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Abstract: In numerical ocean models, the effect of waves on currents is usually expressed by either
vortex-force or radiation stress representations. In this paper, the differences and similarities between
those two representations are investigated in detail in conditions of both conservative and noncon-
servative waves. In addition, comparisons between different sets of equations of mean motion that
apply different representations of wave-induced forcing terms are included. The comparisons are
useful for selecting a suitable numerical ocean model to simulate the mean current in conditions of
waves combined with currents.

Keywords: Generalized Lagrangian Mean; quasi-Eulerian mean; radiation stress; wave-current
interaction; mean current

1. Introduction

In literature, wave-induced momentum flux is expressed in terms of either ‘radiation
stress’ or ‘vortex force’ representations. Both representations have been applied widely in
ocean and coastal numerical models.

The radiation stress representation was introduced by Longuet-Higgins and Stew-
art [1]. It was successful in explaining the transfer of momentum flux from the waves to
the mean current. However, it is a two-dimensional (2D) tensor, and as such it is only
suitable for depth-averaged numerical models. The extension of the ‘traditional” radiation
stress concept to three-dimensional (3D) space has been the subject of many studies. In Xia,
Xia [2], the 3D radiation stress was inferred from the classical 2D radiation stress concept of
Longuet-Higgins and Stewart [1]. This method was also applied by Mellor [3]. However, as
indicated by Ardhuin, Suzuki [4], this method is “incorrect because of a derivation error”.
Recently, Nguyen, Jacobsen [5] obtained a depth-dependent wave radiation stress tensor in
the Generalized Lagrangian Mean (GLM) framework. It was applied in their quasi-Eulerian
mean equations of motion. With the use of the depth-dependent wave radiation stress
formulation, their equations were successfully validated with various experimental data in
conditions of waves combined with currents.

The vortex force representation is an alternative way to express the mean effect of
waves on the current. It was first introduced by Craik and Leibovich [6] to explain the
evolution of Langmuir circulations. The vortex-force representation involves a gradient
of the Bernoulli head and a vortex force. This concept has been widely applied by the
ocean and coastal communities such as McWilliams, Restrepo [7], Newberger and Allen [8],
Ardhuin, Rascle [9] Michaud, Marsaleix [10]; and Bennis, Ardhuin [11].

In Lane, Restrepo [12], a comparison of ‘radiation stress” and ‘vortex force” represen-
tations was made. Their study showed that these two representations are equivalent for
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conservative waves. However, the relationship between these two representations for
non-conservative waves was not addressed in their study.

This present work thus aims at studying the relationship between three-dimensional
wave radiation stress, introduced by Nguyen, Jacobsen [5], and vortex-force representa-
tions in both conditions of conservative waves and non-conservative waves. Moreover,
comparisons of several other sets of equations for the mean motion using different rep-
resentations of wave-induced forcing terms are given. This can be useful in choosing a
suitable numerical model to simulate the mean current in different conditions of waves
combined with mean currents. A flowchart that describes the methodology of this study is
presented in Figure 1.

Comparison between 3D wave radiation stress and vortex
force representations

l l

Conservative waves Non-conservative waves

Comparisons between set of equations of Nguyen et al.
(2021) and other sets of equations of mean motion

l l l

Comparison with equations Comparison with equations of Comparison with equations
of Walstra et al. (2001) Bennis et al. (2011) of Kumar et al. (2012)

Figure 1. Flowchart of the methodology of this study.

2. Radiation Stress and Vortex Force Representations
2.1. Three-Dimensional Wave Radiation Stress Representation

The components of three-dimensional wave radiation stress tensor S are defined by:

511 = p(ﬁ—ﬁ) 512 = pﬁ 513 = pﬁ ’ (1)
Sy1 = pout Sxp = P(Uq - ﬁ) So3 = pOW , )
S31 = pwil Sz = pwo Sz =0, 3)

where, u = (1,7, w) is the wave velocity, and p is water density. If the surface wave
amplitude is slowly modulating then local linear wave theory can be applied to calculate
the horizontal wave radiation stress components. In the presence of dissipative forcing and
a strong current, the vertical components of wave radiation stress change very fast with
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depth. To account for this the vertical components of wave radiation stress are decomposed
as [5]: o
19813 _ dutcs  Fpri(z)  Fuxa(2)

p 0z 0z o p @
105y _ 90Wcs  Fyp(z)  Fuxa(z) 5)
p 0z 0z 0 o

where the subscript CS presents the conservative part of the vertical component of wave
radiation stress, Fy, = (Fyy1, Fyy2) is wave-induced forcing caused by breaking waves and
rollers, and Fyx = (Fyx,1, Finx2) is wave-induced mixing. The vertical distributions of Fy,
and F;x can be estimated with empirical formulas given by Uchiyama, McWilliams [13].
Using local linear wave theory the horizontal components of wave radiation stress can be
calculated, resulting in the radiation stress forcing:

178511 9S1, S (2 —a?
(5,25, 13):( )

a% aﬁcs —S F br,1 F, mx,1
p\ Jx oy 0z Tyt 7 e

ox ay 0z p o’ ©)

1 8521 8522 8523 _ anM a(ZJ w ) + avaS -I-fﬁs _ @ B me,2 (7)
p\ ox dy oz dx dy oz P p '
1/09S31  0S; 9Sz\  owu  0wo
p(ax + dy T )T T ady ®
-S
where, u = (ﬁs 00, W° ) is the Stokes drift and the effect of Coriolis on the wave-induced

current is added with f = 2 sin ¢ as Coriolis frequency, () the angular velocity of the
Earth, and ¢ the latitude at the given position.

2.2. Vortex-Force Representation

Another way to express the effect of waves on currents is using vortex-force represen-
tation. This method was proposed by McWilliams, Restrepo [7]. In their work, the surface
waves are assumed slow varying, weakly nonlinear, and irrotational up to second-order of
the wave amplitude. Further, the mean currents are assumed to vary slowly and are small

in comparison with the wave velocity, i.e., [u| < ugp.

In vortex force representation, the wave-induced forcing is given by:

_ I s GO L
VR =577 {f—'— (ax ay)] L= ©)
_ 9 s 9o _ou\| | s00
VE =3 T [f+ <ax ayﬂ +7, (10)
ou v
_ (7594 | 590
VE = (u az+v az), (11)

where, VF; is wave-induced forcing in terms of vortex force representation, u = (i,7, W)
is the quasi-Eulerian mean velocity, and | is wave-induced kinematic pressure defined by:

gka®

= Ssinmorn’

(12)

where, a is the wave amplitude, k is the wavenumber, g is the gravitational acceleration of
the Earth, and / is the still water depth.
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2.3. Relationship between Wave Radiation Stress and Vortex Force Representations
2.3.1. General Formulation

Both wave radiation stress and vortex-force representations are applied widely in
the ocean and coastal numerical models. In this section, the relationship between those
two representations is presented using the GLM method proposed by Andrews and
MclIntyre [14].

For any quantity ¢(x, t), the following notation is employed:

@5 (x 1) = e{x+ &(x 1), t}, (13)

where, &(x, t) is the disturbance displacement of a fluid particle.
We start with the momentum equation for total flow in the ith-direction (i runs from
1 to 3) evaluated at disturbance position of fluid-particle [5]:

Du;\ * £ e, (lop)* £ _

(Be) +@@xw+ @+ (352) + ot =0 1)
where, D/Dt = (9/dt+u-V), p is pressure, and X is a non-wave forcing term.
The Kronecker delta function J;3 is defined by:

lifi=3
Ch { 0 otherwise ° (15

In the following, the gravitational acceleration g is assumed a constant, and the non-
wave forcing term X is neglected. Multiplying Equation (14) with d¢;/dx; and averaging
over wave period the following equation for the evolution of Lagrangian disturbance
velocity u! is obtained:

IR+ 2T (20 A — 1

0x; upt ox; ( (@ x u)]) + ox; \ p E)x] 0 (16)

where the Einstein summation convention is applied with j running from 1 to 3,
—L —L

D" = 9/dt+u .V is the Lagrangian mean material derivative, u = (uL oL, wL)

is the GLM velocity, V = (9/0x,9/9dy,d/9z) the nabla operator, and ()l is the Lagrangian
disturbance of any mean quantity () [14].
Next, we consider the pseudo-momentum p? defined by [14]:

a‘if i

0 = ——Uu.
Pl =5 (17)

Using the relation D" & = u;- [14] and definition (17), the first term on the left-hand
side of the Equation (16) can be expressed as:

il — pE( %1\ _ Dl (%% = 98 1 10 0F; i
BTQD uj_D (axi”] D (ax,) D E)xzu] T(D E’]) axk”]axl

1,1 .
Lo, 12(m) | gt
Dpi +3—=55" T Prox |/

(18)
where, the Einstein summation convention is applied to j and k (j and k run from 1 to 3).
The second term on the left-hand side of the Equation (16) is approximated by:

32(2(0 x u)j)l 3? (2(0xw),) ~ —2(Q )i (19)
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For the third term on the left-hand side of the Equation (16) we make use of the fact that
for any quantity ¢ the relationship between Lagrangian disturbance and quasi-Eulerian
disturbance is given by [14]:

o' =o'+ iz +0(e), (20)

where, ¢ = || is a small parameter, and ¢’ is the quasi-Eulerian disturbance of quantity
@. Ignoring the effects of turbulence, the quasi-Eulerian disturbance ¢’ is replaced by
wave quantity @. Then, the third term on the left-hand side of the Equation (16) can be
expressed by:

3 (ap\! _ & 0p T
T(W) _Txiax] x; E'kaxkax +O( )

_ 2 op 1958 9 3
= axi(‘ijax,) aJax o, T2 eI 0%, +0(&)
- (21)
_ 0 — & 9’p E, 0]
— ox; E'] ax] +3 E']E'kaxkax] ]axlax 2 ]E'kax E)x 10X + ( )
_ 177, 0P 3
= & ax,ax, — 288 gran,0m, +0(&),
where, p° is the Stokes correction of mean pressure.
From Equations (18), (19), and (21), the Equation (16) is rewritten as:
— =S R
too 120d) | ot _ 1% 1. 0%
D'p) + 3 =55 + Pian +2(Qxu ); = 450 ~ o awax; 22)

17z _ &p 3
26 &6k axjax +0(&).

According to Nguyen, Jacobsen [5] (Equation (A38)), the radiation stress gradient in
the ith-direction can be expressed by:

-S .
8 Uuju; = 7 a,l g a~
(ax]-]) D7 +2<Q><u >'+u58”+XZ +},aaj(ajafi)
1

(23)
177 Op 7 @2
+$E']‘E'k Bx,-axjaxk R + O( )
From Equations (22) and (23) we thus obtain the following equation:
o) a2 5 |78 L 72| s (P o
axj] ~ 9% = oy *_2(11)_w2 N 1(871_37/-) (24)

-0 (ot )~ (6 7) 5 + 0

Equation (24) expresses the general relationship between wave radiation stress and
the vortex-force representations. In this, the first term on the right-hand side represents the
changes in the wave-related Bernoulli head, and the second term on the right-hand side of
the Equation (24) expresses the vortex force of the mean current. The remaining terms on
the right-hand side are a function of the mismatch between the pseudo momentum and
the Stokes drift. According to Andrews and McIntyre [14], the Stokes drift is defined by:

o, 1— 9%
a,a” +5 ‘Ef’ikax]a +0(2). (25)
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From definitions (17) and (25) we obtain:

o oW\ 1-50°;
0 =5 __ ¢ (77 %) _ 229 %0 3
P %, ‘t’f<ax,- ax]-> 25752 TOE): (26)

The first term on the right-hand side of Equation (26) expresses the effect of rota-
tion of the wave, and the second term relates to the shear-effect of the mean current.
The calculation of the first term on the right-hand side of Equation (26) requires a rota-
tional wave theory. However, the use of rotational wave theory is still a challenge for
coastal and ocean applications. In the next sections, the right-hand side of Equation (24)
will be expressed explicitly under specific conditions of the waves combined with the
mean currents.

2.3.2. Conservative Waves

In this part, the following assumptions are applied:

(i) The waves are conservative and irrotational up to the second-order of wave amplitude.
(ii) The mean currents change slowly and are small in comparison with the wave velocity,

ie., [u| < Uypp.

The above conditions were also used by McWilliams, Restrepo [7] to obtain the vortex
force representation. With conditions (i) and (ii), Equation (26) becomes:

p) — 1 = O(). 27)

Thus, the pseudo-momentum p! is approximately equal to the Stokes drift . There-
fore, the last two terms on the right-hand side of Equation (24) can be neglected giving:

— (auj — aui) +0(%).  (29)

axi aX]

o m;11; 72 55 _
B2 2 E-yg-=

The term u}ué /2 is the Bernoulli head in the GLM framework. From Equation (20)
we obtain:

]. 1T
5 (uﬁuﬁ) =3 (#jwr;) + K, (29)
where the term K is a correction of the Bernoulli head defined by:
—_ou; &2 /0u;\2
gy e RN 3 Eer )
K—u]E,kaxk + > (E)xk) . (30)
Using linear wave theory we obtain:
=S 2
PP oleey = gka
o 2 i) — O = S G1)
Combining (29) and (31) gives:
0 |P° 1711 _=| _9U+K)
axilp_Z(uqu —w | = o (32)

where the term | is defined by (12).
In ocean and coastal environments, it is usually that d0w/dx, < 0u,/9dz. Therefore,
the term 77 9/ dx, can be neglected in the vortex force representation. From Equations
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o
o

(28) and (32), and including the Coriolis effect in the radiation stress forcing consistent with
Equations (6)—(8), we obtain:

1/9S;1 9512  9S13) _ 90(J+K) g J9v  du _su
p( x Ay T2 )T e I ox oy = (33)

l dSp1  9Sy;»  9Sp3 . o] + ) aZ) ou 7582
p<8x * oy + 82) dy v+ oy L= (4)

1 8831 8532 8533 o oK Sau 7587)
(ax+ay+az>_az ( 2% (35)

Equations (33)—(35) show the relationship between radiation stress and vortex force
representations for conservative waves. The right-hand side of these equations is vortex
force representation obtained by McWilliams, Restrepo [7] with a correction of the Bernoulli
head K. Therefore, in conditions of weakly nonlinear waves and weak ambient current,
the radiation stress and vortex-force representations are equivalent.

2.3.3. Non-Conservative Waves

In this section, the relationship between radiation stress and vortex force representa-
tions will be studied under the following conditions:

(i) The evolution of the waves is dominated by dissipative processes, such as breaking
waves, rollers, white-capping, and bottom friction.
(ii) The mean currents are slowly varying and small in comparison with the wave velocity,

ie., |u| < ugpp-

In the presence of non-conservative processes, the last two terms on the right-hand
side of Equation (24) express the evolution of the rotation of the waves. In the presence
of wave dissipation, we do not have any relationship between #; and p?. If the current is
small in comparison with the wave velocity then its effect on the wave-induced forcing can
be neglected. The evolution of the rotation of the waves is approximated by dissipative
wave forcing, i.e.,:

— au _ Fori | Euni
Li o _ =S _ S br,i Smx,i
b (pi ul) (PJ " ) ox; P + p (36)
From Equat1ons (32) and (36), Equation (24) is now expressed as:
0511 dS51> dS13 (] + K) _ 58 Jv _ 8714 7582 . @ . mel 3
dx dy T dx f+ ox dy = P p +0(E), 57)
dSp1  0Sy  dSy3 . a(]+ K) ,5 Jv B aj 7582 _ @ _ Fux2 3
ox dy T ) T dy fH e dy T p p +O(E), (58)
1/0S31  9dS3p  9S33 o JK (=5 ou 5592 Jv

Equations (37)—(39) express the relationship between radiation stress and vortex
force representations in the condition of non-conservative waves propagating on a weak
current. This shows that the wave radiation stress gradient is the total of vortex-force and
nonconservative wave forcing.

3. Equations of Motion of Nguyen et al. 2020 under the Hydrostatic Assumption
3.1. Quasi-Eulerian Mean Equations of Motion
3.1.1. Equations of Motion Using the Wave Radiation Stress Representation
In this part, the equations of motion of Nguyen, Jacobsen [5] are simplified with the
hydrostatic assumption of the mean flow. This means that acceleration of mean velocity
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and dissipative forcing are neglected in the vertical momentum equation. This assumption
is suitable for most hydrodynamic problems in deep ocean and coastal zones.
Quasi-Eulerian mean quantity @ is defined by:

P(x, 1) = @L(x, £ — @S(X, f), (40)

where, ' is GLM quantity, and @° is Stokes correction of mean quantity @.
According to Longuet-Higgins and Stewart [15], the hydrostatic pressure p is
defined by: o
P =P+ e (41)
Then, the momentum equations for the mean motion of Nguyen, Jacobsen [5] are
rewritten as:

H (-
B+ (wv)a-fo-- L G M+““kﬁﬁ
I (42)
+%+an’l+é(aTll+8T12+8T13>+UAM+O( ),
_ - - H i = d ?_ﬁ
gz;+(u.v>v+fu:—2,aa”y— &2+ (ay )+ava5 + fu )

+%+ Fn:ax/Z + 1 (aT21 +8122 +aT23> +UA6+O(S3),

1 0pH ouw AW
Bgz et Gt 5, =0 (44)
where, T;; is the Reynolds stress, and v is molecular viscosity. Local linear wave theory
is applied to calculate the conservative part of the wave radiation stress. The wave-
induced forcing terms Fy, and F, are estimated by empirical formulas given by Uchiyama,
McWilliams [13].
The normal components of wave radiation stress are calculated by:

= CWR,lklga sinth(z + ]’l) da da
Utbes = 212 sinnok \F1gx TR23 (45)
= CWerkzg[l sinth(z + h) doa da
oles = m Tk snhzk \Max TR25y (46)

where, k; and k; are directional vector components of peak wave number k, Cyyg 1 and
Cwr 2 are empirical factors representing the effect of mean current on the wave radiation
stress in x- and y-directions, respectively.
The mass conservation equation is given by [5]:
=S
oZ =5
V u = ? —V.au P (47)

where, Z° is the Stokes correction of the mean position of the fluid particle given by:

=590 +O(£3). (48)

The depth-integrated continuity equation is [5]:

C+n) 2 C_ . a gl ot o (%
T—kg/ihudz—k@/ihvdzf—a Lhudx ~ 3y Khvdy- (49)



J. Mar. Sci. Eng. 2021, 9, 791 9of 16

3.1.2. Equations of Motion Using the Vortex Force Representation

In this section, the equations of mean motion of Nguyen, Jacobsen [5] are expressed
in terms of vortex force representation. It is noticed that the vortex force representation is

only valid in the condition of weak ambient current, i.e.,

u’ < Ugpp-

From the relationship between radiation stress and vortex force representation,
Equations (37)—(39), the quasi-Eulerian mean momentum Equations (42)-(44) are rewritten as:

o ()a- =3 -2 (- )

(50)
~S 4 Trd g Tt 1 (3T11+3T12+3T13)+vAu+O( ),
_ - _ . o5t K _
gzt’—i-(u.V)zH—fu:—éapy (]y S{f%—(az—g—;)} -
—wS% 4 B2y Doz 1 (%04 T2 28 4 0T+ O(E),
10pt oK g0 _gdu
1op7  _ 9K ). 2
p 0z +8 0z +( az” 82> ©2)

The mass conservation is given again by Equation (47).

3.2. Generalized Lagrangian Mean Equations of Motion

In this section, Equations (42), (43), and (49) are expressed in terms of the GLM velocity.
According to Ardhuin, Rascle [9], hydrostatic pressure 7'’ can be expressed by:

P =08(C—2) + 7, (53)

where, p, is the mean atmospheric pressure at the water surface.
Using local linear wave theory, the Stokes correction p° of the mean pressure is
given by:

fszp(ﬁ+ZS>. (54)
Therefore, Equations (42) and (43) are expressed in terms of GLM velocity as:

out =L =L _ _ 19p act 02 auv allwc5
i (“ ~V)” PRk T & el (s T

(55)
S ol otk 9
0y By 197 +})( i+ G2+ TB) + Ty + vAT- + O(e3),
ozt -t =L | oL 197, act 0w | 92 , d0Wcs
7+ u.Vv+fu :*67*g7*(w+w+ oz )
(56)
=L —L
iz g Fuep 108 g,(ag;l + 0 aTB) LT+ 0AT" 4+ O(),
where, T7 and T; are defined by:
AL = L S
T =Du + (u .V)u — VAU, (57)
—L =5
T, =D 7° + (u .V)vL — VAT, (58)
From Equation (47) we obtain mass conservation equation in GLM framework, i.e.,:
Vu = —. (59)

ot
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The depth-integrated continuity equation is:

(T +1) a/ z+aay/jijdz:E§. (60)

ot

where the term BZS /0t can be neglected in case of stationary waves.

4. Comparisons with Other Sets of Equations for the Mean Motion
4.1. Comparison with the Set of Equations of Motion of Walstra et al. 2001

The set of equations of motion of Walstra, Roelvink [16] has been implemented in
the Delft3D-Flow model. Details of the implementation are given in Hydraulics [17]. It is
the simplification of the set of equations developed by Groeneweg [18]. In the following,
the horizontal momentum equations of Walstra, Roelvink [16] are expressed with the
addition of the Coriolis effect and gradient of atmospheric pressure, i.e.,:

out /L N_, . 19p, aC otk ot  oth\ oo
at+<u V)u —fv ——Bg—gax + ox + ay + oz +51, (61)

ot (N1, e 19p, IR s T I AN

=L —=L . .. .
where, S7 and S, are wave-induced driving forces given by:

gk _1<3T§1 o aﬁ?’) - (a”p Lo aa*w) +0(e), (63)

p\ ox ay 0z ox ay 0z
L 1[0, 0T, 0T, o0U 992 0w 5
52__p(8x+ay+82)_ ax Ty Tz JTOE) 6D

where, T° is Stokes correction of turbulent stress.
The depth-integrated continuity equation is:

—L =L =L
aC 0 CfL d CfL _
8t+8x</hud2>+ay</hvdz =0. (65)

In Table 1, a comparison between the sets of equations of Walstra, Roelvink [16]
and equations of Nguyen, Jacobsen [5] expressed in the GLM framework is presented for
the x-direction.

Table 1. Comparison between Walstra, Roelvink [16] and Nguyen, Jacobsen [5].

Terms Walstra, Roelvink [16] Nguyen, Jacobsen [5]
Pressure gradient %a gaL ‘l) %Iica ga;;
Conservative wave forcing ( 4z 4 d a”” 4+ 3”“’) (%L; + % 3“?’ + a“wC>> + £1> %”Y +T
—-= (BT” + aT” + aT”) ﬂ' applied as a body force
Non-conservative wave forcing FhT;/l; applied as a surface stress F’”“ : applied as a body force
E %2 applied as a bottom stress Ff i: applied as a bottom stress
Turbulence <Tn + le + T13> (TH +3 le i 113)

_ = =L = =L
Mass conservation Frag + 2 J"&L aldz ) + 2 fC oldz) =0 a(c +h) + ifCL ldz + ifﬂ oldz — o
ot T ax \ J-n ay \ J-n of ax ) W8z T 5y VA2 = T
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Table 1 shows that the difference between Walstra, Roelvink [16] and the equations of
Nguyen, Jacobsen [5] mainly comes from the wave-induced forcing terms. It shows that
the terms T; and p*18?5 /dx are absent in the conservative wave forcing term of Walstra,
Roelvink [16]. Those terms are considered in Groeneweg [18], where T corresponds to the

evolution of éjuf. The missing second-order of wave amplitude terms leads to an imbalance
of the model and generates spurious oscillations, discussed below.

Moreover, according to Nielsen and You [19], the effect of a strong current on the
normal component of wave radiation stress gradient 0w /9z is significant. This effect was
not considered by Walstra, Roelvink [16]. In Nguyen, Jacobsen [5], the normal component
of wave radiation stress is enhanced by a factor Cy that represents the effect of current
on the wave radiation stress. The factor Cyyg approximates to 1 in the condition of a weak
current; however, it is significant in the presence of a strong current.

In Walstra, Roelvink [16], the breaking and roller wave-induced forcing term is pro-
vided as surface stress. The breaking induced turbulence is incorporated into the tur-
bulence model as a surface boundary condition. However, this method is only suitable
under the condition of strong vertical mixing due to breaking waves [20]. In addition,
the Stokes correction of turbulent stress is a term of third-order of the wave amplitude,
ie, p’laffj/ ox; = O(e®). Therefore, it can be neglected if the equations of motion are
expressed to the second-order of wave amplitude.

In Nguyen, Jacobsen [5], the breaking wave and roller wave-induced forcing term
is applied as a body force. This method is suitable for both strong and weak vertical
mixing conditions, where the empirical formulas proposed by Uchiyama, McWilliams [13]
are applied to calculate the vertical distribution of wave breaking induced forcing term.

The mass conservation equation of Walstra, Roelvink [16] is equivalent to the mass
conservation equation of Nguyen, Jacobsen [5] if the surface waves change slowly in time.

In the following, an adiabatic test proposed by Bennis, Ardhuin [11] is employed to
test the equations of Walstra, Roelvink [16]. In this, a monochromatic wave propagates on
a slope without dissipation. This is a simple but very challenging test since any imbalanced
forces might lead to a spurious oscillation of the mean current. The horizontal mean current
should be uniform in a vertical direction even if the wave propagates on a sloping bed.
The equations of Nguyen, Jacobsen [5] were successful in testing with the adiabatic condition.

In adiabatic condition, momentum Equations (61) and (62) become:

ot /L N\, act (o2 ouo  onw
aﬁ(“'v>” =8 o Ty Tz ) (66)
ot N\, at-  (oom  9R  ovw

The depth-integrated continuity equation is:

L —L —L
ot o (o N ()
at—l-ax</hudz>+ay</hvdz —0. 68)

The spatial distribution of quasi-Eulerian mean horizontal velocity calculated by
equations of Walstra, Roelvink [16] is presented in Figure 2a. That result was obtained
after 30 min of simulation time. On the slope, the horizontal velocity is non-uniform in
the vertical direction. Moreover, the model is unstable and the mean velocity increases to
infinity in time. Thus, the equations of Walstra, Roelvink [16] do not pass the adiabatic
test. The imbalance is caused by the omission of the second-order terms p~19p° /dx, and
T,. Figure 2b presents the distribution of quasi-Eulerian mean flow simulated with the
equations of Nguyen, Jacobsen [5] that include these terms showing the correct depth-
uniform horizontal mean velocity on the slope.
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Figure 2. Distribution of quasi-Eulerian mean horizontal velocity. (a) Calculated by equations of Walstra, Roelvink [16].
(b) Calculated by equations of Nguyen, Jacobsen [5].

4.2. Comparison with the Set of Equations of Motion of Bennis et al. 2011

In Bennis, Ardhuin [11], quasi-Eulerian mean equations of Ardhuin, Rascle [9]
were employed. In this, dissipative wave forcing terms are expressed explicitly using
empirical formulas. Their horizontal momentum equations are expressed by:

U (uv)ufv+;g’:§£+vs[f+(§;3;)}

(69)
~FSE + frd | Bt
%¥+( )v+fu+;a§y = w[f+(2-2)] o
T8 4 Pbrz + m*(Z + FfrZ 70)
The continuity equatlon is:
Vou=0. 71)

Comparison between the sets of equations of Bennis, Ardhuin [11] and Nguyen,
Jacobsen [5] expressed in the quasi-Eulerian framework in the x-direction is presented in
Table 2.

Table 2. Comparison of Bennis, Ardhuin [11] and Nguyen, Jacobsen [5].

Terms Bennis, Ardhuin [11] Nguyen, Jacobsen [5]
. 10p 1 9p"
Hydrostatic pressure -3 o a
i i o 4 55 9o _ o 755 01 (I +1< +75 o =58 91
Conservative wave forcing ax vV {f+ (ﬁ B Wﬂ ~ Yo [f + (7 B @)} Y
Fh—é’l' applied as a surface stress Fb” : applied as a body force
Non-conservative wave forcing an -: was not specified ”’“ : applied as a body force
Ff—gl: applied as a bottom stress iz L: applied as a bottom stress
Turbulence Excluded (am + aTlZ + aTB) + vAT
. - - =S
Mass conservation Vu=0 Vu=%2 _Vu

Table 2 shows that the momentum equations of Bennis, Ardhuin [11] and Nguyen,
Jacobsen [5] are equivalent. The vertical current shear K is taken into account by Ardhuin,
Rascle [9]; however, it is neglected in Bennis, Ardhuin [11] to simplify their equations.
The current-induced turbulence and the effect of molecular viscosity are excluded in the
equation of Bennis, Ardhuin [11]. These terms can be added to their equations without

much effort.



J. Mar. Sci. Eng. 2021, 9, 791

13 of 16

The non-conservative wave forcing terms including F,, Fyy, and Ff, are included in
the momentum equations of Bennis, Ardhuin [11] and Nguyen, Jacobsen [5]. The only
difference is the way to calculate breaking wave and roller wave-induced forcing term
Fy,. In Bennis, Ardhuin [11], it is assumed as surface stress, whereas it is provided as
body force in Nguyen, Jacobsen [5]. Therefore, the equations of Bennis, Ardhuin [11]
are representative for the condition of strong vertical mixing due to breaking waves
when the vertical distribution of breaking wave-induced forcing is not very important.
In other conditions, the vertical distribution of breaking wave-induced forcing terms should
be considered.

The continuity equation of Bennis, Ardhuin [11] shows the convergence of the quasi-
Eulerian mean velocity consistent with the presence of conservative waves. For non-
conservative waves, the divergence of the quasi-Eulerian mean velocity should be com-
pensated by the divergence of the Stokes drift as presented in the continuity equation of
Nguyen, Jacobsen [5].

Finally, the equations of Bennis, Ardhuin [11] are expressed in terms of the vortex force
representation. As indicated in Section 2, this representation is based on the assumption

that the ambient current is small in comparison with orbital velocity, i.e., u’ < uyp- This

assumption is not present in the wave radiation stress representation and is therefore
potentially more suitable in the presence of strong ambient currents.

4.3. Comparison with the Set of Equations of Motion of Kumar et al. 2012

The equations of motion of Kumar, Voulgaris [21] are based on the asymptotic theory
of McWilliams, Restrepo [7]. In their equations, the dynamic pressure ¢ is employed.
The relationship between ¢ and p is given by [7]:

p=po+p" (72)
where, p” is wave-induced pressure given by:
1 — — —
7Y — o222
[z 2p(u + —i—w). (73)

Using the Equation (41) we obtain the following relationship between ¢ and p':

o= 1] (74)

W (o g 5 1P 3(4r) | = %o _
a’;—l-(u.V)u—fv——éapx— (axK)—i-vs(f—l—(ﬁ—a—;))

(75)
~w % - 2 (vl —vE) + K + B+ F + D+ R,
T (V)4 = — 1P+ s o _ ou
%+ (wv o fu— -1 -2y (2 - ) -
TR - (T —v®) + B+ B 4+ Dy +F
0z 0z 0z 2 2 2 2 2/
top ok [_gou _gIv

b . . .
where, F,xf and F;f are wave-induced forcing terms due to bottom and surface streaming,
respectively, F!" is wave-induced forcing term due to white-capping, breaking waves and
rollers, F, is non-wave non-conservative forcing term, and D, is horizontal mixing term.
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The Bernoulli head « is given by:
3 (k.;)
2 z
— UZH””S — / ——-sinh[2k(z — 2")]dZ’, (78)
16ksinh® [k(h +C)] J-n 022

where, H, ;5 is the root mean square wave height, and k is the peak wavenumber vector.
If the effect of vertical shear of mean current in the wave forcing term is small then Bernoulli
x can be neglected.

The continuity equation of Kumar, Voulgaris [21] shows the convergence of Eulerian

mean velocity, i.e.,:
V=0 (79)

In adiabatic conditions, the horizontal momentum Equations (75) and (76) become:

om [~ _1apft o1 00 ou au
o (T N\-, . lopt 9] 00 ou _, 00

Equations (80) and (81) are similar to the horizontal momentum equations of Bennis,
Ardhuin [11] in adiabatic conditions. Therefore, the equations of Kumar, Voulgaris [21]
pass the adiabatic test.

In Table 3, the comparison between the set of equations of Kumar, Voulgaris [21]
and that of Nguyen, Jacobsen [5] in terms of vortex force representation is presented for
the x-direction only.

Table 3. Comparison of Kumar, Voulgaris [21] and Nguyen, Jacobsen [5].

Terms Kumar, Voulgaris [21] Nguyen, Jacobsen [5]
. 1 aﬁH 1 aﬁH
Hydrostatic pressure — 5 ox — 5%
Conservative wave forcing _9 45 {f—&- (9% _ %)] _wsg% (HK) + 7 [f+ ( _ %)} _@s?g
FJ": applied as a body force Fb” : applied as a body force

Non-conservative wave forcing

Ffrl

sf
F

Flb /. bottom streaming

: surface streaming : applied as a bottom stress

F’”” : applied as a body force

Turbulence

aaz(u w' — vaz)+D1 %(BT“JraT“JraT”)JrvAH

Mass conservation

Vo =0

Table 3 shows that hydrostatic pressure and conservative wave forcing terms in
momentum equations of Kumar, Voulgaris [21], and Nguyen, Jacobsen [5] are equivalent.

In Kumar, Voulgaris [21], the wave forcing is provided as a body force or bottom stress.
These two approaches are implemented in their model to calculate the effect of bottom
streaming on the current. The first approach (body force) is applied for the resolving
bottom boundary layer condition, and the second approach (bottom stress) is suitable for
non-resolving bottom boundary layer conditions. In Nguyen, Jacobsen [5], the bottom
boundary layer is assumed non-resolved then the bottom stress approach is employed.
The surface streaming is not considered by Nguyen, Jacobsen [5]. This term could be
significant outside the surfzone [22].

The mass conservation equation of Kumar, Voulgaris [21] shows a divergence-free
Eulerian mean velocity field. It is thus representative of conservative surface waves.
For non-conservative wave conditions, the divergence of Eulerian mean velocity is com-
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pensated by the divergence of wave-induced current (Stokes drift) included in Nguyen,
Jacobsen [5].

The equations of Kumar, Voulgaris [21] are expressed in terms of vortex force represen-
tation, thus assuming that the mean current is weak in comparison with orbital velocity.

Finally, with the use of the classical Eulerian mean method, the momentum equations
of Kumar, Voulgaris [21] are only valid below the wave trough. This implies that mean
velocity has to be extrapolated from the trough to obtain the velocity profile up to the mean
water level.

5. Conclusions

In this paper, a three-dimensional wave radiation stress formalism was introduced based
on the work of Nguyen, Jacobsen [5]. In this formalism, the effects of non-conservative waves
and ambient current on three-dimensional wave radiation stress are taken into account.

The relationship between 3D wave radiation stress and vortex force representations
was proved mathematically. It showed that:

(i) In conservative waves and weak ambient currents, the wave radiation stress and
vortex force representations are equivalent.

(i) In non-conservative waves and weak ambient currents, the wave radiation stress
representation is equivalent to the total of vortex force and wave-induced dissipative
forcing terms.

Subsequently, the equations of Nguyen, Jacobsen [5] were expressed in both radiation
stress and vortex force representations for conditions with weak ambient currents. Next,
their equations were used to compare with recent well-known equations of mean motion.
It showed that:

- In Walstra, Roelvink [16], terms of second-order of wave amplitude, i.e., ﬁs and T,,
are neglected in conservative wave forcing term. This causes spurious oscillations
and as a result, their set of equations did not pass the adiabatic test.

- The effect of strong ambient currents on the wave-induced forcing term is not con-
sidered in the work of Walstra, Roelvink [16]; Bennis, Ardhuin [11]; and Kumar,
Voulgaris [21]. Therefore, it is a problem when applying their sets of equations for
nearshore applications, where the current is usually comparable to the orbital velocity.

- In Walstra, Roelvink [16]; and Bennis, Ardhuin [11] the wave forcing term caused by
breaking wave and roller wave is applied as surface stress. This is only suitable in cases
of strong vertical mixing due to breaking waves. In general, the vertical distribution
of breaking wave and roller wave-induced forcing term is more appropriate.

- The sets of equations of Bennis, Ardhuin [11]; and Kumar, Voulgaris [21] are expressed
in terms of vortex force representation. This is only suitable if the ambient current

is small in comparison with orbital velocity, i.e., |u| < uy,y. When the ambient

current is comparable to the orbital velocity, the wave radiation stress representation
is preferred.

- The mass conservation equation in Bennis, Ardhuin [11]; and Kumar, Voulgaris [21]
shows a divergence-free Eulerian mean velocity field. This is suitable for conserva-
tive waves. In general, the divergence of quasi-Eulerian mean velocity should be
compensated by the divergence of Stokes drift.
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