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The effect of the earth’s rotation on the propagation of ocean
waves over long distances

G. E. Backus*
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Abstract—The theory of group velocity is generalized to waves on curved surfaces, and applied to
calculating the effect of the earth’s rotation on the trajectory and wave vector of a wave packet
whose waves have lengths much less than the radius of the earth and periods much less than one day.
A geometrical description of the perturbed trajectory is given. If 2 is the angular velocity of the
earth, g gravity, & the ocean depth, and k and « the wave number and frequency, the effects are of
the order of £ (h/g)* and independent of w for shallow water waves; they are of the order of Q/w
for deep water waves; and they are largest for waves with kh = 1:878973.

1. INTRODUCTION

IT 15 the purpose of the present paper to discuss the effect of the earth’s rotation
on the propagation of small-amplitude ocean waves over long distances. The
problem is to discuss adequately the joint effect of the sphericity of the ocean
surface and rotation when the vertical acceleration of the fluid cannot be neglected.

2. THE LOCAL DISPERSION RELATION

Since we are interested only in waves much shorter than a, the radius of the
earth, we can treat the waves’ local behaviour as if the earth were plane. There-
fore, let %, y, £ be unit vectors in a Cartesian coordinate system, £ peinting up.
Let x, y, z be the corresponding Cartesian coordinates, z vanishing at the surface
of the undisturbed ocean. Let u& - vy -+ wz be the velocity of the water, p its
pressure, and p its density. Let p, be pp~! -~ gz. Let Q be the angular velocity
of the earth’s rotation, and f =: 2Q. Then, ignoring the earth’s sphericity, the
local equations of motion are these :
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In equations (1) terms of second order in the velocity have been neglected. The
linearized boundary conditions are

Py

L =gwatz=0, 2

3 4 2
and w = 0 at z = — h, the ocean bottom

We seek solutions whose time and space dependence is F(z)e ™ **; that
is, we consider plane waves, and orient our coordinate system so that
0,3y = 0. Then equations (1) become

ilu + Dw = 0,
—dwu —fv 4 f,w= —ilp,

(3
fiu—iwe —fiw=0, )
—fu +fx'v — iww = — Dp,.
Here D is d,dz. From the first three of equations (3),
i I
U= 7 Dw,
o= P S p, . @
w wl
puo= (B ) s L~ g D
wl wl?

-

Then from the fourth of equations (3),
(02 — A D*w —2ilf . f, Dw — 2(0?® — fH)w=0. (5)
Thus, since w(— k) = 0,
w = A [en+(2+ hy en_(2+h}] eiIX*-iwl
where 4 is an undetermined constant and

i 1w (w? — F2 _ £2)h
Ll.l;t - ’fxfz o afz —fz{x fz) . 6)

Then the boundary condition at z = 0 implies

w(w? —fE—fD _ o [{z/_wy —fid = f)*] .
g[ — wfy w? — fz 2

Equation (7) is the dispersion relation for surface waves travelling in the &
direction on the plane surface of a steadily rotating ocean of depth 4. For any
fixed /, there are infinitely many real values of » which satisfy equation (7) and
the inequality w?® < f,2 + f,2. These values of w have a point of accumulation at
w = f,. For each of them, n and n_ are pure imaginary, so the amplitude of
the disturbance does not die out with depth, no matter how small / is. As Q
approaches zero, these waves approach steady flows, so they are not the analogues
in a rotating fluid of the ordinary water waves. They deserve more attention,
but are not relevant to the subject of the present paper.

(M
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For any fixed /, there is precisely one positive w which satisfies equation (7)
and the inequality w?® > f.2 + f,2 This gives the analogue of ordinary water
waves in a rotating fluid. Henceforth, we shall consider only waves whose fre-
quencies are much larger than (f.2 4 f2 + f,)%

When (f2 4+ f2 +£.5) < »? equation (7) can be solved explicitly for w.
The result is

w == (gl tanh hi)} —f—i tanh (/h) + 0 (/3.

If the wave has propagation vector (wave vector) /& + my, with m % 0, this
equation is
w = gt (12 + m?)* tanh? h (2 + m?)}t +
(m.Qx — 2

mm)_;) tanh £ (12 + m?)! 4+ O (£22). ®)

3. THE GROUP VELOCITY ON A CURVED SURFACE

The extension of the ideas of group velocity to short waves on a curved surface
is closely connected with HAMILTON’s ideas about the ray approximation in optics.
Concerning the extent to which the question has been settled by previous workers,
for example ECKART (1948, 1960), LANDAU and LirscHITZ (1951, 1959), LIGHTHILL
(1955, 1960), UrseLL (1960), and WHITHAM (1955, 1961a, b), the author feels it
appropriate to quote WHITHAM (1961a) : ‘It is not always clear how much is
implicit in the above references.’

The central problem in a discussion of group velocity is to define it. Should
the statement that energy propagates with the group velocity be regarded as a
theorem or as the definition of group velocity ? The latter point of view is the
more physical one, but it leads to the complication that group velocity must be
derived anew for each kind of wave, and the fact that group velocity is dw/dk
for sound waves, Rayleigh waves, and ocean waves seems almost a coincidence.
JEFFREYS (1956, p. 512) and WHITHAM (1961a) suggest that the group velocity
of waves with wave vector k in a dispersed wave train be defined kinematically
as the velocity at which an observer must move if he is always to find around
him waves of the given wave vector k. From this definition, the general validity
of the expression dw/dk for the group velocity in a homogeneous medium follows
immediately. The fact that energy propagates with the group velocity becomes a
theorem, proofs of which are given by JEFFREYS (1956, p. 514) and WHITHAM
(1961a). If this kinematic definition of group velocity is adopted, the group velocity
is used to find the location of the waves with wave vector k at each instance,
while the fact that energy propagates with the group velocity is used to find the
amplitude of the waves with wave vector k at each instant. In the present paper,
we discuss only the location, not the amplitude, of waves propagating on a rotating
earth, so we shall have no further concern with the energy theorem.

The difficulty with Jeffreys’ definition of group velocity is that it cannot be used
to discuss wave packets which change their wave vector as they move; in fact, by
JEFFRRYS’ definition such a situation can never arise. Consequently, JEFFREYS’
discussion of wave packets cannot be extended to inhomogeneous media. LANDAU
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and LirscHITZ (1951) and WHITHAM (1961a) have overcome this difficulty by
showing that for a dispersed wave train in an inhomogeneous dispersive medium,
if waves of wave vector k are known to be in a given small region at time ¢,, then
at any later time there is a small region in which the wave vector of the waves is
determined, although it may not be k. The position of this patch as a function
of time is determined by its initial position and the initial value of k, and is indepen-
dent of amplitude (in the linear approximation) and of the initial character of the
wave field outside the initial patch. The velocity of this patch of wave vector
information is defined to be the group velocity. With this definition of group
velocity, the distribution of wave vectors with position in a dispersed wave train
at any instant can be calculated from the group velocity and the initial distribu-
tion of wave vectors, even in an inhomogeneous, flat medium.

We propose to generalize LANDAU and LiIFsCHITZ’s and WHITHAM’s idea
slightly, so as to be able to use it on curved surfaces. Specifically, we need a tech-
nique applicable to surface ocean waves on a rotating earth. The need for dealing
with curved surfaces is obvious if we want to discuss transoceanic propagation.
The need for dealing with inhomogeneities arises because the vertical component
of the earth’s angular velocity varies with position. If we could assume that the
trajectories of wave groups (that is, patches of wave-vector information) were
great circles, the results of the preceding section would suffice. As we shall see,
the trajectories of wave groups on a rotating earth deviate from great circles to
first order in the angular velocity of the earth. Thus the wave vector produced
at any instant at a receiving station by a distant source will differ from that on a
non-rotating earth by two terms of first order in the earth’s angular velocity;
one term arises directly from the theory of waves on a flat ocean, discussed in
section 2, and the other arises from the failure of wave-group trajectories to be
great circles.

Consider a two-dimensional surface whose points are described by (not
necessarily orthogonal) coordinates ¢!, ¢% (The remarks which follow can be
extended immediately to n-dimensional manifolds). Let 1!, x? be local Cartesian
coordinates in the plane tangent to the surface at a point P. Let x,, x, be unit
vectors in the directions of increase of +! and x2. We assume that the surface is
able to support waves which are short compared to its radii of curvature and which
near P have the form A4 exp (— iwt + ik, x* + ik, x*). Here A is a slowly varying
amplitude (|V4| < |kA|, [24/5t| < » |4]). The frequency w is a known function
of the wave vector k = k, &, -+ k, #,, which function may also vary slowly with
position and time :

w = F(ql’ q2’ L kl’ k2) (9)

and |VF| < |kF| and |oF/d| < w |F|.

A wave train whose spatial extent is of the order of the radii of curvature of
the surface, or whose history carries it over a region of such extent, must consist
of local sinusoidal pieces which fit properly together over the large region. Thus
we assume that the wave can be represented in the form

A (ql, qz, ,) ei-Shahn

where A4 is again a slowly varying amplitude factor, and S is the phase of the
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wave train as a function of position and time. Then near position ¢!, g2 the wave
has angular frequency

S
Y]
and the wave vector’s components are
g K _2S _2So
Y Y Py

Here we use the summation convention. The numbers p; = 3S/d¢%, p, = 3S/¢®
may be regarded as the covariant components of the local wave vector in the
coordinate system ¢*, 4% since the relations connecting the k’s and p’s are

g’ ox/
k;=—Z=p;, pi=—k,.
o Py P 0@
The frequency o can be expressed as a function of p,, p, instead of ky, k, :
w=H (‘11, g1, P pz) (10)

where H (q'. 6% 1, p1. ps) = F(q", 4% t, ks, ky).

Equation (10) can be regarded as a first-order partial differential equation for the

phase S :
DS S S
5 4+ H (q‘, g% t, v 3&2) = 0. 1

The theory of the solution of (11) leads to the idea of group velocity quite
independently of any energy or amplitude considerations. The relevant theorem
is Pfaff’s uniqueness theorem (COURANT and HILBERT, 1937) : suppose that S
satisfies equation (11). Suppose that at time zero at position g, g,2 the values
of S and 3S/d¢ and 3S/d¢® are known to be S° and p,° p,°. Solve the following
ordinary differential equations (the characteristic equations of (11)) subject to the
initial conditions ¢* (0) = ¢/, p, (0) = p2, S (0) = §°:

dp, _ _ dH(g,1 p)

dt ot

d@ _ dH(g,t, p)

da opi (2
ds dH (q,t, p)

- == i T T H > t’ o

0 . ¥ (9.1, p)

Then at time ¢ at position ¢* (), g% (¢) the values of S and 3S5/3¢%, 3S/d¢% are S (¢)
and p, (1), ps (1). ,

The physical content of this theorem can be pictured as follows : if the phase
is known everywhere at time zero, it can be found everywhere at time r. But
to find the phase and its gradient, S and 3S,2¢, at time 7 at the position ¢ (),
42 (1) it is not necessary to know S (g%, ¢, 0) for all g%, ¢ All that is required is
S (g0 903 0) and S gy, 902, 0)/0¢* and S (g4, q4% 0)/5g%2. The wave vector
(3S/3¢*, 35/3¢% and the phase S propagate their values along the track g!(7),
g2 (1) as if they were the momentum and action of a particle whose position and
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momentum at time zero were (g%, %), (p%, p°) and whose Hamiltonian was the
H(q,t, p) of equation (10). This * particle ’ is a wave group or wave packet in the
sense that it represents a local train of waves whose behaviour can be calculated
without reference to the other waves which may be present. For such a wave
packet, as is well known from Hamiltonian mechanics (GOLDSTEIN, 1951),
dw/dt = dH;dt = dH/d, so if H does not depend explicitly on the time, the
frequency of the waves in the packet does not change as the packet propagates.
If 3H,/ 3¢ = dH/5q* = 0, then dp,/dt = 0; the covariant components of the wave
vector do not change as the wave propagates. Then in case the surface is flat
the other two equations of motion are dx//dt = dw/dk;. The usual theory of group
velocity in a flat space appears as a special case of the Hamiltonian theory.

WHITHAM’s (1961b) discussion of group velocity in flat spaces can be read
verbatim as a proof of PFAFF’s uniqueness theorem in curved spaces. The argu-
ment is this : suppose S(q', ¢% t) satisfies equation (11). Then the function
21 (g% g% 1) = S (g%, g% 1)/d¢° satisfy equations obtained by differentiating (11)
with respect to ¢ :

i

=5 [H(q g% 1, pi. (¢4 6% 1), P2 (4%, 6% 1)].

Carrying out the differentiation on the right,

dp;, M dHop;

T T g
But dp;; 3¢° = dp,/d¢/ so

oy dHdp, oM

o op’ og’ bq

Now consider a point ¢* (1), g% () which at time ¢ moves with velocity

dq'

7= (q ®), g (). t, ps (¢ (1), ¢* (1), 1), pa (g* (1), g* (1), 1)).
P

The motion of this point can be computed, since the functions S (4%, ¢2 ¢) and
p; (g, g% 1) are known. The rate at which p,(¢' (1), ¢* (1), 1) changes with time is

dp, _op; , p,dg) _dp;  OHdp, _ _dH
dt ot d¢/ dt ot op; A Dq

Then the time rate of change of S (q* (1), ¢® (1), t) is

ds S  dSd¢ dH
=4 - =p,— — H
dr + d¢ dt Pi ;i

These remarks prove Pfaff’s uniqueness theorem.

4, CLASSICAL PERTURBATION THEORY

Suppose that a particle has Hamiltonian H = H, (¢, p) + H, (¢, p,), where
H, represents a small perturbation on the motion. Given the initial values
q' (1), p,;(15), what will be ¢’ (1) and p; (1) ? Let g, (1), p? (1) be the solutions of
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dqo _ bHo dp _ H,

dr w:  dt g

which satisfy ¢qgf (#) = ¢'(t,), p2(H) = p;(t)). Let the actual motion be
g =qi ) + ¢ (@), p;®) = p2(t) + pl (1) where g, and p}! are small pertur-
bations. Then the initial conditions on p} and ¢’ are that they must vanish at
t =1,. The exact equations of motion are

dgi dgi  d

_(]_o —;]-tl— =5;' H, (g4 + g4, p’o +pd) + SEHI (g6 + a4, pd+ ),
d d 2

ap?  dp; ”' — o(qo'+q1,p.°+p.‘)——Hl(qo'+q1, PR+ pd.
dr Y g

If we neglect second order terms in the small perturbations g,’, p*. the equations
for these perturbations are

dgy ( P L ) 3Hy .+ o P .
O 4 pr 2 ) Mo i p0y L H (4, Y.
ar qf 5 + p; ) (g, p® + w 1 (q4), p; ) .
dp} bH0 o
P _ _ — 2 H, (g4, p;
i ( +p, bp) ¥ (94, p°) Y 1 (g%, pO).

Thus the perturbatlons g/, p* can be found by solving an inhomogeneous linear
system of ordinary differential equations subject to the initial condition that
¢, and p} vanish at 1 = 1,. The coefficients in the equations for ¢, and p;} are
determined by the unperturbed solutions ¢, () and p? ().

The technique described above has been studied in great detail in celestial
mechanics, and it is known that if H, generates a periodic motion, the perturbation
theory will often generate secular terms which grow linearly with time. Eventually
these secular terms will become large enough to invalidate the perturbation theory,
and then more sophisticated techniques, such as the use of action-angle variables,
are required. In the present problem, it will turn out that before the secular terms
become large enough to invalidate the perturbation theory the wave packet will
have run into a continent.

5. A WAVE PACKET ON THE SURFACE OF THE EARTH

Let &, y, £ be unit vectors of a Cartesian coordinate system fixed in space.
Let & and ¢ be coaltitude and longitude on a non-rotating sphere with radius a,
with surface gravity g, and covered by an ocean of uniform depth 4. Let § and &
be unit vectors in the directions of increasing & and ¢ on the surface of the sphere.
A wave packet with wave vector k, 8 + ks, ® has covariant wave numbers
82, & 3
a0 asin 6

The wave packet moves like a particle with the Hamiltonian

Po =0k, ps=asinbk, for V=

s
Ho (6, $, Por 1) = (%) (ps? + py? cosec? B! tanhi [g (ps? -+ pytcosect e)*]. (14)
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In this case we know the solution of the Hamiltonian equations of motion : the
packet moves around a great circle with the group velocity

(gk tanh hk)? (l i 2kh

2k sinh 2kh) '
During the motion, the magnitude, k, of the wave vector k remains constant,
while the direction of k is always tangent to the path of motion. We introduce a
coordinate system appropriate to this particular wave packet. The z axis is chosen
normal to the plane of the great circle traversed by the packet, and the origin of

time is the instant when the packet has zero longitude. Then the motion of the
packet is described by the following equations :

G (k) - (15)

8 =0, ¢=a€t, po =0, py= ak. (16)

Now suppose the earth rotates with angular velocity Q, much less than the
angular frequency, w, of the waves in the packet. Then, to first order in 2/ w,
the Hamiltonian describing the packet’s motion is H, + H,, where H, is the second
term in equation (8) :

Q, pycosec 8 — 2, p, [h
- ey 9 i enng O t h - 2 2 20} .
b (pe? + pg? cosect ) anh i (ps® + p,tcosec? 8)

Without loss of generality, we can take Q = ¥Qsin @ + 22 cos 6.
Then

H, = Q [nes_in Osin¢ + py (sin 6 cot Cosi‘t_‘i’i@]
v (P o® + Po? cosec? H)}

tanh [_Z_ (pe® + p,t cosec? 0)4] . Un

Suppose that the packet starts at time f, at colatitude 8, = =/2, longitude
¢y = Gty/a, with p, =0, p, = ak. If @ = 0, the packet will travel around the
equator of the coordinate system introduced to describe its motion, in the manner
exhibited by equations (16). What effect will the earth’s rotation have on the
motion and wave vector of the packet ?

To apply the perturbation theory to this problem, we must evaluate the
second partial derivatives of H, and the first partial derivatives of H; with respect
to 0, é, ps. p, on the unperturbed path (16), and then use these coefficients in
equations (13). The calculations are omitted. The results are these :

i g sin ® tanh kh cos (9 t) ,
26 a
YH, £sin © tanh kh . (G )
—t = ST  sin [ =t )
B2 ak a
OH, — 0

2 '

dH, _ & cosﬁ@rseAch2 kh.

Py a
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All second derivatives of H, vanish on the path (16), except that
22 2 3H, _ d*H,

=0 =kG(k
bp92 062 ( )
and
H, dG (k)
2L2 7 10 et N
a*k bpd,z dk
Then equations (13) become
dps’ _
dt ’
(18)
dh G 4 _ G,
dt az 7? a °
and
1
e’ 4 kGO, = kG cos (9 z) ,
dt a
(19)
(Q' —.E 1= gesin ((—;t)
a a2 a )’
Here the small dimensionless constants ¢ and » are
« — 25sin O tanh kh
T kG
(20)
h Q cos 6 sech? kh.
n = Iel

The initial conditions are that 8,, p,!, ¢, p,! should vanish at time 7,. The solu-
tions of equations (18) and (19) satisfying these initial conditions are

pst (1) =0,

¢ (1) = —ng(r—to),

Pt () = ake (gr ~— ¢0) cos (ag t) ,

0, (1) = e(gz—¢0) sin (g:)

It is convenient to give p,l, ¢,, p,', 6, as functions not of ¢ but of the longitude ¢
of the unperturbed wave packet. Since ¢ = Gt,/a, we have

ptbl (¢) = 0’
$1(d) = — 1 (d — o),

pet (¢) = ake (¢ —~ o) cos b,
0, () = e ($ — ¢) sin ¢.

These equations do contain secular terms, so they are not valid for all time.

(21)

and

(22)
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They are valid as long as the magnitudes of ¢,, 8,, p,'/ak are all much less than .
Therefore they are certainly valid as long as

¢ — ¢’o| <m/m and |¢ — | < m/e. (23)
To estimate € and n we write
}
¢ =20 (jf?) (sin O) E (kh),

n =20 (g)’ (cos ©) N (kh)

1 -1
where E (x) == (tanh ,‘f) (1 + ,,2" )
x

sinh 2x
x 1 2r \"1
N = 1 =T 2 4.
and N (x) (tanh x) ( * sinh 21) sech? x

The function N (r) decreases monotonically from its value at x = o, which is
1. We conclude that for all kh, % < 2 (h/g)t cos ©. The function E(x) has a
single maximum at x = ¢, with

¢ = 1-878973,

(24)
E (&) = 0-606316.

Therefore € <C 1-213 2 (h,g)? sin ® for waves of any wavelength.
Thus the growth of the secular terms does not invalidate our solution as long as

=9 < 15150 ()"

For the earth, with 2 = 7.25 x 10~%sec™}, g == 980 cm/sec?, and & = 4 km, the
solution is valid as long as |¢ — ¢o| < (277) (2); that is, it is valid as long as the
number of times the packet has circled the earth is much less than 277. This
upper limit is larger for a shallower ocean.

6. DISCUSSION OF THE RESULTS

The geometrical interpretation of equations (21) and (22) is as follows :
rotation slightly changes the group velocity of the packet from G to G (1 — 7).
Furthermore, the path traversed by the packet is no longer a great circle. The
packet travels with speed G (1 — ) around the circle in which the earth’s surface
intersects a plane rotating about the axis of £ at angular velocity — eGa~! cosec &
radians/sec. This plane is the plane z = o at time #,, and rotates through the angle
— 2me cosec O radians for each circuit of the packet around the earth. Define
the instantaneous orbital plane of the packet as the plane through the centre of
the earth which is tangent to the trajectory of the particle at the position of the
particle. Then the instantaneous orbital plane rotates with angular velocity
— eGa~1 cosec O about the axis of Q.

The wave vector k is not tangent to the path of the packet. The angle it makes
with the direction of motion of the packet (positive if counterclockwise when viewed
from above) is
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1
ZZI%—%= — esiné. (25)
Thus as the packet travels, the wave vector k oscillates across the direction of
travel with amplitude ¢, making one oscillation for each circuit of the packet
around the earth. The magnitude of k is constant during the motion to first
order in £/w.
The deviation of the trajectory from the expected great circle and the deviation
of the wave vector’s direction from that of the trajectory are proportional to e,
while the deviation of the speed of the packet from G is proportional to . In
the short wave limit, kh — o0,

€ = g.Q____sin 6 = 2—'Qsin e
(gk)? w
and
7 =0.

Thus the magnitude of the group velocity of deep water waves is unaffected by
rotation, but these waves do deviate from the expected great circle trajectory by
amounts proportional to their periods. In the long wave limit, ¢ = £ (h/g)! sin 6,
7 = £ (h/g)} cos O, so rotation produces deviations in both directions and group
speed which are independent of the period of the waves. The waves for which e
is the largest are those which have kA = 1.878973 (see equation (24)). In an ocean
4 km deep these waves would have a length of 13-6 km and a period of 94 seconds.

Taking h =4km on the earth, we have |¢| <1-81 x 10-3|sin 8| and
[7| <149 x 10-3|cos ®|. For ocean waves with a period of 12 seconds,
€ =277 x 107%sin ® and 5 = 1-19 X 10712 cos 8. The effect of the earth’s
rotation on ocean waves is very small.

It should be noted that so far the discussion applies only to oceans whose depths
are independent of position or much greater than the wave-length of the waves
(kh > 1). Ifkhis of the order of 1 or less and 4 varies with position, the waves will
¢ feel the bottom ’ and refraction will occur. The trajectories of refracted wave
packets on a non-rotating earth are computed by solving Hamilton’s equations
of motion with the Hamiltonian (14), # being now an explicit function of & and ¢.
The discussion then proceeds as in section 5, except that these refracted trajec-
tories must be used in place of the trajectories (16). If the variation of 4 with
position is a small perturbation, then the small additional perturbation due to
rotation is correctly given by equations (21) and (22), at least to first order in the
two perturbations.

EckART (1950) has suggested computing wave refraction in flat spaces by
anatogy with particle mechanics, but has not used the Hamiltonian formulation,
in which the wave vector is computed directly as the canonical momentum.

7. LOCATION OF WAVE SOURCES

Suppose that at time t, + T an observer measures the wave vector of a wave
passing him. Suppose he knows the time 7, at which this packet originated. Then
he can calculate the position at which the packet originated. How large will be
his error if he neglects the earth’s rotation in this calculation ?
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In the coordinate system appropriate to the wave packet, as defined in section
5, let the position of the observer be ¢,,, 8,,, while the wave vector of the packet
has covariant components pyy, Porr- |On| < 1, pors ~ ak, and |pgpr/ak| < 1. The
great circle trajectory which the observer, neglecting rotation, attributes to the
packet is

0 = 2+ Oy cos (4 — dag) + 22 sin (p — buy),

ki
2 k

b= o + 20— 10

here terms of second order in &,, and p,,, have been neglected. The observer gives
the position of the packet at time 7, as

, G
750 :¢M_’_ T,
a

Oy’ = 7+ Org 005 (8 — bar) + 22 sin (' — ).
2 ak
The correct trajectory of the packet is given by equations (21) and (22).  Therefore
the differences between the true coordinates of the packet at time 7, and those
calculated by the observer who neglects rotation are

and by — bp = —W(¢M‘¢’o), (26)

By — 0y = € (dpr — o) Sin ¢,

with 6, = 7/2. An observer facing the arriving packet will calculate for it a
position of origin which is too distant by the amount an (¢, — ¢¢) km, and too
far left by the amount € (¢,, — ¢,) sin ¢, radians.

MUNK, SNODGRASS, MILLER and BARBER (1962) have kindly communicated
to the author that some of their observations of the arrival at La Jolla of waves’
generated by distant storms appear to put the source as much as 0-1 radians
left of the storm, as seen by an observer facing the storm. They think this effect
may be produced by local refraction. The results of the present paper establish
that it is not produced by the rotation of the earth. Rotation would produce an
error in the observed direction, but smaller by one or two orders of magnitude,
depending on the periods of the waves.
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