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The earth's gravity field:
its determination and its interpretation
K. LaMsscr

Introduction
Satel l i te  geodesy has come to the ct 'oss-roads.

Enormous progress has been made itr the last dcc¿rde

in our  undelstanding of  the f 'undament¿r l  object ivcs

of  geodesy by replac ing our  grav imeters and t r iangu-

lat ion points by ar t i f ic ia l  ear th sate l l i tes.  Af te l  a l l ,

before 1957 we only knew the value of  the f la t tening

of the earth and now we know more than 300 coefh-

cients in the expansion for the geopotential and that

the pre-space-age value for J, was not vely good!

This is  no doubt  overstat ing the s i tuat ion but  the

evidence is  ind isputable i f  we say that  we have come

a long way in the last  ten or .so years.  The methods

used can now be considered c lass ical  and have been

amply descr ibed in the l i teraturç: - -ar ìd i t  is  not  t l re

Voor<fracht gehouderr voor de Rijkscomn-rissie voor Ceodesie op22 apri l  l97l te Delft .

is  what  we can hope to gain in  our  understanding

of  the ear th by harnassing t l iese methods.
These ¿rre the closs-ro¿rds th¿rt I feel we lrave reached
wi th the satc l l i te  geodesy.  Do we cont inue down the

wel l  t rc¡c ldeu pat l . r ,  cont inual ly  improving and re-

l ìn ing the theor ies or  obselvat ions,  or  do we com-
plete ly  embrace the new techniques wi th ¿ i l l  that

they p lomise to br ing us? Obviously  the answer wi l l

l ie sornewher'e between tlte two as the very concepts

of  the new methods l ie  in  the labours per formed in

the past .

Nevel theless I  br ing the quest ion up for  there has

of ten been a tendency in  geodesy to loose s ight  of

t l re  goal  and to cont inue work ing at  long superceded

ideas, far away from the rnainstleam of the develop-

ing sc ience.
Again l  am gui l ty  of  over ' -s impl i fy ing for  I  re¿r l ize

that  there are p lact ica l  object ives to be met  by geo-

desists ;  Maps are an essent ia l  cornnrodi ty  for  the

planniug and for  our  enjoyment  of  our  envi ron-

ment  just  as t l re  ' igeopotcnt ia l  n taps"  are necessary

to guide the sate l l i tes around our  p lanet .

Both these types of  ma.ps impose cer ta in condi t ions

as to accuracies,  depending on thei r  appl icat ion,

and to meet these forrns a valid basis for develop-
ing new theor ies and techniques.  But  th is  is  only  one

aspect  of  geodesy aud another  aspect ,  usual ly  a

considerably ueglected one,  forms the basis  of  our

d iscussion here.
The c lef in i t ion of  gcodesy usual ly  in fers the dcter-

minat ion of ,  the posi t ions of  points on the ear th 's

sur face and of  the ear th 's  grav i ty  f ie ld.  Usual ly  i t  is

taken as a static problem, the geodetic t¡arker t 'e-
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f- )  in tent ion to c lwel l  ou thcnr  hele.  Nevel theless any
""- '  person who has actual ly  worked wi th the rnethods

of  sate l l i te  geodesy or  who has t l roLrght  about  the
problems at  a l l ,  real izes that  there are st i l l  many

stumbl ing b locks in  the theory and into the br i r rg ing

[J ln to real i ty  of  the resul ts  -  and I  s t ress th¿r t  these

ale not  necessar i ly  the same th ing -  and we can see

much scope for many significant improvements in

both.
Many of  us have heard about  the i ¡nproved techni-
ques for  measur ing d is tances by lasers to extra-

terrestr ia I  objects -  ar t i l ìc ia l  sate l l i tes or  the e¿r l th 's
natura l  sate l l i te  -  or  of  the possib le geodet ic  uses of

radio stars by a techrr ique known as very long

basel ine radio in ter ferornetry ,  o l  o f  a l t imetersplaced

in sate l l i tes and many ot l rer  even tnorc exot ic

schemes.  Al l  are technical ly  feasib le wi th the p l 'esel ì t

state of space technology but what is often less cle¿rr
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maining undisturbed unless upset by a bulldozer or
by earthquakes. In the geophysical applications, on
the other hand, time becomes an active dimension
and both the coordinates and the gravity field are
considered as dynamic quantities: The modern
counterpart of continental drift - the "new global
tectonics" - has divided the earth into large, rigíd
plates that move relative to each other at rates of
i0. cm/year or perhaps even more. The earth's
geopotential is constantly being deformed by the
gravitational attraction of the sun and moon and
by seasonal variations in the earth's atmosphere.
The observations of those time dependencies be-
come one of the most important means of under-
standing the physics of the earth.
What I wish to explore here a little is the nature of
the geophysics that we can hope to observe using
the methods of satellite geodesy and to try to indi-
cate what these observations will lead us to conclude
about the physics of our planet. For example, what
geodetic results are required to detect certain sus-
pected behaviour characteristics of our dynamic
earth. In the case of the large scale motions of the
"plates" the answer is fairly straightforward: we
need a technique that gives us accuracies for relative
station positions of a centimeter or so in as short a
time span as possible. Can this be done with the
long baseline radio interferometry, or is it merely
idle speculation?
More difficult is the question as to what observation-
al accuracies are ideally required for the earth's
rotational speed and for the variations of the direc-
tion of the earth's axis. What geophysical conclu-
sions can we obtain from such observations. Some
possible examples are perhaps interesting in this
respect. Is the well-known and rather broad
Chandler V/obble peak in the polar motion the con-
sequence of several sharp peaks close together and
arising fiom a differential rotation between dif-
ferent layers in the earth's upper mantle? Can the
nearly diurnal nutation term resulting from a free
oscillation of the liquid core be detected? Is there
indeed a long period term in the polar motion arising
from the coupling between the earth's solid inner
core and its liquid outer core-?
These are just some of the questions that can be

À a

asked, based on various geophysical models of the
earth. To test these methods we require the appro-
priate observations of the earth's motion about its
center of mass and the present indications are that
the classical astronomical methods are inadequate
for this. But can laser ranging to the moon or laser
or doppler tracking of satellites give better results?
In the present discussion we will limit ourselves to
the question of the earth's gravity field mainly
because it is one with rÃ,hich I have had the most
experience and also because it is one which has .
benefitted most significantly from the developments
of this space age. We will first discuss the results
obtained followed by a geophysical discussion.
Finally we will discuss what future developments
may be expected. I hope that I can return to some i
of the other geophysical aspects of geodesy in the 

'"'

future.

Determination of the earth's gravity
As the satellite moves around the earth its motion
iVinfluenced by all the variations in the gravity
field at satellite heights. If we observe these irregu-
larities, or perturbations, in the motion we can
obtain important information on the earth's poten-
tial or alternatively on the shape of the geoid and .
the gravity ûeld. To extract this information we ( _
expand the geopotential into spherical harmonics,
that is:

G M f  :  å / , \ ¿v: +l1+ I I ( :: )r,,1sinE¡,  L  ¡ = r n = O \ , , /

(C,-cos ú,+Smsinm)))
(1)

where GM is the product of the gravitational con-
stant and the earth's mass, ae is the equatorial
radius, P,. (sin g) are the associated Legendre poly-
nomials aîd Ct^, S¡., for the moment, are reiated
to the mass distribution of the earth. -,
In terms of the orbital elements (a, e, i, oi, Q, M)
this potential can be written as:

G I î @ n

v : " : : ' +  I  I  LV ,^ (a ,e , i , r o ,e ,M)
'  I = - t  m = 0

where
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LVr^: oYq,: 
i o,^,ç) î

A "  P = O  q = - @

G, on@) Si ̂  onQtt, M, Q, 0)

with

s . :

anct

,  :  ( I -2p)a+( l -Zp+q)M +m(A-e)
g is the rotation of the earth. The F6oQ) are func-

tions of the orbital inclination and the G,on(e) are

functions of the eccentricity. Complete expressions

"or their evaluation are given by Kaula [4].
It is well known that the principal perturbations in

the orbit are caused by the earth's oblateness and

that they are secular for the mean anomaLy M, Lhe

argument of perigee co, and the longitude of the

ascending node O. The other elements a, e, i (semi-

major axis, eccentricity and inclination) are, to a

ûrst approximation, constant so that in equation (2)

ail the important time dependencies are contained

in the function ,S*.
If we substitute the perturbing potential LV,-into

;he Lagrangian equations of motion and integrate

them, assuming that only S* is time dependent, we

obtain expressions for the orbital elements that are

a summation of terms containing the S* or the inte-
gral of S. with respect to its argument. The periods

of these perturbations can be calculated and only

their amplitudes, which are proportional to the

Cr^ and S,,, are considered as unknown. Thus if
we observe the satellite's motion in detaii we can

carry out an analysis for the amplitúdes of the va-
rious perturbations with known period in order to
determine the C and S.
The question immediately raised is that in the ex-
pansion (2) we have several summations to infinity;
a clearly impossible situation and we have to trun-
cate the expansion somewhere in order to give a
manageable solution. But this would tend to distort
the terms unless there is some "natural selection"
of those terms that are significant. Such¿ selection
is indeed possible thanks to the nature of the orbital

ngt 72

theory, of-the observational data and of the earth's
- " " ' , i i . '  6 .1 .1
6 1 4 r ¡ r J  ¡ ¡ ç ¡ s .

In the first instance G,on(e) is proportional to elql
and since e is usually quite small we need only sum
q from about - 10 to * 10. Secondly, we are
measuring the earth's gravity field at the satellite
height and there is a term (a"la)t inequations (l) and
(2) that decreases with increasing /. That is, the
higher the degree of the perturbing potential the
less will be the magnitude of the perturbation in the
orbit. Thirdly, the amplitudes of the harmonic
coefficients, C,^,Sr^, tend to decrease with in-
creasing degree. If we define the average amplitude
of harmonics of degree / by

1 tvi : niT )i,(c?^+s?^)
we find that the I! decrease according to an approx-
imate rule of 10-s//'? [1].
The fourth characteristic concerns the spectrum of
frequencies in S*¡,on (ct¡, M, O, 0) or the 7. The rates
of change of c¡ and O are quite small compared
with the mean motion of the satellite, z, and with
the earth's rotation, 0, so that the frequency of ,S.
is governed mainly by M (x rz) and 0 çx t rev/day).
The mean motion for close earth satellites is usually
of between 10 and 16 revolutions/day so that if the
order m is less than n, the minimum frequency of S'
is approximateLy m revolutions/day. That is, har-
monics in the potential such as Co,r, C6,r,... etc.,
give rise to a series of perturbations whose lowest
frequency is about 2 revolutions/day.
Harmonics such as Crr,rr, Cro,r.r,... etc. give rise
to a series of perturbations whose lowest frequency
is about 12 revolutions/day. That is, the higher the
order of the harmonic, the lower will be the maxi-
mum period in the series of perturbations caused by
the harmonic. 

'With 
optical and laser observations

rtre are usually limited to studying only those per-
turbations that have periods longer than about the
duration of one orbital revolution. This restriction
is caused by the difficulty of obtaining good orbital
coverage with a limited number of stations and with
tracking systems that are limited to obsérvations
during clear nights only.
We make use of the above characteristics to deter-

(2)

[:.]:î:ï. 1,,:l;::ï

(
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mine which halmonic coef f ic ients shoulc l  be carr ied
along in the analys is .  We calculate f i rs t  o f  a l l  the
perturbation frequency spectrurm for each satell i te
and est imate the expected ampl i tudes.  Any ampl i -
tudes that  are below the ¡ ro ise level  of  the t rack ing
data and any per iods th¿r t  are shor ter  than the
dist r ibut ion of  data would pelnr i t  to  resolve,  are
noted and the gravity terms giving rise to thern ¿rre
not  inc luded in the solut ion.
As a genela l  ind icat ion we can rnake the fo l lowing
statements:  l f  we have opt ica l  t rack ing data that  is
accurate to about  20 meters ( in  sate l l i te  posi t ion)
we can re l iab ly  deternr ine t l ie  grav i ty  f ie ld up to
degree and order  8 or  9 wi thout  pfe mat l l fe ly  t lun-
cat ing the expansion.  l f  t l re  average accuracy of ' the
tracking data is  inc leased to l0  m we c¿uì  detern l inc
the gravi ty  f ìe l i l  up to degree and o¡ 'der  I  I  or  12.
With 5 nr  d¿r ta we can go to degree l4 or  l5  and rv i th
20 cm accurate data we can go to perhaps degr.ee
18 or  20.  In  a l l  cases we ¿tssunle t l la t ' ,ve have a
good d is tL ibut ion of  data ancl  of  sate l l i te  orb i ts .
A solL¡ t ion corr rp lete to degree l5 has a hal f  u ,avc-
Iength of  lesolut io¡ . r  o l  about  1200 km wlrer .eas ¿r
solut ion complete to degree 20 has ¿r  r .esolut ion of
about  900 knr  and c lcar ly  wc rcach a point  wher.e ¿ur
increasc in  the accuracy of  the t rack ing dat¿r  dc lcs
not  g ive a ura l 'kcc l  inrprovernent  in  thc c lc tern l i r rat ion
of  the eal th 's  grav i ty  l ìe lc l .  Convelsc ly ,  to  accurate ly
descr ibc the mot ion of 'a  sate l l i te  u,e c lo not  ¡ leecl  an
inf in i te  number of  te lms,  Fol  orb i ta l  accuracies of
about  5 ìu we need only about  250 terms or .  for
olbital ¿rccuracies of 20 crn we wor.rld neecl about
400 terms.  This rneaus that  we car ì  s tar t  obse rv ing
smai l  orb i ta l  pel tu lbat ions c¿tr ¡sed by ear th t ides,
by pola l  mot ion or  by var iat ions in  the ear th 's
speed of rotation, before we have a conrplete trnd
ref ìned solut ion for  the ear th 's  grav i ty  f ie ld.
MeasuLemel l ts  of  g lav i ty  on the ear t l r 's  sur face form
one of  the most  d i rect  ways of  detern l in ing the
earth's gravity fìeld. However, the methocl is t ime
consurning and although observations h¿rve bcen
carr ied out  over  several  dccacles,  the d is t r ibut iou
aroul ld  the wol ld  is  far  f rom uni lo lm.  l f  u ,e c l iv idc
the  ea r th  up  i n to  squa res  o f  I "  l a t i t uc le  by  t ' l ong i -
tude only about25/o of  a l l  squales would cont¿r in
one or more obselvatiol 'rs. Considerable progfess
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has been made in recent  years in  col lect ing gravi ty
dat¿r at sea. but it wil l take a very considerable
cooperative effort before complete global coverage
is obta ined.
Unl ike the sate l l i te  measurements,  the sur face
observatiorrs are mucl.ì more sensitive to local
g lav i ty  var iat ions than they are to the longer wave-
length g lobal  anomal ies.  Thus to determine the
global  f ìe ld we have to smooth out  these local  var ia-
tions first. This process ideally lequires tlr¿rt we have
nrany observat ions in  the are¿r concerned in order
to have a representat ive mean.  This is  se lc lom the
case if we seek mean values for large areas such as
5" x  5o .squares and we have to use some for .m of
prediction nrethods for predicting what the gravity
is  in  unsurveyed par ts  of  the area concel .ned.
The impot tance o[  the sur face gravi ty  data is ,  how-
evcr ,  that  i t  g ives just  the smal l  wavelen,gt l r  var ia-
t ions t l ra t  the s¿r te l l i te  so lut ions do not  prov ide,  and
an astute con-rb inat ion of  t l ie  two types of  data
woulc l  thcre lore y ie ld an opt imunr solut ion for  the
earth 's  grav i ty  f ie ld.
Thc r 'cccnt  g lav i ty  J ìe lc l  o f  Gaposchkin and Lam-
beck ! ,  2 ,  3 l  ca lculatec l  at  the Smithsonian Astro-
physical  Obscrvatory is  based on jLrst  such ¿r  com-
binat io¡r .  F igLrre I  g ìves the g lav i ty  f ie ld rv i th  respect
to a l rest  f ì t t ing e l l ipsoic l  o f  refe lcnce.  T i re solut iou
fbr  the ¡ rote nt ia l  inc luded about  300 harmonic coef-
l ìc icnts of  which about  170 were determined essen-
t ia l ly  by the analys is  of  sate l l i te  orb i ts .  Of  the re-
nra iuc lcr ' ,  rnany terms were deternr ined f rom the
tlvo dat¿r scts and some were deternri¡red ¿rlnrost
ent i re ly  l ronr  the sur f 'ace gravi ty  data.
Sonle 100,000 obselvat ions to ¿rbout  25 sate l l i tes
and col lected over  a per iod of  about  l0  years f rom
a wor lc{ -wide t rack ing network of  sonle 30 stat ions
wele used in the complete solut ion as wel l  as some
data f lom deep space probes.  The bulk of  the data
consistec l  of  photographic observ¿rt ions wi th an
accuracy of  about  l5  or  20 meters.  A considerable
ar.ì ' ìoutìt of laser d¿rta with ¿tn accuracy of about
5 nretels was also used. Surface data, in the form
of free-air anomalies avelaged over are¿ts of about
300 x 300 naul . ic¿r l  mi le  squalcs,  were a lso used.
The data wcre prep¿t fed by Kaula [5]  and consist
of, ¿tbout 930 such squafes coveriug in all about 54\
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of the earth. The accuracies of these mean values
range from about 5 to 25 mgal, depending on the
amount of data used in the calculation of each
mean.
The satellite solution was for all harmonics up to
12,12 plus higher degree terms with m:1,2,3
(that is those terms giving relatively long period
perturbations) and resonance terms.
The normal equations were constructed from the
rurface gravity data on the assumption that all
terms of equal degree were equally well represented
in the data. Comparisons of the surface data with
the satellite data lead us to conclude that the ampli-
tudes of the harmonics greater than about degree
16 were of the same order of magnitude as the noise
in the data so that we constructed the normal
equations up to this degree before combining the
results with the satellite data [6].
With the expansion up to 16, 16 the resolution of the
features in the geoid is about 1200 km. That is,
anomalies of areal extent smaller than ihis would
not show up in the field even if they are of a large
magnitude. If there are several small wavelength
features they would probabty give a broad feature
on the geoid or gravity maps.
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Fig. 1. Free air anomalies (mgal) referred to ellipsoid of
flattening 11298.255. Based on the Gaposchkin and
Lambeck solution [1]. Contour interval is 10 mgal.
Shaded areas correspond to negatieve anomalies.
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Fig.2. Compa¡isons of gravity profiles based on the global
solution (solid lines) and on data collected by surface
measurements (broken lines).

North Atlantic, Northwest-Southeast - profile from
Ilalifax to Dakar.
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Fig.3 Comparisons ofgravity profiles based on the global
solution (solid lines) and on data collected by surface
measuremeDts (broken lines).
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The accuracy of the global solution is of the order

of three meters in geoid height or 9 milligals in

gravity anomalies. These estimates are based on

the formal statistics computed for the solution but

are in excellent agreement with tests made with in-

dependent surface gravity data and with astro-
geoid data. Figures 2and3 give some typical examp-

les and more information is given in 11,2,3 and 6].

The interpretation of the earth's gravitational field

In this discussion we will limit ourselves to the im-

plications of the long wavelength features in the

earth's gravity field rather than: the small features

which are the consequence of near surface densilV

anomalies and of the topography. By long wave-

length we mean gravity anomalies that have an

areal extent of about 1000 km diameter and, as

discussed below, these anomalies will be caused by

density anomalies at some depth below the earth's

surface.

If the earth acted essentially like a fluid over a

suitably long time span, it would take on a spheroi-

dal shape which could be calculated from the pre-

cessional constant and its angular velocity [7].
Such a body is said to be in hydrostatic equili-

¿+o

brium and all level surfaces inside the body would

be at the same time surfaces of equal density. For

a body of the earth's mass and the dynamical
ellipticity calculated from the precession constant,
the geometric flattening of an ellipsoid correspond-
ing to the hydrostatic figure would be about i/300.

Figure 4 shows the gravity field as it departs from

such a hydrostatic figure and the anomalies clearly
indicate that the earth differs considerably from a

rotating liquid. This is hardly surprising as we are
quite used to a more or less rigid earth outside of

the oceans. But we emphasize that we are talking

about the shape of the earth over a long time span

so that when materials are subjected to large forces

over a long time span we can expect them to re-

adjust in one way or another in response to thesq'

forces. That this happens in the case ofthe earth, to

at least some extent, is evidenced by the isostatic

compensation of mountain ranges and by areas of

post glacial rebound such as Fenno-Scandinavia.

Two alternative interpretations are possible as to

what supports these departures from hydrostatic

equilibrium. The first is a ûnite strength interpreta-

tion whereby the earth materials are assumed to be

sufficiently rigid to support over very long time

periods the stresses and strains caused by the gravity

anomalies. The second interpretation is that thè

earth's strength is low but that the density anoma-

lies are dynamically maintained by some form of

thermal convection. Seismology gives us some in-

dication as to which of these two interpretations

is most likely and in fact it appears that the two

co-exist. Seismology also indicates that the core of

the earth is sufficiently liquid so as not to depart

significantly from hydrostatic equilibrium so that

we need only consider the earth's mantle and crust

in the following discussion
The first characteristic of the gravity freld is the

difference between the hydrostatic Íattening of

about 1/300 and the observed flattening of L 1298.255.
The difference may appear small but is real and is

considerably larger than the uncertainties associated

with either flattening estimate. The difference im-

plies that the earth's bulge is too large by some

0.5\, and the question is whether this departure is

sufficiently significant, when compared to the other

-  4 0
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Fig. 4. Free air gravity anomalies referred to ellipsoid of flattening of 11299.9. Contour interval is 20 mgals.

(

anomalies, to v/arrant a separate interpretation.

One interpretation, originally proposed by Munk

and MacDonald [19], is that the observed bulge is

a remnant of an earth that in its geologic past has

rotated at a higher angular velocity than it does

now.
If one assumed that the departure from hydro-

static equilibrium is supported by a f,nite strength

in an elastic and incompressible mantle it becomes
possible to calculate the stresses that must exist

throughout this layer. Kaula [8] and McKenzie [9],
both give values near 200 bars, a value that is gen-

erally considered to be considerably larger than

mantle materials can sustain at high temperatures

and over long time periods.

If we assume that the earth acts as a viscous body,

then, as it slows down its oblateness will gradually

decrease, although there is a time lag in which the

earth's bulge adjusts itself to its new rotational

speed. From astronomical records [10], records of
ancient eclipses [11] and from ancient'records of

coral growth rings [2], it appears that the earth
has been slowing down at a rate of 1 or 2 milli-
seconds/century so that the time lag, or the time it
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takes for the bulge to adjust to its new rotational
speed, is of the order of ten million years. Some
straightforward calculations then lead to a mean
viscosity of the mantle of about 1026 poise U3, 141,
and such a value would quite effectively rule out
any large scale convection in the mantle as well as
polar wandering [15].
The viscosity of the mantle is perhaps one of its
most enigmatic properties as there is little geo-
physical evidence directly relevant and indepen-
dent of a variety of other hypothesis. One impor-
tant source comes from the observed rates of re-
bound of areas such as Fenno-Scandinavia that
were glacially depressed in the recent geological
past or of areas such as Bonneville Lake, Utah,
that have recently evaporated. Values obtained
range from 1021 to 1023 poise depending on the
depth in the mantle [16]. As they are appücable
only for the upper 1000 km or so of tþ mantle,
they do not necessarily conflict with the values ob-
tained from the fossil bulge analysis if we assume a
region of low viscosity extending to a depth of
perhaps 1000 km underlain by a high viscosity
mantle. Seismology in fact permits such a model.



Goldreich and Toomre [17] have argued however,

that the difference in flattening is no more signi-

ficant than some of the other departures from

hydrostatic equilibrium as indicated in figure 4.

They argue therefore that a separate interpretation

of the bulge discrepancy is both unwarranted and

misleading. Instead, they argue that the earth is a

viscous body rotating about an axis selected so as

to maximize the resultant polar moment of inertia.

If during the geologic past these unknown features

were differently distributed as indicated by, for

example, continental drift, the pole of rotation

would lie in a different position. With this inter-

pretation we do not need to invoke a time constant

of about 10 million years obtained from the earth's

deceleration. We can use instead a time constant

estimated from the polar motion and if the pole has

really moved at a tate of 10 km per million years

(or faster [18]) we obtain a measure of the viscosity

of about 102acgs. This value is representative of the

mantle as a whole, is in better agreement with the

value obtained by the observed rates of uplift for

the upper mantle and also reinstates the possibility

of thermal convection in the lower mantle.

However, the information on polar wandering in

turn is based on a number of hypothesis whose

validity is not clear. The first hypothesis is that the

earth's magnetic ûeld has always been that of a

dipole, and a second hypothesis is that this dipole

field has been coupled to the earth's rotation axis

throughout the geologic past. Neither hypothesis

is completely supported by thê palaeomagnetic

data [14].
The two radically different conclusions drawn

from the earth's bulge are indicative of the problems

that exist when interpreting these results without

adequate information on the other necessary para-

meters of the earth. The gravity field is probably

better known globally than any other geophysical

quantity pertaining to the solid earth and yet we

reach the two widely divergent interpretations for
just one part ofthe field!

If we accept Munk and MacDonald's hypothesis

of the fossil bulge we have to explain the other
gravity anomalies with respect to the 1'1298.25

eilipsoid. In the case of the Goldreich and Toomre
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explanation it is the anomalies with respect to the

1/300 ellipsoid that need explaining. In either case,

when we look at figures 1 and 4 we are struck by

the lack of correiation between the gravity field and

the distribution of the continents. This leads us to

the important conclusion that the density anomalies

giving the gravity field are not associated with the

continents but have their origin somewhere in the

mantle.
This suggests that if the earth is reasonable viscous

the displacements of density anomalies that cause

the polar wandering are not necessarily associated'

with the distribution of the continents and tnat we

would not expect to find a close relation between

the motion of the continents and of the pole.

Density models of the earth as deduced from seis-i

mology ìndicate that between the core and mantle

there is a density jump of about 5 grams/cm3. It

has been suggested by Hide and Horai [20] that

there is a transition zone ofperhaps 5 km thickness

in which density anomalies occur and which would

contribute to the gravity field observed at the earth's

surface. Some straightforward calculations l2Il
show that only the observed harmonics up to degree

4 or 5 can be placed in this interface if the thick-

ness and density jump are to be in agreement with.

the above values. Such anomalies are also useful\.

for explaining certain features of the earth's rota-

tion (the decade wobble) and of the earth's mag-

netic field. Hide and Malin l22l have in fact found

a correlation between the low order geomagnetic,'

field and gravity field if the former is rotated through 
''

160'in longitude. Figure 5 gives the residual gravity

fie1d after all tesseral terms up to fourth degree are

removed.
Seismology has also indicated that between the

core-mantle boundary to a depth ofabout 1000km

below the surface, the mantle is laterally quite homo-

geneous. At least, no significant variations have yet

been found and the question as to Whether there

exist large scale convection cells throughout this

layer is still uncertain. Thus we will not consider

this region to be a particularly fruitful one for

seeking an explanation of the gravity anomalies

given in figure 5. We look instead to the very upper-

most regions of the mantle. Here the seismic
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Fig. 5. Gravity anomalies with respect to a
interval is 20 mgai.

reference figure containing all gravity terms up to and inciuding 4,4. Contour

evidence is that lateral variation in density or
elastic properties can exist and the reasonably sure
conclusion drawn from the post glacial uplift data
indicate that some flow is most probable.
A brief discussion on the nature of these upper
regions will be useful for the subsequent discussion.
Extending to a variable depth ranging between
40 and 100 km is a layer generally called the litho-
sphere. This layer includes the crust of the earth
and extends to some depth beyond it.
Its characteristic is that it can be considered as
sufficiently rigid to be able to support limited stresses
and strains without immediate deformations.
Generally the lithosphere tends to be thinner and
cooler when underlying the oceans than for the
continental regions and in consequence there is a
slight density difference between oceanic litho-
sphere and c.ontinental lithosphere. Underneath
this rigid layer, and extending to a depth of be-
tween 700 and 900 km is a region of relatively low
and variable viscosity and which can only support
density anomalies by flow. Referred to as the asthe-
nosphere, it is the layer that deforms when the
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lithosphere is subjected to large loads caused by,
for example, glacial ice.
If we rule out the lower mantle as the source for
the gravity anomalies we are left Tvith two alter-
native possibilities: They arise from density varia-
tions in the lithosphere or in the asthenosphere. In
the first instance they must be maintained by the
finite strength of this layer and in the second in-
stance they must be maintained by flow. For the
gravity anomalies we are considering here, of
wavelengths of 1000 km or more, it can be shown
that thefrst hypothesis is insufficient. McKenzie [9]
for example, has shown that the shear stresses that
would exist if the anomalies \ryere supported by the
lithosphere are very much greater than can actually
be supported without immediate frac I're. For
example, if we consider a feature of 1500 km extend
with a peak gravity anomaly of 20 mgal, we require
a shear stress for the lithosphere of 800 bars
whereas laboratory work and earthquakes indicate
that fracture occurs at about 200 bars or less for
crustai materials at low temperatures.
The two layered horizontal model is complicated
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Fig.6. Schematic cross section of ocean ridges and island

by discontinuities in the lithosphere. The upper

layer consists in fact of a number of slabs that can

move relative to each other and which are bounded

by oceanic ridges, trench or island-arc systems and

transform faults. Only the first two, however, play

a role in this discussion.

The ridges are recognized as areas of tension; where

adjacent lithospheric slabs are moving apart. Either

in consequence of this separation or as the cause of

it, hot basaltic type materials rise up close to the

surface and sometimes break through the surface

as volcanos. The ridges therefore tend to grow and

are often referred to as areas of crustal generation.

The trenches, of which the circum-pacific belt are

the outstanding examples, are also referred to as

island arcs since arcs of islands often occur on the

continental side of the trench. The trenches are

areas of compression where adjacent lithospheric

slabs push against each other.

The consequence of this collision is that the cooler

and thinner oceanic slab is pushed under its con-

tinental counterpart and back into the astheno-

sphere. The trenches or island arcs are therefore

also referred to as areas of crustal distruction. The

Alpide belt running from the western Mediterra-

nean to the Himalayas are also compressional fea-

tures but in this case the action is between two thick

continental slabs and buckling rather than down

thrusting tends to occur. A continental equivalent

to the oceanic ridges is the rift valley of East Africa,

but the surface characteristics are again distorted

by the thick crust. These models are supported
very strongly by seismic data l23l and the rates of
motion have been estimated from marine magnetic

anomalies of as much as -10 cm/year 124, 251.

Figure 6 gives a schematic diagram of areas of ex-
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tension and compression and figure 7 gives the ¡
sinuous path of the two types of features. Also'

shown in this figure are deep ocean basins below

depths greater than 5000 meters.
Comparing figures 1, 4 or 5 with the tectonic fea-

tures we find an immediate and consistent correla-(

tion between the earth's gravity field and the oceanic

trenches. In each case the anomalies are strongly
positive and there is a faint suggestion that the

region of maximum anomaly occurs just to the

continental side of the trench. 
'When 

we look at the

Alpine belt we find the correlation positive in the

western part but turning negative in its eastern part.

The oceanic ridges also show quite a good positive

correlation with the gravity field although the val-

ues of the anomalies are generally smaller and.

sometimes the correlation tends to turn negative.

Ocean basins tend to give a negative correlation

with gravity.

Kaula [26] has attempted to interpret these corre-

lations in terms of the rather complex interactions

between the flow patterns in the asthenosphere

and the lower lithospheric boundary. The positive

anomalies just behind the island arcs would be a

consequence of the cool oceanic slab being pushed

under the continental slab and some of the dis-

placed viscous asthenospheric material would tend

to push the lithosphere upwards.
At the ridges, above the up-welling limbs of the

convection pattern we would expect negative gravity

anomalies unless the lithosphere is being pushed

upwards as well. In this latter case the anomalies

would be positive if the mass pushed upwards out-

weighs the decrease in density. Recent results by

McKenzie l27l are relevant to this problem.

McKenzie carried out extensive calculations of
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Fig. 7. Global pattern of areas of tectonic activity. The solid iines are areas of compression (trenches or island arcs, and

mountain beits) and the double lines indicate areas ofextension (ocean ridges and rift valleys). The shaded areas indicate
the major deep ocean basins.

convection in a two dimensional layer with physical
parameters resembling a simplified asthenosphere.
His calculations were for a free upper boundary
uncomplicated by a lithospheric like slab. He found
in all cases positive gravity anomalies over the
rising limbs.
The lithosphere will undoubtedly introduce com-
plications but as it is relatively thin over the ridges
the generalizalion of this conclusion appears in
order. A more serious question of generalization
is that the half wavelengths of the anomalies that
he finds tends to be smaller than that found in the
positive anomalies over the ridges as indicated by
figures 2,3, 6,7. and further work is required in
refining the upper mantle models and in refining
the gravity field.
Kaula also explains the negative anomalies over
the basins in terms of flow if we assume that as the
flow moves away from the up-currents below the
ridges, it cools and contracts in volume and is
possibly associated with a settling out of denser
materials. This would lead to a lowering of the
lithosphere and the depressions so formed would
be filled with the low density sediments giving the
typical deep ocean basin structure.
The mechanisms just described 

"uo 
ooiy be called

approximate and to find a more definite model
some concrete calculations are required of the orders
of magnitudes of the forces responsible for, and
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being created by, such a flow pattern and for the

observed gravity anomalies. Such calculations are

complex in that we really know nothing that is

quite definite about the physical parameters in-

volved and about the way the lithosphere distorts

the picture of what is happening deeper down. We

also have to look to other geophysical data to

supply the necessary evidence, particularly to seis-

mology and heat flow measurements, to be able to

construct reliable models so that we can strip back

the lithosphere to see which parts of the gravity

field can be used to interpret the flow in the astheno-

sphere. Unfortunately the available heat flow and

seismic data is very sparse when considered on a

global scale and major improvements in the data

collection will be required.

Future improvements in the determinaíion of the

earth's gravity fielil

In the ûrst part ofthis paper we have discussed the

methods used to determine the earth's gravity field

as well as presented some recent results. In the

second part we have discussed some possible inier-

pretations of these results. In particulaç we have

stressed the importance of the correlations found

between the gravity and the structure of the earth's

upper mantle. The accuracy of the determination of

gravity field has been estimated at about 9 mgal yet

some of the features on which we have based our
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correlations have amplitudes of little more than this.
Thus some of the features in figures such as 7 may

well be spurious; the consequence of inadequate

data or an inadequate treatment.
The improvement in accuracy of the field, even

without extending it to a higher order, should therê-

fore be one of the first goals for future work in this

area. Only then can we be sure about the existence
of those features that we are trying to correlate

with other geophysical data.
The second improvement required is the resolution

of the solution. At present only those features of

areal extent greater than about 1200 km can be

found so that many interesting areas on the globe

pass by unnoticed. A now classical example is the
geoid variation over the Puerto-Rican trench. This

feature is, according to Von-Arx [28], associated

with a variation in geoid height of about 15 meters

over a distance of about 100 km. Yet it does not

appear in the global solution which has an accuracy

of about three meters. The resolution is also re-

quired for studying the detail of the anomalies now

observed. Successive solutions in the past for the

earth's gravity field have indicated a breaking up

of the major features as the resolution improved

and this tendency may well continue beyond the

resolution discussed here.

The first type of improvement is fairly readily ob-

tained with present methods but using more, better

distributed, and more precise laser range data. There

are now seven satellites with retroreflectors in orbit

around the earth and there are now twelve laser

stations routinely used for tracking these objects.

The international observing campaign now being

coordinated by the Centre National d'Études

Spatiales, will make an important contribution in

this respect. However, as we discussed in the first
part of this paper, the improvement in laser

tracking will not contribute significantly to impro-

vements in the resolution: With a gogd distribution

of 20 cm accurate data we obtain a resolution of

only about 900 km! New methods, which will mea-

sure the earth's potential, or its shape will conse-
quently be required to give this improvement.

One of the most important of the new methods is

satellite altimetry. The potential of satellite-borne
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altimetry has been recognized since the early days

of the space age as both a navigation guidance

system for spacecraft and, more important, as a

means of increasing our knowledge of the earth's

shape. The necessary space technology is now suffi-

ciently far developed to make such a program fea-

sible if we are seeking accuracies of about one or

two mefers.
If a radar on board of a satellite transmits a pulse

towards the earth and the reflected signal is received

back at the satellite, the time delay between the ,-'
transmitted and received pulses gives a direct mea- ''

sure of the distance between the satellite and the

point from which the signal is reflected. This is

simply the inverse of the more conventional ground

based radar tracking of satellites. If the satellite is (
gravity-gradient stabilized so that the radar pulse 

't-

reaching the earth contains the point of nearest

approach, the height of the satellite over the ocean

is measured directly. For a satellite in a polar orbit

such observations could be made over 75f of the

total surface of the earth in a very short time indeed.

If we knew, from ground based tracking data, the

satellite orbit, the combination of this orbital data

v/ith the measured heights gives a direct measure

of the height of the ocean surface with respect to

some more or less arbitrary reference. This ocean l'.

surface will to within a meter'correspond to the geoid.

If both the reference orbits and the altimetry data

are accurate to a meter or better, all the detail that

is reflected in the geoid with an amplitude of about'

a meter and with a spatial resolution of only a few

tens of kilometers can be measured. At the moment

we have not yet reached this level of refrnement in

our orbital computations, but the altimeter data

can also be incorporated, together ìvith the ground

based tracking data, to improve the accuracy of the

reference orbits as well as providing the detailed

information on the geoid.

A major problem with the altimetry data becomes
the question of how to mathematically represent
the earth's surface. If we continue using the spher-
ical harmonics we quickly run into difficulties. For
a resolution of 500 km we require an expansion to
degree 36, or about 1400 coefficients and this is
still manageable with large modern computers' For
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a resolution of 60 km we require however an ex-
pansion to degree 180 or more than 32,000 coeffi-
cients. New methods of analysis will obviously be
required, but the most suitable approach is not yet

clear. Perhaps some form of direct mapping is
preferable to a mathematical treatment. The first
altimeters to be flown will probably have aî ac-
curacy of one or two meters and provide a spatial
resolution, using the present methods of data
analysis, of perhaps 500 km. At this accuracy and

, resolution we do not yet run into the serious prob-
lems of the departures of sealevel from the geoid,
yet the results will provide a major improvement on
what is possible by the classical methods.
Another method for improving our understanding
of the earth's gravity field is by a technique known
as satellite-to-satellite tracking. One of the satellites
would be in a geostationary orbit while the second
satellite circles the earth at a low altitude, perhaps
as low as 300 km. This low satellite is tracked from
the stationary satellite by a highly accurate Doppler
tracking system while it itself is being tracked from
the ground by perhaps laser or radio interfero-
metry. If we have a constellation of three such geo-

stationary satellites we would have a complete

, orbital coverage and we can observe some of the
' short wavelength features in the geopotential. The

low altitude will also enhance the satellite's suscepti-
bility to the short wavelength features although
the atmospheric drag forces will now become im-
portant and the only way in which we can eliminate
this is to use drag-free satellites. Now the whole
program becomes sufficiently complicated for it to
be relegated well into the future.

Conclusion
The determination of the earth's gravity field is the
most important result obtained from satellite
geodesy and has provided an extremely valuable
boundary condition for the problem of determining
the structure of the earth's interior. Improvements
in the gravity field can only come from the very
precise tracking of satellites and laser range obser-
vations will be of the utmost importance for this.
It is perhaps necessary to stress that such improve-
ments can only come from a truly international
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cooperative observing program. The solution dis-
cussed in the preceding section is an expression of
this international cooperation since the data was
collected with the support of national agencies and
universities on six continents.
We have seen also, that there is a limit to the infor-
mation that can be obtained from the now used
methods and that if we want to improve the resolu-
tion of the solution we have to look towards the
new methods. The recommendations made by the
NASA study group on solid-earth and ocean phy-
sics [29] and the recent results by McKenzie l27l
certainly indicate the desirability of determining
this detail.
Of the new methods, satellite altimetry is the most
promising and it is difficult to see any future pro-
gress in satellite geodesy without the altimeter
playing a dominant role. This does not mean the end
of laser tracking: Far from it, as accurate laser
data will be absolutely necessary for providing the
precise reference orbits and for calibrating the
altimeter system. Thus any global altimeter system
will also require a fully international tracking
program.

Whereas the gravity field has now brought us into
close contact with the solid earth physics, the alti-
metry satellites will eventually bring us into close
contact with physical oceanography. For accuracies
of about a meter sea level in the open ocean will
approximate the geoid with a sufficient accuracy
and we can consider both as static. For accuracies
of 10-20 cm - and these are possible in the near
future - the ocean surface and the geoid must be
considered as dynamic surfaces: The former being
constantly remoulded by currents, waves, winds and
variations in atmospheric pressure and salinity
while the geoid is constantly changing shape due
to the lunar and solar tides. The interpretation of
the results will therefore require a thorough under-
standing of these various forces at work on the
ocean surface.
'We 

have talked about precise laser data being
necessary and we have hinted at accuracies of 10 or
20 cm. Recent progress in laser technology has
indicated that such accuracies are indeed possible

now.

a
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Advances in orbital theory have also kept up with

these increasing accuracy demands, due to the

progress made in manipulating complex algebraic

problems by computers. A recent example is the

development of an orbital theory accurate to the

third power of the earth's flattening [30]. Suitable

satellites, which reduce the non-gravitational per-

turbations and which enable the measurements to

be reduced to a well defined mass center will also

be necessary in the future. Such a satellite is now

being planned by the Smithsonian Astrophysical

Observatory 131l for observing accurately the

motions of the earth about its center of mass.

I hope that I have succeeded in some of the ob-

jectives I set out in the introduction and that the

choice of paths at the cross-roads is more clear for

the specific problem discussed here., We have to

develop precise laser tracking stations, well distri-

buted around the world, and we have to study some

of the proposed new complementary techniques.

On the theoretical side we have to investigate the

optimum methods for using this new data; we have

to improve our orbital theories and the represen-

tation of the geopotential. Finally we have to con-

tinue work on the interpretation of the results ob-

tained and to investigate their relationship to other

geophysical quantities.
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