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Because the elastic deformation of rock is fundamental
to the earthquake process, geodetic surface measure-
ments provide a measure of both the geometrical
parameters of earthquake rupture, and a measure of
the temporal and spatial development of elastic strain
prior to rupture. Yet, despite almost 200 years of
geodesy in India, and the occurrence of several great
earthquakes, the geodetic contribution to wunder-
standing future damaging earthquakes in India
remains minor. Global Positioning System (GPS)
geodesy promises to remedy the shortcomings of
traditional studies. Within the last decade, GPS studies
have provided three fundamental constraints concern-
ing the seismogenic framework of the Indian Plate: its
overall stability (<0.01 pstrain/year), its velocity of
collision with Asia (58 4 mm/year at N44E), and its
rate of collision with southern Tibet (20.5 2 mmn/
year). These NE directed motions are superimposed
on a secular shift of the Earth’s rotation axis. As a net
result, India currently moves southward at 8 +1 cm/
year. In the next few decades we can expect GPS
measurements to illuminate the subsurface distribution
and rate of development of strain in the Himalaya, the
relative contributions of along-arc and arc-normal
deformation in the Himalaya and southern Tibet, and
perhaps the roles of potential energy, plastic deforma-
tion and elastic strain in the earthquake cycle.
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ALTHOUGH geodesy was practiced in ancient Greece,
accurate measurements of angle and distance only became
possible following the development of the telescope and
precise ruling engines. The fundamental techniques of
triangulation and distance measurement developed in
Europe were adapted and refined to map India in the
early 19th century to an accuracy of roughly 10 parts
per million in area (based on distance measurement),
and 1ppm in shape (angular measurement)'*. Angle
measurements remained superior to distance measure-
menis until the development of laser-ranging devices in
the late 1960s when it became possible to measure both
angle and distance to 1 part per million, limited by
uncertainties in atmospheric refraction®, Measurements
remained limited to line-of-sight distances until the avail-
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ability of Global Positioning System (GPS) geodesy in
1985. Like terrestrial measurements, the accuracy of
GPS measurements is also limited by the atmosphere
to roughly 1 part per million over conventional line-of-
sight distances (e.g. 3 mm per 3 km), but because the
contribution to errors from the atmosphere remains un-
changed beyond the horizontal equivalent of about two
atmospheric thicknesses, GPS methods deliver 3 mm
positioning accuracies over thousands of km*’. A great
advantage over conventional geodesy is that GPS methods
do not require line of sight between measurement points.
GPS methods may thus be used in mountains between
points in valleys, and at times when clouds or haze
would otherwise obscure visible observations. With a
few hours of data I cm accuracy is possible; with 3
days of data 3 mm is typical, and with continuous
observations for several weeks accuracies may approach
1 mm (ref. 8). Sub-mm GPS repeatability on a 43 km
line has been obtained using supplementary measurements
of atmospheric water vapour’. Currently geodetic
accuracies are [imited by the stability of control-points
in the ground'”'?, and various engineering methods have
been devised to improve these'>">.

In that GPS technology permits future deformation
and translation of the Indian plate to be monitored to
mm precision, 1t is timely to review the contributions
to these studies from the past two centuries of geodesy
in India. Despite the importance of peodesy for moni-
toring crustal deformation associated with earthquakes,
relatively few events have left a satisfactory record of
strain changes associated with their passage. Large earth-
quakes near the margins of the Indian plate associated
with displacement of several metres are incompletely
covered by the Great Trigonometrical Survey of India,
and small events with correspondingly smaller displace-
ments have typically occurred between the first-order
triangulation networks, or where second-order surveys
prevail ®. Notwithstanding the incompleteness of the his-
torical analysis of these data, the geodetic record contains
an 1mportant foundation for future studies.

The article consists of four parts; an overview of the
geodetic setting of India, a discussion of lareely incoms

213



RESEARCH ARTICLES

plete geodetic constraints available for five great thrust
earthquakes, a summary of the 6 years of GPS data in
the Nepal Himalaya, and a discussion of applications
for GPS geodesy of relevance to the study of future
Himalayan earthquakes.

Astrogeodesy and the geoid in India

The geoid is an equipotential surface that parallels the
surface of an ocean free from currents, tides, tractions
and thermal variations. The geoid is important in geodesy
because it represents the elevation to which sea level
elevations are referred. In the early 19th century this
surface was approximated by a local datum, the Everest
spheroid, which in southern India is accurate to +1 m
but which becomes less accurate in regions of high
geoid gradient, such as the Himalaya. The currently
imprecise relation between the geoid, the Everest sphe-
roid, and vertical coordinates determined with GPS
positioning methods prevents the application of GPS
measurements to the determination of height. For ex-
ample, despite the operation of GPS receivers on the
summit of Mt. Everest'’, the true elevation of Mount
Everest will remain uncertain until the Himalayan geoid
becomes better defined. Eventually a precise conversion
between geoid height and WGS84, the reference datum
used by GPS, will be available worldwide, but until
that time the measurement of sea level heights with
GPS geodesy will require large and sometimes very
approximate corrections.

Centered on the Indian plate is the largest geoid
depression of the Earth’s surface (Figure 1), a feature
that 1s presurmably related to deep mantle processes.
From a —106 m low south of Sri Lanka the geoid rises
steadily toward Tibet where it averages —40m below
the Earth’s mean ellipsoidal surface. Maximum geoid
gradients occur along the Asian convergent plate bounda-
ries that form NW/SE trending arcs in Figure 1. In
contrast to the collisional boundary that forms the
Himalayan arc, the SW edge of the Indian plate consists
of an oceanic spreading center with minor geoid relief.
The SE plate boundary is diffusely illuminated with
microseismicity indicating weak rotation relative to the
Australian plate that has caused contraction and buckling
of the sea floor. The relatively straight NW transform
boundary of the Indian plate is approximately parallel
to the motion of India inferred from global plate
reconstructions’, a direction recently confirmed from
GPS measurements of the translation of Bangalore. These
studies reveal N44E directed slip relative to Furo-Asia
at 58 ¥4 mm/year (ref. 19). At present, insufficient data
exist to determine the rotation of India relative to Tibet,
and although geodetic data confirm that India is rotating
relative to the Australian plate' it will be some time
before an accurate estimate of the pole and rotation rate
can be determined.
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Historical measurements of latitude and the
southward translation of India

The 16 mm/km southward slope of the geoid in southern
India causes astrogeodetic observations of latitude to be
systematically biased =140 m to the south unless they
are corrected for the anomalous elevation of the southern
horizon (Figure 2). The first reported measurements of
latitude were made in southern India in 1805 (ref. 20)
and were repeated from time to time throughout the
19th century. Because the latitude of Madras was meas-
ured to approximately 2.5m precision several times
since 1830 and India has moved northward towards
Asia 6.5 m since then, it is possible in principle to use
latitude observations to confirm the inferred northern
component of crustal translation. However, two polar
motion signals obscure any simple comparison of past
and present latitudes. The first is a 6-year cyclic variation
in latitude with an amplitude of 5-10m caused by the
summmation of the 12-month and 14-month oscillations
in the orientation of the Earth’s spin axis. The 12-month
wobble is stirmulated by meteorological variations, and
the 14-month wobble is the resonant period of the
rotating elastic Earth?!. Because the amplitudes of neither
of these are constant, they can be exactly removed only
by contemporaneous measurements of pole position®
These are now routinely computed for daily GPS position
determinations (to cm accuracy) but in the early 19th
century accuracies were limited to 2—4 m based on the
statistical uncertainty of many weeks of stellar obser-
vations.

40N - o)

-20 = . | R
20"]3 ) &L 10X} 12C

Figurc 1. Indian plate boundaries and the underlying geoid illuminated
from the north with superimposed 20 m contours. East-west buckling
near the diffuse socuthern boundary of the plate (dashed) is manifest
as geoid undulations of the sea floor (NASA geoid). The Indian
subcontinent is outlined weakly by a geoid undulation following the
coast. Buckling has also been reported in Tibet',
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