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High-order strongly nonlinear long wave
approximation and solitary wave solution. Part 2.
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A strongly nonlinear long-wave approximation is adopted to obtain a high-order model for
large-amplitude long internal waves in a two-layer system by assuming the water depth
is much smaller than the typical wavelength. When truncated at the first order, the model
can be reduced to the regularized strongly nonlinear model of Choi et al. (J. Fluid Mech.,
vol. 629, 2009, pp. 73-85), which lessens the Kelvin—Helmholtz instability excited by
the tangential velocity jump across the interface in the inviscid Miyata—Choi—Camassa
(MCC) equations. Using the second-order model, the next-order correction to the internal
solitary wave solution of the MCC equations is found and its validity is examined with
the Euler solution in terms of the wave profile, the effective wavelength and the velocity
profile. It is shown that the correction greatly improves the comparison with the Euler
solution for the whole range of wave amplitudes and no further correction is necessary
for practical applications. Based on a local stability analysis, the region of stability for
the second-order long-wave model is identified in the physical parameter space so that
the efficient numerical scheme developed for the first-order model can be used for the
second-order model.
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1. Introduction

Nonlinear internal solitary waves propagating in density-stratified oceans are frequently
observed on satellite images. As the density difference in the ocean is typically small,
or O(1073), the gravitational effect is greatly reduced so that the amplitudes of internal
solitary waves are usually large compared with the characteristic vertical length scale, such
as the well-mixed surface layer thickness, as observed in numerous field and laboratory
experiments (Helfrich & Melville 2006). When its density changes sharply from one value
to another, the stratified ocean is often approximated by a two-layer system, for which one
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can find four characteristic lengths: a, A, h; and hy, representing the wave amplitude, the
wavelength and the top and bottom layer thicknesses, respectively. For internal solitary
waves, while the long-wave parameter 8 defined by 8 = h;/4 = O(hy/A) is small, the
amplitude parameter « defined by o = a/h; is typically O(1). Therefore, the classical
weakly nonlinear assumption of & < 1 cannot be used.

In order to describe large-amplitude long internal waves, Miyata (1988) and Choi &
Camassa (1999) proposed a strongly nonlinear long-wave model, which was derived under
the sole assumption of 8 < 1 while « is assumed to be O(1). The solitary wave solution of
the so-called Miyata—Choi—Camassa (MCC) equations valid for the shallow-water case of
ha/h1 = O(1) has been found to be in good agreement with previous numerical solutions
of the Euler equations and experimental observations (Choi & Camassa 1999; Camassa
et al. 2006). The MCC equations were also generalized to a two-layer system with a free
surface and a multi-layer system (Choi & Camassa 1996; Choi 2000) and their solitary
wave solutions have been studied (Barros & Gavrilyuk 2007; Kodaira et al. 2016; Barros,
Choi & Milewski 2020; Zhao et al. 2020). A uni-directional model that shares the solitary
wave characteristics of the MCC model was also proposed by Choi, Zhi & Barros (2020),
although its derivation is heuristic.

While the MCC solitary wave solution predicts well the internal solitary wave
characteristics, in particular, for small and large amplitudes, it shows some discrepancy
from the Euler solution for intermediate amplitudes although the difference is relatively
small (Camassa et al. 2006). While the agreement for small amplitudes can be expected,
that for large amplitudes is somewhat surprising. For surface waves, as the wave
amplitude increases, short-wavelength components are important so that the long-wave
assumption becomes invalid. On the other hand, for internal waves, the characteristic
wavelength decreases initially with the amplitude to a minimum, but increases to
infinity as the wave amplitude approaches its maximum. This implies that the long-wave
assumption is valid for small- and large-amplitude waves, but might be less satisfactory for
intermediate-amplitude waves. Considering that the MCC equations are the leading-order
model truncated at O(8%) under the long-wave assumption of 8 < 1, one can expect the

long-wave expansion to O(S4) or higher to better describe intermediate-amplitude waves.

For surface waves, it has been known that high-order long-wave models can be obtained
as a system of two nonlinear evolution equations in infinite series (Agnon, Madsen &
Schaffer 1999; Wu 1999, 2001; Madsen, Bingham & Liu 2002; Choi 2019, 2022). One
evolution equation is for the surface elevation while the other is for the depth-mean
velocity or the velocity at an arbitrary vertical level, including the free surface and the
bottom. Depending on the desired accuracy, these models can be truncated at some order
of ,32 and studied numerically. However, as shown in Choi (2019), the truncated models
can be ill posed at some orders of approximation and such models should be avoided for
numerical computations. The only model that is well posed at any order of approximation
was shown to be one for the bottom velocity (Choi 2022). It was then shown that the
theoretical solutions of the high-order model compare well with Euler solutions and
laboratory measurements for large-amplitude solitary waves.

For internal waves, the MCC equations written in terms of the layer-mean velocities
have been known to be dynamically unstable due to the wave-induced velocity jump
across the interface (Jo & Choi 2002). To avoid this Kelvin—Helmholtz (KH) instability,
the time-dependent MCC equations were solved numerically with a filter that removes
unstable short-wavelength disturbances, whose wavenumbers are greater than a critical
value (Jo & Choi 2008). However, as the internal solitary wave amplitude determines the
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Figure 1. Two-layer system.

critical wavenumber, the filter needs to be adjusted depending on initial conditions and,
therefore, is inconvenient to implement for numerical studies.

As an alternative approach, Choi, Barros & Jo (2009) regularized the MCC equations
by rewriting the evolution equations in terms of the top and bottom velocities, instead of
the layer-mean velocities. The regularized model was also extended to two-dimensional
waves by Barros & Choi (2013). Through a local stability analysis, the regularized model
was shown to be stable to disturbances of arbitrary wavelengths if the initial solitary wave
amplitude is smaller than a critical value, which is close the maximum wave amplitude
for a wide range of depth and density ratios (Choi et al. 2009). The robustness of the
regularized model was then tested numerically using a pseudo-spectral method combined
with an iterative scheme (Choi, Goullet & Jo 2011). It is therefore reasonable to choose
the top and bottom velocities as dependent variables for a high-order long internal wave
model.

Here, using a similar procedure to that introduced in Choi (2022) to obtain the
high-order strongly nonlinear long surface wave model, we extend the regularized MCC
model written in terms of the top and bottom velocities to an arbitrary order in 2 and find
a high-order solitary wave solution.

The paper is organized as follows. Based on the linear dispersion relations for different
long-wave models presented in §2, a high-order long internal wave model for the
shallow-water configuration is obtained for the top and bottom velocities in § 3. Using
the second-order model, the leading-order correction to the MCC solitary wave solution is
obtained and the resulting solitary wave solutions are compared with the Euler solutions
in §4. After a local stability analysis is presented for the second-order model in §5,
concluding remarks are given in § 6.

2. Basic formulations for long internal waves

At the interface between two fluids of densities p; with i = 1 and 2 for the upper and lower
layers, respectively, as shown in figure 1, the boundary conditions written in terms of the
interface variables are given (Taklo & Choi 2020) by

G+ VP -VE =1+ |V HW, (2.1a)
@i+ LV + gt = —P/p;i + (1 + V¢ HWE, (2.1b)

where ¢(x, t) is the interface displacement; @;(x, t) = ¢i(x,z=2¢,1) (i =1, 2) are the
velocity potentials evaluated at the interface; W;(x, t) are the vertical velocities evaluated
at the interface defined by W; = ¢;,|,—r; P(x, ) is the pressure at the interface; g
is the gravitational acceleration. For static stability, p» > p; is assumed. Here the
subscripts ¢ and z represent partial differentiations with respect to time and the vertical
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coordinate, respectively, and V is the two-dimensional horizontal gradient given by
V =(9/dx, 0/dy).

To write (2.1) as a closed system for (¢, @;, P), one needs to express W; in terms of these
variables. This closure is similar to that for surface waves in Choi (2022), but is repeated
here as some details are worth noting.

2.1. Linear models

For small-amplitude waves, the boundary conditions (2.1) can be linearized to
=W D+ g¢ = —Pi/pi. (2.2a,b)

Here, @; and W; can be approximated by those evaluated at the mean interface (z = 0) so
that @;(x, 1) >~ ¢;(x, 0, 1) = ¢j,(x, 1) and W;(x, 1) > 9¢;/0z|,—0 = wj,(x, 1).

When the three-dimensional Laplace equations are solved for ¢; (i = 1, 2) with the
top and bottom boundary conditions given by 9¢1/0z|,—;, = 0 and 9¢»/0z|;=—p, =0,
respectively, their solutions can be written, in Fourier space, as

¢i(k, z, 1) = {cosh[k(z + (—1)'h))1/ cosh(kh))} i, (K, 1), (2.3)
where f‘(k, z,t) is the Fourier transform of f(x,z, 1), k= |k| with k being the

two-dimensional wavenumber vector and /; and h, are the thicknesses of the upper and
lower layers, respectively. Then, from (2.3), one can obtain

Wiy (k. 1) = (=1)"(k tanh kh;) by (K., 1), (2.4)
from which the approximate expressions for W; > w, are given, in terms of @; 2~ ¢;,, by
Wl-(k, 1) ~ (=1)!(k tanh khi)cf)i(k, 1). (2.5)

Finally, after taking the Fourier transform of (2.2) and using (2.5), the four linear equations
for ¢, @; (i =1, 2) and P are given, in Fourier space, by

& = (—=1)'(ktanhkh))®;, i, + gt = —P/p;. (2.6a,b)

Assuming (E, cﬁi,f’) ~ exp(—iwt), the coupled system (2.6) yields the full linear
dispersion relation for internal gravity waves (Lamb 1932)

5 (p2 — p1)gk tanh khy tanh khy
w” =

2.7)
p1 tanh khy 4 po tanh ki

where the wave frequency w is always real.
For long waves in shallow water with kh; < 1 and hy/hy = O(1), one can expand 7; =
tanh kh; as

X ~2n+2 (H2n+2
2 (2 - 1)B2n+2 2n+1
T; = § : khi)™*1, 2.8
i 1 2)! (kh;) (2.8)

n=0

where By, are the Bernoulli numbers given by Bg = 1, Bo = 1/6, B4 = —1/30, Bg =
1/42,---.
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When the upper limit for the summation in (2.8) is replaced by an integer M (> 0), one
can find a truncated linear system given, from (2.6), by

&= (—1)kT; i, & + g =—P/pi, (2.9a.,b)

where T; s represents the Mth-order long-wave approximation of T; valid to O(B?M+1)
with kh; = O(B). The linear dispersion relation of this truncated system can be found as

Wl — (02 — P1)EKT\ T2, m

(2.10)
p1To.m + 2T m
For example, for M = 2, the dispersion relation is given by
2 P2 P18k hiha[1 — % (kh1)? + 5 (kh)*1[1 — (khy)? + 35 (kho)*] o1

pahi[1 — $(kh1)? + & (k)" + prha[l — §(kho)? + & (kho)*]

whose right-hand side is positive so that w is always real. On the other hand, under the
leading-order approximation (M = 1), or by neglecting terms proportional to (kh;)* in
(2.11), its right-hand side becomes negative for large k values. If this happens, w is purely
imaginary so that the system is unstable and its imaginary part represents the growth rate.
In general, the system for the interface potentials @; is stable for even M while that for odd
M is unstable. The same observation was made for surface waves in Choi (2022).

It should be stressed that this discussion about stability of the linear system (2.6) or
its long-wave approximation (2.9) is limited to perturbations to the flat interface without
background currents. When the interface is no longer flat, different horizontal velocities
are induced in the top and bottom layers. Due to this velocity discontinuity across
the interface, short-wavelength disturbances are expected to grow by the KH instability
mechanism (Jo & Choi 2002). As we are interested in large-amplitude internal waves, the
stability of a deformed interface should be examined, but its analysis will be postponed
until a high-order long-wave model is obtained.

Instead of the interface potentials, the long-wave model, such as the MCC model, is
often written in terms of the layer-mean velocities u; defined by

1 h 1 ¢
Uy = —— Vodz, wp)=—— Vo, dz. 2.12a,b
“ (hl—;)/g brde m=G10 /_hz P2 dz Cend

For small-amplitude waves, after replacing ¢ by O in the limit of the integration and using
(2.3), the Fourier transforms of u; can be approximated by u; >~ —ik tanh kh; / (kh;) ®;,

from which we have hiﬁ ~ —ktanh kh,-(IAJi. Then, from (2.9), the linear system for ¢,
u; and P can be found, in Fourier space, as

& = (=)W <@, kh coth khjit;, + gV = —VP/pi. (2.13a,b)

Once again, for long waves, when truncated at O(8?M), the linear system (2.13) yields the
following dispersion relation:

(prhaKi m + pai Ko ) = (p2 — p1)gk*hiha, (2.14)
where K; ys are the truncated series of K; = kh; coth kh; given by
1 1 22M B,

Kiy = |14+ =kh)? — —Uhp)* + -+ ——2(kh)*M | . 2.15

iM |: +3( l) 45( l) + + (2M)‘ ( l) ( )

Contrary to the system for the surface velocity potentials @;, the system for the layer-mean
velocities u; is stable for odd M, but is unstable for even M.
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To regularize the MCC model that is ill posed when the interface is deformed, Choi
et al. (2009) used the velocity potentials at the top and bottom boundaries in the long-wave
model. For small-amplitude waves, the interface potentials @; and the velocity potentials
evaluated at the rigid top and bottom boundaries ¢;(x, t) = ¢;(x, z = (=D p, 1) are
related, from (2.3), as

&; = i, (k, 1) = cosh(kh))@i(k, 1). (2.16)

Then, from (2.6) with (2.16), the four linear equations for £, ¢; (i = 1,2) and P can be
obtained as
& = (= 1) (ksinhkhy)@;,  (coshkhy);, + g& = —P/pi. (2.17a.b)

For kh; = O(B) <« 1, when the expansions for C; = coshkh; and §; = sinhkh; are
truncated at 0(,82M ), as before, the dispersion relation for (2.17) is given by

— kS1.mS
Wl — (02 — p1)gkS1 . MS2.m , 2.18)
p1C1mS2.m + P28S1,MCom
where C; p and S; 3/ are the truncated series of C; and §;, respectively, given by
(khi)* (khi)*™
Ciuy=|1 e , 2.19

oM [ LT @2M)! (2-15a)

(kh;)? (khi)*™
Sim=khj |1+ ——+--- 4+ ——1. 2.19b
M ’[ MY QM + 1)! (2196)

As the right-hand side of (2.18) is always positive for any values of k and M, the wave
frequency w is always real. Unlike that for the interface velocity potentials @; or the
layer-mean velocities u;, the system for the top and bottom velocity potentials ¢; given by
(2.17) is stable, at any order of approximation, to all small disturbances on the flat surface.
Therefore, the top and bottom velocity potentials ¢; are chosen to write a high-order
long-wave system.

2.2. Nonlinear models

Similarly to Choi (2022), we sketch briefly the derivation of a high-order long-wave model
for ¢;. First we expand the three-dimensional velocity potentials ¢;(x, z,7) (i =1,2) in
Taylor series about fixed vertical levels, or z = z;,

00 . .
(=D @ —z,)¥ o
Gilx,z,0) = ) —— Vg,
Py !
: 7=Ziy
o . .
BV /R S d;
+3° (DN = )7 goer g1 801 (2.20)
et 0 |,
By introducing in (2.20)
biq = Pili=z,» Wia = 00i/02|:=, . (2.21a,b)
¢i(x, z, 1) and w;(x, z, t) = d¢;/dz can be written (Madsen et al. 2002; Choi 2022) as
i = cos[(z — 2, ) Vigig + sin[(z — 2, ) V] - V" wig, (2.22a)
w; = —sin[(z — z;,) V] » Voo, + cos[(z — zi, ) VIwig. (2.22b)
952 A41-6
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For finite-amplitude long waves in shallow water, when we choose z;, = 1 and —h; for
i =1 and 2, respectively, (2.22) can be rewritten, with w;, = 0 at the flat top and bottom
boundaries, as

¢i(x,z, 1) = cos[(z+ (=D'h) Vlg;,  wi(x,z,1) = —sin[(z+ (=1)'h) V] - Ve,
(2.23a,b)
where @1 (x, 1) and ¢2(x, ¢) are the velocity potentials evaluated at the top and bottom
boundaries, respectively. When z = ¢ is substituted into (2.23), &; and W; can be
expressed, in terms of ¢ and ¢;, as

@; = cos[(¢ + (=1)'h)Vgi, Wi= —sin[(¢ + (=1)'h)V]- V. (2.24a,b)

Then, substituting (2.24) into (2.1) yields formally a system of nonlinear evolution
equations for ¢ and ¢; (i = 1, 2) along with an additional unknown P, although the cosine
and sine functions in (2.24) need to be expanded in infinite series and, then, truncated to a
certain order in 82 for practical applications, as discussed in § 3.

Once the high-order long-wave model for ¢; is found, one can obtain a similar model
for the interface velocity potentials @; or for the layer-mean velocities u; using the
relationships between these variables, as shown in Appendices A and B. However, as
mentioned previously, the long-wave model for @; or u; should be used with care as it is

stable about the zero states only when truncated at even or odd orders in A2, respectively.
Furthermore, when the interface is deformed, both models suffer from the KH instability.

3. Regularized high-order model for the top and bottom potentials
3.1. Expansion in terms of the top and bottom velocity potentials

Following Choi (2022), by expanding the cosine and sine functions in (2.24), @; and W;
can be expressed, in terms of ¢ and ¢;, as

= (_l)m 2m2m
;= mE:o Diom, Piom= —(2m)! N, Vi, (3.1a,b)
W; = 200: Wiom, Wiom= <—1>i—(_”m+l g2 g, (3.2a,b)
= @m+ 1" ’ ’

where both @;2,, and W; 2, explicitly depend only on ¢ and ¢;, and n; (i =1,2) are
defined by

ni = hi + (—1)'¢. (3.3)
Assuming that 7;V = O(h;/1) = O(B) < 1 with ¢/h; = O(a/h;) = O(a) = O(1), one
can notice that @; 5,/ ®; = O(B>™) and W; 2,,/|V®;| = O(B>"+1) for m > 0. Although

no small parameter is explicitly introduced, these series can be considered asymptotic
series in A2 when truncated.

3.2. System of nonlinear evolution equations

By substituting (3.1)—(3.2) into (2.1), the nonlinear evolution equations for ¢, P and ¢; can
be obtained as

o0 0.¢]
G=Y Qi@ @), ®i=—P/pi+ Y Riom(, o), (3.4a,b)
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where @; are given, in terms of ¢ and ¢;, by (3.1). In (3.4), Q; 2, (m > 0) are given by
Qio=—-V¢-V&;io+ Wiy, (3.5q)
Qion ==V - V®iom + Wiom + IV Winn-1) form = 1, (3.5b)

while R; 2, (m > 0) are given by

1 1
Rio=—g¢ — §|V4’i,0|2, Rip=-V&;o-V&;ir+ E(Wi,o)z, (3.6a,b)
1 m 1 m—1
Riom = —3 Z V&2« V®r4n—j) + 3 Z Wi 2iWi20m—j—1)
j=0 j=0
1 m—2
—|—§|V§|2 D WinjWiam-j-2) form=>2. (3.6¢)
Jj=0

In (3.4), both Q; 2,y and R; 2, are O(B>™) for m > 0.

When the expressions for @; 2, and W;2, given by (3.1)-(3.2) are substituted into
(3.5)—(3.6), one can find the explicit expressions of Q; 2, and R; 2, in terms of ¢ and
@;. In particular, it is useful to notice that Q; 2, can be rewritten as

(_1)m+l

mn} ’"“vz’"v(p,} for m > 0. (3.7)

Qiom = (=1'V - [

As (3.4D) is the evolution equation for @;, an additional step is necessary to find ¢; from

@;. When the infinite series for @; in (3.1) are inverted, ¢; can be expressed, in terms of ¢
and @;, as

oo
¢i =) i  io=Pi (3.8a.b)
m=0
" .
(_1}1+1 2/ —2j
Qiom = J_Zl W”ilv i 2m—jy form > 1. (3.8¢)
3.3. Energy
After eliminating the pressure at the interface P, (3.4) can be rewritten as
00 2 . e
G=> Qon.¢). Y=Y (=Dip Y Rim(. ). (3.9a.b)
m=0 i=1 m=0
along with
0.¢] oo
Y Quan(@ o) =Y Quon(, 92), (3.10)
m=0 m=0

where ¥ is defined by
V=0 — p19P. (3.11)
952 A41-8
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In Benjamin & Bridges (1997), it has been shown that the system given by (2.1) can be
written as Hamilton’s equations

SFE _SE
sv T s

where 6E /8¢ and 6E/SW represent the functional derivatives of the total energy E with
respect to ¢ and ¥, respectively. Then, the system (3.12) conserves the total energy E given

by

& = (3.12a,b)

1
E= [162 = pec® + w1 (3.13)
After substituting (3.4a) with (3.7) for ¢; into (3.13) and using (3.11) for ¥ with (3.1) for
the expressions for @;, the total energy E can be expanded as
e.¢]
E="Em(. ¢1.9). (3.14)
m=0

where E,,, = O(8%™) for m > 0 are given by

1
Ey = E f[(pZ - pl)gé_z 4+ p1m Vo1 - Vo + pomaVer - Vol dx, (3.15q)
2 m 2j+12j . 20m—) o 2(m—j)
! w7 VA (V) - V(g VD g
B =5 / (=D""pi : — dx. (3.15b)
" 2;; [ l 2+ D!I2m —))!

3.4. Truncated models

The infinite series on the right-hand sides of the system given by (3.4) need to be truncated
for numerical computations. The governing equations for ¢, ¢; and P correct to O(8*Y)
are then given by

M M
G= Qiam(C @), ®i=—P/pi+ Y Rizm(C, ), (3.16a,b)
m=0 m=0
M
=Y Dol ¢, (3.16¢)
m=0

where @; 2., Qi 2m and R; 2, given by (3.1), (3.5) and (3.6), respectively, are all O(ﬂzm).
This system will be referred to as the Mth-order system. As mentioned previously,
after solving for @; (3.16b), ¢; can be obtained from (3.16¢), which can be inverted
asymptotically, as shown in (3.8), or numerically using an iterative scheme introduced
in Choi et al. (2011). For a low-order approximation (M = 1 or 2), the numerical approach
is preferable as the asymptotic inversion is less accurate.

Under the small-amplitude assumption of ¢/h; = O(a/h;) < 1, the truncated system
(3.16) can be linearized to

&= (=1'Simleil,  Cimloi]l = —P/pi — g&, (3.17a,b)

where the linear operators C; s and S; s are defined in (2.19). Notice that C; p[¢;] and
Simlei] are the linear approximations to @; and W;. The linear dispersion relation for
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(3.17) is then given by (2.18), which shows that the wave frequency is always real for any
choice of k and M.
When the zeroth-order (M = 0) approximation is made to (3.16), we have

G+ (D7 - iVe) =0, i+ 8¢ + 31Vl = =P/ o (3.184,b)
which are the (non-dispersive) shallow-water equations for a two-layer system.
3.4.1. First-order model

When the leading-order dispersive terms of 0(,82) are included, (3.16) can be reduced to
the first-order (M = 1) system given by

3
G+ (=D'V . [(m - %VZ) Vgol} =0, (3.19a)
n oo 1 P n; 2
1— EV vi| +8¢+ EVQDZ' «Vpj=——+V. gv oiVei ). (3.19b)
! , Pi :

After taking the gradient, the first-order system (3.19) can be written, in terms of the
bottom velocity v; = Vg, as

3
&G+ (=D'V. [(m — %vz) v,} =0, (3.20a)

e (Zoe)] 9 (s Do) Lo o Zowe
V; X * v t 8¢ Zvl'vl = o . X * V)V, .

(3.20b)

This is the regularized long-wave model of Choi et al. (2009) that is asymptotically
equivalent to the strongly nonlinear long-wave model for the layer-mean velocities, or
the MCC equations. Using the relationship between the bottom velocities v; and the
layer-mean velocities u; given, from (B2), by

2
v = it + %vzai + 0B, (3.21)

one can show that the system given by (3.20) becomes the MCC equations for the
layer-mean velocities u;

&+ (=D'V - (i) = 0, (3.224)

L I _ _
uiz+ui'vui+gV§:_;+;v |:?Z{V'uit+ui'v(v'ui)—(v'ui)2} .
1 1

(3.22b)

Here, we have used V(V - &;) = Vu; + 0(52) fromV x u; = 0(,82), which can be seen
from (3.21).
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3.4.2. Second-order model
The second-order (M = 2) model correct to 0(,34) can be written explicitly, from (3.16),
as

: UHE
+(—1)lv.[n,~ 3’v l(v2)2} }:0, (3.23a)

n; 2 n} 242 1
_r 2 . _ . .
1_2!V +4!(V) @i t+g§+2V<pl Vi

2 4
;i n;
=——4+V. (—lvz(in(pi) —-V. |:4 Z(VZ) ©i —I— V(VZQOL) :| . (3.23b)

The total energy truncated at O(BY) is given by E = Ey + E» + E4 with Ep,, (m =
0, 1, 2) defined, from (3.14)—(3.15), by

1
-3 / (o2 — p1)gc> + pimVer - Vor + pmVer - Vealdx,  (3.24a)

2
1 .
=51 2 (-Dp / (V20)? — Vg - V2V dx, (3.24b)
Ti=1

RV
Ex= ,21:(—1)’;0:'/ 3V (V) - V2(V)

—4(V*0)) (V20 + Vi - VAV ;] dx. (3.24¢)

It should be mentioned that, unlike that for the surface velocity potentials or the layer-mean
velocities, the truncated system given by (3.23) conserves the truncated total energy only
asymptotically.

4. Solitary wave solution
4.1. Wave profile

For one-dimensional travelling waves, after introducing X = x — ¢t with ¢ being the
solitary wave speed, (3.4a) with (3.7) can be integrated into

1
—cC=(=1) Z ((2 ll), "t D"[vi] - form = 0, (4.1)

where D = d/dX and v;(X) = Dg;. As the right-hand side of (4.1) is equivalent to
(—1)* ;i it can be seen that we have imposed (¢, #;) — 0as X — —oo to obtain (4.1).
Note that (4.1) can be inverted to find the expressions for v;, in terms of ¢, as

(%)
Vi = Z Viom  Vio= (—l)i%, (4.2a,b)
— i
(_ )I 2] 2i
s j
Viom = Z (2 n 1), [ ,z(m J)] m> 1. 4.2¢)
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Then, from (3.1)—(3.2), the new expressions for @; and W; can be found, in terms of ¢, as

m

(=17 5 5y

P = Z q§l 2m> ¢152m = Z 2))! ntjD] v, 2(m—])] (4.3a,b)
m=0 j=0 ’

s (— 1)] 2]-1—1 2i+1
Wi = Z i,2m> i2m — (=D’ Z Qi+ 1! n; DY [Ul 2(m J)] (4.4a,b)

After substituting these into the steady form of (3.4b) given by
oo
— coi®ix = —P+ pi YR}, (&, 00, (4.5)
m=0

and subtracting these two equations (i = 1, 2) from each other to eliminate P, one can find
an ordinary differential equation for ¢ (X) as

2 o0
DY DpFianE;e) =0, Fion(Ee) = D@}y, 1+ R}y, (4.6a.b)
i=1 m=0

where F; 2, = 0(,32'”) with R}, given, from (3.6), by

i,2m

RY )= —g¢ — 3(D[®} (D>, RI, = —(D[®; (D[P 2])+2< P07 (ATab)

RS, = — Z(D[cbl D DID] 5, ) + 5 Z W, oW, o m—iety
m—2
T (D[;])zz W Weajay form=2. (4.7¢)
j=0

For m = 0, 1, 2, the explicit expressions for F» »,, in (4.6) are given by

1 2 ¢
Foo@io) =3¢ | —— = — — 2], (4.8a)
n2 n5
2 2
Fon(gsc) = 2@’2 2m¢”), (4.8D)
c2h?
Fo.4(C:c) = —ﬁ(m"‘ — 488"+ A3+ 23 + 303"y, (4.8¢)
2

The expressions for Fj2,(¢;¢) (m=0,1,2) can be found from (4.8) by replacing
(8, ¢, h2) by (=g, —¢, h1).
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After multiplying by ¢’, (4.6) can be integrated once with respect to X to have the
following nonlinear ordinary differential equation

2 X

DD (=D oNiam(@:0) =0, Nigw(s;c, i) = / Fiom(C; 0)¢x dX'. (4.9a,b)

i=1 m=0 -

Once again, the explicit expressions for N2 2, (m = 0, 1, 2) are given by

2

¢
N2o(g50) = 2—(02 —gn2), (4.10a)
n2
21,2
h
Noa(tic) = ——2¢7, (4.10b)
612
czh% 2t 2.2 12 11 14
Naa(Gsc) = —M(Zﬂzf $7 = malT + 2mg T — 1287, (4.10¢)

where we have imposed §(”) — 0 as X — —oo for n > 0. Note that Ny 2, can be found

by multiplying N2 2, by -1 and replacing (g, ¢, n2, h2) by (=g, —¢, n1, h1).
To find an asymptotic solitary wave solution, we expand ¢ and ¢ as

c=Y cm (=) ), (4.11a,b)
m=0 m=0

where both ¢y, and ¢, are assumed to be 0(,82’”). When these expansions are
substituted into (4.9), the zeroth-order approximation, or Zl»z:l(—l)ipiN,-,o(g; c)=0,
yields a trivial solution, or { = 0 by imposing the zero boundary conditions at X =
—oo. This implies that —p; Ny 0(¢; ¢) + p2N2.0(¢; ¢) = O(ﬁZ) and, therefore, one should
include the O(B2)-terms for a non-trivial solution of (4.9).

4.1.1. First-order solution
The ordinary differential equation that appears at O(8?) is given, from (4.9), by

2
D (=1 pilNi0(¢o: co) + Nia(¢o: co)] =0, (4.12)
i=1

or

32112y + P2110)CE — (02 — P1&MIGN2,]

(p1hina, + p2h3n1,)cd

where o and cp will be referred to as the first-order solutions, and n;, (i = 1, 2) are defined
by

& = = G(¢0), (4.13)

Mg = hi + (=D'%. (4.14)
Equation (4.13) is the steady version of the MCC equations. From {6 =0 at ¢g = a, the
leading-order wave speed cg and the amplitude a are related (Choi & Camassa 1999) as
(p2 — p1)g(hy — a)(hy + a)

4.15
p1(hy 4+ a) + pa(hy — a) *+15)

2 _
o=
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from which the linear long-wave speed cj;; can be found, with a = 0, as

2 (p2— p1)ghihy

L — (4.16)
= prhy + pahy

For the one-layer case with p; = 0, (4.13) can be reduced to

2
& = ( 2h2> G [g (hy + §0):| 4.17)

As shown in Choi (2022), this is the first-order equation for solitary waves on the surface of
a single layer of thickness A first obtained by Rayleigh (1876) and its solution is given by
¢(X) = asech?(k,X) and ¢} = g(hy + a), where (ksh2)* = 3a/[4(hy + a)] with a being
the wave amplitude.

It was shown in Choi & Camassa (1999) that the width of the internal solitary wave
solution increases with the wave amplitude and a front solution appears at the maximum
amplitude a,, satisfying

hip2/p1 — ha

_ 4.18a.,b
2/ +1 (18.0)

p1(hy + am)2 = pa(h) — am)z, or, explicitly, a,, =

for which the maximum wave speed is given, from (4.10c¢), by

vp/p—1 ) _ (4.19)

2 =g +h2>< e

Note that the front solution for a = a,, represents a heteroclinic orbit that connects two
fixed points of (4.13) located at {p = 0 and a,.

4.1.2. Second-order solution
By substituting (4.11) into (4.9) and collecting terms of O(8%™), one can find an equation
for ¢y, (m > 1) as

[1X)85,, +HX)Gom = (XD eom + fa(X), (4.20)

where f; is a known function of ¢; and ¢ (I=0,1,...,m—1) while f; (j =1, 2, 3),
depending only on the leading-order solutions ({y and cp), are given by

2

fi= Z( 1 p ag,"

2

2
JON; ; ON;
> fZZE (— l)pz— ) f3:§](—1)l,0i¥0,
1=

¢ o

(4.21a—c)
with N; = N; o + N; 2 and subscript O representing evaluation at (¢, ¢) = (o, co). Using
(4.10a)—(4.10b) for N2 o and Np > and the similar expressions for Nj o and Nj 2, one can
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find explicitly the following expressions for f; (j = 1, 2, 3)

toft = —¢3(p1may + p2mi)ed — (02 — P1)EN1, M2 ), (4.22a)

fo ==L (o1h} — pah3)G(Lo) + c§(piha + p2h1) o — 3¢ (o2 — p1)Ed
— (p2 — p1)ghthado + 3(p2 — p)glha — h)EG +2(p2 — p1)gey,  (4.22b)

f3 = —(02 — P1)&N1,M2 8/ O- (4.22¢)

The solution of (4.20) is formally given by

C
Som = % / fo (f—?cz +;T> dx’ +f—0, fo(X) = exp [/(fg/fl) dX] . (4.23a,b)

where the integrating factor fy can be found, from (4.23b) with (4.22), as

fo=1/%. (4.24)

As the solitary wave is assumed to be an even function decaying to zero as X — £00
(except for a = ay,, for which the front solution is found), the homogeneous solution
of (4.20) given by C¢ is an odd function decaying at infinities and will be therefore
neglected. Note that X = 0 is chosen for the lower limit of the integration in (4.23a).
With this choice, &y, are always zero at X = 0 and the solitary wave amplitude a remains
unchanged with the order of approximation.

At O(B?), the expression for f; that depends on o and ¢ is given by

fa = [p1N1,(Zo, co) — p2N2, (Lo, €0)In19M205 (4.25)

where N;, are given by (4.10c) for i = 2 and the similar expression for i = 1, as explained
previously. In evaluating f4, the following expressions for the derivatives of ¢y would be
useful

0l =G, ¢ =1G¢n, ¢ = 156" @), (4.26a-c)

where G'(¢p) = dG/d¢p and G” (&) = d2G/dg“02 with G(¢p) defined by (4.13). Unlike the
surface wave case in Choi (2022), this expression for f4 is so complex that (4.23a) needs
to be evaluated numerically.

After rewriting (4.23) with C = 0 and d¢o = ¢;dX as

o (f3 f4> dgo
m = 7, 4.27
%) % f fo( 7)) (4.27)

we first determine ¢y by removing the (non-integrable) singularity of the integrand at the
lower limit, or {y = a. From the following asymptotic behaviour of the integrand near
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I
Q

¢o

fofs fofs\ _ v (u2.w)
<s“6f1’ €6fl) =T —ap? ity —ap T OW0 =), (428)

with u; and v; (j = 1, 2) being constants, the leading-order singularity at {o = a can be
removed by choosing ¢; to be ¢; = —v1/u1, which can be found explicitly as

o a*(pihin, + pzhgnza)(ﬂmi - ,Ozn%a)z

= — , 4.29)
co 40n1,m2, (p112, + P2m1,) (p1h3na, + pah3ni,)?

where n;, = h; + (—D'a (i=1,2). As p; — 0, this can be reduced to the result for
surface waves on a single layer with the thickness 4y (Choi 2022)

2 a+t+a

= , 4.30
co 40h3 ’ (30

where co = [g(hy + a)]'/? and y = a/(hy 4+ a) is the smallness parameter used in the
expansion.

Notice that ¢ in (4.29) vanishes at the maximum wave amplitude a = a,,, for which
P1 n%a — P n%a = 0. This implies that the maximum wave speed predicted by the first-order
(MCC) equations is indeed the exact solution of the Euler equations, as shown in Choi &
Camassa (1999). Although no correction to the wave speed cg at a = a,, is necessary so
that ¢, = 0, the corresponding MCC solution for the wave profile is different from the
exact solution of the Euler equations, in particular, in the transition region between the two
constant states (¢ = 0 and ¢ = ay,).

Figure 2 shows the variation of the wave speed ¢ with the amplitude |a| for the density
and depth ratios given by py/p1 = 1.022 and hy/h; = 4.132, respectively. These physical
parameters were used to compute the solitary wave profiles in Camassa et al. (2006)
to validate the MCC solution with the numerical solution of the Euler equations for
the shallow configuration. The improvement for the wave speed by the second-order
solution is relatively small as the first-order MCC solution ¢ given by (4.10c) predicts
well the wave speed for the entire range of wave amplitudes, 0 < |a| < |a;,|, where the
maximum amplitude a,,/h; is approximately —1.552. Nevertheless, one can see that the
first-order solution slightly overpredicts the wave speed, and the second-order solution
¢ = co + c2 + O(B*) with ¢y given explicitly by (4.29) clearly improves the comparison
with the Euler solution.

To find &, (4.27) with ¢y given by (4.29) needs to be computed numerically. To
accurately evaluate the integral, we rewrite (4.27) as

&
= ! [2(M262 +v2)y/|Ad| +/ ' F(z) dz], (4.31a)
fO a—Aa
fo (fs f4)
Feo) =2 (B +2), 431b
(¢o) o\, c2 A ( )

where the first term is O(|Aa|!/?) and represents the (approximate) evaluation of the
integral from z = a to z = a — Aa with |Aa/a|] < 1, where Aa is a small shift away from
a (integrable) singularity at z = a. The integration in (4.31a) is evaluated numerically with
|Aa|/h; = 10719 using an integration routine ‘NIntegrate’ in the Mathematica (Wolfram
Research, Inc., v.12). The computed ¢ as a function of ¢y is shown in figure 3 for four
different wave amplitudes. Similarly to the wave speed, the second-order correction is still

952 A41-16


https://doi.org/10.1017/jfm.2022.950

https://doi.org/10.1017/jfm.2022.950 Published online by Cambridge University Press

High-order long-wave approximation for internal waves

125}

120
115
C/clin
110 |

1.05 |

1.007“‘\‘“\“‘\“‘\“‘\“‘\“‘\‘7
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

lal/h,

Figure 2. Solitary wave speed ¢ vs amplitude |a|. The second-order (solid line) solution ¢ = ¢ + ¢ + O(,B4)
is compared with the Euler solution (Camassa et al. 2006) (open squares) and the first-order solution (dashed
line) ¢ = ¢o + 0(,82), where cg and ¢y are given by (4.10¢) and (4.29), respectively. Here, ¢, is the linear
wave speed given by (4.11a,b), the density and depth ratios are given by p2/p1 = 1.022 and hy/h; = 4.132,
respectively, and the maximum amplitude is |a,,|/h; =~ 1.552.

0.04 [
0.03 |
0.02 F 7

h ; <
YLy s -

-0.01 F ]

-14 -12 -10 -08 -06 -04 02 0
o/
Figure 3. Numerical evaluation of (4.27) for {» parameterized by ¢y for four different solitary wave amplitudes

of depression: |a|/h; = 0.36 (dotted), 0.65 (dashed); 1.23 (dot-dashed); 1.51 (solid). Here, the density and
depth ratios are given by p»/p1 = 1.022 and hy/hy = 4.132, respectively.

small. For |a|/h1 = 0.36, 0.65 and 1.23, as ¢> is positive while ¢ is negative for solitary
waves of depression, the second-order solution would lie above the first-order solution
except for {o = 0 and ¢p = a, where ¢, = 0. On the other hand, for |a|/h; = 1.51 close to
the maximum wave amplitude, ¢&; is positive for smaller values of ||, but is negative near
the maximal displacement at ¢y = a.

The computed second-order wave profiles given by ¢ = o + ¢2 + O(B*) for |a|/hy =
0.36, 0.65, 1.23, 1.51 are shown in figure 4 and are indistinguishable from the Euler
solutions. As shown in Choi & Camassa (1999) and Camassa et al. (2006), the first-order
MCQC solutions are close to the Euler solutions over a wide range of wave amplitudes, but
the improvement made by ¢, can be clearly seen for intermediate wave amplitudes.

Figure 5 shows the effective wavelength A defined by

1= ‘é / ¢(X) dX‘ = Ao+ b+ 0B, (4.32)
0
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Figure 4. Comparison of internal solitary wave profiles for four different wave amplitudes: (a) a/h; = —0.36;
(b) —0.65; (¢) —1.23; (d) —1.51. The second-order solitary wave solution (solid) given by ¢ = ¢o + &2 + 0(,64)
is compared with the Euler solution (Camassa et al. 2006) (open squares), the first-order (MCC) solution ¢y
(dashed) and the weakly nonlinear (Koretweg—de Vries, KdV) solution (dotted). Here, the density and depth
ratios are given by p2/p; = 1.022 and hy /h; = 4.132, respectively.

where A, (m = 0, 1) are given by

1 0
Ao = '5/ Com(d2o/p)| - (4.33)

While Ag can be explicitly expressed in terms of complete elliptic functions, as shown in
Choi & Camassa (1999), 1, needs to be computed numerically. Using (4.27) and (4.33)
for m = 1, the expression for A, can be obtained as

1 9 ré
A = ;/ / F(z)dzd¢|, (4.34)

where F(z) is given by (4.31b) with fy = 1/¢;. Once again, the ‘NIntegrate’ routine in the
Mathematica has been used to evaluate the integration in (4.34).

As observed in the comparison for the wave profiles, the second-order solution is
expected to better predict the effective wavelength A, particularly for intermediate wave
amplitudes. As shown in figure 5, the second-order solution indeed agrees well with the
Euler solution for the entire range of wave amplitudes, 0 < |a| < |a,,|. Therefore, for long
internal waves in the shallow-water configuration, the second-order long-wave solution
is expected to be sufficient and no higher-order approximation seems to be necessary for
practical applications.
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Figure 5. Effective wavelength A vs wave amplitude |a|. The second-order solution (solid) is compared with
the Euler solution (Camassa et al. 2006) (open squares), the first-order (MCC) solution (dashed) and the weakly
nonlinear (KdV) solution (dotted). Here, the density and depth ratios are given by py/p; = 1.022 and hy /hy =
4.132, respectively.

4.2. Velocity field induced by a solitary wave

The horizontal and vertical velocities, (u;, w;) = (¢ix, ¢i,), induced by a solitary wave can
be computed, from (2.23), as

. (=D" i1, 12mpy2m
WX, =y [z + (= D'n " D* v, (4.35a)
= 2m)!
wiX, 2) = i D™ 1y Dy, (4.350)
1 ’ — (2m+ 1)' 1 2] .

where ¢ <z <h; for i=1 and —hy <z<¢ for i=2. To find the asymptotically
consistent velocity field, the top and bottom velocities v;(X) = ¢;y should be first
expanded as

o
vi = Z V) o (4.36)

where vl om = = O(B%") can be found by substituting into (4.2) the expansions for ¢ and ¢
given by (4.11). After substituting (4.36) into (4.35), one can find the following expressions
of u; and w;

o0 m
(=1/
w(X,2) =Y ul,,(X.2), u =Z—[ + (=D'R¥ DV}, s, (437a.b)

Dm
s 2!
wi(X,z) = Z Wi (X, 2). (4.384)
m (—1)j+1 .
W =Y [+ (=D'h¥H DV, (4.38b)

] |
—~ Qj+ D!

where u}, and w?, are both o(B*™).
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With the following expressions for v}, (m =0, 1)

COCO
vlp=(=1'—= (4.39a)
U
2
, h; ng (hini 2
vip =co | (=1) 250 4 —Q S ’° : (4.39b)
’ conig 6\ )

the horizontal velocity of the ith layer u; correct to O(82) is given explicitly by

w@@=m%1)cb ”9+@%>

Nip €0 Niy Mo

2 . N
(e Dy %?_%% , (4.40)
6 2 nio niO

where the expressions for ¢z, and &2, (m = 0, 1) have been found in § 4.1.
Figure 6 shows the horizontal velocities u; at X = 0 (at the location of the maximal
displacement) given by

.2 2 //
(0.2 = (—1iey | & 4 280 (Mo GH DB (b
Niy €0 Niy 6 2 ”io

where {, = ¢) =0 at X =0 have been used and ¢ can be computed, from (4.26b),
as ¢ = G'[¢0]/2. Here, to better represent the variation in the vertical z direction,
note that |u;| are shown. Again, the second-order solution agrees well with the Euler
solution for all wave amplitudes. As discussed previously, the correction c¢; to the
leading-order wave speed c is so small that the second term proportional to ¢z in (4.39b) is
negligible. Therefore, the expressions for u;(0, z) without the second term used in Camassa
et al. (2006) are good approximations to the second-order solution although they are
asymptotically inconsistent.

The maximum horizontal velocity jump across the interface occurs at the location of the
maximal displacement, or X = 0, and can be found, from (4.39b) with z = a, as

. (441)
X=0

_ athi+hy) <o,
U, — Uy = (co+2) i —alntd 6 G (a)(h) + hy), (4.42)

where U; = u;(0, a). As shown in figure 7, the velocity jump for the second-order solitary
wave solution is slightly greater than that for the first-order solution. Due to this increased
velocity jump, the second-order internal solitary wave could be more unstable by the KH
instability mechanism (Jo & Choi 2002) and its stability needs to be examined when it is
perturbed by short-wavelength disturbances.

5. Local stability analysis for the high-order system

When a solitary wave is perturbed by short-wavelength disturbances, one can perform a
local stability analysis by assuming that the variations of the internal solitary wave and the
wave-induced currents are slow and can be neglected over the characteristic wavelength of

952 A41-20


https://doi.org/10.1017/jfm.2022.950

https://doi.org/10.1017/jfm.2022.950 Published online by Cambridge University Press

High-order long-wave approximation for internal waves

a T [ ; ; ; T ;
@ of \ ®) 1of \
0f Y ol \
~1.0 )
z/h,
2.0} 20
306 3.0
4.0 4.0
010 015 020 025 030 020 025 030 035 040 045
© 0l @) 1of
0r of
10} —1.0}
z/h, [
20t 20
3.0 -3.0
40F ] 40!
050 055 060 065 070 072 073 074 075  0.76
[u(0, 2)|/c;,, w0, 2)|/cy,

Figure 6. Comparison of |u;(0, z)| for four different wave amplitudes: (a) a/h; = —0.36; (b) —0.65; (c) —1.23;
(d) —1.51. The second-order solitary wave solution (solid) given by (4.39a) is compared with the Euler solution
(Camassa et al. 2006) (open squares) and the mean velocity |u;| = |v;i)| (dotted). Notice that u; = |u;| and up =

—|uz| for solitary waves propagating to the right. Here, the density and depth ratios are given by p2/p; = 1.022
and ha/h1 = 4.132, respectively.

the disturbances. For the local stability analysis, ¢ and ¢; are perturbed about a and U;x so
that they can be written as

(=a+?{, ¢i=Ux+g¢, P=Py+P, (5.1a—c)

where U; and Py represent the current in the ith layer and the interface pressure induced
by the solitary wave, respectively. In (5.1), all perturbations are assumed small so that
1¢'/al < 1, |¢; /Uil < 1, and |P'/Py| < 1. Then, with the following expressions for ¢’
and ¢!

&', ¢, P) = (&, ¢, P) e &=, (5.2)
952 A41-21


https://doi.org/10.1017/jfm.2022.950

https://doi.org/10.1017/jfm.2022.950 Published online by Cambridge University Press

W. Choi

U, —Uyl/cyy,
=

<
W

0 0.5 1.0 15
lal/h,

Figure 7. The velocity jump across the interface |Ux — U;| vs the wave amplitude |a|: The second-order
solution (solid) is compared with the first-order (MCC) solution (dashed) for the density and depth ratios
given by pa/p1 = 1.022 and hy/h; = 4.132, respectively.

the second-order system (3.23) can be linearized, after eliminating P, to

—i(w — kU)Z — (=1)'kK*H;Ai¢; = 0, (5.3a)
2 .
Z(—l)’pi[—i(w — kU)Bigi +g¢1 =0, (5.3b)
i=1
where A; and B; are given by
(kH)*  (kH)* (kH)*  (kH)*

31 sp 0 Bi=l+— 4 (5.4a.b)

Ai=1+

with H; defined by
H; = hi + (—1)a. (5.5)
From (5.3), the dispersion relation for w can be obtained as
p1H2AB) (0 — kU1)* + paH1A1Bo (0 — kUa)* — (p2 — p1)gk”HiHaA 1Ay = 0, (5.6)
or
(p1H2A2B) + p2H A1 By)w* — 2k(p1HaU ABy + paHi UsA1By)w
+ K*(p1H2UA2By + poH1U3A 1By) — (02 — p1)gk*HiHaA 1Ay = 0. (5.7
For stability, w has to be real for all possible ranges of physical parameters p; and 4;, which
is true only when the discriminant of (5.7), or A, is non-negative:
A = —p1payH HyA1A2B1 By (Us — Up)?
+ (02 — pH1H2A1A2(p1 H2A2B) + p2H 1A 1B2) > 0, (5.8)
or

2 Hi A1 | Hy Ay

|Uy—Url" <gp2—pD)g| —5 +—+5 ). (5.9)
p1 Br  p2 By

This condition can be reduced to that for the first-order regularized model obtained by Choi

et al. (2009) when the terms proportional to (kH;)* are neglected from the expressions for
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Figure 8. Stability diagram in the (a, h)-plane for p = 1.022 from the local stability analysis for the first-
and second-order models given by (3.19) and (3.23), respectively. The solid and dashed lines represent the
critical wave amplitudes for the first- and second-order models, respectively. The dot-dashed line represents
the maximum wave amplitude a,,, above (or below) which the solitary wave solution exists when h > ,/p (or
h < /p). The mth-order solitary wave solution is expected to be stable (or unstable) to local short-wavelength
disturbances in S, (or U,,) for the specified range of the wave amplitude a when its propagation is studied
numerically with the mth-order model (m = 1, 2).

A; and B; given by (5.4a,b). As observed in Choi et al. (2009), since A;/B; decrease with
kH; monotonically from 1, the maximum velocity jump across the interface allowed for
stability for any values of kH; is determined by the minimum of the right-hand side of
(5.9), which happens when kH; — oo. Therefore, for given physical parameters (p;, H;),
the stability criterion for the second-order model can be written, from (5.9), as

— o0 (H H
Ur — U)|? < g(pzs—p]) (p—l‘ + p—i) . (5.10)

By substituting into (5.10) the expression for U, — U in terms of a given by (4.42), one
can find the critical wave amplitude a.,. Then, for |a| < |a.,|, the solitary wave is stable, as
shown in figure 8. The critical wave amplitude |a.,| for the second-order model is smaller
than that for the first-order regularized model of Choi et al. (2009), for which the minima
of A;/B; are 1/3, instead of 1/5. Therefore, the stability criterion for the second-order model
is more stringent.

As the solitary wave solution exists up to the maximum amplitude a,, given by (4.18), it
is stable for all possible wave amplitudes if the physical parameters satisfy the following
inequality

5= Vo)’ —p(12=5/p+ p)h* — /p(1 =5/p+ 12p)h + p*>(5./p — 1) <0,
(5.11)
where p = p2/p1 and h = hy/hy. To obtain (5.11), the expression for U, — U; given by
(4.42) has been substituted into (5.10) with a = ay,.

Figure 9 shows the region of stability for the second-order model (the shaded region
bounded by the solid lines), where p and 4 satisfy the inequality given by (5.11). For any
values of p and & inside the stable region, the solitary wave is expected to be stable for
all possible wave amplitudes, or 0 < |a| < |a;,|. It should be mentioned that, even for the
values of p and A outside the stability region, the solitary wave is still stable for |a| < |a./|.
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Figure 9. Stability diagram in the (p, h)-plane. The first- and second-order solitary waves are stable for
all possible amplitudes (0 < |a| < |a,;,|) inside the shaded regions bounded by the solid and dashed lines,
respectively. Notice the stability region for the second-order model is smaller than that for the first-order model
of Choi et al. (2009).

Compared with the first-order stable region defined (Choi et al. 2009) by
B — VP —8/ph+3p —/p <0, (5.12)

the second-order model is less stable, as discussed earlier.
In fact, as the dispersion relation for the Mth-order model can be found from (5.6) with

A=1+ (kHy)® + KH)™ + (kHy® ot (kH)* (5.13a,b)
- e —2 = cood————, (5.13q,
’ 3! eM+1n!" 2! (2M)!
the stability criterion for the Mth-order model is expected to be
— H H
v -y < S0 (B ), (5.14)
2M+1 \p1  p2

Considering that |U; — Uj| increases with the wave amplitude a, as shown in figure 7,
the critical wave amplitude |a.,| decreases as M increases and, therefore, the higher-order
system is more prone to short-wave instability. However, as the second-order solitary wave
solution is sufficiently accurate when compared with the Euler solution, a higher-order
model than the second order might be unnecessary.

6. Conclusion

The high-order long-wave approximation adopted for surface waves (Choi 2022) has
been applied to internal waves in a system of two layers of different density to obtain a
high-order long internal wave model written in terms of the horizontal velocities at the
top and bottom boundaries. This is a high-order extension of the regularized model of
Choi et al. (2009) originally developed to improve the stability characteristics of the MCC
equations in the shallow-water configuration.
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Using the second-order model, the leading-order correction to the solitary wave solution
of the MCC equations has been found. The resulting second-order solutions have been
compared with the Euler solutions for the wave profile, the effective wavelength and
the vertical profile of the horizontal velocity. While the first-order MCC solutions agree
well with the numerical solutions of the Euler equations and laboratory measurements
for a wide range of wave amplitudes, some discrepancy was previously observed, in
particular, for intermediate wave amplitudes. Considering that the effective wavelength
has a minimum at an intermediate amplitude and becomes unbounded as a — 0 or a,,,
it is not so surprising that the long-wave approximation is more relevant for waves of
small or large amplitudes than those of intermediate amplitudes. It has been found that the
leading-order correction removes this discrepancy and the second-order solution compares
well with the Euler solution.

It has been known that the inviscid two-layer models including the MCC equations
suffer from the KH-type instability caused by the tangential velocity jump across the
interface (Jo & Choi 2002, 2008). The local stability analysis for the second-order model
has shown that the solitary wave solution is still stable when the wave amplitude is less
than a critical value. Although the critical wave amplitude for the second-order model has
been found to be smaller than that for the first-order model, it could be still equal or close
to the maximum wave amplitude.

In Choi et al. (2011), a numerical method based on a pseudo-spectral method along with
an iterative scheme to invert a semi-linear operator has been found efficient and stable for
the regularized model of Choi et al. (2009). This was consistent with the local analysis
for the first-order model. As the same numerical method has been applied successfully
to the high-order long surface wave model (Choi 2022) that has a mathematical structure
similar to that of the internal wave model, it can be also used to solve the time-dependent
second-order model for long internal waves, as predicted by its local stability analysis.

It should be pointed out that the high-order long-wave model studied here has been
obtained under the assumption of h;/h; = O(1), or for the shallow-water case and,
therefore, cannot be applied to the deep-water case of hy/h; > 1. For the deep-water
configuration, the second-order correction to the strongly nonlinear model of Choi &
Camassa (1999) has been previously obtained and studied in de Zdirate et al. (2009),
Debsarma, Das & Kirby (2010) and Zhao et al. (2016).
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Appendix A. Long-wave model for the interface velocity potentials
By inverting (3.1a), ¢; (i = 1, 2) can be expressed, in terms of ¢ and @;, as

00
@i = Z Diom, Pio= P, (Ala,b)
m=0
m .
' =D 5y
(pi,Zm = — Z Wnifvzl[éi’z(m_j)] form > 1, (Alc)
Jj=1 '
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where n; are given (3.3). By substituting (A1) into (3.2), W; can be found as

o0
Wi = Z Wi2m, (A2a)
(—1) Z (1™ pZHv20th g )] form >0 (A2b)
12m = (2] 1) 1; i,2(m—j) = U.

By substituting (A2) into (2.1), the nonlinear evolution equations for ¢ and @; can be found
as

G=Y_ Qawm @), iy=—P/pi+ Y Rion(C, &), (A3a.b)

m=0 m=0

where Q; 2, and R,-,gm are given by

Qio=Wio—V®i0-Ve, Qiom= Wiam+ VS Wiopmory form=>1, (Adab)
Rio=-g - %lvqsi,olz, Ri,=1 ~i2,0, (A.5a,b)

1 - m—2
5 Z i,2j 12(m—] n+ —|V§'| Z Wz 2] i,2(m—j—2) form > 2. (A5c)

Jj=0 Jj=0

When the system given by (A3) is truncated at O(B*), one can find the following
second-order system for ¢, @; (i = 1, 2) and P
(=D& + V- VD) + V2 (57, V2D))

+ V[V . (125775V2V<P)+ V- Vi) (V28] =0, (A6a)

. l . ) 2 532
¢lt+g§+2v¢l'v¢l 277,- (V d)l)
+ i (V2O)[VEEIVie) + LV PV2i0; — Lp?Vie = —P/p;. (A6b)

When linearized, this second-order system (A6) yields the linear dispersion relation given
by (2.11), which shows that w is always real and is stable. It should be remembered that the
first-order system for the interface variables is unstable. However, as « ~ k3 for large k, the
time step needs to be small for numerical computations. Therefore, the system might not
be so useful when the interface is perturbed by a large-amplitude internal solitary wave.

Appendix B. Long-wave model for the layer-mean velocities

By substituting (2.23a) into (2.12), the layer-mean velocities #; can be written, in terms of
¢ and ¢;, as

i = - si 0iV) 200 D™ oo (B1)
U, = — SIn(n; ;= —_—0n: v,
i i niV)Qi e Qm+ 1)!771 i
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where v; = Vg; are the velocities at the top (i = 1) and bottom (i = 2) boundaries. By
inverting (B1), the expressions for v; can be found, in terms of ¢ and u;, as

[e¢]
vi=Y Vi Bi0=1i (B2a,b)
= (_l)Hl 2 —2j =
Viom = Zl mnﬂv jvi’z(m_j) form > 1. (B2c)

From (3.7) and (B1), one can see that the evolution equation for ¢ given by (3.4a) can
be written, at any order of approximation, as

&+ (—=D'V - (i) =0, (B3)

which represents the exact conservation law of mass.
From (3.1), V; = V&, can be expressed, in terms of ¢ and v; = Vg, as

o0

(=n"

Vo= Y Viante . V=9 [Gpmein vy 0] i
m=0

By substituting (B2) into (B4), V; can be expressed, in terms of ¢ and the layer-mean
velocity u;, as

Vi=Y_ Vion(C. ), (BS)

m=0

where I_/i,() = u; and I_/i,Zm (m > 1) are given by

Xm: 2jv2jf). N v X_:l (—1)j+1 2j+1V2jV i _ (B6)
2! i i,2(m—j) ni < —(2j+ 1)!77, i,2(m—j—1)s

Jj=0

with v; »; expressed, in terms of ¢ and u;, in (B2).
Then, from (B3) and (3.4b), the evolution equations for ¢ and &; can be written as

‘ P .
G+ (=D'Vemi) =0, Vi=-——+ Z VRiom (&, ui), (B7)
! m=0

where V; are given, in terms of ¢ and u;, by (BS) with (B6). In (B7), Ri,zm (m > 0) are
given by

Rio=—g¢t — 3Vio-Vio. Rip=-Vio-Vio+3Wh. (B8a,b)
1 m—1
Ri2m 5 V ‘V12(m j)+ ZWIZJ i,2(m—j—1)
=0 ] =0
m—
—WZE: Wiam-j-2) form>2, (BSc)
j=0
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where W; »,, are expressed in terms of ¢ and u; as

m

(—1y*! 2j+1 rio -
VIV - vi2im—j)> B9
;0 (2] + 1)‘ Vi, 2(m—j) ( )

with v; »; given by (B2).

When truncated at O(82), the system given by (B7) becomes the MCC equations given
by (3.22) while the next-order approximation will yield the second-order system, or the
high-order MCC equations with V; 2, and R; 2,, given by

2

Vio=1ui, Vip= —%"Vziﬁ — ViV - i, (B10a,b)
i4 = 30 18 ( u;) — | 771| u;, ( )
Rio=—g¢ — i~ i, (B1la)
. 2
Rir= ?l(v cu)r - ?’v%‘li + ViV e |, (B11b)
_ 7 .
Ria=—it iv“ai — ﬁvzm,?vzai) _h |Vn,|2v2 i
2 3
771 m; - 9
_E 3 L2 ui+n;VoV-ui | + ?(V ~u))(Vn; - Vou;)
l 020 =32
+2|le iV -~ u;)”. (Bllc)

Unfortunately, this second-order system for the layer-mean velocities is linearly unstable
when the zero states are perturbed and, therefore, should be avoided for practical
applications.
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