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Abstract

In the paper, the three-dimensional structure of the wave-induced momentum flux in irrotational waves propagating over a two-dimensional,
irregular bathymetry is analyzed. The expansion method developed by de Vriend and Kitou [de Vriend, H.J., Kitou, N., 1990a. Incorporation of
wave effects in a 3D hydrostatic mean current model. Delft Hydraulics Report H-1295. de Vriend, H.J., Kitou, N., 1990b. Incorporation of wave
effects in a 3D hydrostatic mean current model. Proc. 22nd Int. Coast. Eng. Conf. ASCE, 1005—1018.] for unidirectional waves has been extended
to derive expressions for velocity components in three-dimensional waves over sloping bottom. The vertical wave-induced momentum flux
resulting from this solution has been shown to be vertically-varying (contrary to the 2D-V case) and to act as a counterbalance for the vertical
variability of the other wave forcing terms in the momentum equations. Thus, the total wave forcing remains depth-invariant, but—contrary to the
‘traditional’ solution based on the radiation stress concept—it does not depend explicitly on the direction of wave propagation and is a simple
function of gradients of wave energy and water depth only. One of the most important consequences of this fact is the lack of the longshore-
current-generating force in the case of non-dissipative waves approaching a shore with a bottom profile uniform in the along-shore direction. To
illustrate the meaning of the new solution, the wave forcing due to waves approaching a barred beach has been analysed in detail. Also, the present
solution has been shown to give the same results as the one obtained by extending of the approach by Rivero and Arcilla [Rivero, F.J., Arcilla, A.
S., 1995. On the vertical distribution of {#Ww). Coast. Eng. 25, 137—152.] to three dimensions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction namely the slowly varying velocity components [U, /] (named
briefly as ‘current’), the orbital wave motion [uy, wy ] (‘Waves’)
Wave-current interaction processes at sea, resulting from  and the random fluctuations [u,, w] (‘turbulence’):
simultaneous wave motion, wind-driven circulation and varia-
tions of sea surface elevation, have in recent years been subject
of extensive scientific investigation. One of the important w=W +wy+ w.
aspects of those interactions concerns wave-induced mass and
momentum flux, acting as an additional driving mechanism for
the large scale circulation and in some conditions significantly
modifying the overall balance of forces.
Various studies concentrating on wave-driven currents have
been traditionally performed by means of splitting of the total
horizontal and vertical flow velocity [u, w] into three parts,

u="U+uy + u

For a time-periodic wave motion a phase-averaging
operation can be defined, which allows to formulate averaged
(and relatively easy to handle) momentum equations, contain-
ing slowly-varying quantities and averaged turbulent and
wave-induced momentum flux components. The basic form of
those equations, together with underlying assumptions, is
given in Appendix A.1. The turbulent momentum flux can be
evaluated by means of one of the turbulence closure models
* Tel.: +49 49 32 916 148; fax: +49 49 32 1394, available, which is beyond the scope of the present paper (e.g.,
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suggested in Appendix A.l). In two-dimensional hydrody-
namic models the wave-induced momentum flux has been
approximated traditionally based on the linear wave theory
over a horizontal bottom and the radiation stress concept of
Longuet-Higgins and Stewart (1962), introduced in their
analysis of vertically-integrated momentum flux in linear
waves. The gradients of the radiation stress tensor have been
used by many authors as a driving force in various studies
dedicated to wave-driven flow, see, e.g., Mastenbrock et al.
(1993), Ozer et al. (2000) or Nielsen and Apelt (2003).
Recently, partly as a consequence of rapid development in
fully three-dimensional hydrodynamical modelling, attempts
have been made to extend the radiation stress concept to
account for the vertical structure of wave-induced momentum
flux and thus to enable its application in three-dimensional
momentum equations. Most of those approaches reduce to
evaluation of the wave-dependent terms in the momentum
equations based on the linear wave theory. The only difference
with respect to the original derivation procedure by Longuet-
Higgins and Stewart (1962) is that the vertical integration is
performed not over the entire water column, but over each
layer in the model separately. This technique has been applied,
e.g., by Nobuoka et al. (1998), Nobuoka and Mimura (2002)
and recently by Mellor (2005).

On the other hand, it has been shown by a number of authors
(e.g., de Vriend and Kitou, 1990a,b; Rivero and Arcilla, 1995)
that linear wave theory over a flat bottom does not provide
proper wave forcing in the case of variable water depth—so in
almost any practical situation. In other words, the mild-slope
approximation, based on the assumption that the vertical
structure of the wave field does not change due to variations
in water depth, although very useful in many applications, leads
to erroneous results when the estimation of wave-induced
momentum flux is concerned.

One of the ‘solutions’ to the problem, practiced in a number
of studies, is to take for granted that the irrotational wave
motion cannot give rise to phase-averaged circulation (as shown
by Longuet-Higgins, 1973) and to apply in the current model
wave forcing due to wave dissipation only (e.g., Deigaard and
Fredsee, 1989; Kaihatu et al., 2002, where the roller concept has
been used to formulate forcing terms within the surface
boundary layer). At the same time, many researchers have
tried to extend the mild-slope approach to account for the
sloping bottom effects and other possible sources of non-zero
vertical wave-induced momentum flux, dependent on the
u, wy-term. A comprehensive review of processes leading to
non-zero Uy wy, can be found in Rivero and Arcilla (1995).

Battjes (1968) proposed a simple wave-front curvature
approach to describe modifications of the vertical wave profile
due to shoaling. Rivero and Arcilla (1995) have shown that for
unidirectional, irrotational waves propagating over a sloping
bottom the vertical wave-induced momentum flux differs from
zero, is vertically independent and leads to a reduction of the
total wave forcing term in the momentum equation (depth-
independent as well) by the factor of 2. de Vriend and Kitou
(1990a,b) formulated a solution for unidirectional, irrotational
waves propagating in water of variable depth and showed that

wave forcing in this case can be separated into depth-
independent and surface part and that the solution is consistent
with our knowledge of the properties of irrotational wave
motion. Nobuoka and Mimura (2002) have analysed, both
experimentally and theoretically, vertical distribution of u2
(where uy,=|uy|), w2, and Uywy, in shoaling waves of different
amplitudes and periods, normally incident to the bottom
contours. Their theoretical model is based on the Biesel
(1952) theory, valid for waves propagating over a bottom of
constant slope. The authors notice that the two slightly different
versions of their model result in different vertical distributions
of uywy: either the kinematic bottom boundary condition is
satisfied exactly and the wave forcing is vertically non-uniform,
or the kinematic bottom boundary condition is not satisfied, but
the wave forcing is constant in the vertical and about two times
smaller than the one predicted by linear theory. Thus, both
approaches have considerable shortcomings.

Moreover, the results of all the above studies are limited to
unidirectional waves. Their extension to a more complicated
case of waves subject to shoaling and refraction over two-
dimensional bathymetry—the main subject of this study—is
not as straightforward as suggested by some of the other
authors. One of the reasons is that many 2D-V models are based
on an assumption that the flow at the water surface is balanced
by the flow in the lower layers of a given water column, which
is obviously not true in horizontally varying conditions.
Another reason are the spatial changes of wave propagation
direction, which should not be disregarded a priori. Also, in
three-dimensional waves the horizontal momentum flux
predicted by the linear theory is not depth-independent any
more, which gives an indication to expect that the vertical wave
induced momentum flux has in that case a more complicated
vertical profile, too. As will be shown below, this is exactly the
case: the horizontal and vertical momentum flux terms ‘balance’
each other so that the total wave forcing remains depth-
independent and is a function of gradients of water depth and
wave amplitude only.

The content of the paper is as follows: the next Section
presents a derivation of the formulae for the horizontal and
vertical velocity components in waves propagating over two-
dimensional bathymetry, which is an extension of the method
developed for 2D-V waves by de Vriend and Kitou (1990a).
In Section 3, the properties of the uyWy-term resulting from
this theory are discussed. The form of the total wave forcing
terms is presented in Section 4, together with an analysis of
the differences between the formulae presented herein and
other available formulations and with discussion of their
consequences for the calculation of wave-induced currents. A
simple case of waves approaching a barred beach with
uniform depth profile in the along-shore direction is analysed
in detail to better visualize the main properties of the corrected
solution. It is also shown that a simple technique of Uy Wy-
evaluation proposed by Rivero and Arcilla (1995), when
extended to waves propagating in arbitrary direction, gives
exactly the same values of wave forcing term as those
obtained by the present theory. Finally, Section 5 summarizes
and discusses the results.
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2. Velocity field in irrotational waves over a sloping bottom
2.1. Assumptions

As has been stated in the introduction, the method of the
derivation of the equations formulated in this paper is almost
identical to the one used by de Vriend and Kitou (1990a,b), with
the most important differences concerning the treatment of the
combined wave shoaling and refraction, for obvious reasons not
present in the one dimensional case.

Let & denote the free surface disturbance related to the short
wave motion, so that the total free surface elevation in the
Cartesian coordinate system (X, z) can be written as:

z=n(x,1) + &(x,1),

where 1 denotes the slowly-varying free surface disturbance
resulting from other processes (e.g., large-scale circulation). In
the following, the time scale of the variability of # is assumed
to be much larger than the characteristic short wave period, so
that the wave motion remains unaffected by temporal changes
of n.

The wave motion, described by the elevation & and the
horizontal (u,,) and vertical (w,,) velocity components, is
assumed to be irrotational and—following de Vriend and Kitou
(1990a)—can be expressed as a sum of the ‘classical’ solution
for linear waves over a flat bottom and some correction terms
that enable to account for nonuniformities in water depth and
wave field itself:

& = acoso, (1.1)
k .k .
uy, = Efc—cosqo + U, sing = VO, (1.2)
ok
k dP
Wy = gfssin(p + WywCosp = —, (1.3)
-’ Jz
20

where ¢ denotes phase, w =~ is the wave frequency,
k=V ¢, k=|Kk| denotes the wave number, a—wave amplitude,
g—acceleration due to gravity and &—velocity potential. The
functions f; and f; describe the vertical structure of the wave
field and are given by:

_ cosh[k(z 4 h)]

_sinh[k(z + h)]
fe= coshl[kd]

d s T )
and s coshlkd)]

where d is the total water depth, d=h+#, and z=—A(x) is the
bottom level.

A detailed form of the functions denoted above with i, and
Wy will be found below. At this point we will only assume that
they are of order (Va, Vi, V7). One of the most important
consequences following from this assumption is that all phase-
averaged wave dependent quantities occurring in the wave
forcing terms of the momentum equations (see Section 4 for a
detailed discussion and Appendix A.l for the definition of
averaging operation)—except u,wy,—are equal to those
resulting from the linear wave theory, with an error of order
(VZa, V2h, V?p).

Additional restrictions concerning the form of i, and W,
follow from the kinematic bottom and surface (linearized)
boundary conditions:
Wy = Uy Vh at z=—h,
wy =uy 'V at z=y,

which leads to:

- agk 1 k
- = ——— — h t = —h’ 2.1
¢ o cosh[kd] k Vhoatz @1)
kk
wwz%%-vn atd z=1p (2.2)

up to the first order accuracy in gradients of a, 4 and # (and
under an assumption made earlier, that temporal changes of 7
are so slow, that they do not influence the wave behaviour).

2.2. Form of the functions u,, and W,,

From (1.2) and (1.3) it follows that:

b = gfcsingo + /vadzcosq)
)

and

_g agk .o, gk G
uw—wchcH— ) sVh o G+1

h tanh|kd
« 7t tanhlkd] Vd—k/wwdz, (3)
d G

where:

2

~ sinh[2kd]

and the wave number gradient has been evaluated on the basis

of the differentiated linear dispersion relation (w”=gk tanh[kd]):
G k

——Vd. 4

G+1d v “)
Substitution of expressions (3) and (4), together with (1.2)—

(1.3), into the continuity equation:

Vk=-

Wy
Uy =0
Vuy + 7z
leads to:
oW k  k kK k
e /vadz:fzg—fc—-VafZ—ag fir Vh
Jz w’ k W
agk’> G
2o~
+ o G+1
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The last term on the right-hand side of the above equation
describes the effects of changes of wave propagation direction.
For non-dissipative waves it can be expressed as a function of
Va and Vd based on the energy conservation equation:

o fee] o 5

where £ = 1 pga?, is wave energy, ¢, =
speed and p denotes water density.
We have:

k k
V=) =-2-Va+2——— (kd tanh[kd]— ——V
a ( ) a ( 1)2 (kd tanh[kd]—1) A d

37 (G + 1) is the group

and finally:

My _
I _ g2 / Wz

dz
B & K agk? agk? G
= 2(; l)wfck a2 fS “Vh+2 > Gl
2
z+h cosh [kd]+§ 1 1
- tanh[kd]——
A kd 5TG+1<an [kd] kd) fe
k

For waves satisfying Eq. (5), the value of the 6, parameter is
1, but for the time being it is useful to keep it in its symbolic
form—it will serve as kind of a marker throughout the
subsequent transformations of the equations, as this is what
constitutes the main qualitative difference between the 1D
solution of de Vriend and Kitou (1990a) and the 2D solution
presented herewith. As can be seen, for waves satisfying Eq. (5)
the amplitude-gradient term in the equation for w,, disappears
and Wy, is determined only by the geometry of the bottom and
the sea surface.

Taking z-derivative of the equation for w,, results in:

9%,
_k2
dz2
gk k agh® agk® G
=2 1 2 +2—=
(O fog Var th w G+l
2
Z+h COSh [kd]-ﬁ-z 1 1
; —0r tanh|kd|——
P kd G+1(an[ ]kd>fs
k
—-Vd.
><k \Y

A solution to this equation, satisfying boundary conditions
(2.1) and (2.2), can be found easily, although it requires a lot of
lengthy algebra (see Appendix A.2 for the form of the general
solution to a differential equation of the above type):

(6.1)

Wyw = Wwa +Ww,h +Ww,d7

where:

- gk z+h,. 1

- agk

Ww.h = [ (Z ’7)fs +f(‘3] 7 (63)

~ 7@ G 215 1— 1 —

P =~ {G—i—l {cosh [kd] 5rG—|— 1 (kd tanh[kd]—1)

z+h 1 1 G z+h+d

X{ a7 tanh[kd]fs] Tagr ke g4

1 k
s 2 ga
* tanh[kd]fs} k v

The corresponding i, can be found from expression (3):

(6.4)

ﬁW = ﬁw,a + l~lw,h + l~lW,da (71)
where:
. g ko gk z+h 1 1
Hwa = waVa k(5 Dl w [ S fC ‘[anh[kaf]fC
X % ‘Va, (7.2)
~ agk ka k
Uy p = % th g (Z n)ﬁ (73)
- agk G [z+h tanh[kd]
twd = wG+1[de Je| ¥
_kagk [ G 3 1
h —0p——— hlkd|—1
o { o1l [cos [kd] 5rG 1(ka’ tanh|[kd| )}
z+h 1
[ 5= fc tanh[kd]fc]
G 1 1 z+h+d G z+h
e [E+zk(z Ny }ﬁ G+i d >
1 k
s\ % g4 4
+tanh[kd}fc}k vd (7.4)

Expressions (6) and (7), inserted into (1.2),(1.3), provide a
solution to the Laplace equation with the boundary conditions
(2.1),(2.2), which is first order accurate in the gradients of a,
h and #.

3. Vertical wave-induced momentum flux
3.1. General form

The expressions derived in the previous section allow for a
direct evaluation of the w,wy, parameter, which—contrary to
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the corresponding quantity resulting from the mild-slope
approximation—is now different from zero and depends on
the spatial distribution of wave energy and water depth through
the functions i, and Wwy:

1 agk k
Uy Wy, = _% < cWw +fs"‘w) (8)

Similarly to (6) and (7), it is convenient to write:

(9.1)

UyWy = UyWyw g + Uy Wy i + Uy Wy -

Then from (8) and from the identity:

1 (agk 2_ E  kd
2\ o )  pdtanh[kd]

it follows that:

SN P S LN Ke(E))k
Uitva = (01)3 [G d +tanh[kd]f5f0] (k V(p))k
1 E
2tanh[ka’]f5fc (p)’ (0:2)
E kd > (K E_ )
o = d tanhJed] [ (k ) Pl W’}’ ®-3)
___E 1 z+h 1
Uy Wy g = pTlal (kd) [“2 (kd) <coshz[kd]d + kdfsfc)
z+h
+ 7 1 ] (k Vd) k
E z+h smh2 [kd]
e e A
where for brevity parameters:
2
o (kd) = G “ cosh? [kd],

tanh[kd]G+1 G+ 1

oy (kd) = sinh? [kd]—5, GLH (kd tanh[kd]—-1)
have been introduced.

As can be seen, in a general case of waves propagating in an
arbitrary direction relative to gradients of the bottom and/or
mean water level, u,wy, has a very complicated form. Below,
properties of the formulae (9.1)—(9.4) will be analysed in more
detail. For the purpose of this analysis it is convenient to rewrite
the expressions (9.2)—(9.4) in the following, compact form:

k E k E
s =2 (9 (5) i+ a5 )
E
Uy Wy j = ﬁ [ <k Vh) A + OChQVh:|

E
Uy Wy g = ﬁ [“d,l (k Vd) + oszd}

where the form of the coefficients o, j, 0,2, %1, 02, %y 1and
a4 follows directly from (9.2)—(9.4).

3.2. Unidirectional waves

In a special case when both the wave energy and water depth
vary only in wave direction (2DV-waves), formulae (9.2)—(9.4)

reduce to:

uwwwl:—;GZ—;hV(i), (10.1)
m:—f—dGVh, (10.2)
m:p% (kd)Z;:th, (10.3)

which is—not surprisingly—identical to the solution obtained
by de Vriend and Kitou (1990a).

Thus, in waves subject to shoaling, but no refraction (e.g.,
coming towards a shore perpendicularly to the bottom
contours), Wy,wy, varies linearly with depth, in a way shown
in Fig. 1 for kd values ranging from 0.5 to 4. In the plots, the
scaled vertical coordinate ¢ has been used, defined as:

zn
o= (11)

If the waves are non-dissipative and the energy conservation
equation holds true, VE can be expressed as a function of Vd:

V(E) =25 G (Gsinnlkd-1)v4,
P pd (G +1)

which leads to:

E G
=—G 1
pd [G+1( *

3.3. Waves subject to shoaling and refraction

Uy Wy

cosh? [kd}) z+h

d-Vh|.
G+1 ) a ¥ V}

In their paper presenting 2D-V wave-driven circulation
model, de Vriend and Kitou (1990b) suggest, that their one-
dimensional solution to the Laplace’s equation can be
generalized to a fully two-dimensional one by simple
‘rotation” of this solution toward the direction of wave
propagation. Even without having the results of the above
presented analysis in mind, this statement seems rather
unfounded and the approach oversimplified. In Figs. 2, 3
and 4 an example of the vertical structure of the components
of wywy-term over a sloping bottom is shown for an angle
between the direction of wave propagation and gradient of
water depth equal to 45°. As can be seen, the vertical
variability of u,wy, is very different from the one shown in
Fig. 1. For 6,=1 the influence of the bottom topography on
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—+—kd=05 ;
-0.6f ——kd=1.0|--.--

—b>—kd=1.5 :
—<—kd=2.0
—v—kd = 3.0
—e—kd=4.0

L= : : i ;
-05 -04 -03 -02 -0.1 0

Fig. 1. Vertical variability of u,wy, in unidirectional waves over a sloping bottom for different kd values, due to gradient of bottom level (o, ; + 0,2+ 0171 +y2; @),

water surface elevation (o, +o,,; b) and wave amplitude (o, + 01,25 ©).

u,,w,, decreases to zero at the water surface. Refraction has
also a very pronounced influence on the w,w, ,-profile—in
the direction of VE its values vary between zero at the
bottom and 1/2 at the surface; the component perpendicular
to VE vanishes.

4. Wave forcing

The results presented so far make it possible to evaluate the
wave forcing term, formulated in Appendix A.l (formula
A.1.1). After a lengthy algebra the following—surprisingly
simple—expression is obtained:

E[] ki G Vd GVE

rFr=—
V' pd [tanh[kd|G+1 d 2 E

-04 -03 -02 -0.1 0 041

or even more simply, but with gradients of wave number k
included explicitly (through G):

| _(E
Fo=--V(=G).
" 2V<pdG)

Thus, the wave forcing is—as it should be, considering the
assumptions of the underlying wave theory—constant over
depth. The vertical variability of the u,,w, -term, analysed in the
previous section, acts as a counterbalance for the corresponding
variability of the horizontal wave-induced momentum flux.
What’s more, the form of (12) does not depend on the o,
parameter.

Compared to the ‘traditional’ formulation of the wave
forcing in the vertically integrated momentum equations, based
on gradients of the radiation stress tensor components,

(13)

®) ,

-0.2

-0.4
5

-0.6

08t -

-04 -03 -02 -041 0 0.1

Fig. 2. Vertical variability of Uy, in waves propagating over a sloping bottom at an angle §=45° relative to the direction of the bottom level gradient VA, for 6,=1.
The plots (a) and (b) show the components of Wy Wy, + Wy Wy 4 parallel and perpendicular to the direction of Vh: (oy, 1 +oty1) cos? 0+a, >+ 0y and (o, +0) Sin 0

cos 0, respectively.
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-2 -15 -1 -05 0 0.5

®) |

-0.2

—04| ¢

-0.6

-0.8

0 0.5 1 15 2

Fig. 3. Vertical variability of ,,w,, in waves propagating over a sloping sea surface at an angle =45° relative to the direction of the sea level gradient V#, for 6,=1.
The plots (a) and (b) show the components of W, W, 4 parallel and perpendicular to the direction of V#: oy, 1cos® 0 +a,, and g sin 0 cos 6, respectively.

expressions (12) and (13) show fundamental differences, which
will be discussed in the following sections.

4.1. Wave refraction on a barred beach

To illustrate those differences clearly, it is useful to
consider a simple case of waves approaching a straight,
infinitely long beach with parallel bottom contours. For the
purpose of this example it is useful to introduce a Cartesian
coordinate system x=[x;, x,] such that the bottom contours
are parallel to the x,-axis. If linear wave theory over a flat
bottom is applied, then u,wy, = 0 and the two components of
the wave forcing are (see Eq. (A.1.2) in Appendix A.1 for the
general expression):

- 92, ,—w2) Jd |E
F __ w, wo_ Y | = 1—si 2 h2
Wl o o L)dG( sin“0cos [k(z—i—h)])],
~ d Jd | E
Fyy= 7(”#?“”) = {ﬁ GsinOcosOcosh®[k(z + h)]} ,

where the angle 6 between the wave propagation direction
and the x;-axis has been introduced. The vertically integrated
Fw,l and ﬁw,z terms correspond with the radiation stress terms
in the momentum equations (see, e.g., Longuet-Higgins and

Stewart, 1962 or Dingemans et al., 1987). Although the wave
field is uniform in the direction along the beach, for 6#0
both components of the wave forcing are different from zero.
Moreover, both are depth-varying. On the contrary, expression
(13) reduces in this case to:

10 (E
Foi=—2(%c
i 209x <pd >’

There is no wave-induced force in the direction along the
beach, no matter what is the value of 6. Hence, for non-
dissipative waves outside the surf zone there is no mechanism
driving the longshore current—a result not only quantitatively
different, but also qualitatively opposing to the ‘classical’
conviction that the vertically integrated £, , term is the main
driving force in the along-shore momentum equation.

The discussion of the consequences of this result for the
balance of forces in the nearshore zone will be given in the
summary in Section 5. Here let us analyze in more detail an
example case of waves approaching a barred beach of a profile
shown in Figs. 5 and 6. Let us assume that in the constant depth
area seaward from the bar the waves propagate at the angle
0,=45° relative to the bottom contours, (kd)o=1.5 and ap=1 m
there and #=0 (which is of course not realistic, but does not

(b) |
»
-
»
Q2 M
ol
ol
-
o §
o ® |——kd=05
06| - § | ——x=10
T |——kd=15
* | —<—id=20
-0.8 o
* | v —kd=30
o —o—kd=4.0
-1
05 0 05 1 15

Fig. 4. Vertical variability of w,wy, in waves with spatially varying energy, propagating at an angle 0 =45° relative to the direction of the energy gradient VE, for 6,=1.
The plots (a) and (b) show the components of u,w,,, parallel and perpendicular to the direction of VE: oc,,,]cos2 0 +a,, and o, sin 6 cos 0, respectively.
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=z

Depth (m)

0 50 100 150
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Fig. 5. Vertical structure of the cross-shore component of wave forcing (in 10”2 m/s” ) in waves approaching a barred beach: horizontal wave-induced momentum flux
1:},] (a), vertical wave-induced momentum flux d7y Wy /9z (b) and the sum of these two terms F, ; ().

introduce any error relevant from the point of view of the Uy Ww-dependent term and F\, ;) components of the wave
present discussion). The distribution of the cross-shore (£, forcing in this simple case is shown in Figs. 5 and 6,
the %, 1wy -dependent term and Fv, ;) and along-shore (Fy, », the respectively.
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In the cross-shore direction, the sum of the depth-varying
horizontal wave-induced momentum flux (negative for
decreasing depth and positive for increasing depth; Fig. 5a)
and the depth-varying vertical wave-induced momentum flux
(positive for decreasing depth and negative for increasing
depth; Fig. 5b) is a depth-independent function of the gra-
dient of wave energy £ and water depth d, exactly as
described by expression (12). In the along-shore direction,
the vertical and horizontal wave-induced momentum flux
have opposite values and their sum equals zero everywhere
in the domain.

4.2. Comparison with the solution by Rivero and Arcilla (1995)

Rivero and Arcilla (1995) formulated a simple expression
relating vorticity with horizontal and vertical momentum flux
in unidirectional water waves. This approach can be easily
extended to the fully three-dimensional case, as shown
below.

Let vy =[Vws, Vw:] denote the vorticity of the wave field.
From irrotationality of the wave number vector k it follows that
v, .=0. For vy, , we have:

_Huwk_
Vwh = 9z K w.
Thus:
Juy k
WwVwh = Wwﬂ__ww Vi
z
9 (uwwy) k Iwyk 1 )
=Tz & "oz k2 v oW

and from the continuity equation:

vy = LK Lo oy (9 X))

R P A L “%) )k
0wk 1 5 1o, k., K]k
i 2V(WW)+[2V(MW) k—|—uWV A

For irrotational waves analysed in this work the above
equation enables to evaluate the vertical wave-induced mo-
mentum flux as a function of other wave parameters (known,
e.g., from linear wave theory), exactly as suggested by Rivero
and Arcilla (1995). The resulting wave forcing term, given by
equation (A.1.1) in Appendix A.1, is then:

1k — k Vklk —Vk 1
. 2 2 2. -2 _ 2

Fy, =

It is easy to show that evaluation of the terms in the above
equation leads exactly to the formula (12). In other words, the
simple approach of Rivero and Arcilla (1995) leads to the same
wave forcing as the approach of de Vriend and Kitou (1990a,b).
As noticed by Rivero and Arcilla (1995) and as can be seen
from the above expression, for unidirectional waves the
inclusion of the vertical wave-induced momentum flux leads
to reduction of the wave forcing term by the factor of 2.

5. Summary and conclusions

In the paper, the expansion method of de Vriend and Kitou
(1990a,b) has been extended to waves propagating over two-
dimensional bathymetry. The resulting solution, which is first-
order accurate in the gradients of water depth and wave energy,
has been used to formulate corrected expressions for the vertical
component of the wave-induced momentum flux in waves
subject to shoaling and refraction. It has been shown that the
proposed solution gives consistent results in terms of the
formulation of wave forcing terms in the momentum equations
and that this solution cannot be considered as a straightforward
extension of the one-dimensional problem. The vertical
variability of the vertical wave-induced momentum flux acts
as a counterbalance for the corresponding variability of the
horizontal momentum flux—the total wave forcing term is thus
a depth-independent function of gradients of wave energy and
water depth and does not depend explicitly on wave direction.
This implies, among other things, that in the absence of the
along-shore variability in the wave field the along-shore
component of wave forcing equals zero.

Finally, it is worth discussing some consequences of the
results obtained in this work for modelling of wave-induced
nearshore currents. If one accepts correctness of these results
(outside the surf zone), then, considering their considerable
differences with respect to the forcing elaborated on the basis of
mild-slope linear wave theory, an unavoidable question is why
the classical method gives so satisfactory results in many
practical applications.

One of the reasons is—as has been already suggested by
Rivero and Arcilla (1995)—that the models usually contain
certain number of coefficients and parameters (sometimes
without any physical meaning) that can be tuned so that the
errors in specifying some terms in the model equations are
compensated by errors in other terms. For example, one of the
most important factors in longshore currents modelling is the
bottom shear stress. However, as Garcez Faria et al. (1998)
have shown in their paper describing the results of the
DUCK’94 Experiment, the bottom shear stress coefficient can
vary by an order of magnitude in the nearshore zone. It seems
reasonable to assume that in many studies, especially those
dealing with complicated field conditions, the bottom shear
stress is not estimated with an accuracy sufficient to discover
inconsistencies in the formulation of wave forcing terms. The
more so, if one considers that some of those effect are usually
not very pronounced and difficult to measure. As has been
noticed earlier, the deviation of the uywy-profile from a
linear one increases with increasing kd and with increasing
angle between the wave propagation direction and water
depth gradient. Both conditions are more likely satisfied
relatively far from the shore, where other processes dominate
the momentum balance and the influence of wave forcing is
not so pronounced (which again makes it easier to
compensate for possible errors in its formulation). Close to
the shore kd decreases and due to refraction the propagation
direction changes towards shore-perpendicular, so that the
vertical profile of the wave forcing can be satisfactorily
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approximated by a linear function, resulting from studies of
unidirectional waves.

As for the along-shore component of wave forcing, a study
by Lentz et al. (1999) shows that outside the surf zone, even in
very shallow water, the alongshore momentum balance is
dominated by surface and bottom stresses, which are approx-
imately an order of magnitude larger as the wave forcing.
What’s more, the authors show that the sum of the two response
terms (acceleration and bottom shear stress) remain up to the
boundary of the surf zone balanced by the two forcing terms
(surface stress and pressure gradient)—without any significant
role of radiation stress forcing. Those relationships reverse of
course within the surf zone, but there the assumptions and
results of the linear theory do not apply any more.

Appendix A. Wave forcing terms in the momentum
equations

Let us consider the set of continuity and momentum
equations in the following form:

17}
\Y% u+fW=0,

Jdz
a—“+(u Viu+w—=--Vp+F
Jat WBZ_ P o
aw aw 1dp
- : —="—-tF.g
gy P Vwrwo = e

where p denotes pressure and F), and F, are additional terms that
are irrelevant for the present study (like, e.g., Coriolis
acceleration or wind forcing). The meaning of the remaining
symbols has been given in the main text.

Let us also make the following assumptions concerning the
flow characteristics:

1. The flow velocity can be expressed as a sum of mean [U, W],
wave [u, Wy ] and turbulent [u,, w;] components:

u=U+uy +u,w=W+wy +w.

2. The wave motion is time-periodic, so that the phase-
averaging operation can be defined:

o 1 2w

¢=5- /0 o(@)de
for a given dependent variable ¢ (¢ denotes phase).
Averaged wave quantities i, W, and & equal (by definition)
ZEro.

3. The averaging operation defined above is sufficient for
averaging the turbulent velocities as well (equivalently: the
characteristic time scale of the turbulent motion is shorter
than the characteristic time scale of the wave motion).

4. The turbulent motion and the wave motion are uncorrelated,
that is:

Uy U = UyWt = Wyt = WyWy = 0.

5. The slowly-varying accelerations in the vertical are negligi-
ble. Hence, after separation of the wave-induced pressure py,
from the total pressure p, the remaining pressure py is
hydrostatic.

6. The horizontal turbulent momentum flux is negligible in
comparison to the horizontal wave-induced momentum flux.

7. The vertical turbulent momentum flux can be accounted for
by means of an appropriate turbulence closure scheme, e.g.,
the first-order turbulence closure:

- au
UWwy = — E .

A detailed derivation of the final equations based on the
above assumptions can be found in a number of other studies
(see, e.g., Mellor, 2003) and will not be repeated here. The final
form of the phase-averaged horizontal momentum equation,
crucial for the work presented in this paper, is:

JU Ju 9 [ IU\ 1

v+ =L ()= ¥, +F,

g HUNUS I az<“taz> p vPrt
+Fw,surfa

where F, denotes the depth-dependent part of the wave forcing
term and Fy s is its part_acting on the mean (z=7) water
surface and proportional to 2. In numerical circulation models
this term is usually applied to the uppermost layer of the model.

For the purpose of consistency with the notation used in the
main text, it is convenient to write the horizontal wave velocity
as:

k
Uy = uw%.

F,, has then the following form:

k — —k Vi — k\ |k — Vk
B = [‘k V() +“3vk’k‘“3vv'<k)} S
J () k

+ V)-SR

PR (A.1.1)

The expression above is very general—no specific wave
theory has been applied to formulate it; the only underlying
assumption is that of irrotationality of the wave vector k.

In the most common notation, making use of the horizontal
coordinate system x=Ix;, x,1 and horizontal velocity compo-
nents u,,=lu,,, ty,], expression (A.1.1) can be rewritten as:

P 2.9 (U ittyy) | d(WA) O (thyiWy)
w,i — +
’ — Jx; Jx; Jdz
j=1 J
= d w,i Vw .
) Y (A.1.2)
’ Jz
The surface part of wave forcing is given by:
1 E
Fw,surf = _EV(EG> (A13)

Upon vertical integration over the entire water column, the
sum:

Fw,i +Fw‘surf‘i7 i= 172
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gives the same wave forcing components as those obtained by
Longuet-Higgins and Stewart (1962).

Appendix B. General form of the solution to the ordinary
differential equations used in the paper

V' (@) Ky)

2kzfs—fc e kz
a2 + Cie ™ + (re"™,

® V(@)K ()

2kzfo—f,
y= % +C
® )" (2)-Ky@)=k(zth)f;:
(1+ 2k22(z +2h)) fs + 2k(z + h)f.

y=- e +Cle_kZ+Czekz,

1e_kz + Czekz,

where C; and C, are the integration constants.
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