
New Scientist l3 November 1980

The Earthts Yer¡eble rotetion
Changes in  the atmosphere and in  the body of  the Ear th i tse l f  produce smal l  var ia t ions in  the p l4net 's

rotat ion and in the length of day, and ancient records show that overal l  the Earth is slowing down

Kurt Lambeck Small irregularities in the Earth's
is professor of rotation have interested astrono-
geophysics at the mers, mathematicians and geo-
Australian National physicists for at least 200 years.
university, canberra At-first glance this is perhapi sur-

prising for were the Earth wholly
rigid, the study of its rotation would soon be complete.
But this is not so: forces and deformations in the atmos-
phere, oôeans, crust, mantle and core all perturb the rota-
tion to varying degrees, and observations of these small
irregularities provide insight into the physics of the Earth,
oceans and atmosphere.

There are three main aspects to the Earth's rotation.
First, there is the motion of the rotation axis in space-due
to the gravitational attraction between the Moon and Sun
and the Earth's equatorial bulge. Secondly, there is the
motion of the rotation axis with respect to the Earth, and
thirdly, the fluctuations in the speed of rotation about this
axis. The former is frequently called the polar motion
and includes the Chandler motion-a l4month wobble of
the rotational axis about a point fixed to the Earth. The
amplitude of the Chandler wobble is small-about 0.1 arc
seconds-and the instantaneous axis of rotation, with
respect to the Earth, wanders from its mean position by
only a few metres. Superimposed upon this free wobble
are forced oscillations, mainly seasonal, and associated with
periodic redistributions of mass in the atmosphere, in the
oceans and in ground water.

The changes in the length of day associated with varia-
tions in the Earth's rotation exhibit a quite complex spec-
trum (Figure 1). The length of day changes typically by a
few milliseconds, with the changes occurring over time
intervals that range from a few days to several years
and longer. These small changes, of roughly I in lOe to
I in 107, have their origin in redistributions of mass within
the Earth, oceans and atmosphere, and in torques operating

Decade
flucluot¡ons

at the Earth's surface and at the boundary between core
and mantle.

The Earth's non-uniform rotation has been known for
many centuries. Astronomers have long observed the posi-
tions of stars, planets and satellites crossing the meridians
of observatories, and then compared their measurements
with theories of planetary motion. The observed positions
are referenced to Universal Time (UT) kept by the Earth,
whereas the computed planetary and satellite positions
assume a uniform, idealised time scale-Ephemeris Time
(ET). Any discrepancy between the obseryed and computed
positions, apart from observational and computational
errors, thus arise from the Earth's non-uniform rotation,
from departures of the planetary motions from Newtonian
gravitational mechanics, or from dissipative forces.

The Earth's bad timekeeping
In 1695, Edmund Halley compared observations of the

Moon made in his time with positions derived from ancient
eclipses, and he concluded that the Moon was being
accelerated relative to the Earth-a conclusion that was
subsequently much debated by mathematicians, astrono-
mers, and philosophers. To those who had faith in orbital
mechanics, this acceleration was interpreted in terms of
the tidal interaction between the Earth and Moon, for if
the Earth is not perfectly elastic the Moon-raised tide is
delayed and shifted in phase with respect to the Moon.
The latter then exerts a torque on this bulge and retards
the planet. But it was not until an apparent acceleration of
the Sun was also observed early in the 20th century, that
this interpretation became secure.

Since Halley's time, precise telescôpic observations of
the transits of Mercury and Venus across the Sun's face,
as well as of occultations of stars by the Moon, have led
to the discovery of other irregularities in the Earth as a
time keeper, and astronomers have found it increasingly
necessary to introduce empirical terms to the theoretical
equations in order to describe planetary motions. Observa-
tions reveal the amount by which the Earth is slow or fast
compared with a uniform. time scale-in this case provided
by astronomical observations and celestial mechanics. Early
telescopic observations saw only the cumulatÍve effect of
changes in rotation after a year or longer, and fluctuations
occurring on a shorter time scale remained unobserved.
Pendulum clocks, and later quartz clocks, led to the detec-
tion of seasonal changes in rotation, but it was not until
the introduction of atomic clocks in 1955 that a detailed
study of the high frequency irregularities in the Earth's
rotation was feasible.

It is now possible to measure the retard or ad.vance of
the Earth with a time resolution of only a few days, and
it is such data that provide the basis for interpretation of
changes in rotation. Geophysically the interesting quan-
tity is not so much the amount by which the Earth is slow
or fast relative to a uniform time scale, but the derivative
of this quantity, which defines the ínstantaneous rotation
velocity (c.r) of the planet. If the nominal velocity is denoted
by O then a useful measure of the departures from
uniform rotation is (<,¡-O)/O, which represents the propor-
tional change in the length of day. Figure 1 depicts the
spectrum of this quantity, upon which the error spectra
have been superimposed. The error spectra for Ephemeris
Time are based on telescopic observations prior to the
introduction of atomic time, while the error spectrum of
Universal Time is based on telescopic observations refer-
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Figure 7 Improaements in timeheeping, from conuentional
clocks to øtomic clocks,haue permitted accurate obseruation of
the Eørth's changing rotation ouer shorter and shorter time
scøIes (corresponding to higher frequencies). This schematic
spectÍu'¡n of the proportìonøl chønges in the length of dag is
based on obseraatìons taken since the earlg 19th century
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enced to atomic time. The precision is determined mainly
by the ability to measure the position of a star relative
to the observer's meridian, rather than by uncertainties
in the time scale. The figure also indicates the anticipated
errolspectrum of a new method of observation that is
now being developed. In this technique, optÍcal telescopes
are replaced by long-b,aseline radio interferometers which
observe radio sources as opposed to optical stellar sources.
Initial results from such techniques are sufficiently en-
couraging to permit realistic predictions to be made about
the error spectrum.

Recent developments in space science and technology
and a significant increase in our knowledge of the Earth's
interior have spurred new interest in our planet's rotation.
Preoise tracking of satellites for gravitational studies,
laser ranging to the Moon for studying the lunar motion,
long-baseline interferometry observations for deciphering
extragalactic radio sources, and the precise manoeuvring
of interplanetary flights all require equally precise track-
ing of the motions of the Earth's axis of rotation. At the
same time these new techniques permit rotational motions
to be measured with a precision and resolution that will
ultimately yield large improvements over conventional
astronomical observations. The impact of these new
methods on the geophysical discussion of the Earth's rota-
tion has been small until now, but the new results will
undoubtedly lead to a renewed flourish in this area of
scientific research.

Figure 2 Tirne series of the pt'oporti,onal chønges in length of
dag from 1820 to the present

For fluctuations in rotation of a "decade" time scale,
the telescopic observations from the early 19th century
to the present are the primary source of information. These
fluctuations (Figure 2) show variations in the proportional
change in length of day of up to 1 part in 10?, with a
characteristic time scale of about 20 tó 30 years. By a
procèss of elimination, the cause for these changes would
seem to lie in the interactions between the Earth's core
and mantle. In a hypothetical Earth with a spherical core
of non-viscous fluid, and in the absence of a magnetic field,
the core and mantle would rotate independently of each
other. If the mantle received a torque that changed its
rotational velocity the core would continue to rotate with-
out incurring any change. Likewise any changes in the
motions of the core would not be transmitted to the mantle.
But some coupling of the core to the mantle seems more
likely and the most plausible coupling mechanism is an
electromagnetic process.

Magnetohydrodynamic theory predicts that in the Earth's
fluid core any motion of the fluid will drag the magnetic
field along with it. Now, if the core were tightly coupled
to the mantle there would be no drift in the magnetic field;
on the other hand if there were no coupling, there would
be an eostword drift due to the secular dèceleration of
the Earth. The observeò,westward drift of the geomagnetic
field is therefore ,taken as evide¡r,ce of some crcupling of
motions in the core to the mantle. Changes in the core-

"! 
- 

"E -*¿F

Tbilisi Vysokoyo Dubrqto

Figure 3 Long term uøriati,ons in the aertical component of the
magnetic field at eight poi.nts in Europe and Asi,a

fluid motion, causing changes in the electric and magnetic
fields at the core boundary, result in torques being exerted
on the mantle which subsequently modify the rotation. In
this model, changes in the Earth's rotation reflect motions
in its core.

As some of the magnetic field "leaks" out of the Earth,
the records of magnetic observatories should corroborate
the model. But the evidence is incomplete' due to the
limitations of both astronomical and magnetic evidence.
Figure 3 shows records for the secular variation in the
vertical component of the magnetic freld in Eurasia. These
suggest changes near 1900 and 1940 similar to those
observed in the length of day (compare with Figure 2). The
change noted in Tbilisi is particularly interesting: Joseph
Stalin, after he left the Church, was employed at this
observatory at the time of the rapid change early in the
2 Oth c entury. From S talin's b io graphies coverin g this period,
it is clear that he did not devote much time to his duties
at the observatory and one can only wonder as to how
he may have influenced subsequent geophysical discussions!

Possible l inks with the weather
Curiously the pattern of changes in the length of day is

similar to that seen in some climatíc indices during the past
two centuries. For example, in the periods 18110-70 and
1900-30 the Earth was accelerating; at this time the
westerly circulation at midJatitudes generally increased
in strength and there was an overall surface warming.
Likewise, the periods from 187$95 and 1940 to the present
are times of a decelerating Earth, an overall decrease in
the strength of the westerly circulation, and a surface
cooling. This relationship may be accidental, but it perhaps
suggests that internal geomagnetic activity and the weather
may be related, if indeed the core.mantle coupling model
is valid. Another possibility is that large earthquakes, and
the associated tectonic activity, produce substantial changes
in the Earth's moment of inertia-changes that perturb
the Earth's rotation. In many parts of the world some
relation is seen between earthquakes and volcanic activity*
Volcanic dust injected into the atmosphere would tem-
porarily modify climate, and hence establish a relation
between changes in climate and in rotatrion. Most of this
argument is speculative, however.
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Fìgure 4
Changes in
Iength of dav
oaer perind.s
shorteT than ø
decade are cleørlg
Iinlæd with
øtmosplæric
i.nfl.uences. The
upper figure
shows the ti.rne
series of the
obserued
proportional
change in Length
of dag from 19ñ
to 1973,uhi,Le the
louer figure
shows changes
computed front.
zonal wind
obseruations for
comparison. The
period indi.cøted
bg the arrows is
based on
incomplete data

The shorter period changes in iength of day, discovered
af.ter the intrcduction of atomic time (Figu,re 4), are
largely of atmospheric origin-a link that is both more
clearly established and more readily understood than
the possible relation at longer periods. In particular, the
seasonal terms seen in the spectrum (Figure 1) are almost
entirely of meteorological origin (Figure 4). The seasonal
patterns of interchanging easterly and westerly winds
result in variable surface torques exerted on the Earth-
the Earth slows down when the net torque is westward and
speeds up when the net torque is eastward. This relation-
ship can be readily quantified from observations of wind
data and this has been done for a 20-year period from
1958 to 1978. It is interesting that the amplitude of the
seasonal changes in the length of day are quite.variable
from year to year. This piece of evidence-derived from
astronomical observations----could be of use to meteorolo-
gists interested in global changes in atmospheric circula-
tion. Figure 5 illustrates a comparison between the
obseryed changes in rrotation and those deduced from
wind data with periods in the range of 15 to 50 months.
The graph quite clearly indicates that zonal winds play
an important role in chan'ging the Earth's rotation.

At shorter periods, two dominant and regular perturba-
tions in the length of day occur at 28 days and 14 days
(Figure l). These are tidally induced. Lunar attraction
causes the Earth to deform slightly, bulging towards the
Moon. Because the orbit of the Moon is eccentric, the
amount of this deformation varies with the orbital period,
and the associated change in the Earth's moment of inertia
results in a periodic oscillation in the length of day. Also,
as the Moon's orbit is inclined to the equator, twice a
month the Moon lies in the equatorial plane and the tidal
bulge is aligned with-and augments-the Earth's
equatorial bulge. This results in the half-monthly change
in length of day. These observations are interesting because
they give a measure of the Earth's elastic response to this
global tide-raising force, and so contribute to understanding
the planet's rheology (that is, deformation and flow).

At shorter periods any "signal"-the true variation-
gets mixed up with the measurement "noise". New tech-
niques, such as long-baseline radio interferometry, promise
improved measurements. Meteorological' contributions will
probably be significant, if not dominant, for periods as
short as a few days. Meteorological noise has several
important oonsequences for the discussion of geophysical.
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Figure 5 A remarkablg close relationship erists between
astronornicallg obserued chønges i.n length of daE and those
predicted bg usind data (filtered tim.e series)

factors perturbing the Earth's rotation. It not only masþ
other irregular short-duration changes that are not strictly
periodic, but it may also influence the tidal results as the
atmospheric circulation may contain fluctuatitjns of the
same frequencies as the fortnightly and monthly tides.
Meteorological noise also masks the nature of the longer
term changes in the length of day, where a key question
is whether the "decade" changes are initiated over a short
time interval of a few weeks or months, or over longer

Figure 6 The bands and ridges on certain twes of f ossil coral
are thought to refl,ect botl¿ lunar and di,urnal. i,nfluences: one
band. per lunar cEcle. and one ridge per dag. This spectmen (a
Mi.ddle Deuonian epiùheca frotn C. T. Scrutton) suggests thøt
the lanar monthhail 30'8 ilngs ínstead,ot toiloûs 29'5



intervals. Improvements in the accuracy and resolution of
measurements of the length of day will have a significant
geophysical impact-only if the meteorolbgical contribu-
tion is also known. This will require daily calculations of
global wind circulation, and of the net zonal angular
momentum of the atmosphere-a formidable but inescap-
able task.

At the other end of the spectrum, analysis of ancient
astronomical records has shown that the Earth is slowing
down, and that the length of day is increasing at a rate of
about I millisecond every century. While militant trade
and labour unions may protest at this increase in the length
of their working day-a much more significant consequence
of this barely perceptible change occurs when it is extra-
polated backwards into geological time. In the Devonian
era, some 400 million years ago, the length of day would
bave been about 22 hours, and there would have been
some 400 days in the year. And if the trend had continued
into the early Precambrian period, some 2000 million years
ago, the length of day could have been a mere 12 hours.

Even inore dramatic is the consequence of changes in
the Earth's rotation on the Moon's motion, for, as men-
tioned previously, the tidal deceleration is a consequence
of the torque on the Earth due to the Moon's attraction
to the tidal bulge. This torque slows the Earth down, but
the equal and opposite torque exerted by this bulge on
the Moon itself wil l cause the Moon to move away from
the Earth-presently at a rate of about 5 cm/year. When
this is extrapolated backwards into time one comes to the
inescapable conclusion that in the past the Moon was
very much closer to the Earth than it is now-indeed,
uncomfortably close in the Precambrian era, for if the
Moon was closer both the solid and oceanic tides would
become very much greater than they now are.

Clues from the fossil record
These extrapolations assume that the mechanism respon-

sible for delaying the Earth's tidal response has remained
the same and that the rate at which the tidal energy is
being dissipated has remained constant. After a lengthy
debate-started by Immanuel Kant and contributed to by
Frederick Engels-it is now quite certain that most of
the tidal energy is lost in the oceans and that the solid
Earth is only a minor sink. Thus as continents have con.
tinuously rearranged themselves over the Earth's surface,
the rate of energy dissipation would have been quite
variable and this could invalidate the extrapolations.

A fascinating source of data-in a sense the astronomer,s
forefather-tests this extrapolation. The growth of coral
and bivalves is modulated by the day-night cyde and þy
tidal rhythms (Figure 6). If this were fully understood it
should be possible to deduce from fossil records the
motions of the Moon and Earth at the time that these
creatures lived. The evidence remains circumstantial and
one is sometimes left with the impression that perhaps
one sees in the palaeontological record what one expeits
or hopes to see. However, taken togetheu-, the mo,re .sub-
stantiated studies do indicate that the palaeontological
record shows certain trends and that, for at least the past
400 million years, the rate of tidal energy dissipation has
remained reasonably constant. So the extrapolation of the
Earth's rotation and lunar motion.is not thoú outrageous.

Beyond 400 million years the record vanishes, apart from
Precambrian stromatolites, but if these poor creatures had
only been aware of what they were to be held responsible
f9r !h.eV would surely have adopted different living habits.
At this stage of our understanding of their growth habits
and of the peculiarities of their preservation in the fossil
reco_rd, they certainly cannot be used to supÞort any par-
ticular theory for the early evolution of the lunar orbii. E- : : :
Kurt Lambeck's book, Il¡e Eorth's Yorioble Rototion, was recently published
by Cambridge Univers i ty  Press,  pr ice f35
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