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Abstract

The evolution of periodic long surface waves over a periodic bottom topography resonant with the
waves is studied. Coupled Korteweg-de Vries equations are derived and describe the evolution in terms
of interaction between right- and left-travelling waves. The coupling arises from the cumulative effect
of wave scattering. We discuss the various conserved quantities of the system and compute solutions
for the initial value problem and for the time-periodic problem of fluid “sloshing” in a tank. Some
three-dimensional extensions are discussed.
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1 Introduction

The interaction of gravity waves with physical inhomogeneities in the medium has been investigated in a
variety of contexts by many researchers. A typical problem of this type is the scattering of surface waves
by topography. The weak interaction of a field of gravity waves with an irregular bottom has been first
analyzed theoretically by Hasselman [1] who provided the time rate of change of the wave spectrum as a
linear functional of the spectrum of the bottom irregularity with coupling coefficients determined by the
vertical eigenfunctions of the linear flat bottom problem. Long [2] used the theory to examine the case of
surface waves propagating over an arbitrary spectrum of bottom perturbations in an attempt to explain
swell decay observed in North Sea.

On natural beaches nearly periodic longshore sandbars can often be found. It is of particular interest
in the field of sediment transport to understand the mechanism of wave-induced mass transport that forms
offshore sandbars. It has been known that if there is enough reflection so that the waves are partially standing
over an initially horizontal bottom, the Lagrangian drift near the boundary layer of the sea bottom can push
heavy particles such as sand towards the nodes and light particles in suspension towards the antinodes,
leading to the formation of sandbars on a seabed of wavelength one-half of the dominant incident waves.
These periodic sandbars can in turn resonate strong reflected waves if the bar wavelength is one-half that of
incident waves, which results in further development of sandbars offshore.

This kind of resonant reflection is well known as Bragg reflection in crystallography and has been central
to a series of studies regarding surface wave reflection due to periodic topography. Davies and Heathershaw
[3] considered the reflection of incident harmonic waves upon a patch of sinusoidal bottom ripples and
compared the theory with laboratory observations in a wave tank. However the theory was limited to weak
reflection and failed at resonance. Mei [4] derived the asymptotic equations uniformly valid in space and time
which couple the slowly modulated incident and reflected wave envelopes through the bar amplitude, and
provided a theoretically consistent prediction of significant reflection, although the theory did not describe
the nonlinear effect.

The resonant interaction of two wave components with other periodic, steady components has been
considered in broader geophysical contexts. Lelong and Riley [5] found that two travelling internal waves
in stratified media exchange energy periodically with each other due to a steady potential vorticity, the
mechanism of which is a resonant form of Bragg scattering. The problem where two irrotational surface
wave modes interact resonantly with a third periodic, rotational, steady flow was studied by Milewski and
Benney [6] considered the quartet resonant interaction between irrotational surface gravity waves with steady,
vortical flows in the limit of deep water, and Milewski [7] studied the interaction in the limit of shallow water
and derived two coupled Korteweg-de Vries equations and a streamfunction equation to describe the resonant
interaction.

In this paper we consider the evolution of weakly nonlinear periodic surface waves over a periodic topog-
raphy in the long wave limit. We are mainly concerned with the one-dimensional problem (the fluid domain
is two-dimensional) and where the period of the topography is twice that of the waves (which is the case
with the strongest interaction). This periodicity results in a triad interaction between the waves and the
topography. Denoting by wi,ws and ki, ko the frequencies and the wave numbers of the surface wave modes,
respectively, and by k; the wave number of the bottom mode, the triad conditions for resonance are

w1 +WQ:0,

k14 ko + ky = 0.

Thus, w1 = —ws, k1 = ko, and k, = —2k; and the bottom mode acts as a catalyst for the periodic
energy exchange between two surface wave modes. The overall dynamics will be determined by the balance
among this scattering mechanism, dispersion, and nonlinearity. Both the wave amplitudes and the bottom
irregularity are taken to be small and of the same order. Over long time scales, the cumulative effect of the
scattering couples the left- and right-propagating Korteweg-de Vries equations. The form of this coupling is
a triad-like product in Fourier space which leads to a convolution in real space. Note that from its form, it
is clear that the resonance we are considering is the spatial “dual” to subharmonic temporal resonances in
the Faraday problem.



The remainder of this paper is organized as follows: In section 2 we derive the governing asymptotic
equations. In section 3 the nature of the triad interaction described by the asymptotic equations are explained
and three conservation laws are derived. In section 4 solutions of the linearized system is obtained. In section
5 numerical results for the time evolution of the equations are presented. In section 6, the traveling wave
solutions are computed and the implication of the solutions as a wave motion in a confined wave tank is
discussed. Finally, in section 7 we extend the framework to a three-dimensional situation where surface
waves propagate obliquely over parallel topography.

2 Derivation of the asymptotic equations

Consider an irrotational flow of an incompressible inviscid fluid of uniform density with free surface § =
ho +17(x, z,t) and variable bottom § = b(x, z), where hg is the average depth of the fluid. The dimensionless
equations and boundary conditions governing the fluid motion are

PEAG + by, =0, Sb <y <1+en, (2.1)
¢y = 5U2(b1¢)z + bz¢z)7 Yy = 5b, (22)
en + ep’Vn - Vo — ¢, =0, y=1+en, (2.3)
1 1
en+ pion + Sty + Su' Vel =0, y=1+en (2.4)

where ¢(z,y, z,t) is the velocity potential. The equations were nondimensionalized with
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where [ denotes the characteristic wavelength. The two dimensionless wave parameters are € = a/hg, u? =
(ho/1)?, representing nonlinearity and dispersion respectively, and the topographic effect is measured by
§ = 3/ho. The operators A = 92 + 92 and V = (9,,0.) apply only to horizontal coordinates.

As in the usual KdV limit, we set ¢ = O(u?) < 1. Assuming that J is also small we expand the ¢(z,y, 2, )
and n(z, z,t) in powers of € and §. From (2.1) and (2.2)

¢ = —an, b= pb,

g=lv, 2=lz, §g=hoy, t=

_ _f 2 y_4 2
o(x,y,2,t) =f(x,2,t) + ¢ Q!Af +€ 4!Af

+ed [ybAf+V -V + 0,8, ),

(2.5)

where f is the leading order (depth independent) velocity potential. Solving (2.4) for n by using (2.5):
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+ €5 [=(bAfr + VbV )]+ O(e*, 8%, -).
Finally, we obtain an evolution equation for f(z, z,t) by substituting (2.6) and (2.5) in (2.3), and truncating
the terms of O(€2, 2, €6).
1 1
fu =T =€ | =g 4 3 0Fa = FiOF = [VIR] + (-9 V1. (2.7

Here, h(z,z) = 1 — §b(z, 2z) is the local depth of the fluid. For § = 0, this is a Boussinesqg-type equation
known as the Benney-Luke equation [8]. We consider the case where the amplitude of the topography is
comparable to that of the waves (e = O(9)).



For a one-dimensional free surface,
1 1
ftt - hf:m =€ |:_6fwzza: + Efa:wtt - ftfzz - 2fa:fzt - bsz

Since the linear speed of the waves h'/2, an “optical length”

T
JE:/ h=12(s)ds
o

which makes the linear wave speed 1 is often introduced before further analysis. This is necessary for a
number of cases of waves over slowly varying topography compared to the wavelength [9, 10, 11]. But since,
in our case, fluctuations in wavespeed are small and of a period comparable to the wavelength,

1 xT
T~ (96—200)—65/ b(s) ds,
Zo

this transformation is not necessary.
In the regime where topography varies on the scale of the waves, it is most important to describe the
cumulative effect of reflections than to capture phase fluctuations which are stationary on average.
Substituting h(z, z) = 1 — db(z, z) into (2) we have

1 1
ftt_faZLE:e _éfa;wwx+§ftht_ftfa:m_(.ff)t_(bfm)x . (28)
We split the solutions into left- and right- travelling waves with the power series expansions
fo—fo=u® +eu® 4 ... (2.9)
fo+ fo=00 +e® ... (2.10)

where, using (2.6)

1= @@ +0®) +0(e).

Operating on (2.9) with 9; + 9, and on (2.10) with 9; — d,, we obtain

ugo) + 4 =0, (2.11)
@ _ 0 — g (2.12)
and
uil) +ulM = Fu®, v© p), (2.13)
Ut(l) — o) = F(u®, 0@ p), (2.14)

where the forcing term F' is identical for both equations

1

1 3
F(u,v,b) - Euxzz + E’Umzz + Zuur - Zvvz
1 1 1 1
+ 7l = Vs + §(b“)x - i(bv)m.
We introduce the characteristic variables
f=xz—1t, (=x+t, (2.15)

and proceed with the method developed in [7] to modify the leading order equations (2.11,2.12) in order
to remove secularities in next order terms u(®, v in (2.9, 2.10). The main step, for (2.13) is to write



F(u® v b)(&,t) = F(€) + F(£,1), that is, to write F as the sum of an average and fluctuation in a frame
moving Wlth the linear wave speed. The time independent average F is the component that gives rise to
secular behavior in (2.13), and is used to modify the leading order equation (2.11) for 19, For equation
(2.14) the process is repeated with the independent variables ¢ and ¢. Thus we modify (2.11) to

u” +u® = ¢F, (2.16)

where, assuming that the bottom and the two waves have zero mean and that they are periodic in their
respective variables with period 2L,

Fe_240 +3u(0) o _ ! /L [(§+t)v(0)(§+2t)} dt] .

After integrating by parts the last term and repeating the procedure for the left-travelling wave we obtain

1
u§°) +u® = [—Eu;?m + % 4,0 4 3 <bvg(ﬁo)>] , (2.17)
1 3 1
NON [6 o2, - 200 1 <bu§)>>] , (2.18)

where

<bv(0)> 21L/ b€ + )0l (€ + 2¢) dt

() =5 | LLb<< Hul’ (¢ - 20) dt

The terms on the right-hand side are the familiar KdV dispersive and nonlinear terns, and, interaction
terms representing the cumulative effect of reflections on the topography. The convolution integrals can be
interpreted as summing all the contributions from triads ki + k2 + k»/2 = 0 over the Fourier spectra of the
waves, as we will show below.

We introduce the slow (KdV) time scale 7 = et and rescale the equations with:

3. 2 .. 32
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then after dropping tildes, (2.17) and (2.18) become

Ur + Ul + Ugee = <va> , (2.19)
Ur —VV¢ — Ve = — <bu§> . (220)

The leading terms of surface elevation and horizontal fluid velocity can be recovered by

1 1
7O =St 0= ().
2 2
In subsequent sections we use equations (2.19), (2.20) for simplicity and easy comparison with classical
results on the unidirectional KdV equation

Ur + Ulg + Ugee = 0. (2.21)

3 Properties and conserved quantities of the equations

Let 2L be the smallest common period of u,v,b. We can then write u, v as Fourier series

o0 o0

wer)= Y (e, w(C )= Y B(r)ene, (3.22)

m=—0o0 m=—0o0



where

km = —m, Uy, = Uy, Oy = U,
and * denotes complex conjugate. Then, for a sinusoidal bottom
b(IE) _ Beikba: +B*€7ikbz,

(2.19),(2.20) become

Ur + Ul + Ugeg = ikys [.B*f)]w(’7’)67“””E — B@R[(T)eikMg] R (323)
Uy — VU — Veee = —iky [B*QM(T)e_““MC - BﬁfM(T)eikMC] , (3.24)

where M is defined such that ky; = % Therefore, the components of v and v with wavenumber j:% are the
only ones that interact, by forming a resonant triad with the single bottom mode of wavenumber Fk;. The
other Fourier modes do not feel the bottom directly, although they do so indirectly through the nonlinear
terms. We note that the form of each equation in (3.23) and (3.24) is of KdV forced by a sinusoid of fixed
period (as in [12]) but whose amplitude and phase vary with time (since it depends on the amplitude of a
Fourier mode of the other equation).

When the topography consists of multiple Fourier modes, the interaction terms in the equations must
sum over all possible triads. (The convolution in physical space is the sum of products in Fourier space.)
Thus, for a general periodic topography

be)= > hetr, k=11 b =i,

L
l=—00
the topographical coupling terms become
o R ) o0 )
(bog) = > (—ikag) bivyy, (T)e™€, (bug) = D (—ikag,) byivyy, (7)e €,
l=—0o0 l=—o0

where M is such that kys, = % These sums are the cumulative effects of the multiple triads due to multiple
topographic modes.

The system of equations (2.19), (2.20) possess at least three invariants which correspond to conservations
of mass, momentum, and energy:

L L
I =1, + 11, = / ud§ —|—/ vdC, (3.25)
-L -L
! !
I, = / —u?dé + / —v?dC, (3.26)
12 _r2
Lo/q . L /q L
Is = / —ud — ug d¢ Jr/ —v® — v? d¢ + 2/ (uwv) bdx, (3.27)
—L 3 —L 3 —L
where
1 L
(uv) (x,7) = — / u(z —t, T)v(x +¢,7)dt. (3.28)
°L |,

Derivations of these invariant quantities are given in the Appendix. Clearly, they correspond to the first
3 conserved quantities of the KdV equation if there is no topography. In terms of Fourier coefficients, the
nonlocal term in I3 is

L e ~
2 / (wo)bdz =4L > iy (1) 0 (T)b3,,,

-L m=-—00

which shows again the resonant triad ki + ko + ky = 0 with k; = ko = —kp/2. These conserved quantities
are used to monitor our numerical computations. Notice that in (3.25) each integral is also an invariant.



Defining the functional H by
1
H{u,v} = 7513.

then (2.19), (2.20) can be written in the Hamiltonian form

7 () =2 (Sian ).

a
= 0
D: 85 o .
(0 ac)

Here 6 H/du,0H/dv mean the functional derivatives of H with respect to u, v respectively.
Furthermore, introducing the potentials

where D is the following operator,

u:<1>5, ’U:\IIC

and define the Lagrangian by
L= d - H
/ e - /
—/ <I>¢>+c1> L2 d§+/L 1q>q>+1¢>3 L 2 d¢
) \2t 6 2 €€ L\ 2 T g

+/L (uv) bdx,

—L

the equations (2.19), (2.20) can also be obtained from the variational (Hamilton’s least action) principle

(5/£d7’=0.

4 Solutions of the linearized system
We now consider solutions to the linearized equations

Uur + ugge = (buc) (4.29)
Ur —U¢c¢ = — (bu5> . (430)

These can be obtained from the physical problem if the wave amplitudes are small compared to the topog-
raphy and dispersive effects (12 = § > €). We seek solutions to (4.29), (4.30) of the form

u= Ayet*ewum) 4y
v = Avei(kC*qu) + *,

where b(x) = Be'*»® + x and k = —k;,/2. Substitution into (4.29), (4.30) yields the linear dispersion relations

= =—k*+ kB, (4.31)
wE =k F|kB|, (4.32)
with solutions written
u(e, ) = \k:B|C’ei(k5_w“J‘rT) + |kB|DetFe—wu ) 4 4 (4.33)
v(C,7) = kB*CreihC—wim) _ g BrDreikCwrm) 4y (4.34)
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Figure 1: Free surface elevation (crests are darker) from (4.33,4.34) and the underlying topography. The
figure was drawn with D =0, e = 0.5, C' =1, B = (1 +1i)/V/8.

For a more general periodic topography, these dispersion relations apply for all modes k such that there is
a Fourier component of the bottom with k, = —2k, and then B = b(ky) = b(—2k). Modes which do not
resonate with the bottom satisfy the uncoupled system and have w, = —k® and w, = k3. General solutions
to (4.29), (4.30) can be obtained by superposition.

We can understand these solutions by considering the case D = 0 in (4.33,4.34). This solution is composed
of two sinusoidal modes of equal amplitude travelling at speeds (for k& > 0)

1 1 1 1
1—66k2+€§|B|, —1+66k2—§€‘3|

in the original dimensionless variables of (2). This yields a standing wave with nodes on the ¢roughs of the
topography (see Figure 1).

Note that since the speed is increased from the case B = 0, the period of the standing wave is decreased
from a similar standing wave which can be constructed when there is no topography. Similarly, taking C' =0
yields, for k£ > 0 a standing wave with nodes on the crests of the topography with a period that is increased
by the topography.

When these two motions are superposed, the wave motion is periodic or quasiperiodic in time. Figure 2
shows an example of this.

5 Numerical solutions

Numerical solutions of (2.19), (2.20) have been computed for various cases by an integrating factor method
[13] combined with a Runge-Kutta scheme for the time evolution. Since the method consists of directly
computing the evolution of the Fourier coefficients of the solution, the nonlocal convolution terms are easily
computed as products. The computations shown were obtained with 256 Fourier modes. However, in most
cases 64 modes are sufficient.
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Figure 2: Free surface elevation (crests are darker) from (4.33,4.34) and the underlying topography. The
figure was drawn with e = 0.5, C =1, D = 1.5, B = (1 +14)/V/8.

In the following set of experiments, the computational domain is [0,32] and the bottom is given by
b(x) = Bcos (%x) ,

which has the period one half of the longest mode on the domain to clearly demonstrate the resonant effect.
There are three effects in the system (2.19), (2.20): wave steepening nonlinearity, dispersion, and scattering.
The nonlinearity and dispersion together combine to allow the propagation of solitons in KdV. The scattering
tends to reflect portions of the spectra of the waves. Thus, if the scattering (parametrized by B) is small
compared to the amplitude of the initial data, one expects solutions which can be understood by considering
a perturbation of a KdV solution.

An example of this is shown in Figure 3, 4 where the initial data consists of a solitary wave (repeated
periodically) for the right-travelling mode w and zero for the left-travelling mode v, and the topography is
small. Figure 3 shows the solutions in the KdV variables (note that the amplitude of v remains small) and
Figure 4 shows the reconstruction of the free surface in the physical variables. This shows clearly that the
solution is mostly composed of right-propagating solitons together with a weak reflected travelling-standing
component. Figure 5, 6 show the solutions for the same initial data and larger topography. Here, it is clear
from Figure 5 that there is large exchanges between right- and left- travelling waves, and that, furthermore
this exchange happens slowly enough for there to be coherent propagation in each direction. From the
reconstructed solution in 6, the original right-propagating waves survive until ¢ ~ 100, after which most
energy is in the left-propagating wave. This behavior appears to repeat periodically. Figure 7, 8, show the
result of increasing further the topography. Here, the topography exchanges energy more rapidly between
the two modes (note that w increases with B in 4.31,4.32) and this short time scale prevents the nolinearity
from acting in a coherent manner.

One can summarize these results with Figure 9 which shows the total energy in the right- and left-
travelling mode. Note that for B small the energy remains in the initial mode, for intermediate B there is a
periodic exchange of energy, and that for B larger the solution involves more complicated energy transfer.

Typical solutions for more general initial data (initial data that are not travelling waves of KdV) are
shown in Figures 10-13. Figures 10, 11 show the solution where the initial data for the right-travelling wave
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Figure 3: Solutions of (3.23), (3.24) with b = 0.05cos(§ ) and initial conditions u = sech? (%(m - 16)),
v =0.
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Figure 4: Free surface elevation corresponding to Figure 3.
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Figure 6: Free surface elevation corresponding to Figure 5.
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Figure 7: Solutions of (3.23), (3.24) with b = 0.5cos(Zx) and initial conditions u = sech? (\/%(:c - 16)),
v =0.

Figure 8: Free surface elevation corresponding to Figure 7.

12



O | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500

0 | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000

0 — 1 —T —_— T B e M
0 100 200 300 400 500 600 700 800 900 1000

Figure 9: Energy of solutions of (3.23), (3.24) with b = Bcos(gz) and initial conditions u =

sech? (\/%(x — 16))7 v=0. In (a), B=0.5,in (b) B=0.1, in (c¢), B = 0.05.

is a sinusoid, the initial data for the left-travelling wave is zero, and there is no topography. The solution
consists of the breaking up of the initial data into three waves (see Figure 11 for 0 < ¢ < 10) which then
undergo several repeated interactions due to the periodicity of the problem. Obviously v remains zero. As
the topography increases there is now energy exchange between the modes. In Figure 12 we clearly see a
coherent left-travelling wave generated.

6 Time periodic solutions and sloshing motion

A particular physical situation where the type of wave-topographical interaction is important is the “sloshing”
of a shallow fluid in a container of size 2L with an undulating bottom of period L. To satisfy the boundary
condition of zero horizontal velocity at the walls, we need to impose (using 2) that u = v at © = £L.
One method to find time-periodic solutions in such a situation is to seek “travelling” wave solutions of

(3.23), (3.24) by writing

u:g(9)7 925_07—’

v = h(9), o=C+CT.
Since these modes are travelling at speed +(1 + eC) and they they are periodic in space, they will also be

periodic in time with period 2L/(1 + eC).
Substituting into (3.23), (3.24), we have

—Cgo + 996 + gogo = iky [B*iLMe_ikMg - *} ; (6.35)
—Cheg + hhe + hppy = ik [B*gare” "% — ] | (6.36)

Notice that these two equations are the same. In order to satisfy the boundary conditions at the walls, we
choose (without loss of generality) g = h, and that they are even functions about 0. (This choice imposes

13
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Figure 10: Solutions of (3.23), (3.24) with b = 0 and initial conditions u = sin (%z), v =0.

Figure 11: Free surface elevation corresponding to Figure 10.
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Figure 12: Solutions of (3.23), (3.24) with b = 0.5 cos(F) and initial conditions u = sin (f5), v = 0.

Figure 13: Free surface elevation corresponding to Figure 12.
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that v and v are images of each other about + = £L and that, therefore u — v is zero there.) Clearly, in
the full time-dependent case there may be asymmetric sloshing solutions where u, v are not images of each
other.

Integrating the resulting equation once, one obtains

1 .
—Cg+ 592 +go0 =~ [Bgue M0 4] + A, (6.37)

Since we impose that the average of g is zero, A = %ffL gdf is the energy of the wave. Since g is even,
the left-hand side of (6.37) is even and therefore the right-hand side must also be even. Thus solutions are
only possible with even topography. In our simplest case we choose a single cosine b(xz) = (3 cos kpx so that
B = B* = 1f3. Then, (6.37) becomes

1
~Cg+ 50"+ g0 = —Bgns cos(knb) + A, (6.38)
where kp; = w/L.
Solutions of (6.38) have been approximated numerically by using Newton’s method on the finite set of
nonlinear algebraic equations resulting from truncating the Fourier cosine series for g. Suppose that the
computing domain is given by [—L, L]. Look for the truncated Fourier series solutions of the form

N
g(0) = Y ane™i’, (6.39)
n=—N

where a,, = a_,, are real. We substitute (6.39) into (6.38) and impose ay = 0 to obtain a real solution with
zero average. Fixing ij:l a? which is, by Parceval’s equality, equivalent to fixing the energy of the solution,
we obtain a system of N 4 1 nonlinear algebraic equations for N 4+ 1 unknowns ay,...,ax and phase speed
C. Generally, branches of solutions are easy to find, either by starting with known KdV solutions for 5 =0
and following the solution branch by continuation in /3, or by starting with the linear solution (4.33) for fixed
(3 and continuing the solution in A (the energy of the solution).

A diagram of the branches of solutions is shown in Figure 14. The diagram was obtained with L = 16
and 128 cosine modes. In this figure the bold curves are various branches of solutions at fized energy showing
the dependence of the speed ¢ on the topography amplitude 3. The dashed diagonal line is the speed of
the linear standing wave in (4.33) that has zero horizontal velocity at © = £L. The horizontal lines denote
periodic (cnoidal) solutions of KAV with period 2L/m for m = 2, 3, 4. Since these cnoidal waves have Fourier
coefficient equal to zero for ky; = m/L, they are also solutions to (6.38) independent of 8. The point denoted
with a circle is the solution to KdV with period 2L. The labels (i)-(v) correspond to points on the curve for
which solutions are shown in Figures 15-17.

Figure 15 shows a cnoidal solution to KdV (i) together with a typical solution for § > 0 on the upper
branch (ii). We note that the solutions here travel faster than the solitary wave although they are less steep.
In fact, as @ increases, solutions along this branch tend to a finite amplitude cosine standing wave with nodes
on the troughs of the topography. In this limit, although nonlinearity is present, the rapid oscillations of the
free surface prevent them from having a strong effect. Figure 16 shows a typical solution for 3 < 0 on the
upper branch (iii), together with the cnoidal solutions to KdV with period 2L (i) and with period L (m = 2).
This typical solution, for sufficiently negative 0 has 2 crests and tends to the cnoidal m = 2 solution which
is not, in this limit, affected by the bottom. (Recall that the interaction we consider here is the cumulative
effect of many passages over the topography, and for waves with zero Fourier component of period 2L, this
cumulative effect averages to zero in the limit we are considering.)

Figure 17 shows typical solutions on the second branch of figure 14. This branch appears to be a nonlinear
connection between the m = 2 and the m = 3 cnoidal solutions. Indeed, at (iv) the solutions have two crests
and as one approaches (v) the solutions develop an additional crest. Lower branches shown in figure 14 are
similar, connecting solutions with m crests to m + 1 crests. Lastly, figure 18 shows the reconstruction of the
free-surface evolution for the case (iii) discussed above.
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Figure 14: Branches of solutions for (6.38) with mean zero and A = 0.9383.
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Figure 15: Solutions of (6.38) at (i) and (ii) in Figure 14. (i) Dotted curve: § = 0, and C = 0.0626. (ii)
Solid curve: 8 =0.25 and C = 0.1490. The topography is shown for (ii).
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Figure 16: Solutions of (6.38) at (i),(iii) and of the m = 2 cnoidal wave in Figure 14. (i) Dotted curve:
B =0, and C = 0.0626. (iii) Solid curve: = —0.5 and C' = —0.0540. Dashed curve: m = 2 cnoidal wave,
C = —0.1233, solution is independent of 5. The topography is shown for (iii).
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Figure 17: Solutions of (6.38) at (iv),(v) in Figure 14. (iv) Solid curve: § = —0.1, and C = —0.1359. (v)
Dash-dot curve: 8 = —0.65 and C' = —0.3157. The topography is shown for (iv).
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Figure 18: Reconstruction of free surface evolution for the solution (iii) in Figure 14.

7 Three-dimensional fluid motion: oblique incident waves.

In this section we extend the idea and technique developed in Section 2 to the three-dimensional fluid
motion. In particular, we focus on the study of propagation and reflection of obliquely incident long periodic
wave trains over equally long simple periodic topography features such as parallel sandbars. We start from
the isotropic Benney-Luke type equation for weakly nonlinear, weakly dispersive waves, and show that the
evolution of incident and reflected waves are described by a coupled system of Korteweg-de Vries equations
similar to those derived previously if the angle of incidence is sufficiently large.

The isotropic Benney-Luke type equation describing weakly nonlinear, weakly dispersive waves over small
topography was given in (2.7). Again we focus on the case where the amplitude of the waves is on the same
order of the amplitude of the topography and set € = 0.

fuum OF =€ |~ 5D 4 SAfu— AT~ [V ~bAF ~ VbV (7.40)

We seek a solution of (7.40) consisting of 2 waves of the form
f = Fi(01,7) + fa(02,7) + €6V (61,65) + O(e?), (7.41)
0; =k -x —t+ep(x,t) + O(e?), i=1,2, T = €t,

where
X = (.T,Z), k]' = (ij,ka), |k]| = 1, _] = 1,2

The direction of each wave is denoted by the unit vector k;, and thus we are seeking a solution to (7.40)
as a superposition of nonlinear waves traveling in different directions. In the absence of bottom variation,
a discrete set of plane waves at large angles to each other satisfy KdV equations independently [8], with
small phase shifts at the intersection of the crests (these are contained in the ;). Here, we anticipate that
cumulative effect of O(1) reflection from the periodic bottom will give rise to a coupling between two waves
in terms of convolution integrals. With these definitions, the triad relation is

k; — ko = k.
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Substituting (7.41) in (7.40) yields, at leading order
2(1 = ky - k2)0p,0,(f1 + f2) =
which is trivially satisfied. At O(e), we obtain
2(1 — kg - ko) 9,0 = FOV, (7.42)
where the forcing term is given by

FM = 2(1 —kq - k2)[9, ((9o,%1) (Do, f1)) + o, (8o, 102)(Da, f2))]
+ 20+ f1 + 200,17 f2 + éaéifl + ga;gﬁ

+3(, 1)(95, f1) + 390, 2) (9, f2) (7.43)
+ (1+ 2Kk - ko) [(09, /1) (05, f2) + (Do, f2) (5, f1)]

— O, (b0p, f1) — O, (Do, f2)

— ki - k3[(0,)(e, f2) + (F6,0)(p, f1)]-

We integrate (7.42) and impose the solvability condition that #) remains bounded in 1, f5, resulting in a
coupled system of KdV equations for u; = Oy, f1,us = O, fo:

3 1 1

Oru1 + 5’(1,1691 Uy + 6631 Uy = §k1 ko <U2891 b> , (744)
3 1._. 1

Orug + iuQaaqu + 66@‘qu = 5k1 - Ko (u10,b) , (7.45)

where (-) is the convolution integral that extracts out the cumulative effect of reflection from the bottom by
taking average of integrand over fast variable. That is,

1 L
<U2891 b> (917 T) :i / u2(92, T)aglb(eh 92) dez,

—L
1 L

<’U,1892b> (9277') :i/ u1(91,7)892b(91792)d91,
—L

where L is the common period of functions. Here u; is proportional to the horizontal velocity of the
fluid and the free surface displacement. Observe that the coupling between two waves due to reflection
from topography is strongest when the waves are normally incident to and reflected from the horizontal
topography features as in previous sections. Equations (7.44), (7.45) can easily be transformed to (2.19),
(2.20) upon suitable scalings and integration by parts, noticing that one can write the resonant part of the
topography as b(6; — 6).

The equation (7.42) for ¢(!) can now be solved

(14 2k; - ko)
2(1 —k; - ko)

_ m {ul / by + us / bdel} (7.46)

1—k1 kz l:/bUQd02+/bU1d91:|,

where f is defined by f — (f). One can see from (7.46) that the original asymptotic expansion breaks
down if 1 —k; - ky = O(e), that is, the angle between the wavevectors is O(e!/?). In that case, a different
expansion must be introduced to describe strong interaction between waves themselves. For the case of
a flat bottom, the Kadomtsev-Petviashvili IT (KP) equation is the appropriate asymptotic model. For a
resonant topography, |k,| = O(e!/?) and the evolution over resonant topography would probably require a
variable-coefficient KP equation.

The solution (7.46) can also be used to determine the phase shifts ¢; following the approach of [14,
11]. Physically, this represents extracting terms that preserve the memory of solitary collisions and speed
fluctuations due to the bottom.

¢V = — [thruy + Pouy) + [fius + fouq]

20



8 Conclusion

We have studied the evolution of long, periodic, waves over periodic topography whose length scale is
comparable to that of the waves. The mechanism for interaction is Bragg scattering among two gravity
waves and a Fourier component of the topography. Understanding cumulative action of these resonances
can be an important part of describing the evolution of the wave spectrum near shallow water.

When cumulative effects of nonlinearity, dispersion, and repeated scattering become comparable the
asymptotic behavior for long times is governed by coupled Korteweg-de Vries equations, the bottom serving
as a catalyst for the energy exchange between the right- and left-traveling waves. Numerical simulations of
these equations demonstrate this mechanism. We show that these systems conserve mass, total momentum
and energy.

The main difference between this work and previous linear theories (for example, compare with [3, 4]) is
in capturing the effect of nonlinearity in addition to the Bragg triad resonance, which allows us to obtain the
long time evolution of the problem. These nonlinearities transfer energy into and out of wave-topography
triads, an effect that is not present in previous theories. Previous weakly nonlinear theories (such as Benilov
[9]) do not consider strong reflections.

There are extensions and applications in other fluid problems where a similar asymptotic framework is
directly applicable. In stratified flows, three long internal wave modes can form a resonant triad and the
asymptotic behavior in physical space would be described by three KdV equations coupled similarly to those
derived in this study. The effect of uneven bottom configurations in the study of long wave generation in
a horizontally oscillated water tank of finite length (Cox and Mortel [15]) can also be investigated in this
framework.

9 Appendix A: Derivation of conserved quantities
We outline the proofs of the three conservation laws (3.25), (3.26), and (3.27). Retaining the convolution
integrals in conservation form before the integration by parts is performed, we recast the equations (2.19),

(2.20) as

ur + uug + ugee = ((bv)¢) , (9.47)
vr —wug — vege = — ((bu)g) - (9.48)
Integrating (9.47), (9.48) with respect to &, respectively from —L to L, and using the periodicity of the

functions, we easily conclude the mass conservation (3.25).
We multiply u to (9.47) and integrate with respect to & to obtain

d L L
[y ([ )

by changing the order of integration and using u(bv)e = (ubv)e — ue(bv). Similarly for v we obtain

d [f1 1/ [r
/. §v2dC:—§</Lv<(bu)dC>. (9.50)

By using change of variables and integration by part, we find that

L L
</ ug (bv) d§> = </ v (bu) dC>. (9.51)
-L -L

Adding (9.49) and (9.50), we prove the conservation of momentum (3.26).
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We multiply u? + 2uge to (9.47) and integrate with respect to £ to compute

L L
# (3o mann)
L
=9 </L(uu§ + ugee) (bv) d€> )
L
— 2 < / (ur +((B0)e))(b0) d£> ,

_ < /_LL urvbd5> |

where (9.47) is used in the third equality. Similar manipulations applied to v results in

d (" (145 L\ . L
E/—L (31} —UC> d¢ = -2 </_LU7ubd§>. (9.53)

Adding (9.52) and (9.53) yields the nonlocal conservation of energy (3.27).

(9.52)
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