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It has been known for over 80 years 
that the earth's axis of rotation moves 
with respect to an observatory coordi- 
nate system. To earthbound observers 
this represents a variation of the astro- 

nomically determined latitude. Viewed 
from space, it represents a wobble of 
the earth about its rotation axis. The 
observed motion is most conveniently 
displayed as the path of the instantane- 
ous north pole of rotation (Fig. 1). 

In 1891, S. C. Chandler isolated a 

component of a 14-month period from 
the latitude observations (1). Rigid-body 
dynamics gives a 10-month period for 
the earth's natural wobble, but the long- 
er observed period can be reconciled 
with theory if allowance is made for 
rotational deformation (2). The motion 
is now called the Chandler wobble. The 

accompanying rotational deformation 

implies that the Chandler wobble must 
be subject to damping, and therefore a 
more tor less continuous excitation is 

required to maintain it. Identifying the 
source of the excitation has remained 
one of the principal problems in studies 
of the earth's rotation (3). We now 

report evidence in support of theoretical 
calculations (4) which led to the hy- 
pothesis that large earthquakes provide 
the hitherto unidentified excitation. 
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Latitude measurements are reduced 

independently by two organizations to 

produce pole paths. The International 
Latitude Service (ILS) collected and 
reduced latitude measurements from 
three to five observatories on a single 
latitude circle (39?8'N) from 1900 to 
1962 (5). In 1962, the International 
Polar Motion Service (IPMS) took over 
this work (6). Using stations on a 
single latitude circle allows all stations 
to observe the same stars, avoiding 
dependence on the accuracy of star 

catalogs. Currently, mean pole positions 
for 0.05-year intervals are issued. The 

origin used is the mean pole position 
for the period 1900 to 1905, called 
the Conventional International Origin 
(CIO). 

Since late 1955, the Bureau Interna- 
tional de l'Heure (BIH). in Paris has 
also been reducing latitude measure- 
ments in order to correct star-transit 
times for polar motion (7). At the be- 
ginning of 1957 information from nine 
stations was being processed. By early 
1967, 39 observatories were contribut- 
ing. Ten-day means have been published 
(8). Pole positions were referred to a 

moving origin. Typical comparisons be- 
tween the ILS-IPMS and BIH-CIO 
paths are shown at the top of Fig. 1. 
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The motion of the pole is compli- 
cated by the presence of an annual 

component which beats with the Chand- 
ler component to give a 6-year peri- 
odicity to the amplitude. The annual 
motion has been shown (9) to be pro- 
duced by the seasonal rearrangement of 
atmospheric mass. Removal of the an- 
nual component ifrom the paths shown 
at the top of Fig. 1 results in those 
shown directly below. 

A connection between earthquakes 
and the motion of the pole had been 

suggested very early in the history of 
latitude observations (10). Until recent- 

ly the displacement fields of even 
the greatest earthquakes were thought 
to extend to no more than a few 
hundred kilometers from the focus. 

Thus, estimates of the contribution of 

earthquakes to the Chandler wobble ex- 
citation fell several orders of magnitude 
short of the observed level (11). 

The prevailing view on the extent of 

earthquake displacement fields was 

drastically altered by the work of Press 

(12). Both the theoretical predictions of 

elasticity theory and distant strain mea- 
surements were adduced to argue that a 
measurable displacement field may ex- 
tend to epicentral distances of several 
thousand kilometers for a great earth- 

quake. 
When the effect of such large-scale 

deformation of the earth was calculated 
for a number of individual earthquakes, 
and when an estimate of the cumulative 
effect was made on the basis of earth- 

quake statistics, it was found that earth- 

quakes could account for both the ex- 
citation of the Chandler wobble and a 
slow secular shift of the mean pole of 
rotation (4). 

The reality of a secular motion of 
the pole has been the subject of some 
debate among observers, but there 
seems now to be agreement that a drift 
of a fraction of 1 foot (0.3 m) per 
year does in fact occur (13). 

If the displacement field of an earth- 

quake is established in a short time as 

compared to the Chandler-wobble pe- 
riod (the best estimate of the period 
appears to be 1.2 year), the effect on 
the pole path is as illustrated in Fig. 2. 
Before and after the quake, the pole 
follows a circular path (with damping, 
the path is actually a gentle inward 
spiral) in an anticlockwise sense. At the 
time of the earthquake, the center of 
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Hence, the position of the rotation pole 
is left nearly unaltered; only the path 
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it describes in time is changed. On the 
basis of this theoretical model, we have 
constructed an observational test of the 
hypothesis that earthquakes are respon- 
sible for the excitation of the Chandler 
wobble and the observed secular polar 
shift. 

If the period of the Chandler Wobble 
is taken to be fixed, in the absence of 

._^^_. .,?_ , excitation and after the annual wobble 
has been removed, successive mean pole 

?C 
* 

+ 
' ~ ~positions should be equally spaced along 

a nearly circular arc (Fig. 3). The 
angle a subtended at the center of the 
arc by neighboring pole positions is 
just that fraction of 27r given by the 
ratio of the time interval between pole 

Fig. 1. Pole paths for 1957 (left) and 
1960 (right). Pole motion is anticlockwise. 

j ~r '^~-^ (i~(top) Independent determinations of the 
International Latitude Service (ILS-IPMS) 
and the Bureau International de l'Heure 
(BIH). The same paths with the annual 
motion removed are shown directly below. 

\, / . In the lower part of the figure circular 
arcs have been fitted to the BIH path 
after removal of the annual variation. All 
earthquakes of magnitude M > 7.5 are 
indicated. The one which bears no rela- 

-20.0 0.0 20.0 40.0 tion to a break in the fitted arcs is 
in parentheses. Solid circles, BIH-CIO; 

rd Greenwich crosses, ILS-IPMS. 

Table 1. Pole path breaks in relation to large earthquakes (1957.0 to 1968.0). R.P., random probability. 

Three closest pole path breaks 
Earthquakes 

BIH ILS-IPMS 

Mag- Days Days Days Days Days Days 
Date Region ni- before before after before before after 

tude quake quake quake quake quake quake 

M 1 8.00 
9 Mar 57 Aleutians 8.3 12 28 - 32 124 
4 Dec 57 Outer Mongolia 8.3 72 2 38 91 - 55 164 
6 Nov 58 Kurile Islands 8.7 79 19 81 63 - 10 120 

22 May 60 Off Chile 8.5 162 - 8 358 78 42 50 
13 Oct 63 Kurile Islands 8.25 261 1 149 57 2 71 
28 Mar 64 Southern Alaska 8.5 168 18 242 60 5 68 

R.P. = 0.09% R.P. - 71% 
8.00 M > 7,75 

27 Jun 57 Lake Baikal, U.S.S.R. 7.9 82 12 88 78 - 14 69 
28 Jul 57 Guerro, Mexico 7.9 113 43 57 109 17 38 
29 Nov 57 Southern Bolivia 7.8 67 -- 3 43 86 - 60 169 
17 Dec 57 Santa Cruz Island 7.8 85 15 25 104 - 42 151 
19 Jan 58 Off Ecuador 7.8 48 8 32 137 - 9 118 
10 Jul 58 SE Alaska 7.9 73 - 40 100 54 - 1 56 
4 May 59 Off Kamchatka 8.0 98 -- 2 82 60 13 105 

R.P. = 3.4% R.P. = 60% 
7.75 a M > 7.50 

24 Sep 57 Off Mindanao 7.6 101 1 69 75 20 126 
26 Apr 59 Off Formosa 7.5-7.75 90 - 10 90 52 - 21 113 
14 Sep 59 Kermadec Islands 7.75 51 9 89 120 28 81 
8 Sep 61 Sandwich Islands 7.5-7.75 116 16 104 114 - 50 306 

15 Aug 63 Peru-Bolivia 7.75 202 - 58 208 163 - 2 57 
26 May 64 S. Sandwich Islands 7.5-7.75 227 77 183 64 - 9 100 
24 Jan 65 Ceram Sea 7.6 320 60 150 88 - 40 149 
4 Feb 65 Santa Cruz Island 7.75 331 71 139 98 - 30 139 

28 Dec 66 Off N. Chile 7.75 143 -117 197 133 79 140 
R.P. 29% R.P. = 68% 
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positions to the period of the wobble. 
For the ILS-IPMS data, a is 15? since it 
is given at 0.05-year intervals, whereas 
for the BIH data, given at 10-day inter- 
vals, a is 8.210. With a known, a unique 
circular arc can be fitted to two obser- 
vational points. A prediction of the loca- 
tion of the next observational point can 
then be made by extrapolating along 
this circular arc through the angle a. 
In our procedure, if the observed point 
is more than 2 feet from its position 
predicted by extrapolation, a new arc 
is fitted to this and succeeding points. If 
it is less than or equal to 2 feet from 
the predicted position, it is included and 
a new circular arc is fitted by least 
squares. The circle of acceptance shown 
in Fig. 3 is thus given a radius of 2 feet. 
The arcs so fitted to the BIH paths for 
1957 and 1960 are shown in the lower 
-part of Fig. 1. 

For the period 1957.0 to 1968.0, the 
ILS-IPMS data gives 41 breaks in the 
fitted circular arcs, while there are 32 
breaks in the arcs fitted to the BIH data. 
Table 1 lists large earthquakes over the 
same period in relation to the nearest 
breaks in the fitted circular arcs. A 
complete listing of quakes of magnitude 
M over 7.5 is given (14). Each of those 
with M greater than 8.0 occurs close to 
a break in the circular arcs fitted to the 
BIH data. The probability that 6 days 
drawn at random would fall within 20 
days of an arc break is only 0.07 per- 
cent. By allowing a similar tolerance of 
0.10 year (twice the interval between 
measured pole positions) for the ILS- 
IPMS data, only four of the six quakes 
correlate with arc breaks. The probabili- 
ty of obtaining this correlation or a bet- 
ter one on a random selection of 6 days 
is 74 percent. The correlation of breaks 
in the BIH path with earthquakes is also 
much higher than that expected on a 
random basis in the magnitude range 
8.0 > M > 7.75. No significant correla- 
tion with the ILS-IPMS breaks in this 
magnitude range is found. In the magni- 
tude range 7.75> M>7.50, the correla- 
tion of the BIH breaks nearly disappears 
while that for the ILS-IPMS data is 
again insignificant. 

A comparison of the ILS-IPMS and 
BIH pole paths (Fig. 1) reveals signifi- 
cant systematic differences between the 
two determinations. The disagreements 
range up to 10 feet, whereas character- 
istics of the two paths, such as curva- 
ture, seem to bear only the occasional 
resemblance. Without making a judg- 
ment on the quality of the observational 
work, the ILS-IPMS pole paths show 
13 SEPTEMBER 1968 
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Fig. 2. Effect of an earthquake on the 
pole path. Displacement field is assumed 
to be established suddenly. 

features that might be expected of a few 
stations making a limited number of ob- 
servations. In contrast, the BIH data 
does not show the more extreme varia- 
tions, possibly reflecting the use of a 
much larger number of stations and 
observations. 

Changes in the BIH path have been 
found to correlate closely with the 
occurrence of 15 out of a total of 22 
earthquakes with magnitude M greater 
than 7.5 that occurred in the period 
examined, 1957.0 to 1968.0. Evidence 
of a systematic deviation of the pole 
path, not revealed by breaks in the 
least-squares-fitted arcs, can be found 
for each of the remaining seven earth- 
quakes. Breaks which do not correlate 
with large earthquakes may arise from 
the presence of systematic errors, small- 
er earthquakes, and gradual strain re- 
lease not associated with shocks. No 
significant relation between changes in 
the ILS-IPMS pole path and earth- 
quakes is found. 

There are premonitory indications of 
changes in the BIH pole path 5 to 10 

Fig. 3. Method of fitting theoretical pole 
path to observed path. Angles a are equal. 

days before a high proportion of the 
large recorded quakes (Table 1). If 
these indications are confirmed with an 
increased number of observations, a 
change in the pole path might be a 
valuable signal that a very large scale 
strain release is about to occur. In com- 
bination with instrumentation (15) in 
active fault zones, such indications 
would provide information on the likely 
size of an impending quake. 

Finally, the observational evidence 
found in the BIH pole path strongly 
supports the theoretical prediction (4) 
that the excitation of the Chandler 
wobble and the observed secular polar 
shift are due to large earthquakes. Be- 
cause the theoretical calculations were 
based on the very extensive displace- 
ment fields given by elasticity theory, 
the reality of the extent of these fields, 
both in depth and at distance, is con- 
firmed. 

L. MANSINHA 
D. E. SMYLIE 

Department of Geophysics, University 
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