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BY 
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Professor of Gcoph~ics, Director of the Seismological 

Laboratory, California Institute of Technology. 

A relatively large fraction of theoretical formulations as well as funda
mental numerical data in geophysics are based on approximations. Un
fortunately in many instances this fact is not realized sufficiently. 

Theoretical approximations are used for various reasons. For example, 
very frequently in differential equations only first derivatives are used, 
and second or higher derivatives are neglected. While this procedure 
usually does not lead to large errors, there are occasional cases where second 
derivatives approach, and even surpass the first derivatives in magnitude. 
Under such conditions results may be Inisleading and even may prevent 
progress in the investigation of the problem involved. Other approxima
tions occur in connection with the use of series, where only terms with one 
or two powers of a quantity are retained regardless of the fact that the 
neglected terms may contribute appreciably to the results under certain 
conditions. 

There is a large variety of instances where standard errors are calcu
lated by using the method of least squares, and these standard errors then 
taken erroneously as an indication of the accuracy of the result. It is fre
quently overlooked that the standard errors give only information as to 
the consistency of the observations. Unfortunately, in many cases much 
greater errors are due to the assumed approximations, and the systematic 
errors may be much larger than the standard errors. A practical case con
cerns the deterinination of the epicenter of an earthquake, especially from 
data of near-by stations. Frequently, the first phase observed there can 
be interpreted in different ways; in such instances, each solution giving 
origin time and epicenter may have rather small standard errors, but the 
various solutions based on different interpretations may differ among 
themselves by amounts which are a multiple of the standard errors, even 
if the wave velocities and the focal depth were accurately known. Occa
sionally the method of least squares has unintentionally been used to remove 
the effect of actual deviations from an assumed simple condition. This 
has happened for example in connection with geodetic operations in regions 
where noticeable but unknown changes had occurred between the measure-
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ments. Unfortunately such changes usually are systematic and do not 
fit the assumptions on which the method of least squares is based. 

A few examples may illustrate how incorrect results may be produced 
by the use of approximations. In the theory of the propagation of seismic 
waves through the earth, second order terms usually are neglected. Nor
mally this does not lead to appreciable errors, especially as long as the 
velocity does not change much with depth; however, the second order 
terms may surpass the first order terms if rapid changes in the velocity 
occur. 'fhe usual theory applies to plane waves and corresponds to the 
assumption that the energy gradient is perpendicular to the wave front; 
if the rays are curved the assumptions no longer hold true, and a second 
component of the energy gradient exists in the direction of the wave front. 
As a consequence, large errors in energy calculations may occur, especially 
where the approximate theory is applied to waves which are propagated 
at nearly grazing incidence to a discontinuity or nearly along a layer in 
which the velocity changes rather irregularly with depth. On the other 
hand, almost all theories concerning surface waves are based on approxi
mations under the assumption that the change of velocity with depth follows 
a very simple pattern, either involving a succession of layers with constant 
velocity in each, or a gradual change in velocity in a given sense following 
a simple equation. Unfortunately, even the types of surface waves found 
theoretically depend on the assumptions; if incorrect properties of the 
velocity-depth function are assumed, theoretically wave types may be 
found which, under the actual conditions, do not exist at all, and observed 
types of waves may not find a theoretical explanation. For example, the 
properties of surface waves under the assumption that the velocity of 
body waves has a minimum at a certain depth have not been investigated 
yet for the solid earth, though such a minimum seems to exist; similar 
minima in the velocity functions for the ocean and for the atmosphere are 
known to be a controlling factor in the wave theory for these two media. 

In the field of geodesy approximations are used frequently. Many are 
due to the deviation of the figure of the earth from a sphere or an ellipsoid. 
For the calculation of distances along the surface of the earth in connection 
with seismic problems, the use of the equations for a sphere leads to noti
ceable errors, if geographic latitudes are used; much better results are 
obtained by taking geocentric latitudes. 'rhe deviation in travel times, 
based on the distances calculated by the use of geographic latitudes are 
large enough to leave no doubt that the figure of the earth is better re
presented by an ellipsoid than by a sphere. 

The effect of approximations in reduction of gravity observations is 
frequently much under-estimated. Gravity anomalies calculated under 
various assumptions differ by amounts which may be ten or even one 
hundred times the errors in the actual gravity observations. While one 
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assumption may lead to good approximations in one region, a different 
one may be better elsewhere. The selection should be based on geological 
and geophysical results wherever possible; the method which leads to the 
smallest anomalies does not necessarily correspond to the best approxi
mation. The hypothesis of >>isostasy>> (the tendency of the matter inside 
the earth towards a state of hydrostatic equilibrium.) is the expression of 
an approximation. Statements like >>isostasy is not true>> are meaningless 
without a strict definition of isostasy; certainly there can be no exact 
hydrostatic equilibrium. at any level inside the earth. The important 
question is how large a deviation (isostatic anomaly, mass surplus or deficit) 
from hydrostatic equilibrium. exists in a certain area at a given depth. 

In a variety of geophysical fields it is well known that the approxima
tions are very poor. This relates, for example, to the temperature in the 
deep interior of the earth. However, many authors have overlooked the 
fact that even the average temperature gradient in the uppermost layers 
of the earth is not well known. By far the most observations of temperature 
gradients have been made in areas where bore holes are available; that is, 
in general in regions of commercial interest and consequently in most 
instances of unusual structure. No >>average>> values are good approxima
tions, as long as there are no data at all from. oceanic regions and only 
a few from areas where granite, basalt or old sediments form the 
surface. 

An unusually large amount of approximation is used in connection 
with problems of plastic behaviour and creep. Here even the simplest 
approximations lead to very complicated equations. Most theoretical 
investigations of plastic flow in the earth make use of approximations 
concerning the physical process which are inadequate or very poor. This 
is partly the reason why calculated values of the viscosity in the interior 
of the earth differ from. each other by rather large powers of 10. Another 
source of error is in the assumption that the viscosity does not change much 
throughout the mantle of the earth, or at least in large parts of it . 

Findings concerning the bulk modulus and rigidity in the interior of 
the earth are somewhat better approximations, but they too are probably 
not as accurate as many believe. This is partly due to the fact that the 
density needed for the calculations is known only approximately. Inside 
the core especially, such data are open to considerable doubt. 

Some of the difficulties in the investigations of gravity anomalies and 
of the undulations of the geoid are due to the fact that the density of the 
upper layers varies from region to region, but that usually the same value 
is assumed for all regions. This leads to conclusions which frequently are 
less accurate than it is believed, since many of the density data are rather 
old and doubtful, and the assumed average value for the density of the 
earth's crust is rather uncertain, possibly by as much as five per cent. 
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In applied geophysics approximations are very common and the accuracy 
of the results if often overestimated. For example, in seismic prospecting 
approximations are necessary in supposing the form of seismic rays. In 
magnetic and gravity exploration normally rather simple forms of disturb
ing bodies are assumed to explain anomalies. 

Approximations are not restricted to the solid earth. In oceanography 
and meteorology approximations usually have to be made to obtain man
ageable equations. In the study of the upper atmosphere the decrease in 
gravity with elevation is normally neglected, although relatively large 
errors are introduced for very high altitudes. The approximations there 
also include assumptions as to the temperature, and for example, the 
calculated value of free paths of molecules or atoms in the ionosphere may 
be in error by a factor of ten or more. 

In addition to approximations related to the present conditions of 
the earth, it is taken for granted that the equations of physics do not depend 
on the place of the earth in the universe nor on absolute time. It is fre
quently overlooked that for hypotheses concerning the early history of 
the earth the possibility must be considered that certain physical laws 
have changed in course of time. This is especially true if the universe is 
expanding and if at the time and in the region where the solar system 
originated all matter was very much closer together than it is generally 
today. This may be one of the reasons why thus far no good theory on the 
origin of the solar system, including the earth, has been developed. 

Though only a few examples have been mentioned here, there is no 
doubt that much more attention has to be given to the effect of approxima
tions in geophysics. 


