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SURFACE WAVES*

BY
G. KREISEL
Trinity College, Cambridge

Introduction. The theory of low gravity waves deals with the oscillations of a fluid
under constant pressure when the inertia, viscous and capillary forces of the motion
are small compared with gravitational forces. The study derives its interest particularly
from problems of the propagation of waves, oscillations of ships in waves, and the
design of harbors and breakwaters. The characteristics of gravity waves mentioned
above are more or less satisfied in these problems, at any rate, if we consider regions
sufficiently far from the breaker zone and the storm area where the waves are generated.

In the present paper we are concerned with two dimensional motion, that is, a motion
where the crests of the waves are straight and parallel. Such motion may be expected
to occur in regions whose distance from the storm area is large compared with the
diameter of the storm area and with the diameter of the region considered.

In the text books, e.g. H. Lamb, Hydrodynamics, only wave motions in a canal of
uniform depth are studied, and it is further supposed that the pressure is constant
over the whole upper surface of the fluid. Now, in fact, not only do waves travel over
uneven bottoms, but in some of the problems mentioned above we are interested just
in what happens when there are obstacles in the bottom or on the surface, e.g. in the
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reflection’ set up by reefs, moored ships, or breakwaters. Recently, reflection of waves
has been studied by Dean, Lewy, Stoker, Ursell and others’. The work concentrated
on motion in water very deep or very shallow compared with the wave length. These
conditions are appropriate for studying ships in waves or the behavior of waves very
near the coast. But while such investigations may give important information on how
the reflection depends on the cross sectional shape of the obstacles (in deep or shallow
water), naturally they say nothing about the effect of depth, and such information is

*Received Jan. 30, 1948.

1Another practically important problem is to determine the effect of the waves on the obstacle,
the mean pressures set up by the waves. This does not seem to come out of the linear theory or simple
modifications of it.

2Cf. e.g. J. J. Stoker, Surface waves in water of variable depth, Quart. Appl. Math. 5, 1-54, 1947,
F. Ursell, The effect of a fixed vertical barrier on surface waves in deep water, Proc. Camb. Phil. Soc. 43, 3
1947; and references given there
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necessary to decide, for example, where breakwaters are most effective (for waves of
given period). We therefore try to marshal the reflection of obstacles in arbitrary depth,
that is, we want to determine the reflected and transmitted waves system for a wave
train coming up against (cylindrical) obstacles which lie in the bottom of a canal or
are fixed in the surface.

Throughout the paper we consider simply harmonic oscillations; for, from such
work the reflection of arbitrary incoming motion can be calculated, provided the re-
flection of incoming waves of short wave lengths is sufficiently small;® and if the re-
flection varies slowly with the wave length, the reflected wave at a point P at one time
is determined by the incoming motion at P during a short interval. Among our results
there will be only one where the reflection is sensitive to the wave length, that is, it
is not well-defined by the incoming waves (if viscous and inertia forces are neglected).

Also we suppose that the depth of the canal is constant sufficiently far to either
side of the obstacles.

Summary. In Sec. 1 we consider the asymptotic behavior of wave motions and the
definition of the reflection coefficient. It was implicitly assumed above (where we spoke
of incoming and reflected wave systems) that the wave motion is asymptotically a
superposition of simple wave trains. More precisely we assume: if ¢¢’** is the potential
of a wave motion of period 27/¢ defined in the domain of the fluid, whose normal
derivative vanishes on the bottom and on the cylinders, and whose pressure is nearly
constant on the free surface (6’ — g 3¢/dy = 0 on the mean free surface, where y is
measured along the vertical), then ¢ is asymptotically of the form (ae™™ + be™"**) cosh
k(y + h) (at the right hand infinity, say) where ¢° = gk tanh kh, and h is the right
hand asymptotic depth of water. Further, in asking for the reflection we assume that a
unique transmitted and reflected wave is consistent with a prescribed incoming wave.
These assumptions are correct if and only if ¢ is restricted to be bounded.

We show in Th. I, using an expansion theorem of A. Weinsten, that at a few depths
from the obstacle the potential is very nearly a superposition of simple wave trains,
the error falling off exponentially with distance. Further, if for a given domain of fluid
there is a potential which is not asymptotically zero, a right hand and a left hand
reflection coefficient can be defined; they are unique, and equal to one another. (We
calculate generally the left hand reflection coefficient.)

It can be shown that these results hold even if the depth is not constant, but only
nearly so (differs exponentially little from a constant).

Section 2 provides a general reduction of the problem. To calculate the reflection co-
efficient for given obstacles a mixed boundary value problem for a potential in the
domain of the fluid has to be solved and its asymptotic form determined. Since the
solution of linear boundary value problems in a rectangular strip is relatively simple
we transform the domain of the fluid into a strip whose width is equal to the asymptotic
depth which from now on is assumed to be the same at either infinity. In Lemma I
the problem is reduced to a linear integral equation for the potential on one boundary
of the strip, and in Lemma II a solution by iteration is given (which converges for
suitable obstacles).

_In Sec. 3 we apply the results of Sec. 2 to determine the reflection from obstacles
in the bottom where the surface remains free. We show in Th. I that if z(¢) is a conformal

%For a discussion of the conditions see a forthcoming paper, Some remarks on integral equations
with kernels L(z, — & , ... , Tn — &), particularly See. 4.
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transformation of the strip 0 > 5 > —h into the domain of the fluid where the infinities
correspond and

B 2k *lde dz _ | |1 2kh/sinh 3kh _
= 1+ 2kh/sinh 2kh J_. | dg di 1 + 2kh/sinh 2k =

¢ can be computed by iteration, and the reflection coefficient R is given by

R, — &*/2(1 — o) Ry + o*/2(1 — a)
0+ R —a20 — ]~ B < 0T F (R + /20 = "

a 1

d¢ + max 1}
1]

1= 7=0

where

_ k ® (dz . |
Bo = 1 2kh /st 20k i f_,, (% - 1),,,0 exp (2ik¢) dg |.

In general, the o of the obstacle in which we are interested will not be easily calcu-
lated. It is therefore desirable to show how a varies with the shape of the obstacle.
This is done in two (simple) general theorems.

Theorem II: If the domains D, , D, both lie in the strip 0 > y > —&, and D, is
included in D, , we have

a > ay.
_Di_m%__
Fia. 2.

Theorem III: 1If D, , D, are the intersection and join of a striplike domain D with
the strip 0 > y > —h, we have

a< o+ a.
D Dy Do
_/\/ N S
Fia. 3.

In Sec. 4 obstacles in the surface are considered. If the draught of an obstacle in the
surface is small compared with the depth and the wave length, and the beam is mod-
erately short compared with the wave length, the reflection from the obstacle tends to
the reflection by a ‘“plate’” of the same beam in the surface, and

2k[(sin 2k)/2k — o°/(1 — @)]/(1 + 2kh/sinh 2kh)
{1 4+ 4K°’[(sin 2k)/2k — /(1 — &)]°/(1 + 2kh/sinh 2kh)*}'*

<R < 2k[(sin 2k)/2k + o’/(1 — &)]/(1 + 2kh/sinh 2kh)
{1 + 4K°[(sin 2k)/2k + /(1 — &)]?/(1 + 2kh/sinh 2kh)*}'"*
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where
a < 4sin® k/(1 4 2kh/sinh 2kh) 4+ (1 — 2kh/sinh 2kh)/(1 + 2kh/sinh 2kh) < 1
or
a < 4 sin® k/(1 + 2kh/sinh 2kh) + 2[27'% exp (—2%kh) + 1/kh + 277 %6"?] < 1

and k = m beam/wave length. The former bound for « is useful in shallow water, the
latter in deep water.

Discussion. Throughout, explicit bounds for the error in our calculations are given,
and the iterative method is expected to be of use in numerical work, particularly in
the problem of Sec. 4 where we get an integral equation over a finite range. The bounds
are good in shallow water since then the term (1 — 2kh/sinh 2kh)/(1 + 2kh/sinh 2kh)
in « is small. But it seems worthwhile to collect some results which are easily obtained
from the algebra without further calculations.

The reflection coefficient for obstacles in the bottom takes a particularly simple
form if the wave length is large compared with the depth and with the dimensions of
the obstacle. Then

R
Bo = 1 2%k /snh 2kh§f_m a Y,

and if the waves are long, 2k¢ is nearly constant over the range where (dz/d¢ — 1),., is
noticeable, so that

Ro ~ k“ —-1 d;’,

t.e., the reflection coefficient is k/2 times the contraction constant of the transformation
which maps the strip 0 > 9 > —h into the domain of the fluid.

We compare the reflection by a vertical barrier and a long low reef.

In Sec. 3, we determine the transformation function z(¢) for a strip of width h with
a cut of length r in the bottom (& barrier of height r). Then « becomes

8kh o ec + o ip? ™. 1= 2kh/sinh 2kh
#(1 + 2kh/sinh 2kk) 8% 4h 1 + 2kh/sinh 2kh’

and if kh — 0 we have

2 rmT
R, — - kh log sec o

To get the reflection by a low gently sloping reef of the form y = —h + ef(x) we
use an approximate expression for z(¢) in terms of f(x) to show that

2kh
h sinh 2kh(1 + 2kh/sinh 2kh)

Ry ~ ’ f_ " fw) exp (2%ka) dx |.

For a horizontal reef of width a and height e

€ 2kh | sin 2ka |
h sinh 2kh(1 + 2kh/sinh 2kh)°

R, ~

(No details are given in the paper.)
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If the width of the reef is large compared with the wave length, R, varies rapidly
with the wave length. To calculate the reflection at a point P at one time we have to
know the incoming motion at P over an interval of order a(gh)™'*, for fixed ¢/h.

In practical problems it is often important to understand how the reflection of a
gien obstacle in the incoming waves varies when it is placed in different depths. The
period of the waves remains constant so that it is necessary to plot the reflection against
the depth. Since however kh is a monotone function of & for any ¢°, we get the general
shape of the curve by plotting the reflection against kh.

We observe that the reflection by a horizontal reef of width a decreases rapidly
as the depth increases, provided ka < w/2.

( __d and R €’ __ sin(20°a/g tanh kh) )
g tanh kh ©"" g sinh® kh(1 + 2ki/sinh 2kh)/"

Lastly consider the variation of the reflection of waves of given period by a plate
of given beam in the surface of water,

R~ k X beam Qo R~ o> X beam
1+ 2kh/sinh 2k 1© g(tanh kh + kh sech k)"

We find that the reflection first decreases and then increases as we go from shallow into deep
water (or vice versa):

G

n

e

(tan h kh + kh sec h2Kkh)"

O 4 8 12 16 20 24 28 32
Kh

Fic. 4

But more tedious algebra would be needed to give information on the effect of
draught in different depths of water (Th. II of Sec. 4). Also, what happens when the
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dimensions of the obstacle are nearly equal to the wave length is undecided by the
present work.

1. Asymptotic behavior and definition of the reflection coefficient. To discuss two
dimensional wave motion in a domain sketched in Fig. 1* we choose a system of co-
ordinates so that the z-axis is parallel to the axes of the cylinders, the mean free surface
lies in y = 0, and y is measured vertically upwards.

By the theory of small oscillations the potential ¢(x, y)e

iot

must satisfy the following

conditions:
(A) ¢ is bounded and harmonic in the domain of the fluid,
dp/on = 0 on the lower boundary and on the fixed cylinders, where 3/dn
is the derivative along the normal to the boundary,
¢/ dy is bounded in the neighborhood of the mean free surface,
o’¢ — g 3¢/dy = 0 on the mean free surface, where g denotes the acceleration due
to gravity.

In analyzing possible motions satisfying (A) it is convenient to use the following
lemmas:
Lemma I (A. Weinstein, C. R., 1927). The functions

{cosh k(y + h), cos k.(y + h)}
are a complete set of orthogonal functions which satisfy
o*fa — g df./dy = 0 fory = 0,
df./dy = 0 fory = —h,
fae L(—h, 0)

if 6 = gk tanh kh, ¢ = —gk, tan kb, (n — 1/2)x < kb < nr.
Lemma II (ibid.). A harmonic function ¢(z, y), bounded in the strip 0 > y > —h,
which satisfies

o’ — g d¢/dy = O0fory =0
d¢/dy bounded in the strip and zero on y = —h,

is of the form
(ae®™® 4 be”***) cosh k(y + h).

Lemma III. A harmonic function ¢(z, y), bounded in the half strip 0 > y > —h,
z < X, , which satisfies

¢/ 0y bounded in the half strip and zeroony = —h, r < X,,
o’¢ — g d¢/dy prescribed ony = 0, z < X, ,
¢ prescribed onx = X,,0 > y > —h,

is defined uniquely except for a term
a sin k(z — X,) cosh k(y + h).

1The (striplike) domains considered below are (1) bounded by y = 0 for |z| > Xo;y = —h for
z < —Xo;y = —h' for z > Xo ; a Jordan arc joining (+Xo, 0); a Jordan arc joining (—Xo, —h)
to (Xo, —h'); (2) the boundary is a simple curve.
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For, the difference ® between two expressions satisfying these conditions is bounded
in the half strip; also

a®/dy is bounded and zeroon y = —h, 2 < X,,
o’® — gd®/dy =0ony =0,z < X,,
® = 0on z=X,,0>y> —h

Since @ is bounded® near the line x = X,,0 > y > —h, and zero on it, ® can be con-
tinued across it, and ®(X, + z, y) = —®X, — x, y). Thus ® satisfies the conditions
of Lemma II in the whole strip 0 > y > —h, and is zero on ¢ = X, . Hence the lemma.
The result also holds if X, = «.

Theorem I. If a potential satisfies (A), then over the flat portion at either infinity it
is of the form
(ae™ + be™*™) cosh k(y + h) + i;‘, a.exp (—k, |z |) cosky + k), (L)
where h is the asymptotic depth at the infinity considered. Also
> lal exp(~ke | @) = Olexp (~ | 2 |/201).

Consider the flat portion at the left hand infinity.

Along any vertical t = —X,,0 > y > —h, by Lemma I, ¢ can be expanded in
the form
¢(—Xo,9) = acosh k(y + h) + 2 a, cos k.(y + h), (1.2)
0
h(1 + sinh kh/2kh)e, — f S(—Xo , 1) cos kaly + ) dy. (1.3)
‘ —h
By analytic continuation across y = 0 and y = —h, ¢ is analyticon 2 = —X,, 0 >

y > —h, so that repeated integration by parts of

0o
[ 6(=Xo, ) cos ety + 1 dy

is allowed, and @, = O(n™*). Thus (1.2) is uniformly convergent, and the series

(ae™ 4 boe™**) cosh k(y 4+ h) + 2 ane™ ™™ cos k.(y + h),
with ’ 14
aoeikXo + boe—-ikXo = a .
is bounded and harmonicin z < —X,,0 > y > —h,and equal to (1.2) onz = —X,.

By Lemma I1I, (1.4) is the potential in the half strip 0 > y > —h, 2 < —X, . Similarly
for the right hand infinity.

Since (n — 1/2)7 < k,h < nr, the infinite series is less than
exp (v | z |/2h) Zl |, | exp (=7 | z + X, |/B).

5The symmetry principle for harmonic functions does not require the function to be continuous
near the arc across which it is continued, but it is sufficient that it is bounded.
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I |¢(—Xo, ¥) loswsn < M, |a,| < 2M/(1 — 1/7) by (1.3), and the series is less
than 2M(1 — 1/x) ' exp [—1/2 7(| x| — Xo)/R]{1 — exp [—7(| 2| — Xo)/R)} "

Theorem I1. Suppose at the two infinities the asymptotic forms of a potential satis-
fying (A) are

(ae;k, + be—ikx) cosh k(y + h,), (a/eik’z + b/e—ik'x) cosh kl(y + h’)
Then
(laf* = |b"kh(L + sinh 2kh/2KkR) = (| a’ [ = | b [IF'R'(L + sinh 2'A'/2K'N).

This is the principle of the constancy of transmission of energy.
Let X, be so large that the bottom is flat for | x| > X, . If ¢ is the complex conjugate
of ¢, ¢ also satisfies (A). Consider

[ 6vé - 4v9)-as,

where C is the contour of the domain of fluid between z = +X, , and dS is a surface
element of the boundary. Since ¢ and ¢ are harmonic and bounded in the interior of C,
the integral is zero by Green’s theorem. The integrand is zero on the lower boundary
and on the fixed cylinders since V¢-dS = 0, and on the mean free surface since
do o
Vé¢-dS = —~dr = — ¢ dr.
¢ 3y p ¢

Therefore the integrals along the vertical portionsz = X,,0 >y > —h,andz = —X,,
0 > y > —h' are equal and opposite. By the orthogonality of the expansion of Lemma
I only the asymptotic waves contribute to the integral, and

Xo 0
[ (622 - 5%) 4y = 2010 1 ~laf) [ teosh ky + BT dy.
Hence the theorem.
Notation: {a, b; o/, b’} denotes a potential whose asymptotic form on y = 0 is
(ae™ 4 be ™) asz — — o, and (a’e™’* + be * ") asx — + ».
Theorem III. (1) If b = 0 and a # 0, then a’/a, b’/a are unique.
(2) If b = 0 and a # 0, there is also a solution with b’ = 0, a’ = 0.
To prove (1):
Since the problem is linear we may take a = 1 without loss of generality.
Suppose {1, 0; o/, b’}(=¢) and {1, 0; a{ , bi}(=¢,) are two solutions. By linear super-
position a’¢, — al¢, i.e. {a’ — a,, 0;0; bja’ — b'aj} is also a solution. By Th. II
| o’ — af |’kh(1 + sinh 2kh/2kh)(cosh k'h’)*
=—| bja’ — Va{ |*k'W (1 + sinh 2k'R’/2k’h’) (cosh kh)®
so that @’ = a{, and, since a’ # 0, b = b’.
To prove (2): 3 B
Recall that if ¢(= {1, 0; a’, b'}) is a solution of (A), so is ¢(=1{0, 1; V', @'}) By
Th. II the determinant
a’ b’
=la =V

b’ a’
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is not zero, so that @' — b'¢(={a’, —b’; ¢, 0}) has a non-zero c. (If there is a progressive
potential at — «, there is also one at + «).

Definition. We define the right hand reflection coefficient (Rz) to be the ratio of the
amplitudes | b’ |/| @’ |, when in the potential at —o b = 0, a # 0 (the potential at
— o is progressive). By Th. ITI(1) this ratio is unique.

We define a left hand reflection coefficient (R.) in an analogous manner. By Th.
II1(2) R, exists if, and only if, R, exists. Now R, and Rj; are equal since

Ry = | —b'|/| @ |. Note that this is true generally, i.e. also if the asymptotic depths
are different.

2. Two lemmas in the theory of surface waves. In the general reduction of wave
problems to an (one dimensional) integral equation we need
Lemma I. (a) If ¢ is bounded and harmonicin 0 > 9 > —h, —o < § <o,
d¢p/dn = 0 on n = —h,
$—0 as o 4o,
o’¢ — g d¢/dn is L-integrable on n = 0, and O(e™'*'), for some ¢ > 0,

_ 1 [®*" cosh k(y + h) e dk
flz,y) = o f_mH# cosh kh  ¢* — gk tanh kR’

0 < p < min (7"/2”'7 o),

then
o0 = [ o€, 0 - 02w 01—, 0.

(If ¢ > 0as ¢ > — o, p must lie between 0 and —x/2h in the de-
finition of f).

(b) Define f(x, 0) = f(x). Ifz > 0, —f(x) > 0 and

1 — 2kh/sinh 2kh
1 + 2kh/sinh 2kh’

[ 15@ 1ds = 55
f@ | < 4&"%@@ log (I — exp{—nz/h}).

. . eikz — e—
e <0, f@ = (=2 + ¢ N Fh(l T+ 2%h/smb 2%h) °

ikz

(¢) The asymptotic form of ¢(£, 0) as § > — = is

4 at [T 2w
g tanh kh(L + 2kh/sinh 2k) {e L. [, s, 0)
9 —ikE’ Jer i ® 2, /0t a3 ,
- 05 @ 0)]‘3 Cag - [ [w(s,o) - 93:—'(2,0)]

o)
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(a) Observe that by Lemma, III, Sec. 1, there is at most one potential satisfying conditions
(a). We construct its Fourier integral expression.

Since o’¢ — g d¢/d7m is L, and O(e™*'*') for large | £|, its Fourier transform G(k)
existsinc — ¢ > (k) > — ¢ + ¢, is bounded there, and

@tie G(k) cosh k(n + h)

_ —1/2 ik
& n) = @2r /_ wiip 00 — gk tanh kh cosh kh ¢ dk

c>p>0, w/2h > p,

satisfies (a). )
We convert the Fourier integral into a linear transform of

P, 0) = 955 ¢, 0).
We apply the Faltung theorem to
G(k) cosh k(n + h)[cosh kh(c® — gk tanh kh]™*
w}ich is pen;:issible since G(k) is bounded on (k) = p and the transform is L, in
0>92> —h

(b) Consider z > 0.
(i) By the theory of residues

—krz

. 2 €
1@ = = 2 an k(T + Zhh/em 2

where ik, are the imaginary roots of o* = gk tanh kh, and (r — 1/2)7r < k.h < rr (cf.
Lemma I of Sec. 1). Now

g tan k.h(1 + 2k.h/sin 2k.h) = (g/kR)[kR* + (a°h/g)(a"h/g — 1)]
> (g/kM)(r — 1/2)** — 1/4]

since (¢°h/g)(¢°h/g — 1) attain its minimum at ¢*h/g = 1/2.
Thus all the terms of the series are positive and f(z) < 0.
Since, further, k.h > 1,

ok + (*/9(e"/g = Dk, > § gn(zr — 1) > {grr,  and

| fl@ | < 7rig é exp {—(@2r — Dmx/2h}/r = 7rig exp {mx/2h} log (1 — exp {—mx/h}).

(ii) Observe that

® _ © _ ® i ©+ip eikz )
fo | f@) | dz = — fo f(2) dx = /0 dx<21r f_mm o — gl tanh &k %

_ i‘/‘m-#ip dk
" 2mi J_ayi, k(6> — gk tanh kh)

- where we may invert the order of integration since | ¢** | = ¢™*.
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We evaluate the integral by contour integration round a large upper and lower

semi-circle with centre 7p. The only singularities in the upper semi-circle are at
1k, and the integral is equal to

— g7 > [k, tan k,h(1 + 2k,h/sin 2k,k)]7".
1

The singularities in the lower semi-circle are at 0, =k and —sk, , and the inte-
gration is clockwise. We get

- {—-a” + 2[gk tanh kh(1 + 2kh/sinh 2kh)]™

— 3" [gk, tan k(L + 2k,h/sin 2k,h)]"}.

Equating the two we find

1 1 — 2kh/sinh 2kh
25° 1 + 2kh/sinh 2kh’

— g7 > [k, tan k,h(1 4 2k,h/sin 2k,h)]" = —
1

(ili) Consider z < 0. Integrating clockwise round the lower semi-circle we find
—krlz] ikz __ _—ikz

= e . e e
1@ = = 2 T Th + ks 2k T g tanh kAL + 26/smh 26

(c) follows immediately from the fact that in the integral
[ (e~ 0 2)6 ~ 0

the contribution from the infinite series part of f( — ¢') is small when | £| is large: if
| £ — & | issmall, 6°¢ — g ¢/97’ is small since | ¢ | islarge, and e’ (¢’, 0) — g 3/97'[¢ (¢, 0)]
is 0(e™*'¥""); if | £ — & | is large, the infinite series in f is exponentially small by (b). This
proves the lemma.

If the asymptotic depths of the domain of fluid in Fig. 1 are equal, and we transform
it conformally into the strip 0 > 5 > —h, the resulting boundary value problem for
the potential ¢(£, n)c’* is essentially of the following form:
®B) ¢ bounded and harmonic in 0 > 4 > —h,

d¢/dn = 0 on 7= —h
oo —gdp/on =gE)p +h(E) on =0
¢—0ast— +o,0> 9> —h.

By the function f(z, y) of Lemma I the two dimensional problem (B) is reduced to
the integral equation

86,0 = [ g, 056 - ) d + [ he)sE - ¢) e

This equation is solved for suitable g(£) (suitable obstacles) and integrable h(£) by
Lemma II. If g(§) = O(e™*'*") and
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£
a = [gtanh kh(1 + 2kh/sinh 2kk)]™" max f | g&) | | e*EE) — st | g
¢ ©

max | g(¢) | <1 — 2kh/sinh 2Ich)
T2 1 F 2kh/sinh 2kh) < 1

the integral equation above can be solved for all £ by iteration and

max
| <—*

[ herie — ) ag

1 —a

Also its solution is unique.
Proof. Write

b0 = f_ : hE)fE — &) de, b = f : 6, 0gE)fE — &) dE’.

It is readily seen that

.

|6, 0) | <o max | [ h@)ie — ) de'
By dominated convergence it follows that ) o ¢.(£, 0) converges to a solution of the
integral equation. Further, the solution is unique if ¢ is to be bounded, for the difference
& between any two solutions satisfies

o= [ s, 09@)E - ¥)
and therefore
(@] <max|®| [ | g@)fE—¢) | d < amox |

If @« < 1 this means that & = 0.

Thus, if « < 1, not only the asymptotic potentials but also the potential in the whole
domain of the fluid is defined by the asymptotic potential at one infinity.

3. Reflection of waves by submerged obstacles. In the present section we apply
the results of Sec. 2 to calculate how the reflection coefficient depends on the cross
sectional shape of the submerged obstacle.

By the usual theory, a potential ¢e™**
the following conditions:

which is progressive at + « must satisfy

©C) ¢ bounded and harmonic in the domain of the fluid,
o’¢ — g 0¢/dy = 0 ony = 0,
dp/on = 0 on the lower boundary,

¢ — ae* cosh k(y + h)/coshkh as 1 —+ .

We map the strip 0 > #n > —h on the domain of the fluid (so that the infinities
correspond) by the conformal transformation 2(¢)(¢ = ¢ 4+ i9) which is unique except
for a linear shift in £ The boundary conditions then become
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) ¢ bounded and harmonic in 0 > 5 > —h,
o’¢p — g 0¢/0n + o’(dz/df — 1)¢ =0 on g =0,
3/ =0 on n = —h,
¢ — ae’** cosh k(n + h)/cosh kb as §— + .

Theorem I. There is a unique ¢ satisfying ¢’ provided (e.g.)

R
* = 1 ¥ 2kh/sinh 2kh J_.. | dt mo
3.1)
dz | |1 — 2kh/sinh 2kh
T omax | g — 1 l 1F 2kh/sinh 2k < U

¢ can then be computed by iteration, and the reflection coefficient R is given by

Ry — d’/2(1 — a) Ry + o*/2(1 — a)
{14 [Ro — */2(1 — a)]*} {1+ [Ro + /21 — 1"}

1/2<R<

where

. k z (gi _ )2.'1:{ ‘
Ro = 1 2kn/sinh 2khi L. P G
Proof. Write

¢ = ¢, + ae’™* cosh k(y + h)/cosh kh.

Then the conditions for ¢, are of the form (B) of Sec. 2, if —¢”°(dz/d¢ — 1) is substituted
for g(£), and —o*(dz/d¢ — 1)ae™ for h(¢). By Lemma II of Sec. 2 ¢, can be calculated
by iteration if ’

| dz/d¢ — 1| = O(e™'*"), and the a of Lemma II, Sec. 2 is less than 1.

These conditions are checked in (i) and (ii).

To get bounds for the reflection coefficient we get in (iii) bounds in terms of « for the
reflected wave. ; :

dz

& -1
Consider the inverse {(2) of 2(¢), for definiteness in 2 < —X, . The imaginary part
of {(2) is harmonic and bounded in 0 > y > —h, x < —X, . Also §[¢(z) — 2] = O on
y =0and y = —hfor x < —X, . Thus by the reflection principle { can be continued
across ¥y = 0 and y = —h, and is therefore analyticon 0 > y > — h, ¢ = x, if 2, <
—X, . We can therefore expand

@ = O(exp {—= | £ |/R}).

86@) — 21 = 3 1.(2) sin (ary/)
for z < —X, where
7@ = 2/t [ [nte, ) — ) sin ory/) dy.

By repeated integration by parts
d'f./da* = (nw/h)f,
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and hence

fn = anenrz/h + bne—nrz/h.

Since n(z, y) — y is bounded, b, = 0 and a.e ""**’* is bounded. Thus

' % - ‘ < 2 (nr/h)a, exp {nrx/h} = Olexp {—=(| x| — Xo)/h}), and  ¢() ~ .
1

Similarly for x > +X, .
(i) It is readily verified that (3.1) is a bound for « of Sec. 2.
(iii) By Lemma I of Sec. 2 the reflected wave is asymptotically

¢¥[g tanh kh(1 + 2kh/sinh 2]~ f ( 5 — g g"’) W g

-

= ¢ *¢”[g tanh kh(1 + 2kh/sinh 2kh)]™* f ¢<Zl‘i;7 - 1>e”‘f' de’.

If
Z ¢(l)

| o | < aa® and ¢ | < aa/(1 — @),

and the amplitude of the reflected wave differs from

: -1 _(iz_ _ 2:kE’ 7
ak(1 + 2kh/sinh 2kh) j ( i 1) d
by less than

-1 . -1 ® dz ,
aka(1 — @)7(1 + 2kh/sinh 2kh)~" [ -1 ‘ de .
Since '

i - [T iz_ ’ l

k(1 + 2kh/sinh 2kh) /_ ) } v } * < e

by. Th. II of Sec. 1 the incoming wave lies between a{l + [R, = o*/2(1 — &)]*}'/* a

R, — o*/2(1 — a) Ry + o*/2(1 — o)
{1+ [Ro — */21 — o)]*} {1+ [Ro + */21 — a)"}*"

Ezxample. Consider a vertical barrier of height r in the bottom of a canal of depth
h. Let rm/h = e. Then

7z.< R <

— 2kh/sinh 2kh
1 4+ 2kh/sinh 2kh

a = 8kh[w(1 + 2kh/sinh 2kh)]™* log sec (rx/2h) + 2 sec (r1r/4h)

= O(r/n)’,
and, as kh — 0
R = (2/m)kh log sec (rx/2h) + O(r/h)*.
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Proof. Without loss of generality we take h = 7 so that the height of the reef is e.
(i) The transformation funection is obtained by Schwarz-Christoffel:

dz &+ 1

®{E+ AE + )

(if) p is determined from the height of the reef:
since log p — 7w is the image of the foot, —¢x of the tip of the barrier

. i dz 0 1 — es . -1 1 — P
e —d = d = 2t 172 -
e log p—im d( §' ‘/;03 I3 {(65 - p)(p"l - 69)31/2 E ¢ an 2P 2
“(iii) Since 0 < dz/d¢ < 1, onn =0, | 1 — dz/dg |40 = 1 — dz/d¢
Tly g, _ [T ( _ iz> _ 1450
so that j;m 1 dc d¢ = f_w 1 dc d¢ = 4 log 257" -
. .. 1 1
(iv) By (ii) 4 log —2;—':—,32 = 4 log sec 3¢
(v) Tt is easily verified that dz/d¢ attains its minimum at { = O so that
de| _ gyl
If’ljaox 1 il = 2 sin z€

Thus we get o, and R as in the discussion of the paper given above.

To compare the « for various domains of fluid we use the following lemma.
Lemma. Suppose ¢(z) maps a domain D, which is bounded above by y = 0 and is
contained in the strip 0 > y > —h, into the strip 0 > 5 > —h so that the infinities

correspond. Then
df) 3
< _ = — [ee]
I <dz y=0 O <

For, 3[¢(2) — 2] is bounded and harmonic in D, zero on y = 0 and not positive on the
lower boundary of D. Thus §[¢(z) — 2] < 0in D.

—y - )

Since 3¢, 0] = 0,

v—0 _y ay
By Cauchy’s relation (9/9y)3 = (8/0x)R so that 95/dx > lony = 0, dz/d¢ # 0 since
the transformation can be continued across ¥y = 0 and is conformal.

Theorem II (cf. Fig. 2). If two domains D and D, are both bounded above by y = 0
and are contained in the strip 0 > y > —h, and if D, C D

and therefore

’

then a< a.

Let ¢,(2) map D, on 0 > n > —h, and without loss of generality we may take {(0) =
¢ 1(0) = 0.
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It is sufficient to show that

_ap

|

1———!<max

ac | 02 and f_w d¢ < f

Suppose ¢(D,) = D'. Since D, C D, D' is contained in the strip 0 > y > —h. If {“’(u)
maps D’ on the strip, ¢:(2) = ¢*[¢(2)] and by the lemma d¢’ /du > 1 when J(u) = 0.

max
1=0

dg.

Therefore
d, _ dg® (d_s“> 5 &
dz =~ di \dz/,., — dz
and
e )
max (1 - %) < max (1 - G 3.2

So far we have used the condition that D, is contained in D, but not that D is contained
in0 >y > —h. Then 1 — (dz/d¢),-0 = 0 and

dz dz,
1 < max d I

1 -
HE

max
=0

Next consider the integrals

[Llv-glar= [ (=)o =[G -1)e

L e g an
Hence the theoi'em.

Theorem III (cf. Fig. 3). Suppose a domain D is bounded above by y = 0. Denote
its intersection with the strip 0 > y > —h by D, , its join with the strip by D, . Then

| da

ac | &

_ g ( did__> _ dzy _ |
max | 1 — 5 <’”f,‘.3‘ L= Gpar — 1) Smax 7 | +max| G -1
and f dz‘ dg'+f %—1|d;

(1) By (3.2) max,-o (1 - dz/dg‘) < maXx,-o (1 — dz,/d}), since D, C D and max,-,
(dz/d¢ — 1) < max,., (dz;/d¢ — 1) since D C D, . Because on n = 0 dz,/d¢ < 1,
dz,/dt > 1 the first result follows.

(iii) Since D, C D C D, , by (3.2) d¢.(z, 0)/dz < d¢(x, 0)/dz < di(x, , 0)/dS.

dr dty ’ dg
Thus o o < 4z 1 | when I >1
and .d—r—l Sl&—llwhen—£<lsothat
dz dz

y=0
¢

dz_1

e, '

<|B-1l+l%

v=0
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Hence

[~

and the second result follows.
4. Reflection from obstacles in the surface. In the study of the reflection of waves
by obstacles in the surface we consider first a special case: reflection by a flat plate

lying in the surface. By change of scale we make the half width of the plate unity.
Theorem I. Provided

ar = [ ——1

drz '

— 2kh/sinh 2kh
1 + 2kh/sinh 2kh

4 sin® k/(1 4+ 2kh/sinh 2kh) —I— <1 or

4 sin® k/(1 + 2kh/sinh 2kh) + 2[27"% exp (—2'%kh) + (kh)™' 4 207 °KY?) < 1,
there is a unique potential ¢, bounded in 0 > y > —h which satisfies:
D) 6—gd/ay=0 y=0 |z|>1,
| /oy = 0 y=0 lz| <1, and ony = —h,
¢ — ae'™ cosh k(y + h)/coshkh as z—4+o, 0>y > —h.
Also

% - \
B~ Tk smn oin T 0%

and for 0 < o*/(1 — a) < sin 2k/2k we get precise bounds

2k[sin 2k/2k — o’ /(1 — @)]/(1 + 2kh/sinh 2kh)
{1 + 4k’[sin 2k/2k — az/(‘l ~ &)*/(1 4+ 2kh/sinh 2kh)*}'?

2k[sin 2k/2k + o’ /(1 — &)]/(1 4 2kh/sinh 2kh)
{1 4+ 4k*[sin 2k/2k + o*/(1 — &)1?/(1 + 2kh/sinh 2kh)*}'/*

(i) Observe first that if f(x) is the function of Lemma I, Sec. 2, and
a=27o [ |f@ —a')|d2’ <1lin —1 < z < 1, ¢ is unique.
By that lemma the difference ® of any two potentials satisfying (D) also satisfies

<RKL

4.1

&z, 0) = f_ll <02<I> - g?—i)f(x — ) ds’ = o j: ®f(x — z') dz’,

so that
| &, 0) |i21<1 < o max | ®(z’, 0) |.
lz’1<1
Thus = ®(’,0) =0 in lo'| < |, also 9%/9y’ =0
so that ® = 0.

(ii) To construct a ¢ we use the method of Lemma II, Sec. 2.
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If = ¢ + ae™ cosh k(y + h)/cosh kh, then ¢, satisfies conditions of form (B):
gx) = 0,[z[ > 1; g = =, [z <L
h(z) =0,|z| > 1, h(x) = —ac’e™, |z| < 1.

The iteration converges in |2z | < 1if ¢° 1, f(x — 2')d2’ < 1 for |z| < 1 to give
¢1(x, 0), | x| < 1; and since

g %d)y—l (x, 0) = —agk tanh kh e = —ad’e’™

on the plate, 6, — ¢ 3¢,/dy is known on ¥y = 0, and by Lemma I, Sec. 2, we get ¢,
in the whole strip.
(iii) Write

© 1
¢= 2 ¢  with ¢ =da f M flx — o', y) d,
0 -1

1
o = [ G, 0 - ', ) e

The asymptotic form of ¢;" (z, y), (at — =) is

aks —ikz fl 2ikz’ ;o ikz fl ,:l
T 2kh/simh 2Fh [c K dx’ — e 3 dx’ | cosh k(y + h)/cosh kh,

1)

and the asymptotic form of ¢,}; is

kl —ikz ! (1) ikzx’ ’
1+ 2kh/sinh 2kh [e [_ e dz

1
— ot / ¢7(‘1)e—sz' dx’] cosh k(y + h)/cosh kh.
-1

The reflected wave [i.e. coefficient of e”"** cosh k(y + h)/cosh kh in the asymptotic
form] of

«©
Zl P

is less than

k i /’1 | W ldxl < 2ka ian*‘
1 F 2kh/sinh 2kh % J_, | ¢ 1 + 2kh/sinh 2kh 4

_ 2ka o
(1 + 2kh/sinh 2kh) (1 — &)’

The reflected wave in ¢¢" is @ sin 2k/(1 + 2kh/sinh 2kh).
The amplitude of the reflected wave of

-
(1)
PN
0
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lies between

2ka [sm 2% o’ ]
1 + 2kh/sinh 2kh | 2k 1 —al

Since the transmitted wave is ae’™ cosh k(y + h)/cosh kh, we get a bound for the in
coming wave, and find (4.1).
Evaluation of a.

(iv) First we get a bound suitable for small kh. Denote the infinite series part of f(x)
by fi(z). By Lemma I, Sec. 2,

f_l|f(x—x')|dx'<2fo | fu&) | da’

1
+ [g tanh kh(1 + 2kh/sinh 2kR)]™ f | G _ miama | g,
Now

1 1 — 2kh/sinh 2kh
2¢° 1 + 2kh/sinh 2kh’

[ 156 1d < [T 56) | der =

Also
1 . , ) , 1-z 2
/ |e"‘(”_’)—e“'“"”[dx’=2f ]sinku[duSZf | sin kw | du
z ) 0

— 4sin®k/k ik <%1r.

Thus

1 — 2kh/sinh 2kh
1 4+ 2kh/sinh 2kh’

o f | f& — ) | da’ < 4sin® k/(1 + 2kh/sinh 2Kkh) +
-1

(v) If kh — o the bound becomes useless since the second summand tends to 1. We
use a refined estimate for [ | fi(2') | d2’. Recall that

© —krz 1

_ e 19 (hk,)e "~
— fil@) = Z 7 tan k(1 & 2k h/sin 260 < g Z (2r — )’r°/4 + 1

where r = (c*h/g)(c"h/g — 1).
Thus
! h < 1 —=e")
[, 9@ e < 02 m
h — 1 h - ek
Y > @ —-Dr/t+r ¢ ZJ @ — )R+ 0
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By contour integration of cot 72[(2z — 1)?/4 + 7]™" around a large rectangle it is seen that

< 1 _ tanh 7
O | Lty R

k

© . e— v ©
eV AT X o T AT S ) o DAL

—rx/h @ -xz/h

7 dzx,

since k,.h < w7, and the terms of the series are decreasing.

® e-rz/h 1 ©

_ exp (—7"""u/h)
1 (213 - 1)2‘#2/4 + 7'2 dx - 1I"l'l/2 x/211/2 uz + 1 du

© x/271/2 N © _ 172
5 1 du 1 du__ﬂll/z{f +f 1 — exp (=r"u/h) o
(]

)y W+ 1w, ¥ w41
_ 1 1 1 f” 1 — exp (=7""u/h) }
=577 " o 1”_1/2{ . + . w4+ 1 dug.

Since

1 1 exp (= u/h) du < -l-N/h and
2 )

_ /2 1/2
1 exp (—7/°N/h) < v'°N/h, —rcl o T 1
®1 — exp (—7""u/h) f‘” dw 1 o 41 1
M w1 du<Nu2+1—27r tan™ N = tan N<N'
Therefore
1 [®1 — exp (—7"%uh) 1 1N
% J, u2+1' du<1rN1'U2+2h'
If we choose
_ ! h [ta.nh -1 1 ( 2)"2 ]
_ 1/2 _-1/4 n 4 R 1/4
N =@/t [ @ | de < e et G

Since (tanh 72 — 1)/2 = exp (—27%)/[1 + exp (—27"%)] < exp (—2Y%kh), and
(1/hr72? < 2V2R7 k7Y% we get after some simplification that

26° j | fi(x) | dz < 2[27Y% exp (—2%kh) + (kB)™* + 2=~ '/%K"7].
1]

Since at the edges of the plate in Th. I the horizontal velocity gets infinite while
in the derivation of the boundary conditions the velocity is assumed to be everywhere
small, it is not clear that the calculation gives a sensible approximation to the reflection
of waves by shallow obstacles. We shall therefore show separately that the reflection
of an arbitrary (cylindrical) obstacle of beam equal to the width of the plate tends to
the reflection calculated in Th. I provided only that the draught tends to zero.



1949] SURFACE WAVES 41

Theorem II. We map the domain of the fluid on 0 > » > —h so that the edges of
the obstacle are at (¢ = 1, g = 0). If
(D) ¢ is bounded and harmonic in 0 > % > —h,
dp/dn =0  on n = —h, and on n =0, [E] <1,
o’ — g 9¢/dn + o*(dz/df — )¢ =0 on =0 |&|>1,
¢ — ae™ cosh k(n + h)/cosh kh  as & —o,

¢ can be constructed by iteration provided

O<8=——B——<l where
l —«

SR AL EL

4&}[”%—%%@4M@g3 for all £.

Further if the draught is small, 8 is small.

@) Let ¢, be the potential of Th. I. We write then

¢=¢0+Zl¢n7

and split up ¢.., into ¢}y + @51 , which satisfy the following conditions:

(D) @3, is bounded and harmonic in0 > n > —h,
a¢r(.1+)1/a"7 =0 on n = —h,
—o*(dz/d¢ — ¢, on n =0, [g] > 1,

amm—gwmmn={
0 on 7 =0, I£|<l:

¢ —0  as  E—o 4o,
(D) ¢%, is bounded and harmonic in 0 > 7 > —h,
sn/0m =0 on n = —h, 3/dn = —db1/dn = —(°/ )i
on =0 [§] <1,
o — gopa/dn =0 on =0 [f]|>1,
da1—0 as o+,

Let l¢7(u-l+)l l < Mr(t}l»)l ’ |¢r(ni)l l < M1(r2+)l and |¢‘n+1 I < M, .
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(i) By Lemma II, Sec. 2 (we may take) M3, < 8M, .

1 a '(‘i)
s =0 [ o -pyae — g [ %R s - gy ay
1 1
= o [ ste - dr + o [ ol — 6 a.
Therefore
]llr(wi)l < aM 7(;3-)1 + oM, 7(L'1F)1 ,
so that
M7(u+1 < BM" and Mn+1 < B—M = 6M,, .
1 - l—«a

(iii)) If 8§ < 1, @ < 1 so that ¢, exists and the iteration converges to a solution of
(D’). If & is small compared with , the solution is nearly equal to ¢, .
(iv) 6 — 0 if the draught is small, provided at its edges 4, B the obstacle has tangents
which make angles greater than e with the mean free surface (Fig. 5). We take A at
(—1,0).

We enclose the obstacle in a trapezoid A BCD, and denote by D, the domain obtained
by removing the trapezoid from the strip 0 > y > —h. Let 2,({) map 0 > n > —h
on D, , keeping A fixed, and let its inverse be {,(2). Assume for the moment that
(@) | >di/dz>di/de>00onz < —1;()inzg <1 —p,p>0,1 — df,/dz tends to 0
uniformly as the distance d between AB and CD — 0, e fixed,;
(iii) dt,/dz decreases monotonically to zero in —o < z < —1 as z — —1 so that if
2,2',2 + h are less than —1 and z < 2/

160@E +h) —6@E) | <|nhE+h —0@)].

Now
i ’ ﬁ_ ’
[ !'f(£~£)|$d§_/ 1fd;

-1

dz (bt ikt
== -1 letk(ff)_ezk(éf)ldgl

dy’

< [g tanh kh(l 4 2kh/sinh 2kh)]™ f

+

— @

1 ’ dt’ = I, + I,(p.def.)

-1
I, < 2[g tanh kh(1 + 2kh/sinh 2kh)]™ f j—sf, —1 ‘ d¢’

-1
= 2[g tanh kh(1 + 2kh/sinh 2kh)]™ f a _

I dz

a4 1{dz by (i), = J(p.def.).

< 2[g tanh kh(1 + 2kh/sinh 2kh)]™ f )

A simple calculation shows that J, —» 0 asd — 0.
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A 5
C D
I 1’

@)
Fia. 5.

Let ¢ = £(2). Then, since | f,(z) | is decreasing, and, by (i), | £,(2) — &) | < | &) —
£ |

I, = f_ | f1lER) — £@)] | ’ == —1 i,

@ < [ 1166 - 5@ ] 'ds“l

< ( f_ :” | f1lte) — &(2")] ,ldzf>

El(_—ﬁ_ﬂ_l‘
dz

+] | /i@ — &E)] |2/, by (i) and (i),

< 2<fa, | fil—1 — &) |dz’> i d-Lte0 I

+ 2 /— l fil—1 — &EN)] l dz’, by (iii), independently of z.
—1+1/2p

Note that both integrals decrease if p is fixed and d decreases, since by (i) £ (z)
decreases with d. Choose p small to make the second integral small. Then choose d
small to make | d{;(1 — p, 0)/dz — 1| small; this makes the first term small since the
integral converges uniformly as d — 0: at — « since f,(x) is exponentially small, and

at —1 since ,(2) + 1 = 0|z + 1|7, and f,[l — £(2)] has only a Iogarlthmlc
singularity. Thus I, —» 0 as d — 0.
To estimate the integral

[lre—o1 55-1 a

map 0 > o > —hon D, , keeping B fixed. We find § — 0 as d — 0.

It remains to prove the assumptions:
(i) follows by an argument essentially similar to that of the Lemma of Sec. 3.
(ii) follows from Th. I(i) of Sec. 3 where it is shown that

d;‘l | 2d o™ (FHD/A
& | <

1= h(l—'m)—
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(iii) follows from the fact that the boundary of the domain of log d¢,/dz

B D

Fia. 6

is simple (since the trapezoid is convex) so that log (d¢;/dz) and df,/dz are schlicht in
D, and d’¢,/d2® # 0. It follows that 3% /dz* ¢ O on z < — 1, i.e. 8°¢/02° < 0. Since
dt/dz = 8t/0x on 2z < —1, d{/dz decreases monotonically in — o <z < —1.



