Earth Rotation

Jean O. Dickey

1. INTRODUCTION

The study of the Earth’s rotation in space (encompassing
Universal Time (UT1), length of day, polar motion, and the
phenomena of precession and nutation) addresses the
complex nature of Earth orientation changes, the
mechanisms of excitation of these changes and their
geophysical implications in a broad variety of areas. In the
absence of internal sources of energy or interactions with
astronomical objects, the Earth would move as a rigid body
with its various parts (the crust, mantle, inner and outer
cores, atmosphere and oceans) rotating together at a
constant fixed rate. In reality, the world is considerably
more complicated, as is schematically illustrated (Figure 1).
The rotation rate of the Earth’s crust is not constant, but
exhibits complicated fluctuations in speed amounting to
several parts in 108 [corresponding to a variation of several
milliseconds (ms) in the length of the day (LOD) (Figure
2a) and about one part in 10® in the orientation of the
rotation axis relative to the solid Earth’s axis of figure
(polar motion) (Figure 3). These changes occur over a
broad spectrum of time scales, ranging from hours to
centuries and longer, reflecting the fact that they are
produced by a wide variety of geophysical and
astronomical processes. Geodetic observations of Earth
rotation changes thus provide insights into the geophysical
processes illustrated (Figure 1), which are often difficult to
obtain by other means. In addition, these measurements are
required for engineering purposes; for example, the
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tracking and navigation of interplanetary spacecraft place
strong constraints on measurement accuracies.

The principle of conservation of angular momentum
requires that changes in the Earth’s rotation must be
manifestations of (a) torques acting on the solid Earth and
(b) changes in the mass distribution within the solid Earth,
which alters its inertia tensor. Angular momentum transfer
occurs between the solid Earth and the fluid regions (the
underlying liquid metallic core and the overlying
hydrosphere and atmosphere) with which it is in contact;
concomitant torques are due to hydrodynamic or
magnetohydrodynamic stresses acting at the fluid/solid
Earth interfaces. Changes in the inertia tensor of the solid
Earth are caused not only by interfacial stresses and the
gravitational attraction associated with astronomical objects
and mass redistributions in the fluid regions of the Earth but
also by processes that redistribute the material of the solid
Earth, such as earthquakes, postglacial rebound, mantle
convection, and movement of tectonic plates. Earth rotation
provides a unique and truly global measure of natural and
man-made changes in the atmosphere, oceans, and interior
of the Earth.

Theoretical studies of Earth rotation variations are based
on the application of Euler’s dynamical equations to the
problem of finding the response of a slightly deformable
solid Earth to a variety of surface and internal stresses
[51, 53]. Let H be the angular momentum of the Earth and
L be the external torque exerted on the Earth. The
fundamental equations of a rotating body, Euler’s
dynamical equations, require that

H=L. (1)

In an arbitrary rotating terrestrial frame with a rotation
vector ®, the appropriate form of Euler’s dynamical

356



e

OCean
CURRENTS

Fig. 1. Schematic illustration of the forces that perturb
Earth rotation. Topographic coupling of the mantle to the
core has been referred to as “Core Phrenology” by R. Hide,
while the beetles, following T. Gold, represent the effect of
continental drift. After [52].

equations is given by:
H+oxH=L o))

which is exact in any rotating reference frame. In both
cases, the angular momentum is given by

H(1) = I(O)o(t) + | x(t) X k(t)dm, (3)

where I(t) is the inertia tensor of the mass over which (1) or
(2) will be applied. The formulation of equation (2) is
usually used when the torques change slowly in an Earth-
fixed frame; examples include atmospheric excitation and
Chandler wobble problems. On the other hand, equation (1)
is usually utilized when torques change slowly in inertial
space; precession/nutation problems are prime applications.
One must be able to transform from an Earth-fixed system
(i.e., a Terrestrial Reference System, TRS, where equation
(2) applies) to one attached to an inertial system (that is, the
Celestial Reference System, CRS, where equation (1)
applies). This transformation requires a minimum of three
angles; however, the traditional formulation includes the
conventional representations of nutations and polar motions
and hence five angles are utilized, four of which change
slowly with the remaining angle (representing the solid
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Earth’s sidereal rotation) changing at an almost uniform
rate. Table 1 provides estimates of the moments of inertia
for the Earth’s various sub-systems, giving the reader the
relative important of each.

Space geodetic techniques, including laser ranging to the
moon and artificial satellites (LLR and SLR) and very long
baseline interferometry (VLBI) using radio telescopes, have
brought about a new age in Earth rotation and related
studies. The length of day and polar motion are now
routinely measured at the ~0.5 milliarcsecond level (~1.5
cm) [44], while periodic corrections to the standard
nutation model have been determined to the 0.1
milliarcsecond level for many terms [38].

This paper provides an overview of Earth rotation,
defining terms, describing the measurements and their
availability, the models and constants used in their
reduction, and the application and analyses of these data.
The second section provides definitions and describes the
measurement techniques, while the third section highlights
applications and advances in the analysis of Earth rotation.
Section 4 discusses the constants and models used in the
analysis and interpretation of Earth rotation data. The final
section addresses the availability of data and outlines the
activities of the International Earth Rotation Service
(IERS).

The reader is referred to several more detailed accounts of
the excitation of Earth orientation changes. References to
early work can be found in [64] and recent work is reported
in [6, 14, 40-44, 51, 53, 62, 77].

2. DEFINITIONS AND MEASUREMENTS

Earth rotation refers collectively to variations in the
orientation of the solid Earth, encompassing Universal
Time (UT1), length of day, polar motion, and the
phenomena of precession and nutation. Universal time
(UT1) is the rotation angle of the Earth: the direction of the
Greenwich meridian in an equinox-based inertial frame.
The UT1 measurements are usually given in units of time
(1 msec is 46 cm at the equator). The actual observable is
UTI1-T, where T is some independent time series such as
ET (ephemeris time) or IAT (international interatomic
time). The LOD can be estimated from the time rate of
change of UT1-T. The motion of the pole can be divided
into two classes, nutational motion (which includes
precession) and the polar motion (PM). Nutations are
motions of the spin axis of the Earth with respect to an
inertial reference frame, while polar motion or wobble is
the motion of the solid Earth with respect to the spin axis of
the Earth. The precession is the gravest nutation with a
period of about 26,000 years, caused by the gravitational
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Fig. 2. Time series of irregular fluctuations in the length of
the day from 1963 to 1988 (curve a) and its decadal,
interannual, seasonal, and intraseasonal components
(curves b, ¢, d and e, respectively). The decadal (curve b)
component largely reflects angular momentum exchange
between the solid Earth and the underlying liquid metallic
outer core produced by torques acting at the core-mantle
boundary. The other components (curves c, d and e) largely
reflect angular momentum exchange between the
atmosphere and the solid Earth, produced by torques acting
directly on the solid Earth over continental regions of the
Earth's surface and indirectly over oceanic regions. (b)
Time series of the equivalent axial torques. Adapted from
[44].

torque on the Earth’s equatorial bulge from the Sun, Moon
and planets.
Earth orientation measurements in current use can be

classified as arising from two sources: classical techniques
(optical astrometry and lunar occultation) and modern
space geodetic techniques. Optical astrometry is based on
measurements of the apparent angular positions of selected
bright stars [24, 35]. Both the latitude and the longitude of
the observatory can be determined from observations of the
time and elevation of the star at meridian passage. A
network of stations with a proper geometry can be used to
determine all components of the Earth’s rotation. Polar
motion has been routinely observed since 1900; from 1900
through 1980, the International Latitude Service [81]
produced measurements based on a network of five stations
located at the same latitude. Nutation values have been
determined through the analysis of optical data sets
beginning in 1955 (see for example, 4); the classical
determination of the precession constant is based on the
analysis of stellar proper motions [27, 28]. Prior to the
advent of modern atomic clocks (1955), records of the solar
time of ancient solar and lunar eclipses and of occultation

of stars by the Moon form the basis for historical time
series of UT1 and LOD [74].

The classical techniques were superseded by the new
space geodetic techniques in the 1970s and 1980s. The new
techniques are all based on measurements of
electromagnetic signal delay or its time derivative. Delay
and delay rate measurements are both more precise and
somewhat less sensitive to systematic error than angular
measurements. These measurement types include Very
Long Baseline Interferometry (VLBI), satellite and lunar
laser ranging (SLR and LLR), and utilization of the Global
Positioning System (GPS) technology. VLBI is based on
positional observations of distant quasars using the
techniques of radio astronomy; SLR and LLR use range
measurements to corner reflectors on artificial satellites and
the Moon, respectively. GPS utilizes a large constellation of
satellites transmitting at microwave frequencies together
with a globally distributed network of receivers to
determine universal time and polar motion variations. In
each technique, changes in Earth orientation are monitored
by observations of extraterrestrial objects from the surface
of the Earth. The observed objects or signals are used to
approximate a reference frame, either directly, for example,
in the case of slow-moving objects such as quasars, or from
dynamical theories of their motion in the case of planetary
and satellite observations. In each case, Earth orientation is
estimated from the apparent motion of the Earth with
respect to this frame as defined by each technique. The
accuracy of each technique is thus limited by unmodeled
reference frame rotations, intrinsic measurement error, and
any unmodeled motions of the observatories. In addition,
measurements are most often referenced to some standard
frame (see later discussion on reference frames); hence,
error is also introduced by the frame tie determinations.

Improvements in the observing systems (hardware,
software and the development of well-distributed global
networks) have lead to dramatic improvements in the
determination of Earth orientation parameters. For example,
estimates from a combined Kalman-filtered series utilizing
the modern space techniques of LLR, SLR and VLBI have
uncertainties in polar motion and universal time (UT1) at
the ~2 mas (6 cm) and the 0.5 ms (~23 cm) level,
respectively, for the late 1970s, whereas current
uncertainties have improved to 0.3 mas for polar motion
and 0.03 ms for UT1 [32]. There has also been an
impressive increase in time resolution. The classical optical
technique, utilizing a global network of more than 50
observatories, obtained UT1 at the millisecond level at 5-
day intervals [24]; in contrast, the VLBI Extended Research
and Development Experiment (ERDE) obtained sub-hourly
measurements of both UT1 and polar motion [12, 37].
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Fig. 3. Polar motion, 1900-1980, after [31].

3. APPLICATION AND ANALYSIS OF EARTH
ROTATION

3.1. Universal Time (UT1) and Variations in the
Length-of-Day

Observed variations in the Earth’s rate of rotation—or
changes in the length-of-day (LOD)—are attributed to a
variety of sources (Figure 1) and can be roughly divided
into three categories: an overall linear increase from tidal
dissipation, irregular large variations on a time scale of
decades, and the smaller higher frequency changes—
interannual, seasonal and intraseasonal. The linear increase
in the LOD, determined from ancient eclipse records [e.g.,
74] is estimated to be about 1 to 2 msec per century. The
LOD has large, irregular variations over time scales of 10
years to centuries (Figures 2a, curve B) with amplitudes of
many milliseconds; these changes are too large to be of
atmospheric origin and are thought to arise from fluid
motions in the liquid outer core {40, 47, 51]. Variations
with periods of five years or less are driven primarily by
exchanges of angular momentum with the atmosphere
(Figures 2a, curves C, D and E). Estimates of the equivalent
torques associated with each component, formed by taking
centered differences in the time domain, are shown (Figure
2b). Although the amplitude of the decadal LOD time series
is larger than that of the faster components (Figure 2a), the
corresponding equivalent axial torque time series has the
smallest amplitude (Figure 2b—these are a consequence of
the time derivatives in equations 1 and 2). At the other
extreme, the most rapid intraseasonal contributions have the
smallest amplitude, typically less than 0.2 ms, but are
associated with the largest torques. The decadal fluctuations
integrate coherently over many years resulting in large
variations, in contrast, the intraseasonal atmospheric
excitations are quite sizable but cancel out to a large extent.
The apparent increase in the magnitude of the extraneous
torques during the period studied reflects improvements in
both quality and quantity of Earth rotation data as well as
better sampling methods, leading to a decreasing

uncertainty in the LOD estimates with time. The Kalman
filter used to produce this LOD series automatically adjusts
the effective smoothing to the formal errors in the data,
leading to increasing high-frequency variability in the latter
part of the series allowing more precise estimation of the
magnitude of the shorter-period torques. These pronounced
and rapid torque variations probably reflect changes in the
orographic contribution to the total torque exerted by the
atmosphere on the underlying planet, associated with the
passage of synoptic weather systems over mountain ranges.
Determinations incorporating space-geodetic data, in fact,
show that the intraseasonal torque can change by as much
as 50 Hadleys (1 Hadley = 10'8Nm) in 10 days. Synoptic
variations in the atmosphere occur on these time scales,
associated with surface pressure gradients which, if applied
across a mountain range with the dimensions of the Rockies
or Andes, would produce transient torques of this
magnitude. The seasonal torque, which, by definition,
fluctuates with constant amplitude over the 30-year span of
data used, reflects annual and semi-annual variations of the
position and strength of the major atmospheric jet streams.
The exchange of angular momentum between the
atmosphere and solid Earth is evident in fluctuations in the
length-of-day at periods of a year and less (Figure 4).
Recent improvements in Earth rotation measurements have
been accompanied by improvements in numerical models
and measurements of Earth's global atmosphere which can
be used to calculate the atmospheric angular momentum
(AAM) [for a review, see 44]. Both U.S. and foreign
meteorological services maintain global atmospheric
models for weather forecasting; surface and upper-air wind
data and other meteorological measurements are
assimilated into these models on a regular basis. Certain
atmospheric variables, including pressure and horizontal
wind velocity, are estimated at each model grid point at
twelve-hour intervals by combining measurements of these
variables with their forecasted values in a statistically
optimal fashion. Calculation of an effective atmospheric
excitation function, ¥, a three-dimensional pseudo-vector



purpose of predicting Earth rotation variations [26]. There
are also short-period fluctuations in the LOD due to solid
Earth and ocean tides which arise because of tidal
perturbations in the Earth's inertia tensor. The largest tidally
induced LOD fluctuations occur for the fortnightly,
monthly, semi-annual, and annual tides [80]. The
amplitudes of these oscillations are sensitive to mantle
anelasticity, which is not well constrained in this frequency
range.

On interannual time scales (Figure 2c), length-of-day
changes are related to atmospheric and climatic phenomena
such as the Quasi-Biennial Oscillation and the El
Nifio/Southern Oscillation [7-9, 15, 17, 18, 21, 67].
However, at periods of more than several years (Figure 2b),
the “decade” fluctuations are most likely caused by torques
exerted by the core on the overlying mantle (40, 47]. In

which could be significant if the unknown electrical
conductivity of the lower mantle, were sufficiently high.
Estimates of topographic torques can be made from core
motion deduced from geomagnetic secular variation, in
combination with core-mantle boundary topography
deduced either directly from seismic tomography or from
dynamic models of the lower mantle based on tomographic
and long-wavelength gravity anomaly data [43, 45].
Geodetic torque estimates inferred from the LOD provide a
means of checking results from seismology and
geomagnetism and imposing constraints on the models
used.

3.2. Polar Motion
Polar motion is dominated by nearly circular oscillations
at periods of one year (the annual wobble) and about 434

TABLE 1. Moments of Inertia of the Earth’s Subsystems

A (mantle)

A (fluid core)

A (solid inner core)
A (atmosphere)
(C-A) mantle

(C-A) fluid core

7.0999 x 1037 kg m?;
0.90583 x 103 kg m?;
0.0058531 x 10%” kg m?;
0.0000138 x 1037 kg m?2 [71];
0.02377 x 10> kg m%;

0.002328 x 1037 kg m? [57 for the PREM model].

*A, B and C are the principle moments of inertia. In many applications the two smallest moments of inertia are assumed equal and the
minimum of inertia is taken to be the average of A and B. In the separation of Equation 2, the changes in the orientation of the rotation
axis depends on (C-A) and therefore the orientation changes (polar motion and nutations) are generally two orders of magnitude larger
than the rotation rate changes. The effects of each of subsystems in the Earth (i.c., fluid core, oceans and atmosphere) depends not only
on its moment of inertia (relative to the mantle) but also the velocity changes of the subsystem. Therefore, although the atmosphere has
a very small moment of inertia, its rapid velocity variations produce large rotation variations.



























