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REPORT ON THE SECOND GEOP

RESEARCH CONFERENCE

The Second GEOP Resea¡ch Confer-
ence was attended by about 80 persons,
34 invited and 46 observers. The confer-
ence was opened by W.H. Munk, general
chairman of the conference, followed by
M.G. Rochester of the Unive¡sity of New-
foundland, who delivered the keynote
address. The keynote address in its en-
tirety is printed on page 769 of this
issue. This address a¡d the following
summaries of the sessions constitute a
reþort on this confe¡ence,

This report was prepared by W,M. Kaula,
Kurt Lambeck, Wm. Markowitz, Ivan I.
Mueller, and D.E. Smylie. Material con-
tained herein should not be cited.
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First Session

Panel on Observations and Coordinøte
Systems

Chai¡man: Wm. Markowitz (Nova Univer-
sity)

Membe¡s :  R.  Ande¡ le  (U.S.  Nava l
Weapons Laboratory), P. Bender (Joint
Institute for Laboratory Astrophysics),
C. Counselman (MIT), B. Guinot
(BIH), P. Melchior (Observatoire de
Belgique), J. Ramasastry (NASA, God-
dard), D.E. Smith (NASA, Goddard),
T.C. Van Flandern (U.S. Naval Observ-
atory), G.M.R. Winkler (U.S. Naval
Obsewatory)

The opening session was concerned
with observational methods used to de-
termine va¡iations in speed of rotation of
the earth and polar motion. The chairman,
Wm. Markowitz, remarked that, in addi-
tion to the classical optical methods (e.g.,
use of the photographic zenith tube
(PZT), astrolabe, and zenith telescope),
techniques had been developed that use
Doppler shift, laser ranging of the moon
and of artificial satellites, and very long
base line radio interferomet¡y (VLBI).
Since all these methods had been de-
scribed during the past few years at
symposiums and in journals, the session
would be devoted mainly to giving accu-
racies of measurements recently obtained
or expected shortly. He noted that the
fundamental polar path, to v/hich other
pole paths are referred, has been deter-
mined since 1900 by a few stations on a
common latitude, designated the Inter-
national Latitude Service (ILS). Reduc-
tions are currently made by the Inter-

national Polar Motion Service (IPMS) at
Mizusawa. Th'e results are ftee system-
atically of e¡rors such as those in star posi-
tions o¡ in ¡eduction constants. The pole
path determined by the Bureau de I'Heure
(BIH) at Paris is based on time and lati-
tude observations of a large number of
stations.

B. Guinot reported on the accuracy of
measurements of the coordinates of the
pole and of universal time as obtained by
the classical astronomical methods. Two
international services are involved in the
determination of the rotation vector of
ttre earth, the IPMS and the BIH. Table I
lists their chief areas of activity in 1973.
Table 2 lists the error budgets in the coor-
dinates of the pole, x and y. Table 3 lists
the error budget in UTl.

G.M.R. Winkler reported that a new
PZT with a 65-cm aperture (20 cm is
usual) is scheduled for completion in
I9'14. The instrument will allow numerous
experiments to be performed that will
improve the accuracy of PZT observations.

R. Anderle reported on the path of the
pole obtained from analysis of Doppler
obsewations made since 1969 of Navy
navigational satellites. Sporadic results had
been obtained for the period 1965-1969.
Currently, pole position is computed on
the basis of obseilations made on at least
one satellite during each 48-hour interval.
The ¡andom er¡o¡ in the range difference
(from Doppler integration) is typically 10
cm, which yields a theo¡etical precision of
50 cm in the latitude of a receiver observ-
ing a polar satellite at an elevation greater
than 10". However, uncertainties in the
evaluation of the earth's gravity field pro-
duce errors in the computed satellite posi
tion of 3 meters amplitude. The funda-
mental period of the er¡or is about 2



TABLE l. Time and Polar Motion Services

IPMS/ILS BIH

Sou¡ces of observational
dafa

Raw results

Smoothed results

Program

Common sources of erro¡

5 stations

. , '

x, yl

Same stars observed; no
systematic er¡or due to
star position errors.

Local drifts óf the vertical;
i n s t r u m e n t a l  e r r o r s ;
¡andom errors.

5 0 instruments, latitude;
60 instruments, UTO-
UTC

x,7; UTI-UTCf

x, y; UTI-UTCf

Different stars observed;
errors due to star posi-
tion e¡rors statistically
reduced.

Local drifts of the vertical;
instrumental errors; ran-
dom etrors.

The BIH uses the data of new techniques, but a purely classical solution is mai¡tained
for comparison purposes. The subsequent data were obtained with the latter.

xMonthly values.
tValues every 0.05 year.
{5-day values.

TABLE 2. Error Budget in x ory

Er¡or Sou¡ce Error (One Sigma)

IPMS/ILS BIH

Systematib erro¡s in drift

Erro¡s of the proper motion of stars, cm/yt

Local drifts, cm/y¡

Annual errors

Errors of sta¡ positions, refraction, cm

Random errors (instrument, refraction, observers, etc.)

5-day mean, cm

l-month mean, cm

l-year mean, cm

30

0

2 |3 
(comtlneal

30

100

60

40

30

20

The above values were obtained in most cases by a study of the residuals ofeach series
of latitude relative to the evaluated ¡esults. Data are given in centimete¡s at the surface
of the ea¡th; I a¡c second æ 30 meters. The effect of local d¡ifts on IPMS/ILS data is
subject to controversy. Note that the random ertors are not a white noise. They are not
likely to be reduced by averaging errors mole than 1 year.
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hours, but the error includes many super-
imposed periods of 24lm houts (m = 1,
2, .  .  . ) .  Therefore the actualerror in the
latitude determination of a receiver based
on a single satellite pass is no better tha¡ 3
meters. However, since 20 receivers a¡-e
used and since each receive¡ observes
4-12 satellite passes per day, the pole
position is determined to an accuracy of
60 cm on the basis of each 48 hours of
data. During the latte¡ haff of 7972, pole
position was computed on the basis of
observations of three satellìtes, the stan-
da¡d error of the mean being 22 cm fo¡ a
5-day average.

D.E. Smith described preliminary re-
sults on va¡iation of latitude obtained
from satellite laser ranging. Obse¡vations
made at several stations well distributed in
longitude would provide the motion of the
pole. He reported that the present capabil-
ity of laser ranging to satellites for the
determination of polar motions is 1 meter
in an inte¡val of 6 hours, as demonstrated
in an experiment in 1970 conducted by
NASA Goddard Space Flight Center. A
single laser tracking station observed the
variation in its latitude arising from polar
motion over an interval of 5 months,
desc ¡ i bed  n  Sc ience  1178 ,405 -406 ,
1972). ln essence, the technique uses the
o¡bit of a satellite as its external ¡eference
system from which the variation in lati-
tude is determined.

Current limitations of this technique
lie in our ability to account fo¡ the ob-
served perturbations of the orbit (the
reference system). These perturbations are
due principally to the higher harmonics of
the ea¡th's gravitational field and to a
lesse¡ extent to the eajth tides. Present
(1972) instrumental capabilities probably

794

l imit the technique to about 25 cm from 6
hou¡s of data. However, with the use of
future satellites in higher orbits the prob-
lem of the gravity will largely be removed,
and the limitation will then probably lie
with the earth tides (particularly the
oceans) and ou¡ ability to compute the
perturbations of earth albedo radiation
pressure.  Instrumentat ion capabi l i ty ,
which will be l0 cm in range accuracy in
July 1973 and about 3 cmin 1974-1975,
is not expected to be a major factor. Con-
sequently, it is anticipated that by 1975
laser ranging to satellites will permit the
variation in latitude of a tracking station
to be determined to about l0 cm in about
6 hou¡s. By 1978, this value will probably
be ¡educed to 2-3 cm.

Peter L. Bender reported on the use of
lunar range measurements for determining
polar  mot ion.  Measurements wi th an
accuracy of 15 cm are currently being
made by the McDonald Observatory of the
University of Texas th¡ee times per day on
about th¡ee quarters of the days during
the month, weather permitting. A lunar
ephemeris a¡d a set of topocentric correc-
tion parameters for the problem now exist
that fit the observations within about 4
meters over a period of 2.5 years. The lack
of a better fit is believed to be due to
uncertainties in the luna¡ libration angles;
improved calculations that should remove
this problem will be completed before the
end  o f  1973 .

A new luna¡ ranging station in Hawaii
with an accuracy goal of 2-3 cm is being
constructed by the Institute for Astrono-
my of the University of Hawaii. The use of
a Nd-YAG laser with a 200 psec pulse
length is planned. Four to six additional
stations should be in regular operation in

other count¡ies by I975. It should then be
possible to begin the regular deÍermination
of polar motion and fluctuation in the
earth's rotation rate at intervals down to I
or 2 days. The accuracy expected is about
that of the basic range measurements.

Cha¡les C. Counselman III reported on
the use of VLBI as a potentially important
technique for measuring the speed ofrota-
tion of the earth, polar motion, and also
precession and nutation. Measurements ate
made with respect to extragalactic objects
that define an excellent inertial f¡ame.
Technical improvements expected dudng
the next 2 years should enable measure-
ment uncertainties to be obtained in all
three coordinates equivalent to a few cent-
imeters of displacement at the earth's sur-
face. Delay measurements between sta-
tions 5000 km apart performed by the
MlT-Haystack VLBI group with a group
f¡om NASA Goddard Space Flight Center
and the University of. Maryland gave a
scatter of 0.1 nsec rms, equivalent to 3 cm
of displacement, over 6 hours of observa-
tions on August 29, 197 2.

Separate determinations of UTl and
pole position have not yet been made.
However, from four experiments made in
1969 and 1972 it is deduced that the
er¡o¡s in value published by the U.S. Naval
Obsewatory must be smaller than 3
meters, or 0,1 a¡c second.

Methods are available to enable the
effect of the earth's ionosphere (about 10
cm) and neutral atmosphere (varíable by
40 cm) to be eliminated with an estimated
uncertainty of less than 5 cm.

J. Ramasastry gave a report on VLBI
experiments carried out by NASA God-
dard Space Flight Center and the Smith-
sonian Astrophysical Observatory (SAO),
which included the fi¡st measurement of
the rotation of the earth through use of
VLBI. This was made possible through the
availability of (1) hydrogen masers with a
frequency stability of I part in 10r a, (2) a
catalog of quasar positions with an ac-
curacy of 0.5 arc second, and (3) reason-
ably accurate estimates of tropospheric
and ionospheric effects. The stations at
Agassiz, Massachusetts (SAO, 84-ft dish),
and Owens Valley, California (CaI Tech,
1 30-ft dish), operated in the C bands (4995
MHz) during Februa¡y and Ma¡ch of 1972.

The mean residual in the time deter-
mined, essentially UTI-AT, for 24 hours,
was 2.8 msec (to be regarded as a zero
point correction) over an interval of 12
days. This interval was too short to detect
any variation in speed of rotation. The rms
deviation was 500¡r which should be re-
duced as the technique is refined. It is
planned to measure both UT1 and polar
motion from obse¡vations of both.quasal
sources (at .S and C bands) and water
vapor sources (at KU band).

T.C. Van Flandern discussed modern
determinations of ¿he seculfu acceleration
of the ea¡th (and moon). The secular
decelerations of the moon's o¡bital motion
and of the ea¡th's rate of rotation a¡e
closely linked. The accelerations obtained
have been changed by large amounts sever-
aI times in the last 200 yea¡s. The ea¡liest

TABLE 3. BIH Error Budget in UTI

Error Sou¡ce Error (One Sigma)

Systematic errors in drift

Motion of equinox, sec/yr

Local d¡ifts and random errors in proper motion, sec/yr

Annual errors

Errors in star positions, refraction, sec

Random errors

5-day mean, sec

l-month mean, sec

l-year mean, sec

?

0.0003

0 .0013

0.0020

0.0014

0.0010

Estimates were made as fo¡ Table 2. A constant erro¡ results from the adopted values
for the conventional longìtudes.



derived value for it¡r¡, the centennial rate
of change of the moon's mean motion per
century, was +20"/century2 , determined
about 1780, before it was realized that the
earth's ¡otation was also varying. Modern
dete¡mination began with H. Spencer
Jones's 1939 value for rå¿r which is
-22".44lcent t ry2.  At tempts to account
for this variation in terms of tidal ex-
change of angular momentum from earth
to moon have not yet succeeded. All de-
te¡minations of ñ* dunng the last 5 years

are nearly twice Spehcer Jones's value:
-52"fcentury2 by Van Flandern, -40" by
L.V. Morrison (using both occultations and
the atomic time scale for about l5 years),
-38" by C.J. Cohen a¡d C. Oeste¡rinter
(Spencer Jones's method, but modern
observations), .and R.R. Newton's values
for ancient observations of -42" at 200
B.C. and -44" at 1000 A.D. Hence, if we
assume Spencer Jones's value to be ¡uled
out by the more recent determination,.
the¡e is no evidence for any change inñp,
over the past 30 centuries.

Second Session

Panel on Seismic and Meteorologíc EfÍects
on the Earth's Rotøtion

Chairman: K.  Lambeck (Groupe de
Recherches de Géodesie Spatiale, Observa-
toire de Paris)

Members: K. Aki (MIT), M.A. Chinnery
(B rown  Un i ve rs i t y ) ,  F .A .  Dah len
(Princeton University), R.A. Haub¡ich
(University of California, San Diego)

One of the outstanding problems of
the earth's rotation concerns the nature of
the Chandler wobble, the ea¡th's free nuta-
tion with a frequency of 0.85 cycle/yr. As
the earth is not a perfect elastic body, any
such nutation will be damped and will
cease to exist after a suitable time interval.
Evidence of damping of the Chandle¡
motion comes directly f¡om the broaden-
ing of the spectral peaks centered at the
Chand le ¡  f r equency .  Howeve r ,  t he
Chandler motion has been observed now
for more than 70 years, longer than the
generally accepted damping time, and
tle¡e must be some mechanism regenerat-
ing the motion. Two such mecharisms .

that have been variously proposed are of
meteorological and seismic origins.

If the changes in the atmospheric
ine¡tia. tenso¡ are not purely seasonal,
there could be sufficient power in the
annual line in the ine¡tia frequency spec-
trum to sustain the Chandler wobble. as
was fi¡st suggested by Volterra in 1895
and further detailed by Jeffreys in 1940.
The study of Munk and Hassan (Geophysi-
cal  Jourral ,  4,339,1960),  however,  indi-
cated that this mechanism failed by I or 2
orders of magnitude. At present the¡e is
no evidence for revising these conclusions.

The alternative and attractive hypothe-
sis that seismic activity is responsible has a
long history. Kelvin in 1876 (Mathemati-

cøl and Physical Papers, 3, 332, 1890)
speculated what the effect of sudden
changes in mass distribution would be on
the as then still unobserved polar motion,
Munk and MacDonald (The Rotation of
the Earth, Cambridge University Press,
1960) ruled out this possibility as being
too small by several o¡ders of magnitude.
Press's wo¡k (Joumal of Geophysical Re'
search, 70, 2395, 1965), however, indi-
cated that the dislocation fields associated
with earthquakes were much more exten-
sive than had previously been recognØed.
Ma¡sinha and Smylie (Journal of Geo
physical Research, 72,4781, 1967) ¡eco9-
nized that the changes in the earth's
inertia tensor would in consequence also
be much larger. .Using a simple earth
model, they indicated that earthquakes
could indeed excite the Chandler motion,
and in a later paper (Journal of Geophysi-
cal  Research,  73,7661,1968) they indi-
cated that there was some evidence to
support this hypothesis in the astronomi-
cal data. Since these important studies
we¡e made, a number of detailed investiga:
tions have been published with conflicting
results. One of the objectives of the panel,
then, if not to resolve the existing differ-
ences, is at least to determine where the
differences lie.

Both F.A. Dahlen and R.A. Haubrich
argue that the astronomically derived
polar motion data a¡e too noisy to show
any correlation with earthquakes. Dahlen
argues tha{ one must instead compute the
excitation functions from the seismic evi-
dence and determine whether earthquakes
suffice to drive the Chandle¡ motion. This
computation was in fact done by Smylie
and Mansinha (E@5, Tlansactions of the
Americøn Geophysicøl Union, 50, 645,
1969; Geophysical Journal, 23, 329,
1971), using ¡ealistic earth models, and
they again answered in the affirmative.
Dahlen and Chinnery indicated that ¡ecent
unpubl ished studies by Israel ,  Ben-
-Menahem, and Singh, by Saito, and by
Dahlen argue that available excitation.is
too small by an order of magnitude and
that these solutions agree with one
an other and with the earlie¡ Smylie-
Mansinha calculations to within 107o.
except for a special case in the latter.
Dahlen then considers that the mathemati-
cal problem of estimating the changes in
the inertia tensor resulting from earth-

iuakes is solved, although a numbe¡ of
intere sting problems remain.

M.A. Chinne¡y stated that he had
estimated the polar shift that Dahlen's cal-
culations would give for a vertical fault
model fo¡ the 1964 Alaskan earthquake
and found it to be an o¡der of magnitude
smaller than the polar shifts deduced by
the above authors for dipping faults. He
suggested the following possible causes for
the diffe¡ences: (1) the nature of the co¡e-
mantle boundary conditions assuined, (2)
the choice of the equations of state in the
fluid core, (3) the analytical representa-
tion of the seismic source, (4) the earth
model used, (5) the methods used for esti-
mating the cumulative earthquake effect,
a¡d (6) a numerical error.

D.E. Smylie and L. Mansinha in their
1971 paper give the first static treatment
of the core-mantle boundæy conditions,
which do not require the Adams-William-
son law to hold throughout the core. Ce¡-
tain aspects of this t¡eatment now appear
to be generaJly accepted, but in any case
both Dahlen and Chinnery doubt that the
ine¡tia tensor is sensitive to the treatment
of the core, since the inertia of the core as
a whole is small in comparison-with the
inertia of the total earth. Smylie thinks
that the anomalous result that Chinnery
frnds for vertical faults might be due to
Dahlen's use of dynamic boundary condi-
tions at the core-ma¡tle boundary. Chin-
nery doubts whether the free oscillation
va¡iable ye is continuoús at the core-
mantle boundary in the Smylie-Mansinha
model, but Smylie indicated that it must
be in order for the no¡mal component of
the solenoidal vector (of which ye is the
radial coefficient) to be continuous across
the boundary.

According to Chinnery, the Smylie-
Mansinha excitation is larger than that
computed by others using the same set of
fault paramete¡s fo¡ the 1964 Alaskan
earthquake; t¡is statement, according to
Smylie, is cor¡ect only for ve¡tical faults.
The results are, however, in agreement for
the 1960 Chilean event and the 1964 Alas-
kan event for a dipping fault model.

Smylie has some doubts whether Chin-
nery in fact used exactly the same param-
eters in his comparison and indicated that
the solutions can be very sensitive to the
source parametets.

Smylie pointed out that the solution is
sensitive to the choice of mantle model
(Chi¡nery was uncertain to what degree).
In particular, he reported calculations that
showed that the inclusions of thin soft
layers in the upper mantle could increase
the calculated excitation by nearly an
order of magnitude.

The pole shift produced by a point
earthquake is proportional to the earth-
quake moment, and the largest dynamic
moment ever measured is that of the 1964
Alaskan earthquake. If it is presumed that
there ale no thi¡ soft layers in the ma¡tle,
Dahlen's new ¡esults show that this event
caused a pole shift of 0".0073 and that fo¡
a Q aslatge as 200 at least 10 such earth-
quakes are required per year to account
for the observed Chandler power. This
value is an order of magnitude larger than
the actual observed level of seismic activi-

w.
To estimate the cumulative effect of

seismic activity on the Chandler motion,
we need information on the seismic ¡ec-
o¡ds of past earthquakes. K. Aki stressed
that an accurate determination of the seis-
mic moment of an earthquake is possible
only when observations on seismic spectra
are available for wavelengths much longer
than the source dimension. För most old
earthquakes we know only the maghitudes
as determined by Gutenberg and Richter.
Semiempirical relations between the sur-
face wave magnitude M, and the seismic
moment have been established by using
dislocation models of earthquakes by
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Brune, based on a t,-l- ¡ dependence of the
sor¡rce spectra, and by Aki, who assumes a
c.'-2 dêpendence. According to Aki, recent
comparisons of these models with accurate
determination of seismic moment appeâr
to support the @2 model, although there
are some discrepancies when this model is
applied to the magnitudes given by Guten-
berg and Richter. In some cases this dis-
crepancy appears to be due to an overesti-
mation of the Gutenberg-Richter magni-
tudes. Aki emphasizes the necessity of
reinvestigating old seismic records to ob-
tain more reliable estimates of seismic
moment for the largest earthquakes. This
need is well illustrated by the Sanriku
earthquake of 1933, whose correct magni-
tude is  8.3,  equal  to that  of  the 1964 Alas-
ka¡ event. According to Kanamori, how'
ever, the observed seismic moment of the
latter is about 10 times greater than that
êstimated for the Sa¡riku event. Aki also
mentioned the recent results obtained by
Brune a¡d colleagues from studying the
mantle wave magnitudes M^ of old ea¡th-
quakes. These results indicate that the
Alaskan earthquake had the largest M*
and that the Sanriku earthquake of 1933
had the ninth largest M^during the inter-
val 1923-1964. Aki's results. combined
with Dahlen's obseilation that at least 10
Alaskan-sized earthquakes per ye¿Ir are
required, do not support the theory of
seismic excitation of the Chardler motion.
Smylie disagrees with this last statement.

Mansinha and Smylie in their 1967
paper presented a study of cumulative
effects based on the theory of random
walks and using the Tocher-Press fault
length-magnitude relation. In their 1971
paper they used this theory to estimate
cumulative effects based on their calcula-
tions for the 1960 Chilean and the 1964
Alaskan earthquakes. The Tocher-Press
law and Aki's law give comparable cumula-
tive effects, but Brune's law gives effects
about an order of .magnitude smaller, as
pointed out by Dahlen. Dahlen in 1973
performed Monte Carlo random walk
experiments using Brune's moment-magni-
tude relation and Aki's <¿-2relation a¡d
the Gutenberg-Richter seislnic magnitudes
updated by Duda. These experiments did
not alter his basic conclusions.

R . A .  H a u b ¡ i c h  d i s c u s s e d  h i s
reexamination of the latitude data for the
likely times of occurrence, the size, and
the direction of steps or pulses in the
Chandle¡ excitatipn. The time series of the
astronomically estimated excitation func-
tion is noisy. Filtering of the excitation
¡emoved frequencies outside a band near
the Chandle¡ frequency, and this filtered
function was examined for steps or pulses
by a combined method of least squares
and exhaustive search using dynamic pro-
graming. Using four different models of
fitting, Haubrich a¡¡ives at the times of
occurrence of the 10 most likely instants
at which breaks occur¡ed in the pole paths
as determined by the ILS for 70 years and
by the BIH for 10 years. He concludes
that there is no correlation between the
events determined from two data sets and
that neither data set correlates highly with
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the times of the largest earthquakes, the
largest events as deduced from the pole
paths appearing to be unassociated with
earthquakes. Smylie pointed out that he
had done a similar study several years ago
and that the polar motion measurements
did not seem to be good enough to draw
conclusions either way.

In summing up the question of seismic
excitation of the Cha¡dler motion, W.H.
Munk asked four questions. (1) Are the
¡esults of Smylie and Mansinha a¡d of
Dahlen in agrçement or disagreement? (2)
If there is disagreement, can it be due to
the difference in treatment of the core?
(3) Is the use of Aki's c¿ 2 model for the
seismic moment a cause for disagreement?
(4) What is the situation on the data analy-
sis with respect to the correlatiori of the
pole path with earthquakes?

The answer to the first question is that
there is disagreement. Dahlen says earth-
quakes cannot excite the Chandler mo-
tion, whereas Smylie and Mansinha maìn-
tain that earthquakes can excite the mo-
tion. The differences in the conclusions
are largely dependent on whether one uses
Brune's moment-magnitude law or the
Tocher-Press fault length-magnitude rela-
tion. Aki's law, mentioned earlier, gives
results similar to those of the Tocher-Press
law, but this relation predicts earthquake
moments at least a facto¡ of ten larger
than the moment for the Alaskan earth-
quake.

In response to the second question,
Chinnery, Dahlen, and Smylie ag¡ee that
the different treatment of the core and
core-mantle boundary is unimportant.
Dahlen indicated that, when he adopted
the Smylie-Mansinha conditions, his re-
sults changed by only a few percent.
Smylie indicated that the core treatment
could become important if one were to
accept the sludgelike core model proposed
recently by Higgins and Kennedy.

Concerning the thi¡d question, Chin-
nery stresses that the cumulative seismic
effects have been treated in different ways
and that this may be the real reason fo¡
the disagreement, although there exists a
factor of l0 disagreement in the calcula-
tion for an individual earthquake. Dahlen
mentioned some computer studies using
both Aki's a¡d Brune's moment-magni-
tude relationships and stated that his con-
clusions do not change.

There is general agreement between
Dahlen, Haubrich, and Smylie that the
astronomical data arc too noisy to èxcite a
high correlation with earthquakes. At the
time of Smylie and Mansi¡ha's 1968 corre-
lation study, only highly smoothed pole
paths had been published. It late¡ became
apparent in examining the unpublished
raw polar motion data that the noise level
was substantially higher than was claimed.
Mansinha argues that the correlations exist
but that the significance of the correla-
tions in the presence of noise is in ques-
tion. The decisive proof will be the detec-
tion of continuing correlation.

If earthquakes do not excite the
Chandler motion, what does? Chinnery,
Dahlen. and others have at varioùs times

speculated on a related hypothesis that the
lithospheric motions that are aseismic but

Jerky' on a l4-month time scale are more
common than earthquakes themselves and
that they could provide the excitation
mechanism. Mansinhâ. and Smylie made
the same suggestion in an earlier paper
(Science, I 6 1, 1 127, 1968).

Meteorological effects on the earth's
rotation were discussed by K. Lambeck.
Their influences take two forms: va¡ia-
tions in the inertia tensor due to periodic
distributions in the atmospheric mass and
va¡iations in the relative angular moments
due to the movement of air mass with
respect to the ea¡th's surface. The changes
in the inertia tensor affect mainly the
polar motion, and this is the principal con-
tribution to the annual period. The inertia
changes a¡e of mino¡ importance for the
earth's rate of rotation about the instan-
taneous rotation axis because the principal
transport of air mass is east-west and does
not contribute significantly to the product
of inertia about the ¡otation axis. Winds
affect the polar motion only ìf they are
ageostrophic. Departures from geostrophic
motion are, however, small. Winds do
modify very significantly the earth's rate
of rotation. Lambeck showed that the
zonal winds explained completely the
periodic variations in the earth's rotation
that are not of tidal origin. In particular,
the va¡iable quasi-biennial wind oscillation
is very clearly reflected in the ast¡onomi
cal data, and thus some conclusions can be
drawn about the period and the variable
extent of the downward propagation of
these winds (Lambeòk and A. Cazenave in
Geophysical Journal, 32, 

'19, 
1973). A

month-by-month computation of the wind
excitation function by Lambeck and
Cazenave (Geophysical Journal, in press,
1973) also showed a very high correlation
with the short-period variations in the
length of day, and there is no need to
invoke an interior mechanism to explain
these. The wind excitation function has a
typical time scale of a few days. Analysis
of the variations in the length of day for
strort-period tidal te¡ms will therefore be
distorted by the wind contribution. There
is also evidence for long-period variations
in the excitation function. For the S-year
period of analysis, 1958-1963, the long-
period variation found in the excitation is
of the same magnitude and sign as the
long-period va¡iation in the change of
length of day. Thus not all long-term fluc-
tuations such as the decade variations can
be att¡ibuted to core-mantle coupling.

Third Session

Panel on Core-Mantle Interactions

Chai¡man: D.E. Smylie (York University)

Members: M. D. Fuller (University of
Pi t tsburgh),  D.  Gubbins (CIRES/
NOAA), M.G. Rochester (University of
Newfoundland), A. Toomre (MIT)

The subject was introduced by a brief
review presented by D.E. Smylie, the



pa¡el chafuman. The ¡eview irÍcluded dis-
cussions of the possible implications of
1972 reiiults on the viscosity of the core
by Gans and PnKP seismic phases by Bolt
and a comparison of topographic and elec-
t¡omagnetic coupling by Roberts.

Ala¡ Toomre spoke on the general fea-
tures of the fluid motions in the liquid
core. He pointed out that at precessional
frequencies ilertial coupling is dominant
and that the core ought to exhibit the
flow features common to all rotating
fluids. By citing a result known to classic
workers such as Poincaré and Kelvin,
Toom¡e demonstated that the reported
observations of a diurnal wobble of 0".02
amplitude must surely be wrong because it
must be accompanied by a nutation of the
rotation axis in space of amplitude com-
parable to that of the principal nutation
and this has not been observed.

M.G. Rochester reviewed the energetics
of co¡e-mantle coupling and some 1973
work by Stacey on the transfer of energy
to the core from precession. Whethe¡ this
mechanism provides enough power to
drive the geomagnetic dynamo depends
critically on the strength of the dissipative
fraction of the total coupling; a factor of
10s is in question. The conclusion express-
ed was that more detailed study of the
dynamics of  core-mant le interact ion
models is required.

David Gubbins pointed out that the
dynamics of the ea¡th's core is not as well
unde¡stood as was once supposed. The
evidence for a large (50 gauss) toroidal
magnetic field in the core is very weak
because the estimates for it are based on
the numerical dynamos of Bullard and
Gellman. which have been shown to di-
verge. This divergence affects the elect¡o-
magnetic coupling between the core and
mantie. Also, if one accepts'the ideàs of
Malkus, Busse, and Elsasser that the core is
an iron slurry, the viscosity may be much
larger than the usual' estimates, a¡d the
viscous coupling would thus be raised.

M.D. Fuller commented on some re-
cent archeomagnetic results. With im-
proved descriptions of the geomagnetic
field reversals that have come about in the
last few years, it appears that associated
with the reversal of field direction on a
time scale of the order of 103 yea¡s there
is a longer fluctuation in field intensity of
lOa-year time scale. The observations are
consistent with a much reduced dipole
field with little change in the magnitude of
the higher-order hatmonics that dominate
the nondipole field.

The implications of recent results in
archeomagnetism for co¡e-mantle coupling
were discussed by members of the panel.
The principal result is that, as the main
dipole f ie ld weakens,  the coupl ing
weakens. and the role ofwestwa¡d drift of
the main field increases.

Fourth Sessior-

Panel on Long-Term Variations

Chai¡man: W.M. Kaula (UCLA)

Members :  R .H .  D i cke  (P r i nce ton ) ,
C.G.A. Harrison (Miami), P.M. Muller
(Jet  Propuls ion Laboratory) ,  W.H.
Munk (University of California, San
Diego), H.C. Noltimier (Ohio State),
R.J. O'Connell (Harvard), G. Pannella
(Puerto Rico), and S.J. Peale (Univer-
sity of California, Santa Barbara)

In an introductory statement W.M.
Kaula divided the subject into two parts,
obsewational and theoretical. Extrapola-
tion of polar wander and spin into times
before systematic astronomic observations
requires special techniques: paleomagnet-
ism fo¡ pole locations with respect to
continents, chronicle analysis for spin in
historic times, and fossil growth bands for
spin in geologic times. Attempts to explain
the inferred variations include (l) motions
in the solid ea¡th for the nontidal accelera-
tion of spin (on a 1000-year time scale)
and for polar wander and (2) tidal dissipa-
tion in the oceans and resonances with
Venus fo¡ the tidal deceleration of spin
throughout geologic time. Oddly, the
original causes of the earth's spin rate and
obliquity are not customarily included as
part of the subject.

H.C. Noltimier summarized the results
for vi¡tual paleomagnetic poles. Data now
exist fo¡ all periods back to Cambrian fo¡
North America, South America, northern
Europe, Africa, Australia, and India.
Rocks of all þeriods from these conti¡ents
are radiometrically dated, save for some
Mesozoic and Paleozoic sequences in
South America and India. Fewer data are
known for  west  Antarct ica,  Russia,
Siberia, and China.

These data indicate major breakups
between continents since Triassic, 200
m.y. âgo. In Paleozoic there was apparent-
ly also some coming together of separate
Russian, Siberian platform, and China
plates. The pattern of virtual pole move-
ment is mainly one of gradual motion with
occasional rapid motions such as those in
Devonìan, Carboniferous, a¡d Cretaceous:
Of these rapid motions all but the late
Triassic-Jurassic a¡d Cretaceous a¡e in
common between the continents, and thus
a mot ion of  the pole of  about 0.3 ' /m.y.
rather than tectonic motion is indicated.
The Cretaceous pole path, for example,
diffe¡s between South America and Af¡ica;
this diffe¡ence indicates the rifting that
created the South Atlantic. In Cambrian
the continents were clumped together in
Par,gaea, the south pole being in what is
now North Af¡ica.

Detailed data for Precambrian exist
only in North America. ln a study bY
Irving, rapid excursions of the apparent
pole,  of  the order of  60",  occurred 1100,
1300 ,  1950 ,  and  2500  m .y .  ago .  Da ta
from othe¡ continents or tectonic plates

a¡e insufficient to determine whether this
mot ion was in common.

Paul H. Muller discussed the analysis of
medieval and ancient ¡ecords of eclipses
and other astronomical obsefvations to
determine va¡iations of the spin. He con-
cludes, contrary to Newton, the principal
recent wdter on the subject, that the data

supplementary to solar eclipses are insuffi-
cient to separate tidal and nontidal decel-
erations. Assuming the mode¡n rate for
tidal deceleration of about -45" I centtry2 in
luna¡ motion leads to a historical mean
nontidal rotational acceleration of about
22 X l0-ec,:6 /century2, plus a strong
oscillation to negative values in the years
700-1000 A.D.

W.H. Munk presented an analysis by
Cartwright of tidal records at Brest,
France,  back to 1711. They appear to
indicate significant changes in amplitude
and phase of the Mz and Or components
that cannot be attributed to harbor modi-
fications.

G. Pannella ¡eviewed his work on fossil
evidence of days per rnonth and days per
year. For most of Phanerozoic there are
quite reliable results f¡om molluscan
bivalves, some specimens showing daily
growth increments for more than 40
months.  From recent sþecimens the
systematic error is only l%.The ¡esults fo¡
Cenozoic indicate excellent agreement
with the new higher determinations of
tidal deceleration in modern times. The
rate appears to have been much lower in
Mesozoic, but the data ¿ire spÍuse. In
Paleozoic back to 450 m.y. B.P. the aver-
age rate was almost as high as that in
Cenozoic.

Fo¡ Precambrian times the only data
are stromatolites, daily laminas of algae
and sediments. These appear to be much
more subject to interruption and hence to
giving too few days per month. However,
tides appear to have existed back to at
least _2800 m.y. 8.P., a systematic increase
occuÍring in the number of bands per
group back in time. The best estimates are
those foi Gunflint time (1750 m.y. B.P.),
at least 445 daysly¡ and 36 days/month.

R.J. O'Connell discussed fhe effects of
motions in the solid earth and mass trans-
fers between ice caps and the oceans. Post-
glacial data indicate a viscous relaxation

time of the mantle as low as 1000 years
for the oblateness. The isostatic backsurge
f¡om the major glacial melting 7900 years
B.P. seems sufficient to account for the
mean nontidal acceleration in historical
time but not for the modern observed
polar drift of about 10 cm/yr toward
G¡eenland. Changes in sea level of about
1.5 meters in the years 700-1000 A.D.
would be required to account for the oscil-
lation in nontidal acceleration inferred by
Mulle¡.

The short viscous relaxation time ¡
indicates that on the much longer time
scale of tectonic activity the earth can be
ûeated as a sphere: the ¡ate of polar wan-
der is propor'tionate to L zl lr(C'- A')l ,
whe¡e 1¡ g is the maximum product of
inertia and C' - A 

' 
represents the differ-

ences of the principal moments of inertia
from those for a fluid earth. Hence, as was
emphasized by Goldreich anil Toomre,
rapid excursions of the pole may not re-
quire major tectonic activity to increase
1r, but may only entail a passage of C' -

,4 ' through zero.
W.H. Munk ¡eviewed tidal dissipation

in the oceans. The recent solution of the
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global tides by Hendershott obtained a
total tidal energy twice that fo¡ an equilib-
r ium't ide.  Integrat ion of  the lunar and
sola¡ work rates over this tidal surface
obtains 3.0 X lOte ergs/sec as the est i -
mated mean dissipation nfe, about 50% of
that required to account for the recent
determinations of lunar acceleration. An
additional increment may come from
inte¡nal tides. The present arrangement of
continents could plausibly lead to a tidal
energy anomalously high by a factor oî 2;
the fu¡ther facto¡ of 2.7 needed to st¡etch
the moon's o¡bital lifetime to 4.6 X lOe
years must come from mo¡e limited shal-
low æas in the past.

S.J. Peale discussed the proposal of
Hipkin that  resonances between the
moon's o¡bit and Venus may have delayed
the tidal evolution. Independent detailed
examinations by Hipkin and by Yoder
conclude that resonances not dependent
on lunar orbit eccentricity are at best
marginally stable against tidal disruption
and have negligible capture probabilities.
Yoder further found that lunar eccentric-
ity dependent resonances are an order of
magnitude more stable against tidal disrup-
tion but are definitely unstable against
variations in planetary orbit eccentricities
on a 10s-year time scale.

W.M. Kaula summarized the integra-
tion backward in time of the tidal evolu-
tion of the earth-moon system to the early
state of a higher lunar orbit inclination, a
lower obliquity, and an earth ¡otation ¡ate
half that for instability. The angular
momenturn, inclination, and obliquity are
all compatible with models of planetesimal
infall in the late¡ stages of the planetary
system formation.

R.H. Dicke reviewed brieflv current
ideas on i change in the gravitational con-
stant, and reaffirmsd the unlikelihood of
its detection in earth rotation phenomena.




