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MULTI-SYMPLECTIC STRUCTURE OF FULLY-NONLINEAR
WEAKLY-DISPERSIVE INTERNAL GRAVITY WAVES

DiDIER CLAMOND* AND DENYS DUTYKH

ABSTRACT. In this short communication, we present the multi-symplectic structure for
the two-layer SERRE-GREEN-INAGHDI equations describing the evolution of large ampli-
tude internal gravity water waves when both layers are shallow. We consider only a
two-layer stratification with rigid bottom and lid for simplicity, generalisations to sev-
eral layers being conceivable. This multi-symplectic formulation allows the application
of various multi-symplectic integrators (such as EULER or PREISSMAN box schemes) that
preserve exactly the multi-symplecticity at the discrete level.
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1. Introduction

The density stratification in oceans exists due, mainly, to the dependence of the water
density on temperature and salinity [14]. The density stratification supports the so-called
‘internal waves’. These are ubiquitous in the ocean and, comparing to surface waves,
internal waves may have a huge amplitude of the order of hundreds of meters [13|. These
waves play an important role in ocean dynamics and they attract permanent attention of
several scientific communities. Compared to surface gravity waves, the physics of internal
waves is richer and their modelling leads to more complicated equations, in general (see
the reviews [1, 20| for more information).

Lagrangian and Hamiltonian formalisms are tools of choice in theoretical physics, in par-
ticular for studying nonlinear waves. Quite recently, the multi-symplectic formalism have
been proposed as an attractive alternative. This formulation generalises the classical Hamil-
tonian structure to partial differential equations by treating space and time on the equal
footing [5]. Multi-symplectic formulations are gaining popularity, both for mathematical
investigations and numerical modelling [7, 19].

Multi-symplectic formulations of various equations modelling surface waves can be found
in the literature. However, to our knowledge, no such formulations have been proposed for
internal waves. In this note, we show that the multi-symplectic structure of a homogeneous
fluid should be easily extended to fluids stratified in several homogeneous layers. For
the sake of simplicity, we focus on two-dimensional irrotational motions of internal waves
propagating at the interface between two perfect fluids, bounded below by an impermeable
horizontal bottom and bounded above by an impermeable rigid lid.

The present article should be considered as a further step in understanding the un-
derlying mathematical structure of an important model of long internal waves — the so-
called two-layer SERRE equations [21] — where the thicknesses of the fluid layers are
small compared to the characteristic wavelength (shallow layers). SERRE’s equations are
approximations for large amplitude long waves. This model is sometimes referred to as
weakly-dispersive fully-nonlinear and was first derived by SERRE for surface waves [21]. Tts
generalisation for two layers internal waves was apparently first in the late nineteen eighties
[4, 16, 18], both with a rigid lid and with a free surface, and later re-derived using different
approaches |2, 3, 9].

The Hamiltonian formulation for the classical SERRE equations describing surface waves
can be found in [15], for example. However, this structure is non-canonical and quite non-
trivial. The two-layer SERRE equations also have a non-canonical Hamiltonian structure
[2, 11]. In the present study, we propose a multi-symplectic formulation of the two-layer
SERRE equations with a rigid lid. This work is a direct continuation of [8] where the
multi-symplectic structure was proposed for the original SERRE equations.

The results obtained in this study can be used to propose new structure-preserving
numerical schemes to simulate the dynamics of internal waves. Indeed, now it is straight-
forward to apply the EULER-box or the PREISSMAN-box schemes [19] to two-layers SERRE
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Figure 1. Sketch of the two-fluid domain.

equations. The advantage of this approach is that such schemes preserve exactly the multi-
symplectic form at the discrete level [5, 7|. To our knowledge, this direction is essentially
open. We are not aware of the existing structure-preserving numerical codes to simulate
internal waves. This situation may be explained by higher complexity of these models
compared to, e.g. surface waves.

The present manuscript is organised as follows. In Section 2, we present a simple varia-
tional derivation of the governing equations. Their multi-symplectic structure is provided
in Section 3 and the implied conservation laws are given in Section 4. The main conclusions
and perspectives of this study are outlined in Section 5.

2. Model derivation

We consider a two-dimensional irrotational flow of an incompressible fluid stratified in
two homogeneous layers of densities p;, subscripts j = 1 and j = 2 denoting the lower and
upper layers, respectively. The fluid is bounded below by a horizontal impermeable bottom
at y = —d; and above by a rigid lid at y = ds, y being the upward vertical coordinate
such that y = 0 and y = n(z,t) are, respectively, the equations of the still interface
and of the wavy interface (see Figure 1). Here, = denotes the horizontal coordinate, ¢ is
the time, g is the downward (constant) acceleration due to gravity and surface tension is
neglected. The lower and upper thicknesses are, respectively, hy = d; +n and hy = dy — 1,

such that h; + hy = d; + d ' D is a constant. Finally, we denote uw; = (u;,v;) the
velocity fields in the j-th layer (u; the horizontal velocities, v; the vertical ones). We derive
here the fully-nonlinear weakly-dispersive long wave approximation SERRE-like equations
[4, 9] following a variational approach initiated in [22] for the (one-layer) classical SERRE
equations. Further relations are given in the Appendix A.
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2.1. Ansatz

In order to model long waves in shallow water with rigid horizontal bottom and lid, the
velocity fields in each layer is approximated as

Uj(l‘,y,t) ~ ﬂj(!L‘,t), 'Uj(l‘,y,t) ~ ((_1)jdj_y) Ujy, (2'1)

where @; is the horizontal velocity averaged over the j-th layer, i.e., 4; o hit fjdl urdy ,

def

Uy = hy ! fndQ uady. The horizontal velocities u; are thus (approximately) uniform along
the layer column and the vertical velocities v; are chosen so that the fluid incompressibility
is fulfilled together with the bottom and the lid impermeabilities.

With the ansétze (2.1), the vertical accelerations are

def _ i
Dwj = vp + wjvje + vy, & it {d; — (=1)Yy},

where D, is the temporal derivative following the motion and y; are the vertical accelera-
tions at the interface, i.e.

def i _ _ _
Vi o= Dtvj|y:7] ~ (-1)J h,] {u]xt + Uj Ujpa — ufx } . (22)

The kinetic and potential energies of the liquid column are, respectively,

aef [ uf4vf o ud o] ~ 2 17 -2, 173-2
A= /—dlpl 9 dy + . P2 dy ~ Zj=1pj(5hjuj tohi W)

def [ 2
Vo= / prg(y+di) dy + / p2g(y+di) dy = 5(pr—p2)ghi + 5p29D%
—d1 n

Note that the potential energy is defined relatively to the bottom without loss of generality.

The incompressibility of the fluids and the impermeabilities of the lower and upper
boundaries being fulfilled, a Lagrangian density .Z is then obtained from the Hamilton
principle: the Lagrangian is the kinetic minus potential energies plus constraints for the
mass conservation of each layer, i.e.

def

L= =V + p{hy + ], } o1 + pa{ha + [hatiz], } @2, (2.3)

where ¢; are Lagrange multipliers and with the constraint hy, = D — h; being assumed.
The latter could be relaxed adding A(hy + he — D) (X another Lagrange multiplier) into
the right-hand side of (2.3) [6]. However, we do not do it here in order to handle fewer
equations.
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2.2. Equations of motion

The EULER-LAGRANGE equations for the functional [[ .2 dxdt yield (together with
ho = D — hy and for j = 1,2)

56,0 = hy + [hya;],, (2.4)
0u; 0 0 = ¢jhje — [hjd5le — 5[0} Wl + hyay, (2.5)
Sh1:0 = S (praf — p2uy) — (p—p2)ght + 3 (pLhiug, — pahsug,)

— p1ou + p2du — p1U1 Qe + p2Uz P2 (2.6)

Adding the two equations (2.4) and integrating the result, one obtains
hituy + hpty = Q(t),

@ being an integration ‘constant’ (U, o Q/D is often called mix velocity in the theory of
multiphase flows). The relation (2.5) can be rewritten

Gjo = U — ghi [ Uele = U — ghi e — hihjpte  (G=1,2),  (27)
thence
hidre + hadoe = Q — $[h) U + D3 lios o, (2.8)
PLP1e — P2Po = pruy — P2l
— o b [RPang]e + §pahy B oy ], (2.9)
pLutdry — Paus oy = prlUf — pail;

— %,01 Ui h;l [h13 ﬂlx]x + %pg U9 h;l [h23 ’Ijgx]x. (210)

The equation (2.6) then gives

prdi — p2da = 1 (pihiug, — p2hiuz,) — L(praf — potis) — (p1—p2) gl

+ %plfblhfl[hfﬂlx]x — %nggh [h UQm] (211)
and eliminating ¢; between (2.9) and (2.11), one obtains
81&{/71711_/72712_3/)1}1 [h' ulz]z+3p2 h u2:1: }+
L{3mius — sp2u; + (p1—p2) ghy — 3p1hial, + 5 p2hiug,

—sptn b (B ]y + 5 pptia byt [hy sy )i} = 0, (2.12)
that, physically, is an equation for the conservation of the difference between the tangential
momenta at the interface. One can also easily derive a non-conservative equation for the
horizontal momentum

pr (Ury + Uy Urg) — po (e + Uglze) + (p1— p2) ghie

+ tpihi [himle + $p2hs t[RS2)e = 0. (2.13)
On the other hand, equations for the momentum and energy fluxes are not easily derived
from these equations. This is where a multi-symplectic formulation comes to help.
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3. Multi-symplectic structure

A system of partial differential equations has a multi-symplectic structure if it can written
as a system of first-order equations [5, 17]

M-z + K-z, = V,5(z2), (3.1)

where a dot denotes the contracted (inner) product, z € R™ is a rank-one tensor (vector) of
state variables, Ml € R™" and K € R™*™ are skew-symmetric rank-two tensors (matrices)
and S is a smooth rank-zero tensor (scalar) function depending on z. S is sometimes called
the ‘Hamiltonian’, though it is generally not a classical Hamiltonian.

The multi-symplectic structure for the one-layer SERRE equations is already known |[8].
This structure can be easily extended to two (and more) layers. The multi-symplectic
formulation for one layer involves 8-by-8 matrices. For two layers, we then expect a prior:
a multi-symplectic formulation with 16-by-16 matrices. However, since we consider a rigid
lid, one variable can be eliminated, thus reducing the formulation to 15-by-15. Thus,
introducing h; = h and hy = D — h for brevity, we seek for a multi-symplectic structure
with

z = h€1 —+ ()0162 —+ ’11163 —+ ’l~}1€4 —+ P1 €5 —+ qd1 €¢ —+ rer —+ S1 €3
+ o9 + Useyg + V€11 + prein + ez + rey + syeps, (3.2)
(e; standard unitary basis vectors) and

M= p(e;®e—ey®ep) + %p1(61®65—€5®81)

— me1®eg—e®er) — zm(er®@en—en®e), (3.3)
K=gme®e—er®e) — p(e2®@es—e;®@es)

- %p2 (e1®ey—eyu®er) + pr(eg@es —e3®eg), (3.4)
S = p (307 — 3u{ — $s1w01) b + p2 (05 — 305 — 3520s02) (D — h)

— s(pr—p2)gh® + 2 pip1(Wsy —T1) — 3 p2ps (Uasy — To)
+ p1 Uy + 35101) — p2qalis + £5202) — S p17r1S1 + 5 paTa e (3.5)

These two-layer expressions for z, M, K and S are simple duplication of the corresponding
expression for one layer [8]. We show below that they indeed lead to the two-layer SERRE-
like equations derived in the previous Section.

Physically, ¢; are the velocity potentials written at the interface, while ¢, are related
to the velocity potentials integrated over the fluid layers. Using the velocity potentials
at the interface, we obtained rather easily the multi-symplectic structure of the SERRE-
like equations. Conversely, with the equivalent formulation involving ¢; it is difficult, and
likely impossible, to obtain a multi-symplectic structure of the SERRE-like equations. It
is reminiscent of the classical Hamiltonian formulation for finite-depth two-layer flow with
a rigid lid, where the weighted difference between the velocity potentials at the interface
turns out to be the correct canonical variable [10].
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The substitution of (3.2)—(3.5) into (3.1) yields the fifteen equations

pl{%t + %pu + %7’11«} - /)2{<P2t + %pzt + %7’23:} = —(p—p2)gh
+ {500 — 30U — g1} — pa{§05 — 3U — 3UsTas2 )}, (3.6)
—pi{h + @z} =0, (3.7)
0:01{91—h(ﬂ1+%@181)+%p181}, (3.8)
0 = —gp{p — h(¥1 —s1) —qusi}, (3.9)
—%plht = —%pl{ﬁl — S1Uy }, (3.10)
Lo = p{u + 55101}, (3.11)
—3mhe = —5p151, (3.12)
0 = _%pl{rl + htiy 0 — prn — 101}, (3.13)
p2{ht + @} = 0, (3.14)
0= —pa{@+ (D—h)(us+ $0282) + 5pas2}, (3.15)
0= g5p{p2+ (D—=h) (0 — U282) — @232}, (3.16)
sp2he = 5pa{02 — 2z}, (3.17)
—papar = —p2{ iz + 35272}, (3.18)
sP2he = %P2, (3.19)
0 = %,02{7“2 — (D —=h) g0y — palis — q202 }. (3.20)

Twelve of these equations are trivial and can be simplified as (with j = 1, 2)

g = (17" hiu;,  opy= (=07 Ry, s; = (=1) 7 hya,

v =, U= (ST (hp + Whye) s e = U+ 5850,
the remaining three giving the mass conservation equations (together with hy + hy = D)
hflt + [hl ﬂl]x - 0, hgt -+ [hg 712]33 - O, (321)

and, exploiting the relations (3.21), the equation for the tangential momenta at the interface
pLgie — papar = 3 (p1h12ﬂ‘12$ - P2h227122m) -1 (/)17112 - /)27122)
+ sprunhy (B G le — 3 patinhy ! [h tisg o
+ gp it — gpa[hdus]s — (01— p2)gh. (3.22)
One can verify that these equations are equivalent to the ones obtained above.
The multi-symplectic structure described above involves the potentials ¢; that are dif-
ferent from the potentials ¢; used to derive SERRE-like equations of the section 2. After

elimination of ¢; and ¢;, the two systems of equations are identical. Indeed, the differences
between these two velocity potentials are — from (2.7), (3.17) and (3.21) — given by

Pjie — Gjo = 3hja(hje + uihje) + 507 Ujea + Dy hjs Uje
= %hf’l_ﬁj;m; + %h] hj:vﬂjm == %[hfﬂjx]m, (323)
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thence with ¢; = ¢; + $h ;. substituted into (3.22), the equation (2.11) is recovered.

4. Conservation laws

From the multi-symplectic structure, one obtains local conservation laws for the energy
and the momentum

E, + F, =0, I, + G, =0, (4.1)
where E(z) = S(z) + 32, - K-z, F(z) = =32, - K-z, G(z) = S(z) + 32, - M - z and
I(z) = —%zz - M - z. For the SERRE-like equations, exploiting the results of the previous
section and after some algebra, one obtains

E = pn [%4,01h1ﬂ1 + %hfﬂlﬂu}x - %mhlﬂf - %Plhffbfx

+ pa[3p2hatiy + %h;’ﬂga%}x — Lpphouy — %pahiug,

— gD [hiustus ], — 5 (p1—p2) ght, (4.2)
F=—plsorhitn + ghltu], — pphaun (5uf + $hfal, + 3 him)

— p2[spohatiy + %h;’ﬂzﬂzx]t — pahotis (51U + Fhitz, — 5 haya)

+ $p2 D [hitstin, |, — (p1—p2) ghithn + p2 Qo + 5p2Qu3

- ;@ [%hgﬂzﬂzx]z + %p2@h22712 U2zz (4.3)

G = phiai + %(m—Pz)ghf + %mhlz’h + m[%@ﬁn + %hf’fblx}t
— Lpa(hi—h)u3 — 2p2hive + p2[sp2he + %hg?’a%:}t
— 5Dy + 3p2D[hitsts, | — & p2 D h3 s lng,, (4.4)

I = prhyus — pr 391y + %h?ﬁlz]z — 52D o,
+ p2h2ﬂ2 — pQ[%()OQhQ —+ %h;ﬂgx}x (45)

Note that these relations involve both ¢; and ¢; in order to handle more compact expres-
sions.

4.1. Momentum flux

From the relations (4.4) and (4.5), after simplifications and some elementary algebra,
one obtains the equation for the conservation of the momentum
2

Zj:1 Olpihju;]l + Oulpihi{a; — (1Y 59h; — (=1 5hv }] =
DPan[¢2t + %%2 — hy hog U Uy, — %hiﬂi - %hgszszm - ghz] ; (4.6)
and comparison with the equation (A.2) gives an expression for the pressure at the interface

P/p = Ko(t) — boy — 205 + hohoytiztin, + Lhi 0y, + Lh3tstise + gho, (4.7)
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where K5 (t) is an arbitrary function (integration ‘constant’). The horizontal derivative of
this relation, with (2.4) and (2.7), yields after some algebra

pz//)z = ghoy — Uy — Uplg, + %hfl[hg’hha (4.8)

that is the upper-layer averaged horizontal momentum equation (A.3), as it should be. We
have obtained the CAUCHY-LAGRANGE equation (4.7) because we used h = h; as main
variable for the interface in the multi-symplectic formalism and because we eliminated ¢,
from the equations. Had we instead used hs and eliminated ¢,, we would have obtained a
CAUCHY-LAGRANGE equation for the lower layer. The latter can be easily derived in the
form

P/m = Ki(t) — ¢ou — éulz + hyhig Uy Uy, + %hfﬂfx + %hfﬂlalxm — gh.
The arbitrary functions K; are BERNOULLI “constants”. Their determination requires

gauge conditions on ¢; and P; (in order to have unequivocal definitions of these quantities)
and a precise definition of the mean interface level and of the frame of reference.

4.2. Energy flux

From the relations (4.2) and (4.3), after simplifications and some elementary algebra,
one obtains the equation for the conservation of the energy flux

2 .
Z’:l 8t|:%p] hj{ﬂjQ + %hfﬂfx - (_1)]gh] }] +
8:1:[/)1' hjaj{%ﬂf - %hfafr N <_1)j%hj7j - (_1)jghj}} -
sz [¢2t —u2 — hg hgx’ljg’agx — %h; ﬂ;x — %hgﬂgﬂgm — ghg} . (49)

The right-hand sides of equations (4.6) and (4.9) both involve ¢5. The latter can be
eliminated computing D x (4.9) — @ x (4.6), yielding after one integration by parts

2 } .
Zj: at[%Dpj hj {af + %hjz ajza: - (_l)j ghj } - ij hj fL]’_
+ 0. Dpyhyiy {302 + Sh2ad — (—1) Ly — (1Y gy }
— Qpih;{u; — (=1 gh; — (-1)'3 m}

o d dQ dQ

_ Q .
= {P1h1U1 + pohotis} = —po T (p1 — p2) by . (4.10)

5. Conclusions and perspectives

We have derived the shallow two-layer SERRE-type equations from a variational frame-
work. The main contribution of this study is that we presented their multi-symplectic
structure. The rather complicated nonlinear dispersion of the SERRE-like equations makes
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non-trivial the derivation of the multi-symplectic structure, a priori. However, we have
shown here that this structure for fluids stratified in several homogeneous layers can be
rather easily obtained from the one layer case. For the sake of simplicity, we focused
here on two layers in two-dimension with horizontal bottom and lid. Generalisations for
three-dimensional several-layer stratifications should be straightforward from the multi-
symplectic structure of the one-layer three-dimensional SERRE equations with a varying
bottom. This will be the subject of future investigations.

The size of the multi-symplectic structure increases rapidly with the number of layers
and the number of spatial dimensions. However, the matrices involved are sparse and most
of the equations are algebraically elementary. Thus, the calculus can be achieved easily
and straightforwardly with any Computer Algebra System capable of performing symbolic
computations.

Finding a multi-symplectic structure opens up new directions in the analysis and nu-
merics of equations. In this paper, we illustrate another advantage of the multi-symplectic
formalism: it also provides an efficient tool of calculus. Thanks to the multi-symplectic
formalism, the conservation laws are obtained automatically, and thus the conserved quan-
tities and their fluxes are obtained as well. The ‘automatic’ derivation of these conservation
laws is an advantage of the multi-symplectic structure.

As the main perspective, we would like to mention the structure-preserving numerical
simulations of nonlinear internal waves. The proposed multi-symplectic structure can be
transposed to the discrete level if one employs a multi-symplectic integrator [7, 19]. These
schemes were already rested in complex KdV simulations [12], but this direction seems to
be essentially open for internal wave models.

A. Complementary equations

Multiplying by (y + di) and (d2 — y) the vertical momentum (full EULER) equation
for the lower and upper layers, respectively, and integrating over the layer thicknesses, we
have

g D'Ul o n 8P1 . — ~
[ o[ T ra|a = - [ wraGa - n(n - ).
dz D vy & 0P, 5 5

— . = — ) === - P —
/77 p2 (do y)l Dy +g}dy /n (ds —y) o dy h2( 2),

where P is the (unknown) pressure at the interface and P; is the layer-averaged pressure.
With the ansétze (2.1) one obtains

Py =P+ (-1)7 " Lpigh; + (=1)7 Lp by, U =12).
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Integrating over the layer thicknesses the horizontal momenta, one obtains

K DU1 n 8P1 ~ _ ~
p dy = — —dy:[h (P—P)] — m P,
[orpi == [, G =[n(P-r)], - n
2 Du2 anPQ ~ — ~
dy = — [ L2y = [h (P—P)} — P,
/n P2 Dt Y , Oz Y 2 2)|. 2
thence with the ansétze (2.1) (with j = 1,2)
[hjus), + [y} — (=1 §9hf — (=1 §hiv], = —p; " by P
From these relations, we obtain at once (with Q = dQ/dt)
Q + [h1ﬂ12 + h2a22 +gDh + %hf% — %hQQ’Yz]x = _(hlpl_l + hQPQ_l)Pm
(A1)
2 : . .
ijlpj{[h’jaj]t + [hjuf — (=1) 59hf - (—1)]§hj2’7jh} = -DP, (A2)
Uy + Uty — (1Y ghje — (=17 3h;" [hl ] = —p;' P (A.3)

The elimination of P, between the two equations (A.3) yields (2.13).
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