21) the overall error statistics of both Hm0 and Hm0/d show a
greater negative bias than those of the default model. This occurs be-
cause some negative current gradients are present over the tidal flats,
which enhances the dissipation of the young wind sea there (see
Fig. 11 below). In recent studies by Zijlema et al. (2012) and Van der
Westhuysen et al. (in review) the negative model bias over the inner
tidal flats have been addressed by a revision to the proportionality coef-
ficient of the Hasselmann et al. (1973) bottom friction term in (5) from
the default Cf, JON=0.067 m2/s3 to Cf, JON=0.038 m2/s3.

Fig. 9 shows examples of the frequency spectra at the wave buoys
AZB32 and AZB42 in the main tidal channel and AZB41 on the tidal
flats, away from the tidal current, produced by the threemodel variants
under ebb conditions (opposing current). At AZB32 and AZB42, the de-
fault model overestimates the wind sea portion of the spectrum in the
negative current gradient caused by the ebb flow in the inlet. This oc-
curs despite the fact that the mean direction and directional spread
are adequately reproduced. Application of the RH96 enhanced dissipa-
tion expression yields some improvement, but still overestimates the
observed variance. By contrast, at the buoy AZB41, located on the tidal
flats, the RH96 model significantly underestimates the growth of the
young wind sea, as was seen in the scatter plots above. The model run
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Fig. 9. Frequency spectra results, including mean direction and directional spread, for two Amelander Zeegat stationary cases during ebb (refer Table 3). Results shown for the de-
fault (thin solid), RH96 (dashed) and proposed (thick solid) models. Observed variance densities indicated by line with circles, mean direction by circles and directional spread by
crosses. Note that results for AZB32 on 11/01/2007 at 16:40 have been omitted due to unavailability of observations.
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featuring the enhanced whitecapping expression of Eq. (21) yields a
better prediction at AZB32 and AZB42 than either the default or the
RH96 variants, although the erroneous frequency downshift in the
Fig. 10. Frequency spectra results, including mean direction and directional spread, for two
default (thin solid), RH96 (dashed) and proposed (thick solid) models. Observations indicat
direction by circles and directional spread by crosses. Note that results for AZB32 on 18/01
model at AZB42 is still not corrected. Furthermore, unlike with the
RH96 expression, the results at the shallowwater buoyAZB41 aremost-
ly unaffected, as desired.
Amelander Zeegat stationary cases during flood (refer Table 3). Results shown for the
ed by line with circles. Observed variance densities indicated by line with circles, mean
/2007 at 17:20 have been omitted due to unavailability of observations.
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Fig. 10 shows examples of frequency spectra at AZB32, AZB42 and
AZB41 under flood conditions (following current) in the inlet. For
these cases, the default model reproduces the observed spectra, includ-
ing their mean direction and directional spread, generally well. Where
waves are elongated under the influence of an accelerating following
current (positive current gradient), the formulation Eq. (21) will not
have any effect. Indeed, for case f102am7z006 (18/01/2007 17:20) at
buoy AZB42, themodel results have only a small sensitivity to the appli-
cation of either the RH96 or the proposed dissipation expressions, as de-
sired. However, for case f102am07z011 (18/03/2007 17:00), waves at
AZB32 andAZB42 experiencenegative current gradients due to deceler-
ating following current, and are dissipated as a result, improving agree-
ment with the observations. However, as seen above, the RH96
expression yields strong underestimations at the buoy AZB41 on the
tidal flats. Here the model variant featuring the enhanced dissipation
Eq. (21) only has a limited impact on the results at these locations.

Fig. 11 shows the spatial distribution of the effect of the proposed
model on the integral parameters Hm0 and mean period Tm−1,0 for
the presented ebb and flood cases. The top left-hand panel of Fig. 11
shows that in the ebb case f102am07z009 (18/03/2007 14:40), the
wave heights in the tidal channel diminish by up to 30% due to the
enhanced dissipation of Eq. (21) under a large region of negative cur-
rent gradients in the opposing channel currents. By comparison, the
mean period Tm−1,0 experiences relatively little change due to the
application of Eq. (21) (bottom left-hand panel). It is interesting to
observe that in some parts of the tidal inlet the mean period increases
due to the enhanced dissipation, for example at AZB32. Inspection of
the frequency spectra reveals this to be due to the reduction of the
wind sea peak while the lower-frequency peak from the North Sea
wave system remains intact (not shown).

The right-hand panels of Fig. 11 show the spatial distribution of
the impact of the proposed model Eq. (21) on Hm0 and mean period
Tm−1,0 results for the flood case f102am07z006 (18/01/2007 17:20).
The impact on the significant wave height is generally smaller than
for the presented ebb case. This is particularly so in the main tidal
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Fig. 11. Impact of proposed model (21) on spatial fields of wave parameters. Left-hand pane
case f102am07z006 (flood).
channel at the buoys AZB32/42. However, as seen in the frequency
spectra results above, the impact of the enhanced dissipation is not
negligible everywhere. Inspection of the spatial current pattern (not
shown) reveals decelerating following current in this region, but its
occurrence is more limited than in the typical ebb case. Hence,
some degree of enhanced dissipation is to be expected according to
Eq. (21). The bottom right-hand panel of Fig. 11 shows the proposed
model to have only a marginal impact on the mean period Tm−1, 0 re-
sults for this flood case.

5. Conclusions

The present study aimed to correct the overestimation of wave
heights on partially blocking, negative current gradients in SWAN,
as found in the tidal channels of the Wadden Sea. This model inaccu-
racy was addressed by means of the development of a formulation for
the enhanced breaking dissipation of waves that is related to the de-
gree of their current-induced steepening. This formulation was cali-
brated and validated for a range of laboratory and field situations. It
should be noted that the expression proposed here is not suited to
fully blocking conditions, where nonlinear effects should be taken
into account. The following conclusions can be drawn from the results
of this study:

1. Using a diverse set of laboratory and field cases, this study shows
that when using conventional whitecapping expressions in
SWAN, which are calibrated for wind wave growth, significant
wave heights are overestimated in the presence of negative cur-
rent gradients. This confirms earlier results of Ris and Holthuijsen
(1996).

2. The results of this study confirm that the addition of enhanced
whitecapping dissipation according to Ris and Holthuijsen (1996)
improves results for laboratory cases. However, as shown by Ris
(1997), this expression leads to underestimation of young wind
sea due to their inherent high steepness. This results in significant
18/01/2007 at 17:20 (flood)
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underestimation of locally-generated wind sea over the tidal flats
in the Wadden Sea interior.

3. A new formulation for the enhanced dissipation of waves on neg-
ative current gradients is proposed, which is based on the
saturation-based formulation of Van der Westhuysen et al.
(2007), and scaled with the degree of current-induced steepening
of the wave field. The latter is related to the current-induced Dopp-
ler shifting per spectral component. This expression contains one
additional unknown parameter, which was calibrated to a value
of C″ds=0.65 using laboratory observations.

4. Validation of the proposed enhanced dissipation term for a data set
of Amelander Zeegat field cases shows that the overestimation of
significant wave heights at the channel buoys under negative cur-
rent gradients is corrected. The satisfactory prediction of the mean
period Tm−1, 0 is retained. Importantly, the results for the locally-
generated wind sea on the tidal flats are not as strongly affected as
with the expression of Ris and Holthuijsen (1996). However, the
addition of the proposed dissipation term does increase the nega-
tive bias in wave height over the inner tidal flats region found with
the default model. Recent studies by Zijlema et al. (2012) and Van
der Westhuysen et al. (in review) have indicated that the negative
model bias over this region can be corrected by a revision of the
appropriate level of bottom friction dissipation.

5. Due to the complex tidal channel system and resulting current pat-
terns in the Wadden Sea, regions of negative current gradients (in
the inlet and over the flats) are also found for flood conditions (e.g.
decelerating flood currents). Over these areas, the proposed ex-
pression for enhanced breaking dissipation results in increased
dissipation.
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Appendix A

In this appendix, by Battjes (2011), the contributions to cσ and the
conditions determining its sign, i.e. the right-hand side of Eq. (3) in
the main text, are examined.

For stationary conditions, as assumed in the present applications,
the first term in the brackets in the right-hand side is zero. The
remaining two terms represent the effects of changes in depth follow-
ing the current, and of varying relative current strength, respectively.
Defining Un as the velocity component normal to the depth contours,
positive in the direction of increasing depth, and Us as the current ve-
locity component in the direction of the wave propagation, and omit-
ting the nonstationary term, Eq. (3) can be written as

cσ ¼ σk
sinh2kd

Un ∇dj j−cgk
∂Us

∂s ; ðA:1Þ

where ∂σ/∂d=σk/sinh2kd. The balance between these two terms
varies with the local conditions, but it can be argued that in general
the first term will be far smaller than the second. The model is
intended for waves on currents, specifically in the channels. There,
the velocity U

→
is more or less aligned with the depth contours, in

which case Un is near zero. Moreover, for waves on relatively deep
water, as may occur in the major channels, depth variations do not
directly influence the wave propagation. Therefore, with increasing
depth, the first term vanishes in proportion to 1/sinh2kd.

With respect to the last term on the RHS of (A.1), it is noted that
current velocity variations can occur as a result of depth variations,
proportional to U|∇d|, but additionally due to lateral divergence or
convergence, and as a result of storage (in nonstationary situations).
Lastly, the component of velocity in the wave propagation direction
can vary as a result of changes in angle between current and waves,
even for constant current strength.

For the preceding reasons, the term representing the effects of the
depth gradient is believed to be the smallest in most circumstances.
Neglecting it, Eq. (A.1) reduces to

cσ≅−cgk
∂Us

∂s : ðA:2Þ

The sign of this expression, and therefore the associated occur-
rence of enhanced dissipation in the model, does not depend on
that of Us (following or opposing current) but on its gradient in the
wave propagation direction, ∂Us/∂s. Negative values of ∂Us/∂s (imply-
ing enhanced dissipation in the model) occur on an opposing current
where this increases in strength in the propagation direction, but also
on a following current where this is decreasing in strength in the
propagation direction.

Physically, the enhanced dissipation according to the proposed
model occurs where the waves are shortening as they propagate
(dσ/dt>0), in other words, in a region where they are decelerating.
It is clear that this not only occurs where the waves run on a counter
current of increasing strength, but also on a following current of de-
creasing strength.

The direct contribution by the depth gradient has been neglected
to arrive at Eq. (27). Taking that contribution into account will modify
the results to some extent. Depending on the local conditions, it can
strengthen the effect of the downwave variations in the downwave
current velocity, or it can oppose that effect.
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