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ABSTRACT. Very-long-baseline Interferometry (VLBI) has opened for study a broad new spectrum of
geophysical phenomena including: direct observation of the tectonic motions and deformations of the Earth’s
crustal plates, observations of unprecedented detail of the variations in the rotation of the Earth, and direct
measurement of the elastic deformations of the Earth in response to tidal forces. These new measurements
have placed significant constraints on models of the interior structure of the Earth; for example,
measurements of the variations in the Earth’s nutation have been shown to be particularly sensitive to the
shape of the core-mantle boundary. The VLBI measurements will allow us to construct a global reference
frame accurate at the centimeter level. Such a frame will be essential to studying long-term global changes,
especially those changes related to sea-level variations as recorded by tide gauge measurements.

1. Introduction

The history of observational science is punctuated by the invention of revolutionary instruments such
as the telescope and spectroscope for astronomy, the microscope for biology, the particle accelerator for
physics and the seismometer for geophysics. These critical inventions often redefined whole branches of
science by allowing the study of entirely new classes of phenomena. The effect of many of these new
instruments was to increase attainable measurement accuracies by several orders of magnitude. Very-long-
baseline interferometry (VLBI) is a recent example of such a revolutionary development in geophysical
instrumentation.

By improving the accuracy and sensitivity of position determinations on the Earth by about three orders
of magnitude over previously available techniques, VLBI allows us to greatly refine measurements of certain
phenomena, such as polar motion and nutation, and to observe entirely new categories of phenomena such
as the tectonic motions and deformations of crustal plates, the effects of core-mantle interactions on the
rotation of the Earth, and the details of the angular momentum interchanges between the atmosphere and
solid crust of the Earth. Many of these uses of VLBI were first pointed out by Shapiro [Shapiro, 1967,
Shapiro and Knight, 1970].

2. Results from Fixed VLBI Networks
2.1. Plate Motions

One of the obvious uses of centimeter-accuracy transcontinental baseline length measurements is to
monitor global tectonic processes, the determination of the motions and deformations of the continental-
scale plates that comprise the Earth’s crust. Classical determinations of plate motions have employed a
variety of indirect geological/geophysical information that spans millions of years (magnetic data, transform
fault strikes, etc.) to determine the long-term behavior of the crustal plates [Minster and Jordan, 1978;
DeMets et al., 1990], but VLBI observations have the capability of determining these motions directly from
observations on time scales of a decade or less. Figure 1 shows the determinations of the length of the
baseline from Westford, in Massachusetts, to Wettzell, in Germany. The observed increase in baseline
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length, 18.0 mm/yr, is in good agreement with the prediction of both the Minster-Jordan plate model (18.8
mm/yr) and the NUVEL model (18.9 mm/yr). i . . . . .
There are many other interplate vectors ol 1
that have been measured with VLBIL 1
Detailed studies have shown that the VLBI N i i aih T}
determined plate motions are generally in ~ «f { ‘ I i i U,m(
I

very good agreement with the geological
models when the VLBI stations are located
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Alaska, and to investigating other tectonic

motions such as vertical rebound. The
studies in California are particularly
interesting because California is one of the
rare locations where an extensive plate
boundary can be studied on land. The
motion of sites such as Vandenberg and Ft.  Figure 1. Westford-Wettzell baseline length differences from
Ord on the Pacific plate (west of the San the weighted mean in centimeters. The vertical bars
Andreas fault) relative to sites in North represent one-sigma formal errors. The best-fit straight line
America was found to be consistent with shown has a slope of 18.0 mm/yr.

recent geological calculations for plate

motions [DeMets et al., 1990], and the spreading of the Basin and Range province was found to be at the
level of 9-10 mm/yr [Argus and Gordon, 1990; Clark et al., 1987; Gordon, 1988; Herring, 1986a,b; Herring
et al., 1986b; Ryan and Clark, 1988; Sauber er al., 1988].
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2.2. Earth Rotation

Classical observations of the Earth’s rotation that used optical observations of galactic stars had errors
typically at the level of a few tens of milliseconds of arc or about a meter of equivalent displacement at the
Earth’s surface. In contrast VLBI determinations routinely achieve accuracies of a fraction of a millisecond
of arc, or about a centimeter of displacement at the Earth’s surface.

The geophysical implications of variations in the Earth’s rotation were surveyed recently in Lambeck
[1980], Wahr [1986] and Lambeck [1988]. The variations in the Earth’s rotation are usually classified into
three distinct components. The first component is termed polar motion or wobble, and is the change in the
orientation of the Earth’s crust relative to its spin axis. The second component is the Earth’s total rotational
phase angle, called universal time (UT1). Fluctuations in UT1 are sometimes expressed in terms of the
length of the day (LOD), which is the negative of the time derivative of UT1. Changes in the orientation
of the Earth’s spin axis relative to an inertial reference frame in space are referred to as precession and
nutation. (The best currently available approximation to such an inertial reference frame can be defined
in terms of the locations of extragalactic radio sources observed with VLBI.) These orientation parameters
have different sensitivities and responses to a variety of different geophysical phenomena, such as mass shifts
of the atmosphere and ocean and interactions between the mantle and fluid core. Each parameter provides
a different probe of the magnitude of these interactions.

23. Polar Motion
In his classic study of the rotation of rigid bodies Euler showed that if the spin axis of a rigid Earth were
not perfectly aligned with its axis of symmetry the rotation axis would exhibit a free nutation about that
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symmetry axis with a period of about ten months. In the 1890s S.C. Chandler discovered that this polar
motion actually had a period of about 14 months and an amplitude of a few tenths of an arc-second, and
was mixed with an annual motion with a comparable amplitude. Simon Newcomb quickly showed that the
increase in the period from ten to fourteen months could be explained qualitatively as resulting from the
effects of the nonrigidity of the Earth.

The three fundamental geophysical problems that are associated with the Earth’s wobble relate to the
value of its period, the value of its damping factor, Q, and the nature of the excitation mechanism that
maintains the motion against damping over geological time scales. These problems are tightly coupled, as
it is difficult, for example, to determine the damping factor without knowledge of the excitation mechanism
and vice-versa. Jeffreys [1958] and Smith and Dahlen [1981] noted that the Chandler wobble provides a
probe of the anelastic properties of the Earth at a period (~435 days) far removed from the seismic
frequencies that are commonly employed to determine the structure and rheological properties of the Earth.
Recent determinations of the Q of the Chandler wobble using classical observations are in the range of 100-
400 [Currie, 1974; 1975; Wilson and Haubrich, 1976; Ooe, 1978]. A full exploitation of the geophysical
information provided by this motion of the Earth will require an accurate determination of the excitation
mechanism(s).

If we start with an Earth whose spin axis is perfectly aligned with its principal axis of rotational
symmetry, so that it exhibits no wobble motion, then virtually any mass shift within the Earth (other than
the exceptional case of a mass shift that is symmetric with respect to the spin axis) will change the
orientation of the axis of symmetry and move it away from the spin axis. The spin axis will then begin its
slowly damped wobble about the new principal axis.

Geophysicists have speculated for years about the nature of the mass shifts that are required to maintain
the wobble against damping. The mass shifts associated with large earthquakes were ruled out by Munk and
MacDonald [1960, p. 163-164] using a simple argument based on crustal block movement that indicated that
the tensor changes were about a factor of 100 to 10,000 too small. But Press [1965] pointed out that
earthquake strain fields were much larger than had been realized. Mansinha and Smylie [1967; 1968]
claimed to have found a correlation between the epochs of large earthquakes and corresponding shifts in
the pole centroid. However, in Stacey’s words: “Both convincing observations and realistic calculations
indicating adequacy of the earthquake excitation have been difficult to produce.” [Stacey, 1977, p. 69]. Chao
and Gross [1987] concluded that, “The computed changes in the Earth’s global geodetic/gravitational
parameters induced by the earthquakes during 1977-1985 are in general two orders of magnitude smaller
than the observed values that are available.” Meteorological shifts of atmospheric masses are another
possible source of the excitation mechanism that has received extensive study [Munk and Hassan, 1961;
Wilson and Haubrich, 1976; Wahr, 1982; 1983; Barnes er al., 1983; Hide, 1984]. A related possibility involves
changes in the distribution of surface and ground water resulting from changes in rainfall and snow cover
[Wilson and Hinnov, 1985; Hinnov and Wilson, 1987; Chao et al., 1987; Chao and O’Connor, 1988; Chao
et al., 1988). Lambeck noted that these meteorological effects are highly detrimental to the use of Earth
rotation measurements for studying the properties of the solid Earth. He writes: “Without corrections for
this meteorological noise, high precision and high resolution observations of the Earth’s rotation lose much
of their interest.” [Lambeck, 1988, p. 15.] Interpretation of all of these excitation mechanisms is hampered
in various ways by the difficulty in obtaining the necessary raw data, such as data concerning the detailed
strain fields associated with earthquakes or snow cover depths over central Asia. The nature of the
excitation mechanism for the Chandler motion remains one of the major unsolved problems in geophysics.

The major effect of the new VLBI observations on studies of the excitation of the Earth’s wobble is to
reduce the observational errors to the point that their magnitude is negligible compared to the effects of the
forcing functions being studied. This eliminated observational error from the analysis of motion, but does
not solve the problem of separating the various sources of the excitation. The VLBI determinations of the
pole position from the IRIS 5-day sessions from January, 1984 to December, 1990 are shown in figure 2.
The formal errors of the determinations are in the range of 0.5 millisecond of arc, and are shown as barely
visible crosses in the figure. The spiral motion seen in the figure results from a 6-year beat phenomenon
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between the 14-month Chandler motion and a comparable magnitude 12-month motion caused by seasonal
atmospheric effects.

To place a bound on the true
accuracy of the VLBI pole position
determinations we have compared 1990 \ s
them with comparable determinations
from satellite laser ranging (SLR).
The RMS differences between the two
series have been found to be less than
2 milliseconds of arc [Robertson et al., <+
1985a]. The differences are too small oy =
to display on the scale of figure 2, but
figure 3 shows the VLBI and SLR
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account for possible long-term drift. Figure 2. VLBI determinations of the pole position, 1984-1990.
It is clear that the residual (irregular) Scales are in milliseconds of arc. The linear scale of the spiral
motion of the pole is at least an order figure is about 15 meters across its widest diameter.

of magnitude larger than the

differences between the two separate determinations which bound the total observational errors. The
amplitude of these irregular motions, about 30 milliseconds of arc, is roughly the size of the errors in the
classical optical determinations of pole position. With the new observations the investigation of these
irregular excitations can now proceed virtually unhampered by observational errors.

24.UT1

The physical causes of the variations in
UT1 can best be understood in the context
of the total angular momentum of the Earth,
L. If we write L = Iw, where I is the inertia
tensor of the Earth and  is the spin vector,
then it is clear that UT1 variations, which
entail changes in the magnitude of w, can be
caused by either changes in the total angular M
momentum of the solid Earth, L, or changes A A ,«/\\ A
in I, the inertia tensor. Both types of effect A{' V\/\/ M W \/\/
have important consequences for the r
observed variations in UT1. I

The largest short-period changes in the
inertia tensor of the Earth are caused by
tidal effects. Both the Sun and Moon raise
a tidal bulge in the solid Earth. Because Figure3. The X-component (top) and Y-component
those bodies are not restricted to the Earth’s  (bottom) pole position residuals in milliseconds of arc from
equatorial plane, the symmetry axes of the VLBI observations and SLR observations. The SLR
tidal bulges will follow the motion of those residuals have been offset by 30 milliseconds.
bodies into and out of the equatorial plane.

Such motions of the tidal bulge will cause significant changes in the moment of inertia of the Earth, and will
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produce UT1 variations with amplitudes up to a millisecond of time with periods ranging from a few days
to a year.

Figure 4 shows the theoretical tidal
variations in UT1 as calculated by Yoder ez '
al. [1983], superimposed on measurements of o { t i
UT1 from daily 45-minute observing sessions 1 t
using the Westford-Wettzell baseline [see
Robertson et al., 1985b]. The observed UT1 |
values have had a linear drift removed and t
have been high-pass filtered to remove K y
variations longer than 100 days. The b ﬁ 1& A NI ﬂ oﬂ‘
signature of the tidal variations, sinusoidal
terms with amplitudes up to 1 millisecond of
time (~40 cm) and periods ranging from a
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few days to months, can be clearly seeninthe % .
observations. It is equally clear that other  of + R i i
variations (largely meteorological in origin; ' : dh : t
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see below) are also present in the time series. <& R = j;,, S —

The geophysical significance of these tidal
variations in UT1 lies in the fact that the Figure 4. The solid curve shows the predicted Earth tide
driving force (tidal gravity) is well known, and  effects on UT1 in milliseconds of time. The crosses show
the amplitude of the response to this force is  the observed values from the IRIS daily observing sessions.
sensitive to the rheological properties of the
Earth. In particular, anelastic effects will tend to amplify the response of the Earth, because, other factors
being equal, an anelastic Earth will experience slightly less restoring force than a purely elastic one, and its
response to a disturbing force will therefore be slightly greater. Wahr has calculated the effects of
anelasticity on the UT1 tidal amplitudes [Wahr and Bergen, 1986; Wahr 1988]. He comments that (similar
to the polar motion effects) the tidal signatures in UT1 provide a probe of the anelastic properties of the
Earth at a frequency range that is far from the range probed with seismic observations (or that of the
Chandler wobble).

A study of the tidal amplitudes seen in the daily VLBI observations showed that the formal uncertainty
of the estimated tidal amplitudes is at least an order of magnitude smaller than Wahr’s calculated effects
of anelasticity in the mantle [Robertson et al., 1988]. In other words, the uncertainties in the VLBI
observations are a negligible part of the problem. Unfortunately the study also showed that the variability
of the tidal amplitudes estimated from different subsets of the data is large compared with the formal
uncertainties and compared with the magnitude of the anelastic effects that are of interest. Tentatively at
least part of these large variations have been ascribed to effects of ocean water motions on UT1. The
oceans obviously respond strongly at the tidal frequencies. Separation of ocean effects from solid Earth
effects will require detailed studies of ocean tidal motions, which have only recently been attempted [Brosche
et al., 1989].

The other important component of UT1 variation is caused by changes in the angular momentum of
the solid Earth, which, of course, represent an exchange of angular momentum with other physical bodies.
The most important of these exchanges involve interactions with the Sun and Moon through tidal torques,
and momentum exchanges with fluid components of the Earth, especially the fluid core, the oceans and the
atmosphere. The tidal torques produce a very slow decrease in the rotation of the Earth, important on time
scales of centuries, for which the short time span of available VLBI observations is of little interest.
Similarly, effects of the momentum of the fluid core are expected to have characteristic time scales of
decades, beyond the period of the current VLBI UT1 results [see Stacey, 1977, p 65-67].

Momentum exchanges with the atmosphere are a different story. The atmosphere has been found to
control most of the variability of the rotation of the Earth on time scales significantly shorter than a decade
[Barnes ez al., 1983; Rosen and Salstein, 1983]; figure 5 shows the variations in length-of-day (LOD) and with
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the variations implied by changes in the total
angular momentum of the atmosphere as
calculated from detailed numerical models
by the U.S. National Meteorological Center.
A quasi-periodic 50-day variation is
detectable in both curves [Langley et al.,
1981], as is variations at 3 to 5 years
associated with the El Nifio-Southern
Oscillation  phenomenon. Important
atmospheric phenomena such as El Nifio are
also reflected in the rotation of the Earth
[Carter et al., 1984; Rosen et al., 1984; Chao,
1989]. Recent studies have shown that
nontidal variations in LOD with periods
ranging from two years down to about 14
days are well correlated with observed
changes in the angular momentum of the
atmosphere. Below 14 days the correlation
disappears [Rosen ez al., 1990]. Studies are
ongoing to try to determine whether the lack
of correlation at periods less than 14 days is
due to inaccuracies in the numerical
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Figure 5. LOD variations inferred from atmospheric angular
momentum calculations (top) and IRIS VLBI observations
(bottom) in milliseconds of time. The curves are offset for

plotting clarity.

atmosphere models that the angular momentum calculations are based on, or whether some non-atmospheric
phenomena, perhaps related to ocean effects, are beginning to dominate the rotational spectrum of the Earth

at these periods.

2.5. Nutation

The Earth’s nutations are similar to tidal
variations in UT1 in that the driving
mechanisms are well known. The nutations
are caused by tidal torques of the lunar and
solar gravity fields acting on the Earth’s
equatorial bulge. The theoretical effects of
these torques on realistic models of the
Earth have been calculated in great detail by
Wahr [1981], whose model for nutation has
been adopted by the IAU as the standard to
be used for the reduction and analysis of
precise astrometric measurements.

Figure 6 depicts the residuals of the
VLBI determinations from the Wahr model.
Small as they are, the residuals contain a
wealth of information about the structure
and behavior of the Earth.

The obvious annual signature which
results from a resonance with a natural
nutation mode of the Earth, sometimes
called the free-core nutation (FCN). This
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Figure 6. VLBI corrections to the IAU 1984 nutation series,
in milliseconds of arc. Corrections in longitude at the top,

obliquity at the bottom.

mode is caused by the presence of a fluid core in the Earth constrained within an ellipsoidal cavity defined
by the core-mantle boundary (CMB). If the rotation axis of the fluid core were misaligned with the
symmetry axis of the CMB then the rotating fluid would exert a torque on the boundary. This torque would
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cause a precession-like motion of the mantle with a period that was calculated to be about 460 days.
(Because of conservation of angular momentum, the fluid core would experience an equivalent motion 180
degrees out of phase with the mantle and with an amplitude that scales by the ratio of the moments of
inertia of the core and mantle. [See Toomre, 1974, and Rochester et al., 1974.])

The Earth models used by Wabhr to calculate the period of the FCN assumed that the shape of the CMB
was such that the boundary was in hydrostatic equilibrium. Gwinn and his colleagues showed that if the
CMB deviated from hydrostatic equilibrium by about 0.5 km, then the frequency of the FCN would shift to
about 430 days, and this shift would bring the resonant frequency close enough to the 365 day nutation to
significantly alter the response of the Earth at that frequency and produce the residual signature seen in
figure 6. Part of the significance of this work is that geophysicists concerned with convection processes in
the Earth’s mantle had suggested that such convection would perturb the shape of the CMB away from
hydrostatic equilibrium by about 1.5 km [Hager et al., 1985]. The VLBI observations seem to completely
rule out such a large deviation. The consequent change in the annual nutation would have been far outside
the errors in the VLBI determinations of that amplitude [Herring et al., 1986a; Gwinn et al., 1986].

Fourier analysis of the residuals shown in figure 6 shows other periodic structures, especially at
semiannual and 13-day periods. Investigations are currently underway to determine what modifications are
needed in the detailed Earth structure models used in the theoretical nutation calculations to account for
these deviations from the theory. The 13-day terms may result from effects of tidal motions of ocean water,
which were not considered in the nutation theory, and part of the remaining discrepancies may result from
effects of the Earth’s solid inner core [Matthews et al., 1991a,b; Herring et al., 1991; de Vries and Wahr,
1991).

2.6. High Frequency Variations of Earth Rotation Parameters

Recent work has begun to focus on the essentially unexplored realm of sub-diurnal variations in the
rotation of the Earth. VLBI observations have been shown to have sufficient sensitivity and time resolution
to probe these variations. The observed sub-diurnal variations have amplitudes of a few hundredths of a
millisecond of arc and frequencies characteristic of tidal interactions. Preliminary analysis seems to indicate
that the effects may be caused by the mass shifts associated with tidal motions of the water in the oceans,
although atmospheric effects cannot yet be ruled out [Dong and Herring, 1990].

2.7. Earth Tide Love Numbers

The elastic Earth is perturbed by the same component of the disturbing gravitational potential of the Sun
and Moon that raises tides in the ocean. The response of the Earth to this disturbing potential is
characterized by a set of scalar values called Love numbers that scale the response: h scales the vertical
displacement of the surface and 1 scales the horizontal displacement. The magnitude of the solid earth
displacement due to these tidal stresses is about 30 cm in the vertical direction, and 1-3 cm in the horizontal
directions. Studies of estimates of the Love numbers from VLBI observations [Robertson, 1975; Herring
et al., 1983; Carter er al., 1985; Ryan et al., 1986; Herring, 1986a] have shown values that are in good
agreement with theoretical values calculated from the known rheological parameters of the Earth [Wahr,
1981], but, as Herring put it, “The geophysically interesting aspects of Earth tide measurements . . . seem
to be below the level where they can be reliably studied by using the VLBLI. . . . Improvements in the VLBI
models [e.g., atmospheric refraction models] could allow such small displacements to be measured in the
future.” [Herring, 19864, p. 183].
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3. Mobile VLBI Units
3.1. Development

By the late 1970s it had become clear that mobile VLBI stations would be useful for studying regional
tectonic problems, such as crustal motions in the highly faulted and tectonically active regions of the western
United States. The Jet Propulsion Laboratory constructed three mobile VLBI units using Mark-II recorders
[MacDoran, 1979; Davidson and Trask, 1985]. In the middle 1980s these mobile units were upgraded to
Mark-III capability and transferred to NOAA.

3.2. Observations of Crustal Deformations Associated with Earthquakes
A series of joint NASA-NOAA

observing campaigns in the western United oS T \l
States, Alaska, Canada, and Europe ol }l
[Lyzenga er al., 1986; Lyzenga and

Golombek, 1986; Clark et al., 1987; Ma et
al., 1990] were made during the 1986-1989 or
time frame. Three stations had been A
occupied by mobile VLBI observatories in
the San Francisco area prior to the
earthquake at Loma Prieta on October 17, T

1989. Immediately following the earthquake of J[
the mobile observatories were dispatched to _
these sites for new observations. No *

significant offsets were observed for the
Presidio and Pt. Reyes sites, the T
interpretation being that these sites were
too far from the rupture zone. However
the third station, at Ft. Ord near Monterey, Figure 7. Mobile VLBI determinations of the N-§
showed a motion of about 4.5 cm in a component at Ft. Ord, California, in centimeters, showing the
north-south direction. Figure 7 shows the offset seen at the time of the Loma Pricta earthquake
N-S coordinates of the Ft. Ord site relative indicated by the vertical line in October.

to stations on the North American plate.

The epoch of the earthquake is indicated by a vertical line. The slope that is seen in the station position
before and after the earthquake results from the motion of the Pacific plate relative to the North American
plate. (Ft. Ord, as noted above, is on the Pacific plate.) Of course, because there were no observations
between May and October, it is not possible from these data to define the epoch of the motion more
precisely than a 5.5-month window. However, the observations are consistent with the offset expected at this
site from calculations of a coseismic slip model [see Clark et al., 1990].

) L L L L L n " " L s L L "
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33. Glacial Rebound and Global Sea Level

One of the potentially detrimental effects of global warming is a rapid and large increase in the volume
of the ocean, which would cause inundation of highly populated and developed coastal regions. Extracting
global absolute sea level from tide gauge records requires removing vertical crustal motions caused by
tectonic activity, glacial rebound, and local phenomenon such as subsidence caused by subsurface fluid
withdrawal. Glacial rebound models predict millimeter per year or greater vertical crustal motions over the
entire globe. In order to verify and help refine these models NOAA has initiated cooperative VLBI observing
programs with Canada and Norway. Mobile unit MV-1 has been installed at Yellow Knife, Canada, and will
remain at that site for several years to make a direct measurement of the contemporary rate of rebound
(expected to be about 6 mm per year). MV-2, which is a newer and much more mobile unit than MV-1, has
been assigned to measuring glacial rebound at a station near Trysil, Norway, where the expected velocity is
7 mm per year, and during summer periods to make campaigns to other stations, particularly locations near
tide gauge stations.
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The first observing season at Trysil was November 1991 to March 1992. A total of 12 observing sessions
were completed, and the repeatability of the vertical component of the position are shown in figure 8. These
observations represent the current state-of-the-art of mobile VLBI measurements. They were made using
a spanned bandwidth at X-band of about 800 MHz, and were recorded at double the normal Mark-III tape
speed. The RMS scatter in the up (local vertical) component is 17 mm, indicating that estimates of the
vertical crustal rate of motion should be determined to better than 1 mm per year in 3 to S years.

4. Conclusions

VLBI observations have opened new
windows onto a variety of interesting global o
phenomena that were too small to be
observed with classical geodetic observations.  ©f
Although the interpretation of many of these
observations is still at a preliminary stage,
important discoveries have already been |
made, especially concerning the effects of the ‘ i
shape of the core-mantle boundary on the | N
nutation of the Earth. But perhaps the most 1 | ‘ ‘ ‘

10

-2

important and exciting feature of the VLBI
observations is that their accuracy has
generally far outstripped our present ability to
interpret them. They thus provide great
incentives for theoreticians to construct the
more detailed models of the Earth and its
atmosphere and oceans that will be needed to  Figure 8. Vertical position determinations at Trysil,
explain the variety of phenomena seen with Norway, in Centimeters.

the VLBI observations. Unraveling the

details of the complex interactions of the elastic and fluid components of the Earth is a difficult problem,
but it is a problem that is well matched to the rapidly expanding number-crunching capability of modern
computers. In some areas a great deal of progress has already been made. One of the more difficult tasks,
computer modeling of the total angular momentum of the atmosphere, has already provided insight into the
spectrum of the interactions between the atmosphere and the solid Earth. There is every reason to expect
that as the detailed numerical models of the interactions between the atmosphere, oceans, and solid Earth
become more sophisticated that further insight will be provided into the dynamics of the Earth and its
constituent parts. In time the models should allow us to calculate the effects of these interactions at a level
commensurate with the accuracy of the present VLBI observations.
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