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Elastic-wave propagation and the Coriolis force
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Seismic waves and Foucault pendula share intriguing similarities in the way

they respond to Earth’s rotation.

n a coordinate system fixed with respect to the rotating

Earth, the Coriolis force deflects an object sideways rela-

tive to its direction of motion. A beautiful demonstra-

tion of that effect is the Foucault pendulum, illustrated in

figure la. As the long pendulum rocks back and forth, the

Coriolis force deflects it the same way on both the forward
and reverse swings—to the right in the Northern Hemisphere
and to the left in the Southern Hemisphere. The net result is
that the pendulum’s plane of oscillation rotates clockwise in the
Northern Hemisphere, a change evidenced in figure 1a by the
little cylinders that the pendulum has knocked down.

The time rate of change of the oscillation direction is given
by (f)= -Q cosO, where, as illustrated in figure 1b, Q is the ro-
tation rate of Earth and 0 is the colatitude—that is, the angle
between the local vertical and Earth’s rotation axis. The minus
sign arises because the pendulum maintains its oscillation di-
rection as Earth rotates under it. As a consequence, the pendu-
lum’s direction of oscillation rotates in the sense opposite that
of Earth’s rotation, a result most readily visualized by imagin-
ing the pendulum to be at the North Pole.

Elastic-wave rays are not deflected

Earthquakes generate elastic waves—seismic waves—that
propagate through Earth and scatter off places where material
properties change suddenly, notably at the core—
mantle boundary. Does Earth’s rotation leave an
imprint on those waves? One might imagine
that a ray lying along the propagation direction
of an elastic wave would be deflected by the
Coriolis force or that the polarization of the wave
would be affected.

To investigate whether rays of elastic waves
are deflected by Earth’s rotation, we (joined by
Katsuhiko Shiomi; see the additional resources)
used the seismometers of USArray, a seismic
network that covers most of the US. We found
that even eight hours after a major earthquake,
elastic waves continue to propagate along the
great circle defined by the earthquake site and
the array. On the surface of a sphere, propaga-
tion on a great circle corresponds to straight-line
motion in the plane.

During the eight hours separating earthquake
and observation, Earth rotated by 120°. A deflec-

plane rotates.

tion of the propagation over such an angle would easily have
been observable. The absence of any deflection indicates that
seismic rays corotate with Earth; in other words, the ray is not
subject to the Coriolis force. Intuitively, the reason is that seis-
mic waves are carried by a medium—the rotating Earth. The
result follows formally from analysis of the equations govern-
ing rays in a moving medium. The behavior of electromagnetic
waves, which are not carried by a medium, is significantly dif-
ferent: The direction of propagation of electromagnetic waves
is not influenced by Earth’s rotation. For that reason, the inter-
ference of light in a ring laser can be used as a rotation sensor.

Shear-wave polarization rotates

Elastic waves can be longitudinal or transverse. Longitudinal
waves are polarized along the direction of propagation. Those
waves, called P waves, move faster than the transverse waves,
also called shear waves or S waves. The polarization of P waves
lies in the ray direction, and since the rays corotate with the
Earth, the polarization of P waves does so as well. In brief,
the polarization of P waves does not change in response to the
Coriolis force.

For S waves, polarization is in a plane perpendicular to
the propagation direction. In contrast to the case for P waves,
the polarization of S waves does rotate. That rotation, like the

FIGURE 1. ROTATING OSCILLATION PLANES. The majestic Foucault pendulum
(a) at the California Academy of Sciences knocks down pillars as its direction of
oscillation (red double-headed arrow) rotates clockwise (blue arrow). (Photograph
by Another Believer.) (b) This obviously not-to-scale sketch of a Foucault pendulum
defines the parameters Q and 6 that determine the rate ¢ at which the oscillation
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FIGURE 2. MEASURING A ROTATING POLARIZATION.

To determine the Coriolis-force-induced rotation of seismic-wave
polarization, (a) we used the stations of Japan’s High Sensitivity

Seismograph Network that are marked by the small squares. The
yellow lines indicate the eastward-propagating trajectory of seismic
waves generated by an earthquake near the west end of the array: The solid
line is a trajectory of an ScS wave that bounces once off the core-mantle boundary
and the dashed line is an S¢S2 trajectory that bounces twice. Green lines signify the westward-
propagating seismic waves created by an earthquake near the eastern part of the array. (b) Shown

here is the measured difference in polarization between ScS and 5¢S2 waves for the eastward-moving
(yellow) and westward-moving (green) trajectories described above. The light green curve is the average of the two trajectories; for a
long distance along the receiver line, that average reveals the effect of the Coriolis force. The gray band shows our error estimate and the
dashed line indicates the theoretical prediction for the long-distance average.

rotation of the Foucault pendulum, is a classical manifestation
of the Berry phase, which accounts for the way oscillations in
a system change when the system is slowly transported around
a circuit—for example, a circle of latitude.

The rate of change of an S wave’s polarization direction, (f),
is given by the same formula that describes the Foucault pen-
dulum: ¢ =-Q cos6. For the propagating wave, though, 0 de-
notes the angle between Earth’s rotation axis and the direction
of wave propagation. Also, unlike a stationary Foucault pen-
dulum, an S wave propagates through Earth. Thus the rotation
of its polarization is sensitive to the time average of cos@ along
the wave path.

Big hounce, small polarization change

Measuring the change in S-wave polarization due to Earth’s ro-
tation presents a challenge because transverse elastic waves do
not propagate for long in a pure S-wave state. The candidates
best suited for observation are so-called ScS waves—S waves
that bounce once between Earth’s surface and the boundary
that separates Earth’s core and mantle. Figure 2a illustrates the
trajectory of an ScS wave and the trajectory of a wave that
bounces twice off the core-mantle boundary —an ScS2 wave. It
takes only about 15 minutes for an ScS wave to make the round-
trip from Earth’s surface to the core-mantle boundary and back.
During that time, Earth rotates by about 4°, so we needed to
measure the change in S-wave polarization with a precision of
a degree or so.

We used several tricks to achieve the required precision. First,
we combined measurements of S waves recorded at stations of
the High Sensitivity Seismograph Network (Hi-net) in Japan
(figure 2aillustrates the extent of the stations we used). Second,
we found we could increase our precision by measuring the
difference in polarization between ScS and ScS2 waves.

An additional complication is that the predicted polarization
difference of 2.3° is comparable to the change in polarization

that arises as rays are bent by inhomogeneities in Earth’s struc-
ture. The polarization change due to those inhomogeneities is
opposite in direction for eastward- and westward-propagating
waves. But the polarization change induced by the Coriolis
force is always clockwise in the Northern Hemisphere, no mat-
ter the direction of propagation.

So for our third trick, we studied two earthquakes—the 2005
Tanegashima earthquake, which occurred on the western end
of the Hi-net array, and the 2005 Miyagi earthquake, which
occurred off the eastern end of the array. Figure 2b shows ScS
and ScS2 polarization difference as a function of distance from
each earthquake. For long propagation distances, the eastward-
and westward-propagating wave trajectories nearly overlap
for both ScS and ScS2 waves. Theoretically, the average of the
polarization difference should be independent of inhomogeneity
effects and dependent only on the Coriolis force. To within ex-
perimental error, our measurements confirmed the theoretical
prediction. Thus, given a measurement of polarization rotation
in an S wave, the Coriolis-induced component can be sub-
tracted to give the contribution from inhomogeneities alone, an
approach that might lead to a better understanding of how
Earth’s structure influences seismic waves.
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