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typically be —100 km thick. The presum­
ably much weaker layer immediately below 
the lithosphere is termed the asthenos-
phere. Plate tectonics is the culmination of 
the hypothesis of seafloor spreading (3). 
That geomagnetic reversals are recorded by 
the seafloor as it spreads away from mid-
ocean ridges (4) made possible the confir­
mation of seafloor spreading and the esti­
mation of seafloor spreading rates (5). 
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Global Tectonics and 
Space Geodesy 

Richard G. Gordon and Seth Stein 

Much of the success of plate tectonics can be attributed to the near rigidity of tectonic plates 
and the availability of data that describe the rates and directions of motion across narrow 
plate boundaries ~1 to 60 kilometers wide. Nonetheless, many plate boundaries in both 
continental and oceanic lithosphere are not narrow but are hundreds to thousands of 
kilometers wide. Wide plate boundary zones cover —15 percent of Earth's surface area. 
Space geodesy, which includes very long baseline radio interferometry, satellite laser 
ranging, and the global positioning system, is providing the accurate long-distance mea­
surements needed to estimate the present motion across and within wide plate boundary 
zones. Space geodetic data show that plate velocities averaged over years are remarkably 
similar to velocities averaged over millions of years. 



Fig. 1. Map showing idealized narrow plate boundaries, velocities between plates, and regions of 
deforming lithosphere (81). Plate velocities are shown by arrows. The length of the arrows shows 
what the displacement would be if the plates were to maintain their present relative angular velocity 
for 25 million years. The plate separation rate across mid-ocean ridges is shown by symmetrical 
diverging arrows with unclosed arrowheads at both ends. The plate convergence rate is shown by 
asymmetrical arrows with one solid arrowhead, which are shown on the underthrust plate where 
convergence is asymmetric and the polarity is known. Each convergence arrow points toward the 
overthrust plate. The outlines of deforming regions are approximate and the existence of some 
deforming zones is speculative. Fine stipple shows mainly subaerial regions where the deformation 
has been inferred from seismicity, topography, other evidence of faulting, or some combination of 
these. Medium stipple shows mainly submarine regions where the nonclosure of plate circuits 
indicates measurable deformation; in most cases these zones are also marked by earthquakes. 
Coarse stipple shows mainly submarine regions where the deformation is inferred mainly from the 
presence of earthquakes. (Compare with earthquake locations in Fig. 2.) These deforming regions 
form wide plate boundary zones, which cover -15% of Earth's surface. Future observations may 
demonstrate that deforming lithosphere covers an area larger or smaller than shown here. Plate 
name abbreviations: AF, Africa; AN, Antarctica; AR, Arabia; AU, Australia; CA, Caribbean; CO, 
Cocos; EU, Eurasia; JF, Juan de Fuca; IN, India; NA, North America; NZ, Nazca; PA, Pacific; PH, 
Philippine Sea; SA, South America; SC, Scotia Sea. 

Analvsis of magnetic anomalies over mid- - 
ocean ridges shows that plate separation 
rates over the past few million years vary 
from a low of 12 mm/year across the Arctic 
Ridge to a high of 160 mmlyear across the 
East Pacific Rise between the Pacific and 
Nazca plates, with a median rate of -40 
mdyear (Fig. 1). Convergence rates be- 
tween the stable interiors of plates meeting 
at deep sea trenches range from a low of 
-20 mmlyear along the southern Chile 
trench, where the Antarctic plate under- 
thrusts the South American plate, to -1 10 
mdyear along the Australia-Pacific plate 
boundary, with a median rate of -70 mm/ 
year (6) (Fig. 1). 

Because tectonic plates move along the 
nearly spherical surface of Earth, motion 
between plates can be represented simply as 
rigid body rotations. In the limiting case of 
geologically instantaneous motion (that is, 
the average over a few million years), the 
rigid body rotations can be described by 
angular velocity vectors. The assumption of 

plate rigidity allows geometrically precise 
and rigorously testable predictions to be 
made. The observed near rigidity of the 
plates also permits the treatment of plate 
kinematics separately from the dynamics. 
Abundant data describe the geologically 
instantaneous motion across the narrow 
boundaries that separate nearly all the ma- 
jor plates, permitting many tests of plate 
tectonic predictions. 

In this article, we first review geological- 
ly instantaneous plate kinematics and dis- 
cuss many observations that do not conform 
to plate tectonic theory. We then describe 
the recent success of and potential for 
further progress from applications of space 
geodesy to tectonic problems. Space geo- 
detic data have already shown that plate 
velocities averaged over several years are 
similar to those averaged over millions of 
years and have helped to quantify the de- 
formation in wide plate boundary zones. 
Current and planned research using space 
geodesy promises many advances in under- 

standing the kinematics of plate boundary 
zones with implications for the forces that 
drive plate motion, build mountains, and 
cause earthquakes. 

Plate Boundary Zones 

A plate boundary zone is the zone of active 
deformation that takes up the motion be- 
tween nearly rigid plates. Earth's surface 
would be covered completely by a mosaic of 
plates that interact only along their edges if 
plate boundaries were lines having no width 
(Fig. 1). Real plate boundary zones, how- 
ever, vary in width from a few hundred 
meters (7, 8) for some oceanic transform 
fault plate boundaries to thousands of kilo- 
meters within the deforming zone taking up 
motion between India and Eurasia (9) (Fig. 
1). Herein we refer to plate boundary zones 
as narrow if they are up to -60 km wide, 
the maximum width of the plate boundary 
zones of mid-ocean ridges (1 0) , and wide if 
they are hundreds to thousands of kilome- 
ters wide. 

Plate boundaries can be classified into 
three types depending on whether the mo- 
tion between two plates (i) contains a 
component of divergence, (ii) contains a 
component of convergence, or (iii) is par- 
allel to the boundary with no convergence 
or divergence. The most common examples 
of the first are mid-ocean ridges where the 
divergence is distributed over a plate 
boundary zone, which can be as narrow as 8 
to 20 km wide at fast spreading centers or as 
wide as to -60 km at slow spreading ten- 

ters. Most of the divergence, however, is 
presumably concentrated in the neovolca- 
nic zone (the area straddling the spreading 
axis in which most of the recent and ongo- 
ing surficial volcanism occurs), which is 
typically 1 to 3 km wide (10). The most 
common examples of the second are deep 
sea trenches where oceanic lithosphere of 
one plate is subducted beneath another 
plate. A line of volcanoes on the overriding 
plate marks the surface arc below which the 
subducting plate reaches a depth of -100 
km. Permanent deformation associated 
with trench plate boundaries is in many 
regions distributed within the overriding 
plate for hundreds of kilometers, but most 
of the motion is likely taken up along a 
single thrust fault zone, which may be only 
a few kilometers or less thick. The third 
type of plate boundary occurs in almost 
every case as a submarine transform fault, 
which with few exceptions offsets two mid- 
ocean ridge segments. Transform faults are 
vertical faults along which horizontal slip 
occurs parallel to the direction of relative 
plate motion. Continental transform faults 
are rarer and much further from the geo- 
metrical ideal than are submarine faults. 
Seafloor-imaging studies using multi-beam 
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and side-scan sonar show that the active 
trace of submarine transform faults, which 
is termed the transform fault zone and 
constitutes the plate boundary zone, is typ- 
ically 0.5 to 2 km wide (7, 8). 

Plate Tectonic Data 

The ability to make and to test plate tec- 
tonic predictions grows with the accuracy of 
the available observations. For the past 25 
years, our knowledge of geologically instan- 
taneous plate motions has depended mainly 
upon three types of data, which we will 
refer to as "conventional" plate motion 
data. The first type consists of spreading 
rates estimated from the observed spacing of 
magnetic anomalies across mid-ocean ridg- 
es. The spacing of the magnetic anomalies 
can be used to estimate rates of seafloor 
spreading, provided that the history of geo- 
magnetic reversals is accurately known. In 
the past 25 years the acquisition of marine 
magnetic anomaly data for determining sea- 
floor spreading rates has not changed fun- 
damentally. However, the number and 
quality of data have improved through ex- 
panded geographical coverage, more accu- 
rate navigation, and the acquisition of 
closely spaced profiles and of profiles paral- 
leling the direction of plate motion. The 
shortest interval over which spreading rates 
can be determined is the interval between 
geomagnetic reversals, which ranges from 
tens of thousands to tens of millions of years 
(1 1). The shortest possible averaging inter- 
val for geologically instantaneous spreading 
rates is 780,000 years, the age of the most 

recent geomagnetic reversal (1 2) ,  but rates 
are more typically averaged over the past 
few million years. 

The second data type is the azimuth of a 
submarine transform fault estimated from 
bathymetric observations. Although sub- 
marine transform fault zones are narrow, 
they typically consist of several parallel 
fault strands. For the approximation to a 
single fault to be reasonable, the fault sys- 
tem should be long compared with its 
width. The overall azimuth of the fault 
zone, and not the azimuth of individual 
faults within it, is used to estimate the 
direction of relative date  motion. The 
accuracy with which the azimuth of trans- 
forms can be estimated depends on the type 
of bathymetric data used. Azimuths esti- 
mated from surveys that use precision depth 
recording are less accurate (about 10') 
than azimuths from multi-beam or side-scan 
sonar bathymetry (about k3")  (8, 13, 14). 
The poorly known time interval over which 
the azimuth of a transform fault averages 
motion is probably less than millions of 
years, but more than centuries. Thus, the 
interval averaged by transform fault azi- 
muths is probably shorter than that aver- 
aged by spreading rates. 

The third data type is the slip direction 
calculated from focal mechanisms inferred 
from the radiation pattern of seismic waves 
from earthquakes along transform faults or 
at trenches. The slip directions from large 
earthquakes along submarine transform 
faults give less accurate (+lo0 to + 15') 
estimates of plate motion direction than are 
obtained from fault azimuths (13, 14). The 

Fig. 2. Map showing all earthquakes shallower than 50 km and with magnitudes of at least 5.5 from 
1963 to 1987 from the catalog of the National Earthquake Information Center. Bands of earthquakes 
are narrow along most oceanic plate boundaries and wide along most continental and some 
oceanic plate boundaries. 

horizontal projection of the slip direction in 
shallow thrust-fault earthquakes at trenches 
provides the largest number of azimuths 
used to estimate plate motions. Because the 
slip in earthquakes releases the strain accu- 
mulated over decades, centuries, or millen- 
nia, earthquake slip directions probably av- 
erage motion over a much shorter interval 
than is averaged by spreading rates or by 
transform fault azimuths. The quantity and 
the quality of estimates of earthquake slip 
directions have improved during the past 
decade. Before the 1980s, nearly all seismo- 
logical data were in analog form. Most focal 
mechanisms were estimated only from the 
polarity of the first motion of body waves, 
with little or no use made from the infor- 
mation in the rest of the seismogram. Dig- 
itally recorded data, which have become 
widely and rapidly available over the past 
decade through computer and telephone 
networks, facilitate the routine use of wave- 
form modeling to estimate earthquake focal 

Antarctica 

Fig. 3. Proposed plate geometries for the Indi- 
an Ocean. (A) The old model for the plate 
geometry, India and Australia lie on the same 
plate (the Indo-Australian plate). The Arabian 
plate is separated from the Indo-Australian 
plate along a boundary that includes the Owen 
fracture zone. (B) The geometry that is best fit 
by geologically instantaneous plate motion 
data. Australia, India, and Arabia lie on distinct 
plates. The Australian and Indian plates are 
separated by a wide plate boundary zone (re- 
gion with horizontal rules), and the Arabian and 
Indian plates are separated by a boundary that 
includes the Owen fracture zone. Published 
with the permission of the American Geophys- 
ical Union [after (26)l. 
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mechanisms. 
Global models of the geologically in- 

stantaneous motion between plates are de- 
termined bv svstematic inversion of all , , 

available conventional plate motion data 
(14-1 6). Such a model is described by a set 
of angular velocity vectors specifying the 
motion of each plate relative to one arbi- 
trarily fixed plate. The angular velocity 
vector describing the motion between any 
pair of plates can then be determined by 
vector subtraction. Angular velocity vec- 
tors are in many cases specified in spherical 
coordinates by their rotation rate (magni- 
tude) and Euler pole (latitude and longi- 
tude). The velocity of one plate relative to 
another at any point along their mutual 
narrow plate boundary is the cross product 
of the appropriate angular velocity vector 
and the ooint oosition vector. The most 
recently *published global plate motion 
model, NUVEL-1, gives a good fit to all 
available conventional plate motion data 
(14)- 

Plate Tectonic Anomalies 

Early in the attempts to apply the tectonics 
of rigid plates to active deformation, it was 
recognized that plate tectonics poorly de- 
scribes the kinematics and tectonics of con- 
tinental plate boundary zones. Wherever 
plate boundaries pass through continents, 
the boundaries are hundreds to thousands of 

Flg. 4. Tectonic map of, 
and predicted motion 
across, the India-Aus- 
tralia plate boundary 
zone. A wide plate 
boundary zone (white 
area) separates the as- 
sumed-rigid Australian 
and lndian plates. The 
Australian plate moves 
counterclockwise rela- 
tive to the lndian plate 
about an Euler pole 
(solid square), which 
has a 95% confidence 
region shown by the 
surrounding ellipse. The 
thick arrows on the Aus- 
tralian plate's northern 
border show the motion 
of the Australian plate 
relative to an arbitrarily 
fixed lndian plate. Thin 
lines within the diffuse 

kilometers wide (Fig. 1). Continental crust, 
and possibly the lithospheric mantle be- 
neath it, does not participate in the con- 
vection of the solid Earth because it has too 
low a density for more than a small volume 
to be subducted (1 7). Laboratory deforma- 
tion studies suggest that there should be 
large differences between the strength pro- 
files of continental and oceanic lithosphere 
(1 8). Continental crustal rheology is 
thought to be controlled by the properties 
of quartz or feldspar, whereas the rheology 
of the upper mantle is thought to be con- 
trolled by the properties of olivine. For a 
given mineralogy, rock strength is expected 
to increase with depth in the colder, near- 
surface brittle regime, and then decrease 
with depth below the brittle-plastic transi- 
tion because the strength in the plastic 
reeime decreases with temnerature. Oceanic - 
lithosphere is therefore expected to have a 
simple strength profile: strongest near mid- 
lithospheric depths and weakest near its top 
and bottom. Continental lithosphere is 
more complicated because continental crust 
likely deforms according to a quartz (or 
feldspar) flow law, whereas the mantle por- 
tion has a stronger olivine-controlled rheol- 
ogy. Laboratory experiments suggest that 
olivine is stronger at depth than is quartz. 
Consequently continental lithosphere is ex- 
pected to have two maxima in strength: the 
greater maximum is in the uppermost mantle 
and the second, lesser maximum is at -15 

boundary are faults with 60E 70E 80E 90E 
significant basement 
offsets. Dotted line shows approximate limits of area with east-west lineated gravity anomalies seen 
in Seasat data. Focal-mechanism symbol size increases with surface-wave magnitude (M,). The 
large, intermediate, and small focal-mechanism symbols show the locations of earthquakes with M, 
exceeding 7.0, between 6.0 and 7.0, and less than 6.0, respectively. Thin arrows show two average 
Taxes for nine focal mechanisms near the Central lndian Ridge and an average P axis for four 
mechanisms near the Ninetyeast ridge. Published with the permission of the American Geophysical 
Union, from (26). 

km depth in the crust, within the brittle- 
plastic transition. The weaker, lower crust 
lies between the two strength maxima. 
When continental lithosphere deforms, es- 
pecially when plate motion brings two con- 
tinents into collision. much of the continen- 
tal crust may detach from the lithospheric 
mantle and pile up to form mountain ranges 
and broad high plateaus, as in the Himalayas 
and Tibetan plateau (1 9). 

Less obvious has been the failure of plate 
tectonics to describe the kinematics of all 
oceanic lithosohere. The distribution of 
earthquake epicenters in the oceans differs 
considerablv from that on the continents. 
In contrast to the wide bands of earth- 
quakes marking continental plate bound- 
aries, narrow bands of earthquakes no wider 
than a few tens of kilometers mark many of 
the major oceanic plate boundaries (Fig. 2). 
Undoubtedly plate tectonics is more suc- 
cessful when applied to the oceans; the 
plate boundary zones of submarine trans- 
form faults and, to a lesser extent, mid- 
ocean ridges are narrow. 

Nonetheless, some oceanic deformation 
is poorly described by a model of rigid plates 
separated by narrow boundaries. For exam- 
ple, before 1985, India, Australia, and the 
intervening seafloor were treated as compo- 
nents of a single Indo-Australian plate (Fig. 
3A), despite the occurrence of large earth- 
quakes within the equatorial region of the 
Indian Ocean, far from the presumed plate 
boundaries (Figs. 1, 2, and 4) (20, 2 1). The 
seismic-moment release rate of these large 
earthquakes exceeds that along the San 
Andreas Fault in southern California (2 1 ) . 
Reflection seismic profiles of the thick sed- 
iments in the Bengal Fan overlying equato- 
rial Indian Ocean seafloor also show that 
this region has deformed (22). Instead of 
being flat-lying, as would be expected for 
deposition atop a rigid plate, the sediments 
are folded into wavelike undulations and 
are cut by high-angle reverse faults. The 
orientation of the folds and faults indicate 
that the oceanic crust is being shortened in 
a north-south direction. Undulations in the 
satellite-derived gravity field above the In- 
dian Ocean also suggest north-south short- 
ening (23). Moreover, plate motion data 
for the Indian Ocean are poorly fit if a 
single, rigid Indo-Australian plate is as- 
sumed (1 6). 

At least two interoretations of this defor- 
mation are possible. One is to label it as 
intraolate deformation of the Indo-Austra- 
lian plate. The other is to treat it as a wide 
boundary zone between distinct Indian and 
Australian plates (Fig. 3B) (24-27). The 
former view fails to predict the kinematics, 
whereas the latter allows the application of 
plate tectonics to predict the sense and sum 
of the deformation across the olate boundarv 
zone. Because these predictions are success- 
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ful (Fig. 4), we conclude that the wide plate 
boundary zone model is more useful than the 
intraplate deformation model. 

Wide plate boundary zones occur within 
oceanic lithosphere in several regions. The 
Gorda deformation zone takes up part of the 
motion between the Juan de Fuca and 
Pacific plates (28, 29) and can be interpret- 
ed as a wide plate boundary zone (29, 30). 
Another region where it seems likely that 
the deformation of oceanic lithosphere has 
been distributed is in the Atlantic west of 
the Mid-Atlantic Ridge and east of the 
Lesser Antilles. Morgan (2) recognized that 
North America mav move relative to South 
America but could not resolve the motion 
with the sDarse data then available. Later 
plate motion studies show that such motion 
is resolvable (14-1 6, 31), but only place 
broad limits on the location of any proposed 
boundary (32). Despite geophysical surveys 
and the monitoring of earthquakes for dec- 
ades, no narrow boundary has been found, 
suggesting that the boundary is wide. Other 
examples of likely wide oceanic plate 
boundary zones are the lithosphere imme- 
diately west of the Macquarie Ridge Com- 
plex (25, 33), lithosphere east of the South 
Sandwich trench (1 4), the boundary be- 
tween the Caroline and Pacific plates (34), 
and the western boundary between the 
Scotia and Antarctic plates (35). 

The contrast of the narrowness of oce- 
anic plate boundary zones with the great 
width of continental   late boundarv zones 
has often been attributed to the differences 
in rheology. Given that it now appears that 
some oceanic plate boundary zones have 
widths similar to some continental plate 
boundary zones, the role of rheology in 
controlling the widths of oceanic plate 
boundarv zones needs to be reexamined. 

Another exception to the assumption of 
narrow boundaries occurs in the leading - 
edge of the overriding plate at obliquely 
converging trench plate boundaries. Many 
plates overriding trenches include strike- 
slip faults that are typically 100 to 300 km 
distant from, and parallel to, the trench 
(36, 37). Examples include the Samangko 
fault (Sumatra), the Philippine fault, the 
Median Tectonic line (southwest Japan), 
the Atacama fault (Chile), the Dolores- 
Guayaquil fault (Colombia and Ecuador), 
and the Liquina-Ofqui fault (south Chile). 
Where such strike-slip motion occurs, the 
slip directions of the thrust earthquakes 
should not ~arallel the direction of motion 
between the underthrust plate and the in- 
terior of the overriding plate. If all the 
trench-parallel motion were taken up along 
the strike-slip fault or faults, then the slip 
directions in the thrust earthquakes would 
be perpendicular to the trench. Observed 
s l i ~  directions lie between the direction of 
plate motion and the perpendicular to the 

trench (14, 37). Moreover, the direction of 
motion estimated from earthquake slip di- 
rections along trench plate boundaries dif- 
fers significantly in every case from inde- 
pendent estimates of the motion calculated 
from   late circuit closure (14). Thus, the 
slip directions are biased indicators (up to 
-30") of the date  motion direction and the 
trench-parallel motion is only partly taken 
up by strike-slip faulting. Trench-parallel 
motion of the forearc relative to the main 
overriding plate varies along strike and 
therefore is not simply the motion of a rigid 
forearc plate relative to the main plate 
(38). The thrust-faulting slip directions 
thus lend further support to the conclusion 
that part of the plate motion is taken up 
within the overriding plate. Diffuse seismic- 
ity in the leading edge of the overriding 
plate in many regions (39) also supports this 
interpretation. 

Thus, plate tectonics, which satisfacto- 
rily describes the kinematics of much of 
Earth's surface, does not usefully describe 
the kinematics of many active deformation 
zones. These deformation zones seem more 
usefully described as wide plate boundary 
zones than as intra~late deformation zones. 
An ideal, comprehensive, physical model 
would predict when and where plates 
should be rigid and when and where plate 
boundary zones should be narrow or wide. 
Progress toward this goal requires an accu- 
rate description of the kinematics of wide 
plate boundary zones. Such a description 
requires measurement of motions across and 
within wide zones of deformation, as is now 
possible using space geodesy. 

Space Geodesy 

Space geodesy is a term applied to three 
techniques for making precise position mea- 
surements between sites on Earth's surface, 
which may be separated by as much as 
-12,000 km. The three techniques, very 
long baseline radio interferometry (VLBI) , 
satellite laser ranging (SLR), and the global 
positioning system (GPS), are based on 
technologies developed for space-related re- 
search, in particular radio astronomy and 
satellite tracking. 

VLBI depends on the precise timing of 
radio noise from compact extragalactic 
sources observed at several radio telescopes. 
Analvsis of the noise ~ermits estimation of 
the location of a radio telescope site in the 
nearly inertial reference frame defined by 
the sources. In a typical geodetic VLBI 
experiment, two to seven radio telescopes 
simultaneously record noise from one 
source at a time and eventually record noise 
from 5 to 15 sources (40, 41). The noise 
recorded at different sites is correlated to 
determine delavs and delav rates between 
telescopes. ~ h e s e  data are' used to deter- 

mine site locations, the orientation of 
Earth, and azimuths to radio sources. Un- 
certainty in tropospheric delay and Earth 
orientation are the main cause of site loca- 
tion errors. Repeat experiments allow site 
motion to be estimated. 

SLR is based on the round-trip time of 
laser pulses reflected off a satellite, such as 
the Laser Geodynamics Satellite (LA- 
GEOS), which orbits at an altitude of about 
5900 km. The distance or range to the 
satellite is one-half of the product of the 
speed of light and the elapsed time between 
emission of a laser pulse and its reception at 
the same tracking site. Range estimates 
from many sites determine both the satellite 
trajectory and the three-dimensional coor- 
dinates of the tracking stations. Successive 
observations permit the position of the 
tracking station to be estimated as a func- 
tion of time (42, 43). Because the satellite 
orbit moves with Earth's center of mass (the 
geocenter), site motions are referred to a 
dynamically defined nearly inertial refer- 
ence frame that moves with the geocenter. 

GPS geodesy uses a constellation of 
high-altitude (20,000 km) satellites with 
orbital periods of 12 hours (44, 45). Each 
satellite broadcasts a message giving the 
time and an estimate of the satellite's posi- 
tion. The distance between the satellite 
and a GPS receiver can be estimated from 
the transit time of the message from the 
satellite to the receiver. When multiple 
satellites are simultaneously tracked, the 
location of the receiver can be estimated to 
within a few meters by trilateration. More 
sophisticated analysis techniques exploit 
the fact that the error sources (mainly 
uncertainties in satellite orbits, satellite and 
receiver clocks, and atmospheric radio de- 
lays) are common to a network of stations 
tracking the same satellites, and thus give 
relative positions repeatable to a few centi- 
meters or less (44). The resulting positions 
are precise enough that changes between 
them can show tectonic motions within a 
few years. Like SLR;GPS locates sites in a 
dynamically defined, nearly inertial refer- 
ence frame that moves with the geocenter. 

The different space geodetic techniques 
have been used in complementary ways. 
Initially, VLBI and SLR were used for 
both global and continental scale studies, 
and for smaller scale regional experiments. 
As GPS technology has matured, it is 
being used more for regional studies owing 
to lower cost and smaller size of GPS 
receivers. These costs are becoming low 
enough that the long-term installation of a 
GPS receiver at a site will become com- 
mon; GPS receivers are already perma- 
nently installed at several sites in southern 
California. In years to come most base- 
lines likely will be measured with GPS, 
with VLBI and SLR providing sparser, 
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longer distance measurements (46). 
Space geodetic data already have made 

important contributions to tectonics. First, 
they have been used to test and verify the 
hypothesis that plate motions are steady, 
that is, that the rates and directions of plate 
motion averaged over a few years (the 
shortest interval over which meaningful 
rates can be obtained) are similar to rates 
and directions averaged over millions of 
years (the shortest interval over which rates 
have been estimated systematically from 
marine magnetic anomalies) (40, 43, 47- 
50) (Figs. 5 and 6). Second, space geodetic 
data have been used to estimate rates and 
directions of motion between olates or mi- 
croplates for which no useful estimate was 
available from conventional olate motion 
data or conventional geodetic data (51, 
52). This work has shown that the amount 
of motion between the Pacific and North 
American plates not taken up by strike-slip 
along the San Andreas fault in southern 
central California or by deformation farther 
east within the Basin and Range province is 
small and statistically unresolvable (52). 
Third, space geodetic data have been used 
to estimate the motion of individual small 
blocks within a olate boundarv zone relative 
to a plate, albeit with gross undersampling 
of sites from a tectonic point of view (Fig. 
7) (43, 45, 49, 53-56). Fourth, space geo- 
detic data have been used to estimate rota- 
tions about a vertical axis of crustal blocks 
(57, 58). Fifth, space geodetic data have 
been used to resurvev monuments that were 
previously surveyed with conventional geo- 
detic techniques to estimate deformation 
rates (59). 

The first four contributions listed above 
come from two capabilities of space geodesy 
that are unavailable from earlier geodetic 
techniques. The first capability is the accu- 
rate measurement of the distance between 
sites that are bevond the line-of-site limita- 
tions of conventional geodesy. For exam- 
ole. estimates from VLBI of the motion 
between the Pacific and North American 
plates use sites in the Marshall and Hawai- 
ian islands, Alaska, California, Texas, Col- 
orado, Massachusetts, and Florida (47, 49). 

The second caoabilitv is that site motion 
can be referred to a terrestrial reference 
frame defined bv the motion of distant sites. 
From a conventional geodetic survey in a 
deforming zone, the rate of deformation 
between sites but not the rotation of sites 
about a vertical axis are estimated. Al- 
though the rotation could, in principle, be 
determined in conventional surveys using 
astronomic azimuths (60). block rotations ~ ,, 

have not been measured successfully by this 
means. A rigid-body rotation could be add- 
ed to any set of velocities for the sites 
without affecting the fit to the observations 
(61). Space geodesy permits the motions of 

Fig. 5. Rates from SLR (satellite-laser ranging) 
over about 10 years are compared with rates 
predicted by the NUVEL-1 global plate motion 
model (14), which was determined from trans- 
form fault azimuths, earthquake slip directions, 
and 3-million-year average spreading rates from 
magnetic anomalies over mid-ocean ridges. The 
rates of shortening or lengthening are along 54 
great circles that cross at least one plate bound- 
ary and connect two sites in one of five plate 
interiors. The slope of the line is 0.949 * 0.019, 
suggesting that the rates averaged over a dec- 
ade may be a few percent slower than those 
averaged over millions of years, well within sys- 
tematic errors and biases and the expected 
variation in plate velocities over millions of years. 
Published with the permission of the American 
Geophysical Union [after (43)l. 

sites to be calculated relative to a set of sites 
that on geologic and geodetic grounds are 
believed to form a useful terrestrial refer- 
ence frame. Such a set of sites can be taken 
to be those within the stable interior of a 
plate (62). 

The ability to estimate rotations about a 
vertical axis is important in tectonics. Ro- 
tations between rigid plates can be inferred 
from conventional plate motion data. In 
the case of small oceanic plates and hypoth- 
esized nearly rigid continental microplates, 
the inferred rotation rate can be rapid (63, 
64). Paleomagnetic studies have found sur- 
prisingly large rotations, up to 90' or more, 
within wide continental olate boundarv 
zones (65). Accurate rotation rates can be 
determined from paleomagnetic data only if 
a block has rotated at a constant angular 
rate since the paleomagnetic samples were 
formed and if their age is known well. How 
such estimates of rates, which necessarily 
reflect averages over long intervals and 
which may come from rocks formed long 
before the rotation commenced, can be 
related to current motions and tectonics is 
not alwavs clear. Rotation can be estimated 
from space geodetic data from the difference 
in velocitv of two or more sites relative to a 
.reference frame fixed with respect to a 
stable plate interior. 

Steadiness of Plate Motion 

Space geodetic data show that plate veloc- 
ities averaged over a few years are similar to 
velocities averaged over millions of years 
(40, 43, 47-50, 66) (Figs. 5 and 6). In 
particular, the velocity between the Pacific 
and North American plates estimated from 
several years of VLBI data nearly equals the 
estimate from global plate motion model 
NUVEL-1 from spreading rates, transform 
azimuths, and earthquake slip directions 
(40, 47, 50). Both the VLBI data and 
NUVEL-1 give estimates of the relative 
velocity between the Pacific and North 
American plates that are -8 mmlyear slow- 
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NUVEL-1 relative rates (mmlyr) 

Fig. 6. Comparison of angular velocity vectors 
and their 95% confidence limits describing the 
motion between the Pacific and North American 
plates from 1984 to 1987 and over the past 
million years. The estimate from 1984 to 1987 is 
determined from VLBI (very long baseline inter- 
ferometry) geodetic data and has a rotation rate 
of 0.81 ? 0.07" per million years. The estimate 
over 3 million years is from the NUVEL-1 global 
plate motion model and has a rotation rate of 
0.78 ? 0.02" per million years. (14). Figure 
courtesy of D. Argus [after (47)l. 

er than predicted by earlier models of geo- 
logically instantaneous plate motion. Ve- 
locities estimated from space geodetic data 
between other pairs of plates are also very 
similar to that predicted by NUVEL-1, but 
may differ by small but significant amounts. 
For example, space geodetic estimates of 
velocities between North America and Eu- 
rope are several millimeters per year slower 
than predicted from NUVEL-1 (43, 56). 
Changes in plate velocities of this size or 
larger are common over time scales of mil- 
lions of years. 

The observed steadiness of the motion of 
plate interiors may seem surprising in light 
of the episodic motion associated with 
earthquakes at plate boundaries. However, 
steadiness is an expected consequence of 
the dynamic equilibrium of driving forces 
(buoyancy forces and pressure gradients) 
with resistive forces in a highly damped 
convective system. Inertial forces are neg- 
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ligible in convection of the solid Earth, as 
shown by the miniscule Reynolds number 
of - lo-'' for whole-mantle convection. 
Consequently, episodic motions at plate 
boundaries are damped by the viscous as- 
thenosphere to sum to the observed steady 
motion (67). Thus, geologists and geophys- 
icists believe that plate motion rates esti- 
mated from marine magnetic anomalies, 
which average over millions of years, 
should be close to averages over much 
shorter intervals: tens of millennia, millen- 
nia, centuries, decades, years, or less. Plate 
velocities can change over long intervals of 
perhaps a million years or longer because of 
the gradual reconfiguration of plate bound- 
aries or the arrival at a deep sea trench of 
anomalously buoyant crust. However, 
changes on a human time scale of years or 
decades are unexpected. 

The working hypothesis of steady rates 
of plate motion permeates much research in 
which rates averaged over disparate lengths 
of time are compared and combined. In 
particular, estimates of geologically instan- 
taneous plate motion combine data that 
average motion over decades with data that 
average motion over millions of years. The 
hypothesis of steadiness has been tested 
implicitly many times, for example, in 
models of global plate motion, and appears 
to be correct, as long as the tests are 
constructed so that the results are unaffect- 
ed by elastic strain accumulated between 
earthquakes in plate boundary zones. The 
width of the zone of elastic strain accumu- 
lation has been measured in few regions, 
but for a strike-sli~ fault it is likelv to be a 
few tens of kilometers, which is the width 
of elastic strain accumulation across the 
San Andreas fault in California where it is 
a single fault strand (61). Elastic strain may 
accumulate over a wider zone of a few 
hundred kilometers on the leading edge of 
the overriding plate at a subduction zone, as 
suggested by geodetic data from Japan (68). 

The confirmation from mace geodetic ., 
data of the similarity of plate velocities 
averaged over years to those averaged over 
millions of years extends the observed 
steadiness to an even shorter time scale. 
Possibly the most important implication is 
that one can combine rates averaged over 
intervals as long as millions of years with 
rates averaged over intervals as short as a 
few years when constructing models of the 
kinematics and tectonics of deforming 
zones of the crust and lithosphere (47). 

Present and Impending Applications 
of Space Geodesy to Tectonics 

Many important applications follow in the 
same directions as the recent research dis- 
cussed above; these include (i) increasingly 
accurate estimation of plate motion aver- 

aged over years and testing for the steadi- 
ness of plate motion over even shorter 
intervals, (ii) densification of measurement 
networks within deforming zones to esti- 
mate the deformation and rotation rates, 
and (iii) estimation of plate motion that 
cannot be estimated reliably (or at all) from 
conventional plate motion data. 

Plate convergence rates have been in- 
ferred only indirectly from conventional 

A Horizontal velocities of VLBl sites 
relative to North American Dlate 

Distance from PA-NA pole 
less nomlnal value (Ian) 

Fig. 7. (A) Horizontal vector velocities of VLBl 
sites in California, Nevada, and Arizona relative 
to stable North America. The velocity of the 
southwesternmost site nearly equals the 48- 
mmlyear velocity of the Pacific plate relative to 
the North American plate. (B) Component of 
motion tangent to small circles centered on the 
NUVEL-1 Pacific-North America Euler pole (at 
49"N, 78"W) versus great circle distance from 
that pole. The velocity of western U.S. crustal 
blocks in most places increases monotonically 
with distance southwestward from the Euler 
pole. Although the figure suggests that the 
velocities increase smoothly with distance from 
the Euler pole, there is a large velocity discon- 
tinuity due to the -35 mmlyear of time-aver- 
aged slip across the San Andreas fault in 
central California (61). Much of the remaining 
-13 mmlyear (the 48-mmlyear velocity be- 
tween the Pacific and North American plates 
minus the 35-mmlyear San Andreas slip rate) is 
probably taken up in a shear zone a few tens of 
kilometers wide in the eastern Mojave desert 
and along the eastern edge of the southern 
Sierra Nevada (83). Figure courtesy of D.  Argus 
[from (56); also see similar figure in (49) l .  

plate motion data because rate data are 
available only where plates diverge at a 
mid-ocean ridge. Space geodetic data can 
be used to construct strong independent 
tests of these predictions. The quantifica- 
tion of the partitioning of deformation 
across plate boundary zones, including how 
oblique convergence is distributed across a 
subducting or collisional plate boundary, is 
important. Many observations show that 
part of the oblique convergence at subduct- 
ing plate boundaries is taken up in the 
leading edge of the overriding plate. Space 
geodetic observations from sites on both 
sides of the deforming region of an overrid- 
ing plate would provide an integral con- 
straint on the total deformation, although 
that motion does not determine the motion 
within the deforming zone uniquely (69- 
71). A denser network across the deforming 
region would provide even more informa- 
tion, which would complement other ob- 
servations. For example, earthquake focal 
mechanisms give information on orienta- 
tions of maximum shortening and length- 
ening, and in many cases the direction of 
slip, but do not describe the present defor- 
mation completely. Rotations relative to a 
distant external reference frame cannot be 
obtained from focal mechanisms. More- 
over, slip rates are difficult to estimate 
accurately, both because of the uncertain- 
ties in time-averaged seismic slip estimates 
and because some of the slip may be aseis- 
mic. Using earthquake mechanism data 
together with a denser network of space 
geodetic data should help resolve these 
ambiguities. 

Evidence for trench-perpendicular short- 
ening in an overriding plate includes, for 
example, the existence of the Andean 
mountain belt and thrust faulting at its 
flanks. Global vlate motion model NU- 
VEL-1, which was determined from con- 
ventional plate motion data (14), predicts 
that the Nazca plate moves toward the 
stable interior of the South American plate 
east of the Andes at. 83 mmlyear. Unfortu- 
nately, this result tells us nothing about 
how much motion is taken up by subduc- 
tion of the Nazca plate beneath South 
America, how much is taken up by short- 
ening between the Pacific Coast and the 
stable interior of South America, or how 
that shortening is distributed. However, 
results from SLR indicate that a site at 
Arequipa (Peru), which lies in the western 
Andes, is moving 13 mmlyear toward 
N76"E relative to the stable interior of 
South America (43), which suggests that 
-15% of Nazca-South America plate mo- 
tion is taken up by shortening within the 
Andes. Thus, the shortening seems rapid 
enough that a few years of space geodetic 
observations from a network of sites both 
east and west of the Andes zone could 
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provide useful information on the distribut- in the Great Basin is small (52). A similar peatability between successive multiday 
ed deformation. 

Unlike the Nazca-South America con- 
verging plate boundary, the overriding 
plate at most convergent plate boundaries 
does not shorten but extends perpendicular 
to the trench (72). In some back-arc basins 
the rate of extension can be estimated from 
magnetic anomalies over a back-arc spread- 
ing ridge. However, back-arc extension 
may not be restricted to a single ridge, 
many back-arc basins lack interpretable 
anomalies, and most back-arc spreading 
ridges lack transform faults that can be used 
to estimate the direction of motion. Hence 
the motion of the leading edge of the 
over rid in^ vlate relative to either the main " L 

part of the overriding plate or the under- 
thrust plate is known poorly, as is the 
subduction rate. Space geodesy can make 
an important contribution by quantifying 
these rates and directions of motion (73). 

Estimates of the motion of the Sierra 
Nevada-Great Valley microplate relative to 
the Pacific and North American plates (52) 
illustrate another type of application of 
space geodesy, estimating the motion of 
rigid plates that cannot be related to other 
plates from conventional plate motion 
data. Nearly three-fourths [-35 mmlyear 
(74)] of the 48 mmlyear of motion between 
the Pacific and North American plates (14) 
is taken up by strike slip along the San 
Andreas fault in southern central Califor- 
nia. which. alone with the California Coast " 

ranges, separates the Pacific plate from the 
Sierra Nevada-Great Valley microplate. 
The inferred angular velocity of the mi- 
croplate relative to the North American 
plate (taken up by deformation in the Great 
Basin) (75) predicts a velocity of the east- 
ern edge of the Sierra Nevada relative to 
stable North America of 11 mmlyear to- 
ward N36OW. which accounts for nearlv 
one-fourth of the 48 mmlyear velocity be- 
tween the Pacific and North American 
plates. The velocity nearly parallels the 
boundary between the Sierra Nevada and 
the Great Basin, which implies that current 
motion in the Great Basin results in a ro- 
tational. noncoaxial deformation. The vec- 
tor sum of strike slip along the San Andreas 
fault and motion of the Sierra Nevada- 
Great Valley microplate relative to stable 
North America differs little from the rela- 
tive velocity between the Pacific and North 
American plates. The difference can be 
described at 36ON alone the San Andreas " 

fault by a residual velocity vector with 
components of 5 mmlyear parallel to the 
fault and 2 mmlyear perpendicular to the 
fault with 95% confidence intervals of 0 to 
10 mmlyear and - 1 to + 5  rnmlyear, re- 
spectively. Thus, motion taken up by west- 
em U.S. deformation other than strike slip 
along the San Andreas fault or deformation 

~, 

approach could be applied to estimating the 
motion of other plates or microplates includ- 
ing Southeast Asia, Turkey, and the Tarim 
craton, which is embedded in the broad 
collision zone between India and Eurasia. 

An important application, not yet prac- 
tical with available space geodetic data, will 
be finding the limits to plate rigidity in 
regions lacking earthquakes or other evi- 
dence of deformation. Because motions 
considered to be small from a geodetic 
perspective have dramatic geologic effects 
when taken up as contraction or extension, 
detecting deformation of plate interiors by 
space-geodetic techniques at a level that is 
otherwise unresolvable will require high 
accuracies, better than I mmlyear (76). 
The accuracv of conventional da te  motion 
data approaches but does no; reach this 
level. Gordon et al. (77) formulated a test . , 

of plate circuit closure and hence of plate 
rigidity using conventional plate motion 
data. Application of this test to all conven- 
tional plate motion data shows that most 
plate circuits are consistent with closure 
(1 3, 14, 25, 78). None of the nonclosures 
found amounted to more than a -3 mmi 
year of inferred deformation. Many nonclo- 
sures seem explainable by deformation 
marked by earthquakes in small salients of 
plates, and the statistical significance of 
many nonclosures is marginal. The nonclo- 
sures are small enough that all might be due 
to systematic errors in the plate motion 
data. Thus it seems likely that the accuracy 
needed to obtain convincing estimates of 
strain in plate interiors is high. 

The accuracy of space geodetic rates 
depends mainly on three factors: (i) the 
accuracy of an estimate of a site location or 
the distance between sites found from each 
individual geodetic experiment, (ii) how 
often a site or monument is re-occuoied in 
successive experiments, and (iii) the length 
of time over which the successive experi- 
ments are carried out-the longer the in- 
terval, the higher the accuracy. The accu- 
racy of individual distance measurements is 
improving with time as both equipment and 
methods of data analysis improve. The re- 
peatability of the estimates of distance be- 
tween telescope sites provides an estimate 
of the precision of VLBI of 5 mm + 2 x 
lop9 L, where L is the distance between 
sites in millimeters (66). Thus, 1000-km 
baselines are repeatable to about -7 mm 
and 5000-km baselines are reveatable to 
-15 mm. This gives a lower bound on the 
uncertainty because systematic errors are 
poorly known and difficult to estimate. The 
history of measurements using GPS is much 
sparser than for VLBI, but most space geo- 
detic observations in the future will be 
made with GPS. The orecision of GPS 
measurements can be estimated from re- 

measurements, which suggest horizontal 
precisions of several millimeters plus one to 
two parts in lo8; vertical uncertainties are 
two to three times as large (44, 45). Given 
these distance accuracies, measurements 
must be made for at least a decade to 
approach a I-mmlyear rate accuracy at the 
95% confidence level. The required mea- 
surement interval could be much longer if " 

systematic errors are large, but may be 
briefer if improvements in equipment and 
technique sufficiently reduce the errors in 
individual measurements. 

Although plate stability tests are likely 
to require rate accuracies of 1 mmlyear or 
better, many important geological problems 
can be investigated with accuracies better 
than reauired to measure date  motion or 
rapid deformation, but worse than I mml 
year. For example, space geodetic data may 
be able to measure the deformation in 
regions of slow or suspected deformation, 
such as the possibly continuing extension 
across the Rio Grande Rift and in rotating, 
modestly deforming regions, such as Afar 
(64). Space geodetic measurements should 
help to measure the contraction perpendic- 
ular to the San Andreas fault in southern 
central California, which produces conspic- 
uous geological effects including the uplift 
of the Coast Ranges, but probably sums to 
no more than -5 mmlvear (52. 59). , ~, , 

The largest contribution that space ge- 
odesv is likelv to make in the coming 
decade is in ;esolving fundamental quesy 
tions about how best to describe the motion 
in plate boundary zones and the relation of 
that motion to the surrounding rigid plates. 
A great success of plate tectonics has been 
in its statistically efficient description of the 
motion between the major plates. For ex- 
ample, in global plate motion model NU- 
VEL-1, which describes the motion be- 
tween 12 major plates, 1122 high-quality 
data are well described by 33 adjustable 
parameters (14). This result implies that a 
model of rigid plates separated by narrow 
boundaries is useful, even if it may not 
apply to a significant minority of Earth's 
surface. This success suggests that the same "" 

kinematic model of rigid plates could be 
applied to ever smaller crustal or lithospher- 
ic blocks or microplates. To the extent that 
nearly rigid blocks can be defined, which 
we think they can nearly everywhere, this 
multiple-microplate approach would be cor- 
rect. However, the most important proper- 
ty of a theory is its usefulness. As the 
number of blocks increases and the size of 
the blocks decreases in some deforming 
zones, the number of parameters needed to 
specify the kinematics can quickly become 
too large to be useful. Although the ap- 
proach of specifying the angular velocity of 
rigid blocks can be usefully applied in sev- 
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era1 regions (for example, to the motion of 
the Sierra Nevada-Great Valley mi- 
croplate), the blocks may be too small and 
too numerous for this approach to be useful 
in other regions. 

Such considerations have led to alterna- 
tive continuum formulations of the kine- 
matics and dynamics of continental plate 
boundary zones (69, 79). These formula- 
tions are motivated in part by the belief 
that the strongest part of continental crust 
lies not in the brittlely deforming upper 
crust but in the plastically deforming upper- 
most mantle and that the brittle umer crust 

A A 

may passively mimic the deeper continuous 
flow (80). Insofar as deformation is homo- 
geneous in a plate boundary zone, the 
kinematics can be specified by a constant 
velocity gradient tensor. Unfortunately, re- 
gionally homogeneous deformation of a 
brittle upper crust divided by discrete faults 
can have identical average velocity gradient 
tensors for different internal arrangements - 
of faults and different accompanying rota- 
tions (71). Moreover, the regionally aver- 
aged deformation is unlikely to be homoge- 
neous in many plate boundary zones, so 
that more parameters will be needed to 
specify how the deformation varies. One 
eventual test of the merits of the multiple- 
microplate and continuum approaches will 
be to examine which a~uroach describes . . 
the characteristics of deformation of a plate 
boundary zone more efficiently, that is, 
with the fewest number of adjustable pa- 
rameters. Another test will be to examine 
the extent to which either approach gener- 
ates insights into the forces and stresses 
driving the deformation. 

Conclusions 

Plate tectonics is very successful in describ- 
ing the kinematics and tectonics of the 85% 
of Earth's surface covered by rigid plates and 
by narrow plate boundaries. Carefully de- 
fined plate interiors appear rigid to within a 
few millimeters per year and possibly to 
much less. However, plate tectonics fails to 
describe the 15% of Earth's surface covered 
with deforming lithosphere. Much atten- 
tion has been paid to such zones of distrib- 
uted deformation in the continents. but 
significant portions of the oceanic litho- 
sphere also form wide deforming zones. 
These zones are more usefully thought of as 
wide plate boundary zones than as zones of 
intraplate deformation. 

Comparison of space geodetic data with 
predictions of geologically instantaneous 
plate motion models shows that plate ve- 
locities averaged over a few years are similar 
to plate velocities averaged over millions of 
years. Space geodetic data will help to 
answer many important remaining ques- 
tions about the kinematics and dynamics of 

wide plate boundary zones. In particular, 
these data should help to determine wheth- 
er a continuum or a multiple-microplate 
model, or some combination of the two, 
more usefully describes the kinematics of 
plate boundary zones. These data should 
also help to estimate the rates of shortening 
across mountain belts, the rates of exten- 
sion across back-arc basins, and the rates of 
convergence between subducting plates and 
the leading edge of overriding plates. They 
also should help to quantify the degree of 
heterogeneity of deformation in plate 
boundary zones. The resulting improved 
description of plate boundary zone kinemat- 
ics should usefully constrain estimates of 
the forces driving observed motion and 
deformation including plate motions, 
mountain building, crustal block rotation, 
and earthquakes. 
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Measured Trends in 
Stratospheric Ozone 

Richard Stolarski, Rumen Bojkov, Lane Bishop, Christos Zerefos, 
Johannes Staehelin, Joseph Zawodny 

Recentfindings, based on both ground-based and satellite measurements, have established 
that there has been an apparent downward trend in the total column amount of ozone over 
mid-latitude areas of the Northern Hemisphere in all seasons. Measurements of the altitude 
profile of the change in the ozone concentration have established that decreases are taking 
place in the lower stratosphere in the region of highest ozone concentration. Analysis of 
updated ozone records, through March of 1991, including 29 stations in the former Soviet 
Union, and analysis of independently calibrated satellite data records from the Total Ozone 
Mapping Spectrometer and Stratospheric Aerosol and Gas Experiment instruments confirm 
many of the findings originally derived from the Dobson record concerning northern mid- 
latitude changes in ozone. The data from many instruments now provide a fairly consistent 
picture of the change that has occurred in stratospheric ozone levels. 

Ozone is continuously being produced in 
the stratosphere by solar ultraviolet radia- 
tion. Radiation at wavelengths less than 
242 nm dissociates molecular oxygen into 
atoms that attach themselves to O2 to form 
ozone. The destruction of ozone in the 
stratosphere is dominated by the catalytic 
reactions of the nitrogen, hydrogen, chlo- 
rine, and bromine oxides. The ozone con- 
centration peaks in the stratosphere at an 
altitude of 20 to 25 km. The distribution of 
ozone is maintained by a balance between 
its production and loss and by the transport 
of ozone from regions of net production to 
those of net loss. The transport of ozone is 
driven by the variable wind fields of the 
stratosphere, which give rise to daily fluc- 
tuations, seasonal variations, and interan- 
nual variability in ozone amounts. 

Starting in the early 1970s, predictions 
have been made that human activities will 
lead to a diminishing of the earth's protec- 
tive ozone layer ( 1 ) .  The search for evi- 
dence of downward trends in the thickness 
of the ozone layer was inconclusive until 
the discovery of the Antarctic ozone hole in 
1985 (2). Ozone decreases during the Ant- 
arctic spring are now well documented (3). 
Ozone decreases outside the Antarctic, at 
southern mid-latitudes, have been report- 
ed, as well as over the heavily populated 
northern mid-latitudes (4). 

Assessments of the state of knowledge 
about ozone depletion have been publishgd 
in various joint reports from the World 
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Meteorological Organization and the Unit- 
ed Narions Environment Program. In this 
paper, based on a chapter of the most 
recent report (3, we review the evidence 
for ozone depletion and analyze some of the 
updated records. 

Sources of Data 

Ozone measurements can be divided into 
two important types: those that measure the 
total thickness of the ozone layer and those 
that measure the ozone concentration as a 
function of altitude. Historically, the most 
important instrument for the measurement 
of the total thickness of the ozone layer has 
been the Dobson spectrophotometer, de- 
signed in the 1920s and still in use today. 
The Dobson instrument, located on the 
ground, measures the solar radiation trans- 
mitted through the ozone layer at pairs of 
wavelengths near 300 nm. One wavelength 
is chosen so that it is significantly absorbed 
by ozone while the other is attenuated in the 
instrument by a calibrated optical wedge. 
The wedge position is adjusted until equal 
signals for the two beams are obtained. 
Measurements are made for two separate 
pairs of wavelengths to allow cancellation of 
errors due to aerosols in the atmosphere (6). 

Daily measurements have been made us- 
ing a Dobson instrument at the station in 
Arosa, Switzerland, from 1926 to the pre- 
sent. Since 1957, a network of more than 30 
stations has been making measurements of 
the total ozone thickness. This network is 
spread over much of the world but is heavily 
concentrated in the Northern Hemisphere 
(7). The network of instruments is calibrat- 
ed relative to a single "world standard instru- 
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