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Abstract

The Green-Naghdi system is used to model highly nonlinear weakly dispersive waves
propagating at the surface of a shallow layer of a perfect fluid. The system has three asso-
ciated conservation laws which describe the conservation of mass, momentum, and energy
due to the surface wave motion. In addition, the system features a fourth conservation law
which is the main focus of this note. It will be shown how this fourth conservation law can
be interpreted in terms of a concrete kinematic quantity connected to the evolution of the
tangent velocity at the free surface. The equation for the tangent velocity is first derived
for the full Euler equations in both two and three dimensional flows, and in both cases, it
gives rise to an approximate balance law in the Green-Naghdi theory which turns out to be
identical to the fourth conservation law for this system. An analogous equation valid along
each contact surface in the fluid bulk (and not only on the free surface) was also derived
in both two and three dimensions.

1 Introduction

The surface water wave problem considered here concerns the motion of an inviscid incom-
pressible fluid with a free surface and over an impenetrable rigid bottom. The mathematical
description of this motion involves the Euler equations for perfect fluids coupled with free-
surface boundary conditions. Solving these equations presents a rather complex mathematical
problem, and in many instances, it can be expedient to use an approximate model for the
description of the free surface and the motion of the fluid below. The classical simplifications
of this problem are the linear theory which may be used for waves of small amplitude, and the
shallow water theory, which may be used for long waves. A third class of approximations can
be found in the so-called Boussinesq scaling which requires a certain relationship between the
amplitude and wavelength of the waves to be described.

The Green-Naghdi system was derived as a long-wave model for surface water waves which
are long, but which may not necessarily have small amplitude. In fact, the Green-Naghdi
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system was first found in the special case of one-dimensional waves over a flat bottom [40], in
which case it can be thought of as a higher-order nonlinear shallow-water system. The system
was later extended to two-dimensional surface waves [41], and put into the general context
of fluid sheets by [22, 23]. If | is a characteristic wavelength and hg is the the mean water
depth, we define the dimensionless small parameter 8 = h(% /1?. The Green-Naghdi equations
are obtained by depth-averaging the Euler system and keeping in the resulting set of equations
only first order terms in ; without making any assumptions on the amplitude of the waves.

While the studies mentioned so far give a formal justification of the Green-Naghdi system
as a wave model accommodating larger amplitude waves, a mathematical justification of this
property was given for the Green-Naghdi and some related systems in [29, 30, 33, 34, 39].
Recent years have seen increased activity in both the study of modeling properties of the
Green-Naghdi system ([4, 5, 8, 12, 18, 20, 21, 27, 32]) and in the development of numerical
discretization techniques, such as in [17, 19, 31, 35].

The Green-Naghdi system is usually written in terms of the average horizontal velocity
u(t, ) and the total flow depth h(t,z) = ho + n(t,z), and take the form

hi + (hu), =0, (1)
o 10 _ _ _
Ut + Uty + ghy — S—ha—x{h?’ (um + Uty — ug)} =0. (2)

Note that if higher-order terms in (2) are discarded, the system reduces to the classical shallow-
water system. On the other hand, considering waves of infinitesimally small amplitude, one
obtains the linearization of the Green-Naghdi system, which is identical to the linearized clas-
sical Boussinesq system [36].

Smooth solutions of (1), (2) also satisfy the following conservation laws:

0 0 (, _
a“ﬂ‘*‘%{hu} =0, (3)
0 . ol , 9 1.5 lg o 1,3 _
5 hu}—l—%{igh + hu —gh uxt—kgh ux—gh uum}—(), (4)
0 (1 0
a{511 (gh +u* + $h*u2) } + %{ha@h + 1% + Ih%a2 — L2 (g + aam))} =0, (5)
9y _ Lo 9 1, . 172-2 172 -
ﬁ{u — hhzt, — gh um} + %{ng— QU hh i, — sh*ug — 3h uum} =0. (6)

The conservation law (3) is easily seen to describe mass conservation. It can also be shown
that (4) represents momentum conservation and (5) represents the energy conservation in the
Green-Naghdi approximation [26]. The last conservation law (6) is not easily interpreted.
Some authors have ascribed the conservation of angular momentum to this balance equation
[12]. On the other hand, it was shown in [37] that it originates from the particle relabeling
symmetry for a corresponding approximate Lagrangian of the Euler equations. The invariance
of the integral of the density @ — hh,t; — %hZ’L_sz =u+ %6% (hQ%) , where % = % +ﬁ% over
the real line has also been linked to the irrotationality assumption in the context of two-layer
flow [16].

In the present work, the focus will be on giving a precise physical meaning to the quantities
appearing in the fourth conservation law. As will come to light, the density appearing in the
conservation law (6) is proportional to the tangential fluid velocity at the free interface, while
the flux can be interpreted as an approximation of the energy per unit mass of fluid. The



conservation law derives from a corresponding balance law which holds exactly for the surface
water-wave problem for the full Euler equations, and can be written in Lagrangian variables

as
o(wg) 9 (p [uf?

ot +85<p+gh_ 2 )_0' (7)
Here u denotes the fluid velocity, x(s,t) is the fluid particle motion, p is the pressure, and p is
the density. The variable s featuring in this balance law denotes a parametrization of an arc
lying entirely in the fluid domain or in the free surface. In the particular case where the arc
is located in the free surface, the term u - % can be interpreted as the tangent velocity along
the free surface, multiplied by the local element of arclength. The balance law (7) provides
the basis for the conservation law (6) in the Green-Naghdi approximation. This conservation
law actually holds even for the three-dimensional water-wave problem, but in this case, an
additional term enters the corresponding identity in the Green-Naghdi approximation, so that
the identity corresponding to (6) in three dimensions is not a pure conservation law.

The disposition of the present paper is as follows. In the next section, we describe how
to obtain the balance equation (7) in the context of the full Euler equations. Then, the
Green-Naghdi approximation is considered, and the associate approximate density and flux
are obtained using a method introduced in [1]. In Section 4, the three-dimensional case is
considered, and Section 5 contains a brief discussion.

2 Kinematic balance laws in two-dimensional flows

2.1 2D balance law for perfect fluids

The motion of a homogeneous inviscid and incompressible fluid with a free surface over a
flat bottom can be described by the Euler equations with appropriate boundary conditions.
The unknowns are the surface elevation 7(t, z), and the horizontal and vertical fluid velocity
components u(t,z,z) and w(t,x, z), respectively. The problem may be posed on a domain
Q: = {(x,2)|0 < z < hg +n(t,z)} which extends to infinity in the positive and negative z-
direction. The two-dimensional Euler equations are

88? +(u-V)u+ ll)Vp = g, in Q, (8)

V-u= 0, in Qt, (9)
where u = (u,w)” represents the velocity field, and g = (0, —g)7 is the gravitational accelera-
tion. The free-surface boundary conditions are given by requiring the pressure to be equal to
atmospheric pressure at the surface, i.e. p = pam if surface tension effects are neglected, and
the kinematic boundary condition

N+ ung =w

for z = ho + n(t, z). For the purposes of this paper, we work with the gauge pressure, so that
we may take patm = 0.

Following Zakharov [42], we introduce semi-Lagrangian coordinates (x,A). The change of
variables (z,z) — (z,A) is given by the function

z2=®(t,x,N),



Figure 1: This figure indicates the time evolution of an arc £y which lies entirely in the free
surface.

where @ (¢, z, \) is the solution of the equation

o0 oo _
ot u@:p_

w,

with the initial condition
(I)‘t:O = Ao + )\T]()(J,‘),

where no(x) is the initial disturbance of the free surface. At each time ¢, this change of
variables represents a foliation of the domain in (x, z) variables by contact lines indexed by
0 < A <1, and where each line corresponds to A = const in the (z, A)-plane. The free surface
z = hg + n(t,xz) corresponds to the value A = 1. It can be shown that in semi-Lagrangian
coordinates, the material derivative is defined only in terms of the horizontal velocity, and the
curvilinear domain occupied by the fluid in the plane {(z,2),0 < z < ho + n(t,z)} maps to a
strip in the plane {(z,A),0 < A < 1}. Let £} be a finite material arc lying entirely in one of the
contact lines defined above, starting at a point x4(t) = (z4(t), z4(¢))?, and ending at another
point xp(t) = (zp(t),z5(t))T. The arc corresponding to the value A = 1 lies entirely in the
free surface, and will be denoted simply by L; .

Parametrizing the initial arc Eé using the real parameter s, we obtain the description of
the arc £} in the form

X:Lp(t,S,A) :(pr (t7$7)‘)7902 (t737)\))T7 54 <s<sg,

where x = ¢(t, s, \) is the solution of the Cauchy problem

(C%( =u(t,x), x|, = X0(s, A), xo(s,\) € Eé.

Using the Euler equations (8), (9) one can obtain the time evolution of the total drift v* along

L} in the form

d—’y/\—i u-dx = <|u|2——gz> e

dt  dt 2 (10)

££\ XA (t)



Observing that

/u-dx:/u-?;:ds,

we see that (10) can also be written in local form as (7) along the material curve £;'. In fact,
the previous computation is nothing but the standard proof of Kelvin’s circulation theorem,
but applied on a contour which is not necessarily closed. Taking a contour embedded in the
material line £, we obtain from (10) the conservation law in the Lagrangian coordinates

o(u-38) 0 ( [uf®

s — (£ ) =0. 11

ot * 0s <p +gz 2 ) (11)

Introducing K*(t,z) defined along £} by

Op(t, s,\)
0s

dp*(t, s, )

t .
u( Y 5? )\) 88 Y

= KM\t,z) (12)

we obtain the following conservation law in the Eulerian coordinates (,z) along £3:

OK* 0 v p(tz,N) 1, 9 B
6t+ax(u(t,$,)\)K +T+gz(t,$,)\)—§(u (t,z,\) +w (t,x,A)))-O (13)

T
In order to understand the meaning of K, we let n* = (—W, 1) be the unit normal to

L, scaled by the element of arclength of £}. By the same token, let 7% = (1, W)T be
the unit tangent vector to E,?‘, scaled by the element of arclength. It can then be shown that
(12) is equivalent to defnining

K = u(t,x,)\)~7')‘

)

At the free surface z = z (t,x,1) = h(t, z), the pressure vanishes, and we obtain the simpler
conservation law K & .
E—i_% <uK+gh—2(u2+w2)> =0. (14)
This is an exact conservation law representing the evolution of the tangent velocity K along
the free surface. While this conservation law can be related to the densities found in [6] in the
case of potential flow (since then K = 9,¢(t, xz,n(t,z)), it is clear from the preceding discussion
that (14) holds even in the case of rotational flows. In fact, the equation for K corresponds to
the equation (9) in [14] where a new Hamiltonian formulation of the water waves equations in
the presence of vorticity was proposed. To the best of our knowledge, the general equation (13)
valid for each material curve £} is new, and its derivation has a clear geometrical meaning. In
the case where the conservation law is evaluated at the free surface, a geometric interpretation
was also provided in [3].

2.2 2D balance law in the Green-Naghdi approximation

In the case of potential motion the exact balance law (14) can be related to the fourth con-
servation law (6) satisfied by solutions to the Green-Naghdi system (1)-(2) by truncating the



resulting set of dimensionless equations at second order in 5. Indeed, we recall the scaling
which is used in the derivation of the system (1)-(2). Define the non-dimensional variables

.z - z -~ o ~ h - U - w ~ P
I=—-, 2=—, t=—t, h=—, 4=—, W=-——, P=——. 15
l ho l ho co V/Beo pgho (15)

Using this scaling, the quantity K = u + why| a—h(t,z) is given in non-dimensional variables as
K (£,%) = i + Biha,
and the conservation law (14) turns into

OK 0/~ - 1

=4 (Kt h— (@ + B5?)) =0,
8t+85€( a+ 2(u + pw*)
In the case of potential flows, the expressions of the horizontal and vertical velocity are as

follows (see, for example, [5]):

hZ 32

~ _ = R ¥ 2

u(x,z,t)—u+ﬁ<6 2) zz + O(5%),
Substituting the expressions for @ and w evaluated at the free surface into the formula for
K (t, ) yields
6 ~ B"Q: 77 = a 1:2 /B"Q:: 77 == 7 B"Q:Q _ 2
ﬁ(u P2, — ﬁhhxux) 4= <2u — Sh%iiiiz; — Bhhsiiiiz + h— SHE ) = 0(5?).

Using similar reasoning as in [1, 2], we define the non-dimensional quantities K and g by

€ = (i O Rias — Bhbsiis

3
and .
e — ((27;2 B — BRhsiig) + gﬁ%g> |
Then the balance is _
oK  Ogx 9
ot ozx (5%

Using the natural scalings I = coK and q = c%cj;c, the dimensional forms of these quantities
are given by

1
K=u-— gh%m — hhyiig,
1 1 1
qc = gh + 5112 — gh%am — hhy ity — 5h?afm

respectively. While the preceding analysis shows that the conservation law

oK 0

K dac _

ot ox
holds approximately to second order in 3, it can be seen immediately that the density X and
the flux gk are the same as the respective quantities in (6), so that (16) is an exact identity

0, (16)



for solutions of the Green-Naghdi system (1)-(2). The asymptotic expansion for K can also be
found in (5.17) in [29].
It is interesting to see what happens in the shallow-water approximation where the balance

oK e
o or

O(B)
only holds to the order of 8. In this case, we obtain
K=u

for the density and
1 2
aKc = gh + 72“’

for the flux. Thus in this case the equation % + 85% = 0 also holds exactly, and in fact it is just
the second equation in the shallow-water system. It can be seen clearly from this form that
this is a balance law relating horizontal velocity energy density per unit mass. In the shallow-
water theory, the horizontal velocity is taken to be uniform throughout the fluid column, so
that the simple form for X and i is achieved. However, the quadratic dependence of the
horizontal velocity gives a more refined representation which may also be used advantageously
for kinematic studies of the fluid motion, such as in [7, 10, 27].

In the derivation of the Green-Naghdi equations (3)-(4), such as summarized in the ap-
pendix, no hypothesis about the flow potentiality was used, except that it needs to be assumed
that the vorticity be small. Since the conservation laws (4), (5) and (6) are exact consequences
of the Green-Nagdhi system, these formulas also hold in the case of rotational flow. However,
in order to show the asymptotic equivalence of (14) and (6), the horizontal velocity needed to
be assumed to vary quadratically with the depth, and this in turn depends on the flow being
irrotational.

To obtain an asymptotic link between (14) and (6) in the general case remains an open
problem. Indeed, the vorticity distribution in the fluid layer will certainly influence the average
velocity and the surface velocity. In this case, the conservation law (6) might correspond to
the equation (13) with some A\ depending on the vorticity distribution.

3 Kinematic balance law in three dimensions

3.1 3D balance law for perfect fluids

The Euler equation (8)-(9) are written in general form, and may also be interpreted to hold
in three dimensions, for a velocity field u = (u, v, w)”, a pressure p(t, z,y, z) and body forcing
g = (0,0,—g)T. In this case, the kinematic free surface boundary condition is given by n; +
ung +vny = w at z = n(t,z,y). Note that for the purpose of this section, we define the
horizontal spatial coordinates, velocity vector field, gradient and material derivative by
0 O0\T Dy 0

> , and =

T T
xy = (x, , ug = (u,v)", V :(—,— — = — +uy-Vy,
= (z,y) u = (u,v) H oz’ By Dt 8t+ H VH
respectively.
An analogous vector law for the evolution of the tangent velocity can also be derived in

three-dimensional case. Let 3; be defined by z = h(t,xp), be the free surface, which is



assumed can be projected onto the horizontal plane (Oxy). As before, we will introduce a
special Lagrangian coordinate 0 < A < 1 corresponding to the foliation of the fluid domain
by the material surfaces ¥7. The free surface ; will correspond to the value A = 1. Such a
foliation can be achieved by solving the Cauchy problem for the equation
aa(f +uy-Vgd =w,

with the initial condition

(I)’t:O = )\h() + )‘nO(XH>7
and making then the change of variables (xp,z) = (xm, A), 2 = ®(t,xp, A).

Then we introduce the Lagrangian coordinates s!, s*> which may be taken as the (z,y)
coordinates of a particle at time ¢ = 0. Each surface ¥} is thus parametrized by the same
parameters s!, s?. The change of variables is assumed to be invertible: s' = s'(t,xg,\), for
i = 1,2. The Lagrangian coordinates s’ are conserved along the particle trajectories in the
Eulerian coordinates. This implies that the transport equation for the Lagrangian coordinates
s* reduces to

<§t+uH.vH)3i:07 i=1,2, (17)

in the coordinates (xg, A). Let
e =Vpys', i=1,2,

be a local cobasis at each surface ¥} (we call it cobasis because €' are gradients). Taking the
horizontal gradient Vg of (17) yields

el +Vg(e'-ug)=0. (18)
Since the matrix gf is symmetric, (18) can be written in the form
H
Di i _ iy (90, = (221" (19)
Dt te aXH "= 8XH '

In analogy with the two-dimensional case, one may take the drift along each s°— curve con-
taining in the contact surface ¥} to obtain conservation laws analogous to (7) in the form

o(u-5%) 0 (p [uf®
at"‘asi(p—f—gz—2>—0. (20)

where ¢(t, 51, 52, \) is the motion of particles along the surfaces . Defining
dp(t,s', 5%, \)
Js’

in analogy with the two-dimensional case, we can define the tangent component of the velocity
vector at ¥} as

K} = u(t, st s%,\)

1

K* = K{e' + Kje.
Taking the partial derivative of K/\(t, s, %) with respect to time at fixed Lagrangian coordi-

nates s', s? we obtain

9e?(t,st, 5%, \)
+ K@—at

0K (t,s!, s A A 14 o o2
(t,s S):8K1e1+8K2e2+K{\ae (t,s',5%,A)
ot ot ot ot
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Converting to Eulerian coordinates, we obtain

2 2 2
_ —a(p—}—gz—‘lﬂ)el—(?z(p—i—gz— |ul >e +K{\8e (t,s', 52, 0) Kg\ae (t,s',s )\)‘
p as* \ p 2

Dy

2
D D
D KA, XH)——VH<B+QZ [ul >+KA Lel(t,xp, \) + K3 22L& (t,xp, \).
p

2 Dt Dt
Using (19), we may write the last relation as
—K"\(t -V -———-(==] K.
Dt (t,xm) =—Vg <p T9r T p-
This equation may also be written as

A A A T by T T 2
K (t>XH)+[aK _<8K > }uH-f—(aK ) uH+<8uH> K)‘+VH<];+gz—|u’> =0,

ot oxy oxy Ox g oxp

or equivalently as

K (t, x11)

2
5 + curl(K*) qu—&—VH{K/\-uH—i—z—i—gz—’u‘} =0. (21)

2
Equation (21) holds on the material surface ¥, and is the equivalent of (13) in the three-
dimensional setting.

At the free surface z = h(t,xpy) equation (21) can be writen in a simpler form. Indeed,
since at the free surface p = 0 and

hi +ug-Vgh =w,

where uy is evaluated at the free surface and w is the vertical velocity evaluated at the free
surface, (21) may be rewritten in the form

2
a;t{—kcurl(K)qu—i—VH{K uH+gh—<]uH| —i—(%) )}:0, (22)
which is analogous to (14). Since K is a vector in the (x,y)— plane, the vector curl(K) has only
one non-zero component and is orthogonal to the (z,y)— plane. Equation (22) is exactly the
equation proposed in [14] (see equation (9) in that paper written by using different notations).

Two observations are in order. First of all, equation (22) holds in the case of non-zero
vorticity as well as the case of potential flow. In the latter case, we have curl(K) x ug = 0,
since

curl(K) x uyg = (curl(u)\z:h(txm -N) uj;, N=(-Vgh, )", up=(-v,u)’,

so that (22) is a proper conservation law in the case of potential motion.
Secondly, it will be convenient to express K in terms of the velocity field in Eulerian
coordinates. For this purpose, note the following computation:

oxy oh oxpg oh
KZ(UH-aSl—i- al)VHS —|—<uH 82 =+ w 82)VH8

oxy OxXg oh oh
(V st ®?+VH ®82)UH+U)<8 1VH +82VHS>

=ug +wVgh.



3.2 3D balance law in the Green-Naghdi approximation

Next, we consider the approximation of (22) in the Green-Naghdi regime. Recall that the
Green-Naghdi equations for three-dimensional flows are written in terms of the depth-averaged
horizontal velocity u and the total flow depth h as

ne+ Vg - (hu) =0, (23)
{ﬁt+T(haﬁt)}+ﬁ'vHﬁ+VH77+Q(haﬁ) :0? (24)
where )
T(h, l_lt) = —%VH(h?’VH . l_lt),
Q1) = V[ (8- V(Y1) — (Vi - w?)]

In order to obtain an unbiased representation, we write the non-dimensionalized version of
(22) in terms of the principal unknown variables of the Green-Naghdi equation. Thus in
non-dimensional form, (22) becomes

gf(ﬁH + ﬂﬁ)ﬁHﬁ) + (?l\l;l(ﬁH + ﬁﬁ)@Hﬁ) X Up
~ - ~ 1
+Vy {ﬁH +B(@Vih) - +h = <|ﬁH\2 n 5@2) } —0. (25)

Note that since the velocity fields are now approximated, the term curl(K) x uyg may not
evaluate to zero even for irrotational flow, and therefore needs to included.

Similar to the two-dimensional case, in the case of potential flow, the non-dimensional
horizontal velocity field uy, and the vertical velocity component w are given in the Green-
Naghdi approximation at any location (Xg, Z) in the fluid by the following expressions in terms
of the depth averaged velocity:

h? o 2\« -
(%2, = 5+ 5 — 5 )Aui+ O(3) (26)
W(xp, Z,t) = =2 (Vg -u) + O(B). (27)

Moreover, in the Appendix, the following important relation is established:

This relation holds as long as irrotational solutions of Euler’s equations are considered. We
now look at the three terms in equation (25) individually. The first term can be written as

9 (o + 59h) = 2(5 - CR2AG - gH(Ta - )V uk) + 057,

which suggests defining

= Be (i3 =
K=u-— 3BVH (h leHll> , (28)

10



With this definition, the second term can be written as

- o 2 (@ + Bihz)o — 2 (0 + Bidhy)s
Wy + BV Eh) x gy = | % e D
curl(ay + SVpgh) x ug L (0 + Biohy) i — (%(u—kﬁwh)
R o \z ] O _ Qu) A 5
B @Kl—%Kz (0 L ag_aiﬂb Anv +0(3?)
- QK _QK = @ 8—? A u
| (5K — 7K1 )7 | oy oz )~ H
_ | \tmaEe ) g
— s P ~ )
| (a2 — 5K )v |

where we have used the fact (shown in the appendix) that g“ gz = O(pB). Finally, the last
term in (25) can be written as

6H{ (- 51208 - BA(Vy - @) Vah +0(82) - (- 85 Axi+0(8%) + ]

- (1 - 2555 Aa+ s WP+ 0(7) |
~ ~ L ~ 1/ - ~ = ~
= VH{K At <|ﬁ|2 + Blh(Vy - 1‘1)\2) } +0(B%).
Thus with the definition of K as in (28), the relation (25) can be written as

%K+£ﬁ(ﬂ§) <+ Ty {K.um_ LA a|2} _ o). (20)

This equation is the approximate form of (21) which is valid to the same order of approximation
as the Green-Naghdi system. However, as in the two-dimensional case, it appears that the
equation is actually an exact consequence of the Green-Naghdi equations, and the O(?) term
in (29) may be replaced by zero. Then, using the equation (23), the balance law (29) may be
written in dimensional variables as

K 1

Eﬂurl(K)xa+vH{K-a+gh—§(|ﬁ|2+(%)2)}:0, (30)
where K = u — —V H (h3V H- u) 1s the dimensional form of (28), and the material derivative
in this context is deﬁned as gt = at +u-Vy.

4 Discussion

In both potential and rotational flows, solutions of the water wave problem satisfy the exact
balance equation
8(11. ¢ ’ ‘2

where s; are Lagrangian coordinates, and ¢ denotes an ensemble of particle paths. This
equation holds both in two and in three dimensions. In two dimensions, the above relation
gives rise to the differential conservation equation (14) involving the tangential velocity along

11



the free surface which we denoted by K. In three dimensions, the somewhat more complicated
equation (21) appears.

These conservation equations have been studied in the Green-Naghdi approximation which
assumes that surface waves are long when compared to the undisturbed depth of the fluid,
and where terms of order higher than 3, where g = h% /1? is the long-wave parameter, are
disregarded. In the case of potential flow, it was found that these equations give rise to cor-
responding approximate balance laws which have the same form as the exact conservation
equations (6) and (28) of the Green-Naghdi equations in two and three dimensions, respec-
tively. In this respect, we have completed the physical interpretation of the conservation laws
connected with the Green-Naghdi equations in the case of potential flow.

To summarize the conservation laws in the three-dimensional setting, note that solutions
of the Green-Naghdi equations admit conservation of mass, given by

Eﬁ-vH‘(hl—l):O.

Conservation of momentum is represented by
O thay+v- {hawas (o8 + 1221 = 0
5 thU} + V- hu@ Tt (g5 +3h 5 ) 1 =0,

where 1%22 = (% +1- VH) (% +ua- VH), and I is the identity matrix. Conservation of energy
in the three-dimensional Green-Naghdi system is represented by the following conservation
law: )

Q{hﬂ +E} + V- {ﬁ(hg +E+p)} =0,

ot 2
where

p=2_4+2(=
> *5\Dr

Finally, the equations admit the exact consequence (30):

K _ _ 1/ _ 2
Sy oul(K) x w+ Vi {Ka+gh - 5 (Jaf + (85)*) } =0,

gh? h (Dh)2'

with K = u — 3%VH (h3VH . ﬁ) =u+ 3ihVH (hQ%?). This conservation law is obtained as
an approximation of a general exact balance law (22) at the free surface for the full Euler
equations in the case of potential motions. Since both (22) and (30) also hold in the the
case of rotational flow, a natural question is if the asymptotic equivalence can be extended to
this more general case. One possible approach would be to use ideas from [14] where a fully
nonlinear long-wave system is derived in the case of non-potential flow. In this approximation,
the velocity field below the surface is governed by an additional evolution equation, and this
equation could be the basis for finding an approximation to the velocity field in the rotational
case. However, this is beyond the scope of the present article.

The importance of the variable K for numerical purposes is demonstrated in [31, 35]. Anal-

ogous equations can also be obtained in the case of multi-layer flows, such as for instance in
[4] and [38].
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5 Appendix

5.1 Derivation of the 2D Green-Naghdi equations

The derivation of the Green-Naghdi equations in two spatial dimensions can be found in [5]
in the case of potential flows. The derivation in the case of non-potential flows can be found,
in particular, in [4] where a variational approach was used based on the Hamilton principle.
However, a direct averaging the Euler equations can also be done. Here we will indicate some
of the key steps for the vorticity case. In order to understand the approximation of (14) in
the Green-Naghdi theory, we recall the scaling which is used in the derivation of the system
(1)-(2). Using the non-dimensionalization (15) from Section 2.2, and averaging the continuity
equation (9) over the local depth of the fluid leads to the continuity equation (1), where the
average horizontal velocity # is defined by

. 1 [
h Jo

Using the boundary conditions, the continuity equation and depth averaged values, the mo-
mentum equation

appears, where
[(7,2,1) = w; + Uz + 0z

is the vertical acceleration. The estimation of the correlation

is now needed. In the two-dimensional case, the vorticity has only one scalar component @
which satisfies the equation

where

If, initially, Q = O(p*), s > 0, then for any time
0

O — O(/Bmin(s,l)>.
In particular, it implies (see details in [4]) that

’ﬁ _ 'L:L| _ (r)(ﬁmin(s,l))7
h .
/0 (1~L2 o aQ) dz = O(ﬁlen(s,l))'
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Since the principal term of @ is in the form

- ot .
i~ o~ __zJu min(s,1)
w(x, 2, 1) Zoz +0O(B ),
and therefore,

T(&,2,1) = —Z (i + Giizz — 42) + O(B™nED),
we find in the case s > 1/2 the equation

B o

ﬁf—i_ﬁﬁj_‘—ﬁj_gjaj

(Eg (g7 + Utizz — a?:)) = O(p>min=1))
valid up to order 3. So, the derivation of the equation for the average velocity does not require
the potentiality hypothesis, the vorticity should only to be quite small.

5.2 Derivation of the 3D Green-Naghdi equations

In the three-dimensional case we use the additional scalings

v
Y= L and v = —,
l Co
so that we can write the horizontal velocity in the form agy = %uH. Averaging over the local
depth of the fluid leads to the continuity equation

s + Vi - (hit) = 0, (31)

where 1 = (u,v) is the averaged non-dimensional horizontal velocity: G = @ = % foh uy dz.
Using the boundary conditions, the continuity equation and depth averaged values, the mo-
mentum equations

u;+ (a- v ):Jr”~+5&/h~r(~ j, %, 1) dz =
U H)U T 1Nz }Nlai' 0 2L\r, Y, z, Z =
1o Mo, 1o (" -
e —u’) dZ — = — uv)” —u’) dz
hai“/o (a* —@*) dz hﬁz)/o ((a0)* — @*) dz,
and
~ ~ il ~,
v+ (u-Ve)o+05+ ——= Z0(Z,9,2,t))dz =
0

appear, where

[(Z,9, 2,t) = Wy + Gz + 0y + 0.
As in 2D case, no need to suppose that the flow is potential. The only hypothesis is that the
dimensionless vertical gradient of the horizontal velocity Gy is initially small (see details in [4]

)

ouy

% |, =0(p%), s>1/2.
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Then (see [4]) : .
‘ﬁH - ﬁH‘ — O(ﬁmln(s,l))’
h ' h R ' h } _
/ (112 _ aQ) dz = O(Blen(s,l))’ / ((’11’17)2 _ aQ) _ O(BQmm(S’l)), / (’LN)Q _ 1—)2) dz = O(ﬁlen(s,l))'
0 0 0
and that the vertical velocity becomes

w(zT, Z,t) = —gﬁH a4+ O(ﬁmin(s,l)).

Therefore,
- D /- ~ ~ ~\2 ; D 0 . =
A~ —_ _s | = =Y = min(s,1) = _ Y =,
F(xuyaz7t) = =% |:Dt (VH u) (VH u) :| +O(/B )’ Dt~ t~+u VH)
and we find the equation
{7+ BT (h,8p)} + 8- Vi + Vi + Q(R, ) = O(52mnD), (32)
where )
T(h, V) = —%m(/ﬁm V),
QU V) =~ Vu [ (V- Tu(¥r V)~ (Vi - V)?)]
’ an ‘

5.3 Alternative representation of the horizontal velocity

An alternative representation of the horizontal velocity field can be obtained by using the
relation

Ayu=Vy (Vg a)+0(B),
which holds for potential flows. Indeed, note that

~ ~ ~ 0 (0u Ov 0 [(ou Ov
O (u8) = (5 (3 ) o (o + 7))

(0 0 (00 06\ 9 9% 0 (00 0
- \oz2  o9y2 oy \oyg O0x)’ 0x2 0y 0% \0j O

= u a v . |
H oy Oz
where we have introduced the the vorticity of mean horizontal velocity:
- Ov  Ou
Ww=———=.
ox 0y

Let us estimate & under the condition that the instantaneous flow is irrotational: v, — uy = 0.
We have

5 o (1 N o (1"
w = (%<B/O Udz>_8?j<ﬁ/o udz)




Now from (26) and (27), we see that

]ﬁ—ﬁ(t,x,y,h(t,x,y))\ = 0(6)7

and

Hence, the vorticity of mean horizontal velocity can be seen to be of the order of 5. As a
consequence, one can also use the following approximate formula for the horizontal velocity
field at the free surface in terms of the average horizontal velocity:
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