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FOREWORD

The successful launchings of high-altitude rockets and artificial Earth
satellites have opened a new era in the collection of geophysical data. The
application of these new techniques will require the combined ideas, ex-
periences, and services of scientists in a wide variety of disciplines. As an
example, any efforts in the collection of geodetic data will necessarily draw
together several fields of endeavor outside of geodesy, such as astronomy,
rocketry, and electronics, to name a few.

In recognition of this, many American geodesists anticipated the need
of a Conference on Contemporary Geodesy for the interchange of knowl-
edge and ideas among scientists in certain fields related to the new space
age. The purpose of such a conference was not merely to orient other
scientists in modern geodesy, but just as importantly to enlighten the
geodesist in those sciences required in space application to his problem.

With this in mind, an Organizing Committee was formed under the Sec-
tion of Geodesy of the American Geophysical Union. Arrangements were
made with Dr. Fred L. Whipple and Dr. Donald H. Menzel, Directors,
respectively, of the Smithsonian Astrophysical and the Harvard College
Observatories, Cambridge, Mass., to sponsor and act as hosts to such a
conference on December 1 and 2, 1958.

Many thanks are due Dr. Whipple and Dr. Menzel for their whole-
hearted cooperation without which the conference would not have been a
success. Thanks are also due the National Science Foundation for its moral
and financial backing in this venture.

The Organizing Committee is grateful to the officers of the American
Geophysical Union for accepting the proceedings of this conference for
publication in its Monograph Series and is very appreciative of the edi-
torial assistance furnished by members of the staff of Smithsonian Astro-
physical Observatory and by Waldo E. Smith, Executive Secretary of the
A.G.U,, and members of his staff.

The list of those in attendance and those actively participating in the
conference should alone attest to the merit and success of this undertaking.

Organmizing Commattee

MivtoN O. Scumipt, Chairman
KennerH H. DruMMOND, Secretary
Roman K. C. Jonns

JouN A. O’KEEFE

CHARLES A. WHITTEN

Copyright © National Academy of Sciences. All rights reserved.
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Geodetic Fundamentals, Introduction

MirtoN O. SCHMIDT

University of Illinois, Urbana, Illinois

The American Geophysical Union, and particularly its Section of Geod-
esy, feels deeply honored in sharing with Harvard University and the
Smithsonian Astrophysical Observatory the responsibility of assembling
you and promoting this forum dealing with problems in contemporary ge-
odesy.

Very unfortunately Dr. Walter Lambert is unable to be present because
of illness. Also Dr. F. A. Vening Meinesz could not secure travel accom-
modations to get here. We feel very happy, however, that Dr. Alwyn Rob-
bins of Oxford University, who is now a Visiting Professor at Ohio State
University, is able to join us. Dr. Robbins is an assistant to Guy Bomford
in Great Britain and is very well qualified to give our keynote address on
some historical antecedents of contemporary geodesy. I am very pleased,
therefore, to present Dr. Alwyn Robbins.

Copyright © National Academy of Sciences. All rights reserved.
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Evolution of the Geodetic Concept

ALwyN R. RoBBINS

Ozford University, Ozford, England

Gentlemen, I was asked to speak at short
notice. I think Mr. Whitten must be short-
sighted. He came into the hotel last night with
a worried look and said, “I am glad to see you.
You are talking tomorrow.” If he had looked a
little further he would have seen others far
better qualified than I. So I hope you will for-
give any shortcomings.

As you all know, geodesy is the science of
measuring the Earth and thence, of course, to
find the size and shape of the Earth. When this
departed from what the geodesist thought it
would be, he started speculating on the irregu-
larities. Thus he begins to merge into the field of
geophysics.

Geodesy is a very old profession. If you look
in the Bible, I think the Book of Numbers or
Deuteronomy where there is a list of curses, you
will find one which in effect says: “Cursed be he
who moves his neighbor’s boundary stone.” So it
goes back some way.

Next, the ancient Greeks thought the Earth
was a plane supported by four elephants on the
back of a turtle. Aristotle went a step further
and said it was a sphere. Later Eratosthenes
noticed that the Sun shone directly down a well
at noon at the summer solstice; he observed the
sun somewhere else at the same time, made a
traverse by camel caravan, and computed the
radius of the Earth.

Then things stood still for a few centuries.
With the coming of the telescope and the use of
logarithms, triangulation was originated. Finally
the size and shape of the Earth was measured
by triangulating along meridians to compute the
semiaxis and the flattening of the ellipsoid. One
measurement appeared to show that the Earth
was a prolate spheroid; this was disputed by
Newton and others and then we had the famous
French arcs in 1735 and 1736 which proved it
was an oblate spheroid.

In the nineteenth century, with the realization
of the need for maps, many countries observed
the national framework of triangulation and
some of them determined their own spheroid, or
figure of the Earth, that happened to fit their

country best. That was all right but when com-
munications improve, national barriers become
meaningless and geodetic networks must be in-
ternational. The spheroid that fits one country
doesn’t necessarily fit others.

During this century, the International Union
of Geodesy and Geophysics has given geodesy
international recognition. During the last thirty
years, especially since the last world war, these
national triangulations have been linked more
and more and many datums have been tied to-
gether by triangulation.

When triangulation over large areas is com-
puted on an ellipsoid or spheroid whose size and
shape is known, position of the spheroid in rela-
tion to the geoid must also be determined. A
datum contains seven constants: two, the semi-
axis and the flattening of the spheroid, and two
additional constants to make the minor axis
parallel to the axis of rotation of the Earth.
These last two you do not use per se but you
use them, without noticing as it were, when com-
puting geodetic azimuth from astronomical. As
far as these four constants are concerned, you
can compute on any spheroid you choose but
you still will not necessarily be on the same da-
tum. Finally, you define the latitude and longi-
tude and geoid-spheroid separation at the origin.
Now the datum is completely defined. Nothing
else can be defined; everything else must be
computed. So if you have two disconnected tri-
angulation systems on the same spheroid, they
are still on different datums in that they have
different origins.

The definition of latitude and longitude and
geoid-spheroid separation at the origin is com-
pletely arbitrary. You can assume that the sep-
aration is zero and that the geodetic latitude and
longitude are the same as the astronomical. If
vou do that and if you happen to be in an un-
lucky spot where the geoid rises or falls slightly,
then as the network extends hundreds of miles,
this tilt will become more pronounced and the
separation of the two surfaces will increase. Gen-
erally, you will reduce your bases to mean sea
level but you should to reduce them to the

Copyright © National Academy of Sciences. All rights reserved.
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EVOLUTION OF THE GEODETIC CONCEPT 3

spheroid. If you have enough deviations of the
vertical you can compute along section lines
and calculate the separation and its effect on
scale. But one seldom has enough information.

There is, however, one way of going about it:
You can compute deviations of the vertical on
one world datum if you have enough information
on the intensity of gravity over the world. How-
ever, there is not enough gravity information so
there will probably be some residual errors left
in computation because of insufficient data. Per-
haps some will disagree with that statement.

Be that as it may, it is important to recognize
that deviations of the vertical from Stokes’
theorem are on one datum, and any others com-
puted on other datums are different. The two
can not agree except by chance. So we have a
multiplicity of datums. The task of the geodesist
is to reduce these and combine them into one
world geodetic datum. You can do it by having
more observations of gravity and so on, or you
can make intercontinental ties between triangu-
lation systems. Then you have the problem of
computing the separation of the geoid and
spheroid across the sea gaps. One way is to use
gravity and interpolate. Ways of doing it are
now being studied; some research is being done
on that at the moment.

So it does not really matter what datum you
have, as long as you have one which fits rea-
sonably well and as long as you have enough
observations. It is the lack of sufficient observa-
tional information that is holding things up to
some extent at the moment. The objective is to

have a world datum and to portray the geoid on
it.

We have come a long way since the introduc-
tion of the telescope. I do not recall the date of
the early triangulation in Great Britain but I
remember their geodetic theodolite had a sixty-
inch circle and they had to put it on top of
St. Paul’s Cathedral on a scaffolding. Nowadays
one can get better results with a five inch. Of
course we also have shoran, and more recently
still the satellite.

On the gravity side, for the pendulum we have
come up with more accurate timing devices. The
gravimeter is being improved and new types are
being developed which can be used aboard sur- -
face ships as well as under water.

Finally we come to the Earth satellites which
are, perhaps, controversial. How much can we
get out of them? I would personally like to see
it the other way around. How much information
can we geodesists give to the physicists? If we
know the gravity on the Earth and then tell the
physicist what gravity is doing to the satellite,
the physicist can determine what the effect of
atmospheric drag is and so on. That, again, is
the reverse of what many people are thinking.
The other way around is to try to find out from
the physicist what the drag is doing, whence to
determine gravity all over the Earth. It all de-
pends on the relative sizes of the effects we get
from one source or the other.

This is a very brief summary. As I say, this
was at very short notice and I hope you will
excuse any shortcomings.

Copyright © National Academy of Sciences. All rights reserved.
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Geometric Techniques in Geodesy

Lansing G. SiMMONs

U. 8. Coast and Geodetic Survey, Washington 25, D. C.

The ultimate goal of the geodesist is, I sup-
pose, to determine the parameters of an ellipsoid
of revolution which best fits the figure of the
Earth as a whole. But this is not all. He also is
concerned with the details of the lack of fit of
this ellipsoid to the actual Earth’s shape, the
geoid.

Consider three surfaces: the actual topo-
graphic surface of the Earth, the geoid or sea-
level surface, and the reference ellipsoid. Of these
three, only one is completely real, the topo-
graphic surface. The geoid is considered to be
the mean position of the surface of the sea as
extended under the continents were it allowed
to flow freely with the continental masses still
in place. It is an equipotential surface resulting
from the Earth’s gravitation and rotation, over
which the intensity of gravity varies about one-
half per cent, and about which an object can be
moved without the expenditure of work.

Unlike the topographic surface, which departs
from the ellipsoid by as much as five miles at
slopes of almost any amount, the geoid hardly
deviates from the ellipsoid by more than, say,
100 meters at slopes rarely exceeding one minute
of arc. These geoidal slopes, though relatively
small, are quite troublesome, since the gravity
vector is always perpendicular to the geoidal
surface and surveying instruments must be
leveled to it.

Astronomic observations, which determine the
direction of the gravity vector in relation to the
spin axis of the Earth and to some arbitrarily
chosen meridian plane within a small fraction of
a second, do not position a station with anything
like geodetic accuracy. This is due to the un-
known geoidal slope or what is the same, the
‘deflection of the vertical.’ Astronomic parallels
and meridians deviate from their geodetic coun-
terparts by as much as several hundred feet, or
even a mile, in an unpredictable manner.

In triangulation work, the theodolite measures
the angles, both horizontally and vertically. Hor-
izontal angles are measured to an accuracy better
than one second of are, but since the circles are
leveled to the geoid, the angles measured are not

quite what they would be if the instrument could
be leveled to the ellipsoid. Not much harm is
done as long as the distant targets pointed upon
are near the horizon. The trouble comes when
the targets are at large angles of elevation or de-
pression. In these cases, each pointing should be
corrected for the tilt of the horizontal axis.
Since the geoidal slope is not known, the tilt is
not known and thus, in general, these small
corrections remain to be applied at some future
time when geoid information becomes available.

In this country, in special cases, we have de-
termined these small corrections to horizontal
angles by astronomic observations at the points
of observation.

Elevations are determined with high accuracy
by spirit leveling, a method in which short and
balanced horizontal sights are taken with a level
instrument of high precision. Elevations thus ob-
tained are related to the geoid and this is as it
should be. Spheroidal elevations would have
little meaning to engineers, since they are con-
cerned with the flow of water and other phe-
nomena regulated by the geoid. The precision
of elevations by spirit leveling is quite high; the
error is probably no more than one or two feet
in the middle of the North American Continent.

Vertical angles are measured in connection
with triangulation to obtain elevations by an-
other method. Such elevations are quite adequate
for most topographic mapping, but, unless con-
trolled by spirit leveling, they are subject to
errors of a much higher order. The lines sighted
over are long, and the resulting elevations de-
pend on the gravity vector at the two ends of
the line only: the averaging process of spirit
leveling is almost completely lacking. Moreover,
the uncertainty of the refraction of light in a
vertical plane contributes just as much or more
to errors inherent in the vertical-angle method.

Since triangulation is computed on the ellips-
oid, the base lines measured on the topographic
surface should be reduced to it. In practice, in
this country, base lines have been reduced to
the geoid simply because the relation between
the geoid and the ellipsoid has not been known

Copyright © National Academy of Sciences. All rights reserved.
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DISCUSSION 5

sufficiently well. This refinement remains as a
second approximation in a readjustment of the
triangulation in this country.

There are those who believe it might be well
to dispense with the idea of an ellipsoid entirely
and work on the geoid, combining vertical and
horizontal angles and astronomic observations
in one general adjustment in space. The basic
concept of this is excellent, but there are certain
obstacles, the principal one of which is the rela-
tive inaccuracy of vertical angles as compared
to horizontal angles. Weights might be assigned
to the two kinds of observations, but the diffi-
culty is, how well these weights would be de-
termined. This matter will probably be taken up
by another panel.

Distances are measured on the Earth’s surface
by the triangulation method. Only an occasional
base line need actually be measured and the re-
maining triangle sides computed. Modern base
lines are measured with tapes of invar, an alloy
of nickel and steel with a very low coefficient of
expansion. Their lengths, 50 meters in this coun-
try, are determined by the Bureau of Standards
with an error not exceeding two parts per million.
The triangulation itself over great distances
measures lengths on the Earth’s surface to an
accuracy of something of the order of four or five
parts per million.

In this day of sophisticated contrivances we
are able to measure base lines and triangle
lengths by electronic means. A Swedish physicist,
Bergstrand, in experimenting with the determi-
nation of the speed of light, developed an instru-
ment by which the process could be reversed,
that is, the determination of distances by essen-
tially timing the passage of light between two
points. The instrument is the Geodimeter and its
precision is limited by the uncertainty of the
basic constant, the speed of light in vacuo. This
is probably known to within two or three parts
per million.

In practice, a triangulation scheme may be
initiated at a single astronomic position and the
latitudes and longitudes of the triangulation sta-

tions computed over a large area on some as-
sumed ellipsoid. If additional astronomic posi-
tions are observed at well-spaced triangulation
stations, the differences between the computed
geodetic positions and the corresponding astro-
nomic positions form a clue as to how to shift
the triangulation in order to minimize these dif-
ferences. This is one way to establish a tri-
angulation datum.

Now if, as we recede from the chosen astro-
nomic initial in such a process, we discover a con-
tinuous and systematic increase in the differences
between the geodetic and astronomic positions,
we must conclude that the curvature of the
chosen spheroid is in error. This is actually what
happened in the eastern United States when the
Bessel spheroid was used. It was found to be too
small (curvature too great) and this led to the
adoption of the Clarke spheroid of 1866.

The process of computing triangulation on an
assumed spheroid with astronomical observations
to control datum can be reversed. The best fit-
ting spheroid can be computed from the same
data. Hayford employed such a method in the
United States.

The latest determinations of the Earth ellips-
oid have employed triangulation and astronomic
observations of a great extent and have included
such refinements as the consideration of visible
topography and gravity observations in reduc-
ing deflections of the vertical. The equatorial
radius of such an ellipsoid is almost certainly
known to within 200 meters and probably within
100 meters. The flattening is certainly known
within one per cent, possibly within one-half per
cent.

And now in closing I would like to mention a
few new developments. Such things as the mod-
ern gravity meter, the Geodimeter and the Tel-
lurometer, the dual-rate Moon camera and not
the least, but probably the most spectacular, the
Earth satellite, are tools by which the geodesist
should attain his goal more expeditiously and
with much greater precision.

Discussion

Dr. John A. O’Keefe—Whenever Hellmut
Schmid has a problem in the fixing position he
just caleulates by direction cosines. The photo-
grammetric people work the same way. We ge-

odesists operate in terms of the ellipsoid and
geoid, horizontal and vertical angles. Where does
this difference come from: Is it because we can-
not trust our vertical angles?

Copyright © National Academy of Sciences. All rights reserved.
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6 DISCUSSION

Mr. Lansing G. Simmons—There is no doubt
about this unless you are thinking of observa-
tions against a star background.

Dr. O’Keefe—We obviously cannot line up
against a star background.

Mr. Stimmons—This is true. There is a great
uncertainty in vertical angle observations.

Dr. O’'Keefe—It seems to me this is a funda-
mental point. The difference between what we
geodesists do and what the others do is the re-
sult of effort to get away from vertical angles.

Another thing, you remember when Harry
Brazier was over here. He was using a system of
direction cosines. How did his attempt to cal-
culate geodetic triangulation by direction co-
sines come out?

Mr. Simmons—This is a subject for a later
panel. The method shows promise but the un-
certainty of vertical angles is bothersome. You
can evaluate the deflections of the vertical to
some extent, but I would rather leave this mat-
ter to another group which has worked with this
problem.

Dr. Raymond H. Wilson—The answer is the
lack of knowledge of the vertical.

Mr. Simmons—And of the line of sight in a
vertical plane. I would say that whereas the
horizontal angles are more accurate than one
second, the vertical angles are uncertain to the
order of five or ten seconds, and then only when
conditions are ideal.

Mr. Daniel F. Seacord, Jr—Regarding this
problem of taking vertical angles, on Mt. Everest
and Mt. McKinley, taking the angles all around
the mountain, we had some actual evidence.

Mr. Simmons—Oh, yes, in the case of Mt.
Everest the lines were so long and the spheroid—
geoid relation so uncertain, that we did not know
whether we were getting spheroid elevations,
geoid elevations, or what.

Mr. J. E. Lily—I would like to question the
matter of vertical angles. I believe Mr. Sim-
mons mentioned the matter of ten seconds. I be-
lieve that the variation on different nights can
be in the matter of minutes.

Mr. Simmons—Oh, yes, but we do our best
work between noon and four in the afternoon
when the refraction is less and more nearly con-
stant. I am also assuming simultaneous recipro-
cal observations.

Dr. Heinrich K. Eichhorn—I am an astrono-
mer and we measure to within two-tenths of a
second of an arc down to, say, 50 or 60°. For
greater angles the accuracy becomes poor be-
cause of refraction. Do you think it would be
conceivable that by determining the vertical
more accurately with spirit leveling and making
an accurate study of the refraction along the
length that is measured, that this accuracy could
approach what the astronomers reach? There
are certain fundamental difficulties which are the
principal obstacles.

Mr. Simmons—We are talking in geodesy of
angles normally not more than two or three de-
grees above or below the horizon. There is noth-
ing astronomical about it. We need a way to
approach two tenths of a second.

Dr. Eichhorn—Of course, you can not do that.

Copyright © National Academy of Sci_ences. All rights reserved.
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Some Aspects of Physical Geodesy*

MavuricE Ewing, J. LAMAR WORZEL, AND MANIK TALWANI

Lamont Geological Observatory, (Columbia University), Palisades, New York

Introduction—Until about the beginning of
the present century, a separate geodetic system
was used for each country. As the accuracy of
measurement increased it becaine necessary to
connect as many as possible of these systems in
order to avoid apparent discontinuities between
them at national boundaries. The long-range
navigation problems which arose about 1940
made it important to connect geodetic nets
across the short water barriers offered by minor
seas, and the problems of space navigation and
satellite and rocket guidance have now made it
very desirable to connect the geodetic networks
of all continents and islands into a single unit.

The principal obstacle toward the establish-
ment of the many international ties necessary
for a global geodetic system is the difficulty of
making geodetic measurements at sea. It is, of
course, necessary to determine the shape of the
geoid before any such system can be established.

In the present paper we propose methods for
the establishment of bench marks in the ocean
which would be the basis of intercontinental ties.
These would form the base stations for networks
of the future which would be used for the loca-
tion of secondary points anywhere in the ocean.
We propose to measure the distance between
such bench marks, and it is suggested that this
type of measurement can probably be made to
one part in 200,000 to give the accuracy required
for first order geodetic work. The measurement
of the intensity of gravity at a sufficient number
of points to permit determination of the shape
of the geoid and deflections of the vertical should
also be made.

If the difficulties about carrying out funda-
mental operations of geodesy at sea can be met,
it is obvious that the ocean areas are more suit-
able than the continents for measurements de-
termining the size and shape of the geoid and
the relative locations of continents upon it. The
measurements are made directly on the surface
whose shape is to be determined, there are no
unknown densities within several miles of the

* Lamont Geological Observatory Contribution
No. 357.

point of measurement, and by a simple ratio of
areas, the oceanic areas are the typical parts of
the Earth’s surface.

At the present time great surveys of the oceans
are being proposed as national and as interna-
tional projects. It is timely that these surveys
are to be made just when various operations in
the outer atmosphere and in space emphasize
the need for a global geodetic system. The pro-
posed world-wide network could readily provide
a position control for the geophysical and geo-
graphical surveys, and these surveys in turn
could provide the data and measurements re-
quired to establish the geodetic network and
give it the first order of precision.

Gravity measurements at sea—The principal
uses for measurements of the force of gravity at
sea are (1) the estimation of local density anom-
alies, (2) determination of deflections of the
vertical and the shape of the geoid, (3) extra-
polation of the gravity field to points external
to the Earth, and (4) studying the hydrostatic
equilibrium of the body of the Earth.

(1) The estimation of density anomalies in
connection with geological and geophysical stud-
ies in the upper few tens of kilometers can be
made from a study of gravity anomalies. The
gravity anomaly may be roughly defined as the
discrepancy between the measured intensity of
gravity and that calculated on the basis of some
assumption about the variation of density within
the Earth. It is a classical result of potential
theory that a unique solution for the density dis-
tribution cannot be obtained from gravity anom-
alies, but when used in conjunction with other
geophysical methods, for example, when seismic-
refraction measurements have divided the sub-
surface into a series of different layers, the grav-
ity anomalies may be used to extrapolate the
layers either laterally or vertically into regions
where the seismic data are incomplete. Work of
this kind has been done along a section along the
Puerto Rico Trench [Ewing and Worzel, 1954;
Worzel and Ewing, 1954; Shurbet and Ewing,
1956] and across continental margins [Worzel
and Shurbet, 1955]. Strong local anomalies are

Copyright © National Academy of Sciences. All rights reserved.
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of importance in geodesy because they intro-
duce large errors into astronomical measure-
ments of position. The frequent and large
changes in reported positions of almost all oce-
anic islands for which precise locations have been
sought are due to the effects of anomalous masses
upon astronomical position determination.

(2) Deflections of the vertical may be calcu-
lated, and from them the shape of the geoid may
be determined. If the gravity field is well deter-
mined throughout a sufficiently large neighbor-
hood including the point of observation, this
may be done by the use of a theorem of Stokes
[1849] as modified by Vening Meinesz [1928].
The gravity field must be known in great detail
in the immediate vicinity of the point at which
the deflections are to be calculated, and in lesser
detail out to a distance of 2000 km, a distance so
great that even for calculating deflection of the
vertical at continental stations, knowledge of
gravity intensity over certain sea areas is re-
quired. The deflection of the vertical gives di-
rectly the slope of the geoid relative to the ellips-
oid of reference. If the elevation of the geoid is
known or assumed at a given reference station,
its elevation elsewhere may be obtained by inte-
gration of the geoid slope.

(3) The extrapolation for determining the ex-
ternal gravity field of the Earth is best done by
expressing the surface values of gravity in spher-
ical harmonics. To do this, it is necessary to have
observations of the intensity of gravity spaced
more or less equally all over the globe, and ob-
servations at sea are particularly important for
this type of study. In the past, efforts have been
made to predict the force of gravity in the wide,
unsurveyed areas of the ocean by extrapolation
and from correlation between topography and
gravity anomalies, but obviously this procedure
is no satisfactory substitute for the measure-
ments.

(4) Deviations from the theoretical value of
gravity which are systematically of one sign over
a large area indicate an error in evaluation of
the theoretical value or a deviation from hydro-
static equilibrium. The latter may be attributed
either to rigidity within the crust adequate for
partial displacement of the crust from hydro-
static equilibrium over an area corresponding to
the size of the anomaly field, or to displacement
of matter from its equilibrium position within
the interior of the Earth.

The measurement of gravity at sea was long
a problem which defied many skillful experi-

mentalists. Until recently, the only gravity meas-
urements made in deep-sea areas with sufficient
accuracy for most geodetic uses were those made
with the aid of the Vening Meinesz pendulum
apparatus on board submerged submarines. At
the present time there are approximately four
thousand such measurements available, but these
are not well distributed. Particularly in the
southern hemisphere there are large areas in
which data are lacking. Figure 1 illustrates the
marine gravity measurements which had been
made by pendulum up to 1958.

A gravimeter constructed for use in subma-
rines by Graf [1958)] and adapted for use on sur-
face vessels by Worzel [in press] has shown great
promise of ability to measure gravity on large
surface ships under moderate sea conditions.
During 1958 continuous observations have been
made over about ten thousand miles of track
with this equipment. Attempts to adapt it for
use in smaller vessels are now being made. Vari-
ous other gravimeters are under test for use in
surface vessels and even in airplanes, but no
definite results are available at the present time.

It seems very clear that with a small amount
of additional research, a system will be available
which can reliably give a continuous measure-
ment of the intensity of gravity when used on a
surface ship. It is mandatory that such equip-
ment be available for use on the numerous large
survey vessels which are expected to commence
systematic coverage of the ocean in the near
future.

Geodetic bench marks at sea—Geodetic bench
marks at sea which could be recovered with a
position error of the order of a meter are essen-
tial to the proposed intercontinental gravity net-
work, and would be of great value for many
other purposes. These can be built so that they
can be relocated after a lapse of time of many
decades. They would be of the greatest value for
controlling surveys, engineering operations and
secondary geodetic networks.

Such a bench mark can be made by placing
a transponder at the corners of an equilateral
triangle (Fig. 2). A ship, within the triangle, can
transmit acoustic signals which the transponders
can repeat back without delay. The bench mark
would be defined as the point on the water’s sur-
face from which the round trip travel time to
all three vertices would be equal. Four points on
the ocean floor might be used to define a single
bench mark instead of three, providing an as-
surance against the loss of the position in case

Copyright © National Academy of Sciences. All rights reserved.
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F1e. 1—Submarine gravity pendulum measurements to 1958
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one of the transponders ceased to function. These
transponders would be placed on a reasonably
flat area of the ocean floor, free from great dif-
ferences in elevation and likewise free from the
type of roughness which would produce natural
highlights or natural corner reflectors which
might cause confusion.

shot or hydrophone

transponder A

transponder B “transponder C

F1G. 2—Schematic diagram of an ocean bench mark

For most of the operations which will be con-
sidered, it would not be necessary for the ship
to remain exactly at the bench marks. From ex-
perience at holding many types of ships at ref-
erence points in many conditions of sea, wind,
and current, it is judged that a vessel could
easily be held within less than one hundred me-
ters of the bench mark for many hours at a time.
Simple acoustical measurements and simple cal-
culations using a templet would permit frequent
determinations of the position of the vessel rela-
tive to the bench marks (Fig. 3).

If advantage is taken of development of a nu-
clear power source suitable for unattended op-
eration on the ocean bottom, it would be possible
to operate transponders for an almost indefinite
length of time.

It is highly probable that corner reflectors
mounted on the ocean bottom at the vertices of
the bench mark triangle would serve the purpose
of locating the ship (or an acoustical instrument
suspended from the ship) quite as effectively as
a transponder. The construction of suitable cor-
ner reflectors seems to offer no very serious prob-
lem, and these corner reflectors could reflect
sounds back to receivers located either on the
ship itself or suspended from it.

The corner reflectors offer the very attractive
prospects of an almost indefinite life and very

POSITION
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AYmeters
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!
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F16. 3—Schematic template showing the method for correcting from an
actual ship position to a bench-mark position
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small cost. When it is considered that the sedi-
mentation rates in the ocean range from a few
millimeters to a few centimeters per thousand
years, we see that bench marks utilizing corner
reflectors would have useful lives perhaps ex-
tending a thousand years hence. The life ex-
pectancy of such bench marks would so greatly
exceed that of any continental markers that the
proposed marine bench marks could appropri-
ately be considered as the basic geodetic net-
work of the world.

Geodetic connections between the marine net-
work and geodetic networks on the various con-
tinents would be made between land stations
near shore and deep sea stations located a short
distance beyond the edge of the continental shelf.
A number of means exist at present for making
connections with first order accuracy between a
ship a short distance off shore and a network of
shore stations. It is taken for granted that this
tie can be made without difficulty.

SOF AR sound transmission for distance meas-
urements—It is proposed that the distance be-
tween a chosen pair of bench marks will be cal-
culated from a measurement of the transmission
time of SOFAR signals between the two stations.
SOFAR sound transmission has been described
by Ewing and Worzel [1948] and by Ewing and
others [1946). SOFAR transmission depends upon
the existence of a sound channel in the ocean
waters. The axis of this sound channel is the
depth at which the velocity of propagation of
sound is a minimum. In Figure 4 yearly iso-
therms are shown for a typical North Atlantic
ocean station. It is noted that the temperature
drops rapidly for about 1000 meters and then, in
general, decreases very slowly from that point to
the bottom. In the upper portion of the water
mass, the velocity of sound is controlled by tem-
perature changes, but in the lower part the tem-
perature is so nearly constant that the sound
velocity depends principally upon the pressure.
A general account of the variations of tempera-
ture and salinity throughout the oceans has been
given by Sverdrup, Johnson, and Fleming [1942,
pp. 98-152]). This lists many of the original
sources of oceanographic data. Several tables for
the computation of sound velocity from tem-
perature, salinity, and pressure have been pub-
lished, for example, those of Kuwahara [1939],
Matthews [1939], and Del Grosso [1952].

None of the existing tables provides the accu-
racy that is required for the proposed geodetic

measurement, but the means for improving the
tables by the necessary amount will be described
below. The velocity depth relation for typical
points in the North Atlantic ocean is shown in
Figure 5, and a single velocity depth curve which
is taken as typical for the central North Atlantic
is shown in Figure 6. In this figure the mean
curve has actually been approximated by seven
linear segments which may be represented by
the data tabulated in the figure. The ray paths
for propagation of sound from a source situated
at a depth of minimum velocity, that is on the
axis of the sound channel, are shown in Figure
7. This diagram has been constructed for the
velocity depth relation shown in Figure 6. It is.
seen that any ray which leaves the sound source
at an inclination of twelve degrees or less from
the horizontal may be extended indefinitely with-
out encountering either the surface of the water
or the bottom, owing to the effects of refraction
which bend it back and forth across the axis of
the sound channel.

The travel time for sound along various rays
such as those shown in Figure 7 will depend upon
the inclination of the given ray to the horizontal
at the sound channel axis. The travel time will
be least for the rays which make the greatest
angle and will be a maximum for the rays that
are essentially coincident with the axis.

The SOFAR signal for the explosion on the
sound channel axis, received at a large distance
from the source by a hydrophone also on the
axis, will consist of a series of impulses each of
which has been propagated along a ray similar
to those shown in Figure 7. The time interval
between successive impulses will be a maximum
in the early part of the signal and will diminish
to such an extent that the impulses overlap each
other as the abrupt termination of the signal is
reached. Figure 8 illustrates the sequence of ar-
rival for these impulses as they would be received
at a distance of one thousand miles for the veloc-
ity depth relation shown in Figure 6. It is the
abrupt termination of this signal corresponding
to sound propagation along the rays which are
essentially coincident with the sound-channel
axis, which permits measurement of travel time
with the high accuracy which is required in the
proposed geodetic system. Figure 9 is a repro-
duction of an oscillograph recording made at a
distance of three hundred miles off the Bahama
Islands. The sound source was four pounds of
TNT and the sequence of arrivals can be seen

Copyright © National Academy of Sciences. All rights reserved.
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RAY PATHS IN DEEP-SEA SOUND CHANNEL

Fi1g. 7—Ray diagram for a source located at the axis of a typical Atlantic Ocean sound channel
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F1G. 8—Schematic diagram showing the sequence of arrivals and the
relative signal intensity for a sound channel signal transmitted approxi-

mately 1000 miles
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F16.9—Seismogram of sound channel transmission at 300 miles; 4-1b bomb,
bomb depth 3400 ft; hydrophone depth 3600 ft

clearly. The sharpness of the abrupt end of the
signal is seriously reduced by deviations from
proper depth of both source and receiver.

No definitive data have been collected to show
the precision with which the time of termination
of the sound channel signal can be measured, but
the general opinion of all those who have had
extensive experience with this type of sound
propagation is that an accuracy of better than
0.003 second can be easily attained. This value
will be adopted as the limit of error throughout
the present discussion. Thus, the limit of error
imposed by the uncertainty in estimating the
time of arrival of the sound channel signal is
approximately four meters.

The equipment and procedure used in SOFAR
transmission consists essentially of bombs and
hydrophones which can be operated at depths up
to 700 fathoms. Both will be operated at marine
bench marks. The transponders or corner re-
flectors at the bench marks will be used to lo-

Copyright © National Academy of Sciences. All rights reserved.

cate the suspended bombs or hydrophones as
well as the ships themselves. Amplifiers and
oscillograph cameras similar to those used in
seismic surveys and capable of measuring time
intervals to 0.001 second will be used to record
the instant of explosion and the receipt of
SOFAR signals. Precision depth recorders [Lus-
kin and Roberts, 1955] could be used to great
advantage in recording the sound received from
the transponders or corner reflectors which de-
fine the bench marks. To insure that the exact
time of firing is known with adequate precision,
the bombs will be detonated by electrical means,
and radio transmission between the ships is re-
quired for transmitting the explosion instant.
In measuring the distance between two stations
the sound transmission will be made in both
directions in order that we may make allowance
for the effects of ocean current.

The ranges achieved in SOFAR experiments in
the past have been of the order of 3000 miles,
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and the limit was introduced by the size of the
ocean rather than by detectability of the signal.
In a test made in 1944, about 50 shots were fired
at various points along the coast of Africa. Ap-
proximately 60% of these shots were recorded
by a hydrophone at Eleuthera Island in the Ba-
hamas after transmission across the entire width
of the Atlantic Ocean and the Mid-Atlantic
Ridge [Ewing and others, 1946]. In this experi-
ment there is no positive means of deciding
which of the failures of reception were due to
blocking of transmission by the Mid-Atlantic
Ridge, which were due to failure of detonation
of the bombs, and which were due to operator
errors at the receiving stations. The indication
is, therefore, that for the majority of paths,
propagation entirely across the Atlantic Ocean
will be achieved.

Global geodetic grid, network description—A
network of geodetic bench marks is proposed for
covering the oceans of the world. Figure 10 is a
schematic representation of this network for the
Atlantic Ocean. It consists of 33 stations, but the
exact locations and the total number of stations
would be subject to some adjustment. It is pro-
posed that each of the stations situated near the
continents would be tied to stations on the adja-
cent continents as mentioned above. It is fur-
ther assumed that the continental stations would
have been tied together by conventional triangu-
lation. Stations are shown along the Mid-At-
lantic Ridge. It is expected that sound trans-
mission will be used in both directions between
station pairs as indicated by the lines drawn in
this figure. The marine bench marks shown in
Figure 10 are all located in water deeper than
1500 fathoms. (The authors have not investi-
gated the possibility that the needed precision
in velocity tables can be obtained by other types
of measurement.)

Calibration—In the network shown in Figure
10 there are approximately 20 station pairs situ-
ated near the continental margins, between which
the distances will be known from ties to the con-
tinental triangulation network. The measured
travel times between these station pairs may be
used for the improvement of the fundamental
relation between sound velocity, temperature,
pressure, and salinity, provided adequate oceano-
graphic data are available in the coastal areas
concerned. It is proposed that after the trans-
Atlantic travel times have been measured with
velocity tables thus improved, the trans-Atlantic
distances can be measured with first order accu-

racy, provided adequate oceanographic data are
available along the lines between these stations.

Accuracy—From the estimates given above
about the accuracy with which a bomb or hydro-
phone may be located relative to the bench mark
and from the estimates of accuracy of distance
measurement, it is estimated that the distances
along the lines across the Atlantic Ocean such
as those shown in Figure 10 will have probable
errors well under 15 meters. This accuracy com-
pares very favorably with all other known meth-
ods for making intercontinental ties.

Ezxtension of the network to other oceans—It
is considered entirely feasible to extend the pro-
posed network to all the oceans of the world.
Many SOFAR sound transmission tests have
been reported in the Pacific Ocean by Condron
[1951] and SOFAR Research Group [1950].
Temperature-depth data indicate that a sound
channel similar to the Atlantic Ocean exists in
the Indian Ocean [Sverdrup and others, 1942).

In the Arctic Ocean and near Antarctica the
temperature depth data indicate that the axis
of the sound channel is at or near the surface
[Sverdrup and others, 1942]. The surface reflec-
tion at low frequencies is nearly perfect so that
the SOFAR transmission in those areas may be
expected to be perfectly satisfactory. Thus this
method can be expected to be adequate in all
the ocean areas.

The proposed grid of marine bench marks
would have great value for controlling positions
in future surveys, and in future engineering op-
erations in the oceans. This use of the grid might
be almost as important as that of establishing
the relative position of the continents on the
ellipsoid of reference. The value of recoverable
positions at sea, even though the exact coordi-
nate locations of the positions was unknown, has
been emphasized by many researchers who have
endeavored to extend triangulation nets over
moderate oceanic distances. The extensive ma-
rine surveys which are being very actively con-
sidered today could provide us with a world
geodetic network and with world-wide data on
the intensity of gravity. The following recom-
mendations are offered:

(1) The necessary research be done to provide
gravity meters for all vessels engaged in wide-
range oceanographic surveys.

(2) Research be done to provide transponders
or corner reflectors suitable for constructing and
installing marine bench marks.

(3) The research necessary to achieve the re-

Copyright © National Academy of Sciences. All rights reserved.
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F1a. 10—Preliminary proposed geodetic grid for the North Atlantic Ocean
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quired accuracy of SOFAR transmission time
measurement be done.

(4) The necessary measurements of oceano-
graphic factors, temperature and salinity, be in-
cluded in the programs of survey vessels.

(5) Upon completion of suggested researches,
the installation of the primary marine geodetic
network be made, and the necessary distance
measurements and continental ties be carried
out.

(6) Second and third order subsidiary bench
marks be placed as necessary.

(7) Consideration be given to the best means
of adjusting network of measurements such as
that represented by the global geodetic grid, and
directed ultimately toward the inclusion of these
data in a recalculation of the figure of the Earth.
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Discussion

Mr. Lansing G. Stmmons—What is the antici-
pated accuracy for such measurements, one part
in a thousand, one part in three thousand or four
thousand, or would you want to venture a guess
at all?

Dr. W. Maurice Ewing—Well, I think in a
thousand miles maybe ten meters.

Mr. Simmons—That is interesting.

Dr. Ewing—It is a very fancy number if it
can be made to stick. I believe it can be.

Mr. Simmons—Well, you will have a real tool
for the geodesist.

Dr. Ewing—I think it is well worth the con-
sideration of your group.

Dr. John A. O’Keefe—I think it is very excit-
ing that it is now possible to fix recoverable

points at sea. I should think that we might first
of all locate those stations by older techniques,
such as those developed by the Smithsonian, at
sea. We could provide Professor Ewing with ac-
curate distances by which he could get the sound
velocity. I think it will be a long time before we
can reverse the project. After all, if you have a
camera to photograph the satellite it does not
matter if the ship is rolling or pitching. You can
get a fix even if the ship is rolling at sea by the
fix on the star pattern.

What would be the effect of the Gulf Stream?
This moves back and forth. Does it alter in a
sort of random way the speed in this channel of
yours over the place where it goes?

Dr. Ewing—The Gulf Stream is not the most
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desirable place in the ocean to measure anything
that I know of except the Gulf Stream. You
would try to sidestep and dodge the Gulf Stream
area as much as you could. If you make meas-
urements in both directions at the same time you
can minimize the effect. I believe we can deal
with this problem.

Capt. Carl 1. Aslakson—In the oceans the sa-
linity is a prominent factor in the velocity.
Would not the waves be going through a great
many areas of uncertain salinity ?

Dr. Ewing—At present there is not enough
knowledge about salinities but if you put three
or four ships out making measurements for three
or four years there will be plenty of information.
Changes in the ocean are very, very much slower
than changes in the atmosphere and deviations
in the mean conditions of the ocean are very
much smaller than in the atmosphere. I do not
believe that there will be a problem from that
source.

There are many, many tests on a scheme like
that which is proposed, so that, if there is trouble
from some current as yet undreamed of, it will
show up and we will not be at the mercy of this
difficulty. I believe that by repeated tests and
by always reversing the propagation, we can
handle any difficulty that I know of in the ocean.

Dr. Daniel Linehan—Of course, as yet, I
imagine you have not established as many sta-
tions over the oceans as you want but what
causes that 700-fathom depth to vary, submarine
topography or conditions above the bottom?

Dr. Ewing—1It is partly the broad conditions.
At the top the decreasing velocity is caused by
the upper part of the water which is warmer
than the lower part. The lower part is cooled in
the high latitudes and sinks to the bottom so you
have a great reservoir of cold water at the bot-
tom. We are still debating whether the bottom
water is steady or is changing slowly due to its
circulation. In general, the climate is warmer at
mid latitudes than where the cold water came
from. Every oceanographic station in the ocean
gives the salinity. In the Atlantic Ocean, at pres-
ent, there must be 30,000 or 40,000 stations. The
sound channel axis rises as you go to the polar
latitudes but there have been few tests in that
area. The precision may go down in those re-
gions, but they will be supported by connections
in more favorable latitudes. I think that also can
be handled.

Capt. Aslakson—In the old days, some 35 years
ago, the Coast and Geodetic Survey was using

acoustical ranging techniques. The hydrophone
was placed near a beach; I do not think the depth
averaged more than six or eight fathoms. So prob-
ably the problem is quite different at greater
depths and the conditions are perhaps more con-
stant. But I know we never figured any such
accuracy as you have. I am wondering about
that ten meters which is about one in 160,000.
That is about as good as you can expect in tri-
angulation. I am just wondering if you really
think that is possible. If so, then conditions have
certainly improved greatly.

Dr. Ewing—Well, the propagation of sound in
the coastal areas where you were doing RAR
work is the most difficult of any. There are great
changes in salinity because of the seasonal con-
tribution of the rivers. There is a geological dif-
ference in the bottom. The reason I am here is
that I believe the conditions in the ocean are
uniform and change so slowly that this proposal
can be made to work.

Dr. O’Keefe—What would happen if you
placed your ships, say, four hundred miles apart
in a pattern across the Atlantic and triangulated
across them by Shoran?

Dr. Ewing—I think this is an interesting sug-
gestion and I know of no difficulties at all.

Capt. Aslakson—Well, of course, it has been
proposed for a long time that you use ground
stations on ships and have line crossings through
those ships moving at slow speeds. We might use
airplanes too. If you try to use electronic meas-
urements between ships you are limited but with
airplanes in the air measuring lines between these
ships you might make rather good connections.

Dr. O’Keefe—Professor Ewing says he can put
a little mark in the Atlantic Ocean and come
back to it. Therefore you do not have to have
the slow moving ship, and the whole problem is
changed. It seems to me that when this scheme
was previously discussed there were two or three
ships and airplanes. It was almost certain that
there would be a failure somewhere along the
line; but this really has a chance to work, I
think.

Rear Admiral Charles Pierce—Is the crest of
the Atlantic Ridge in general below the so-called
channel ?

Dr. Ewing—In general it is.

Admiral Pierce—So you could lay out the
lines so they would be above the ridge.

Dr. Ewing—The crest of the ridge is so moun-
tainous that it is hard to generalize on how many
more peaks are going to be discovered. In that
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one run that was made along the coast of Africa
in 1945, we found that for a run on the other side
of 800 miles, over half of the signals came
through. In the half that did not come through
there are several possible reasons. You have the
possibility that there was an obstacle. You have
the possibility that the bomb did not go off. I
am cynical. You have the possibility that the
man receiving the event was at lunch. All of
these possibilities exist and in spite of these
many factors we heard more than half of them.

Mr. Erwin Feuerstein—A minor point. Have
any experiments been done on corner reflections?

Dr. Ewing—No experiments have been made
on corner reflectors. I would like to volunteer to
do so. I think it is entirely feasible.

Dr. Roman K. C. Johns—What about the
transponders? How long do you think they
would operate?

Dr. Ewing—To date the transponders have
all been limited by the power supply. In the
brave future that we all think about, people
talk about putting nuclear devices on the bottom
of the ocean. If somebody does that you are not
limited by the battery life. Then the question
comes, what will be attracted to these? It could
be that some horrible animals living on the bot-

tom will be attracted and come and chew them
to pieces. If there are no completely unknown
biological causes of trouble, I think with the
batteries we can guarantee three to five years.
As far as corrosion and troubles of that kind,
the first ones might corrode. When that is solved
and you have either corner reflectors or other
power sources, I think the life of a bench mark
is a matter of a decade.

Dr. Johns—Suppose they have this corner re-
flector on the bottom of the sea but it is covered
by some plant organism or something of that
sort?

Dr. Ewing—I think there is no problem of
plants when you are below the zone where the
light does not penetrate. We have photographed
the bottom of the ocean thousands of times and
see rocks that were dropped by ice, presumably
thousands of years before, and they are not cov-
ered by anything that looks alarming, perhaps a
coating of manganese or something like that but
there is no evidence that anything would happen
to them.

Dr. O'Keefe—Is the fundamental factor here
that you have something like a kilometer of sedi-
ment since the origin of the universe? These
should be good for a millennium.
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Problems of Modern Geodesy, Introduction

CHARLES A. WHITTEN

U. 8. Coast and Geodetic Survey, Washington, D. C.

We heard earlier that geodesy is one of the oldest of the sciences. The
basic problems of this Earth science do not change appreciably through
the years but recent rapid developments which have occurred in other
sciences have required the use of geodetic knowledge and geodetic tech-
niques. This new and broader application of geodetic data has accelerated
the development of methods and instruments for obtaining this informa-
tion.

Thus, in this modern era, we do find many problems related to geodesy
that command our interest. Geodesy is so broad that attention should be
given to each of the special fields of the science. Individuals with consid-
erable experience in the particular field they represent will speak on pres-
ent day problems in geodetic astronomy, triangulation, leveling, gravity,
and studies of the geoid.
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Some Remarks on Geodetic Astronomy

Roman K. C. Jouns

Laboratory for Electronics, Inc., Boston 14, Mass.*

The primary objective of geodetic astronomy
is the precise determination of longitude, lati-
tude, and azimuth from observations of celestial
bodies. In astro-navigation, the situation is simi-
lar; we track the celestial bodies. Processed
tracking data coupled with the coordinates of
various stars as listed in a catalog yield informa-
tion about the position of the observer and the
direction in question. In general, the navigator,
while tracking celestial bodies, will change his
position with respect to the Earth. The naviga-
tor’s motion has a definite effect upon both the
astro-navigational technique and the accuracy
which may be obtained. The precision of the re-
sults is an important aspect of geodetic astron-
omy, and is usually obtained at the expense of
both time and cost.

We may indicate the following principal ap-
plications of geodetic astronomy:

Astronomic control of geodetic triangulation
and trilateration nets,

Determination of boundaries,

Information about the figure of the Earth,

Detection of crustal movements of the Earth
from azimuth observations,

Establishment of the poles’ movement.

For the celestial sphere, it makes no difference
where we locate the center. We place a sphere of
unity radius about the point of observation; the
direction parallel to the Earth’s axis of rotation,
the direction of the vertical, and the direction to
a given star will intersect the unit sphere at
three points, P, Z, and S, respectively. These
three points of intersection then form the spheri-
cal triangle PZS as indicated on Figure 1.

Let us review the basic terminology employed
in geodetic astronomy. Figure 1 below may help
to make the meaning of the symbols employed
more clear. All angles are measured clockwise.

Local meridian—The direction of the vertical,
which is tangential to the plumb line at a given
point, and the parallel to the Earth’s axis of rev-
olution form the plane of the local meridian.

* Currently with Baird Atomic, Inc., Cambridge
38, Mass,

Latitude—The tangent of the plumb line at a
given point and the parallel to the Earth’s axis
of rotation through this point enclose an angle
of 90° — ¢, where ¢ is defined as the astronomi-
cal latitude.

Longitude—The angle A enclosed between the
planes of the local meridian and an arbitrarily
chosen plane of the initial meridian is known as
the astronomical longitude.

Azimuth—The horizontal angle A, measured
clockwise from the plane of the local meridian
to the vertical plane of the celestial body is
called the astronomical azimuth.

Zenith distance—The zenith distance Z is
given by the angle between the directions of the
zenith and the celestial body. Zenith direction is
defined by the direction of the vertical; conse-
quently, the position of the zenith is affected by
the distribution of both near and distant masses.

Hour angle—The angle t at the pole between
the planes of the local meridian and the declina-
tion plane of the star is known as the hour angle.

Parallactic angle—The angle p formed at the
celestial body between the great circles of the
declination and the zenith is known as the paral-
lactic angle.

The measureable elements of the spherical tri-
angle SPZ are: (1) zenith distance, (2) hori-
zontal direction, (3) celestial coordinates of the
projection of the target on the celestial sphere,
(4) time, and (5) parallactic angle, indirectly.

The position of the zenith may be determined
by measuring the target position in two positions
of the telescope without any star observations.
The pole, however, is not a geometrical point on
the celestial sphere which can be directly deter-
mined. Therefore, neither the parallactic angle
nor the hour angle can be measured directly.
Further, the precise direction of the local merid-
ian (and thus, the azimuth) cannot be deter-
mined directly and must be deduced from astro-
nomical observations.

We shall now discuss the method utilized for
observations of the parallactic angle. To make
the problem more clear, we note that to measure
the parallactic angle of a star S,, another star

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20235

Contemporary Geodesy: Geophysical Monograph Number 4
http://lwww.nap.edu/catalog.php?record_id=20235

24 ROMAN K. C. JOHNS

the factor sec 2z, where z is the Moon’s zenith
distance at the observing station. This law of
propagation requires an accurate knowledge of
lunar topography, which cannot be obtained at
the present state of the art. It must also be real-
ized that the profile interpretation determines
the position of the lunar disc center.

The motion of the Moon is affected by the
Sun and the other celestial bodies, the Earth and
its potential field, and by the position of terres-
trial and lunar centers. These factors make lunar
theory quite complex. But in addition, we know
that the Earth’s rotation is not constant. We

Fi1c. 1—Definition of terminology

S: must be observed simultaneously. The geo-
metrical configuration is illustrated in Figure 2.
From Figure 2, we find that

where the angle B, is computed from the star’s
coordinates. The angle C can be observed di-
rectly as is shown below in Figure 3.

Let us assume that the star S, is in the center
of the field of the telescope. The instrument is
set in such a way that the line VV’ is vertical
and the line HH’ is horizontal. The angle C is
formed between the lines S,S, and VV’, and may
be measured optically or obtained from the pho-
tograph.

In addition to the use of stellar methods, meas-
urements may be made with the aid of the
Moon. The basic handicap of lunar methods
arises from the fact that relatively small dis-
tances are utilized in determining larger dis- v
tances. This process of ‘magnification’ is detri-

mental to the accuracy of the results due to the
unfavorable law of error propagation. Only a
radical improvement of the input accuracies can
alter this situation. In addition to this difficulty, 5,
lunar methods also suffer from the following in- ¢
herent difficulties: (1) the present knowledge of
lunar topography and profile, (2) the existing H H
precision of lunar ephemeris, and (3) the diffi- 5,
culties in geometric definitions of the geometric
and gravity centers of the Moon (and of the
Earth as well).
The shape of the lunar profile is projected on
the surface of the Earth by parallel rays. An

error in the lunar profile will affect the contour
of the Moon’s shadow on the Earth. The result- v'
ing error of the contour will be proportional to Fie. 3—Observation of angle C

Fic. 2—Determination of parallactic angle
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shall hope that improvement in techniques of
observation, and continued collection of data
concerning the figure and orbital behavior of the
Moon—when combined with work on lunar the-
ory—will supply additional information. Even
so, there are strong indications that if the prob-
lem of lunar theory were solved, there would
still remain limitations due to inadequate knowl-
edge of the topography and profile of the moon.

Lunar methods as yet do not produce results
satisfying geodetic requirements. However, it
must be pointed out that there will always exist
situations in which lunar methods will provide
the only way to obtain reasonable information
about plumb deflection. There are indications
that lunar observations may improve existing
knowledge of the terrestial time standard. Lunar
observations are useful in many ways; however,
we must realize that the results of present lunar
methods do not meet the requirements of geo-
detic control. Consequently, Moon observations
are not applicable to first-order geodetic work.

The Moon may be considered as a convenient
carrier of a reflector. We may think, for instance,
of a corner reflector, or of spherical containers
filled with chaff, which would provide a well-de-
fined feature on the Moon and which would in-
crease the precision of optical and radar ob-
servations. Greater accuracy could be expected
from a beacon system which would make possible
distance measurements. Such a transceiver could
operate on either solar or nuclear batteries. Si-
multaneous observations from several stations
would eliminate the lunar ephemeris and would
also produce valuable information relevant to
both lunar theory and time standards.

The artificial satellite creates new possibilities
for geodetic astronomy, but this is a subject to
be dealt with at this conference on another oc-
casion.

Recently the feasibility of using simultaneous
methods has been considered. We mention the
following types: (1) from a group of observa-
tions completed at the same station—in princi-
ple, at different times—two or more unknowns
may be determined simultaneously, (2) different
stars are observed simultaneously at the same
station, and (3) the observations of the same, or
different targets are conducted simultaneously
at two or more stations.

Such differentiation is necessary. The relation-
ships between the observed and unknown quan-
tities are given in the form of a trigonometric
equation; from these equations the propagation

of error and also conclusions concerning the de-
sign of observational technique can be deduced.
This method of an over-all analysis of geodetic
astronomy was initiated by Daniel Bernoulli.
His approach was followed by Niethammer in
Switzerland, Kempinski in Poland, Beljajev,
Vlasov and others in the Soviet Union.

The usefulness of this approach has been noted
by the author. Following Bernoulli’s technique,
the author found theoretically that the precision
of the azimuth determination at a station is
primarily a function of the zenith distance of a
star. The same precision of azimuth determina-
tion can be expected from circumpolar and equa-
torial stars observed at equal zenith distances.
These theoretical findings were confirmed ex-
perimentally. The observation of stars with large
zenith distances has the advantage of decreas-
ing the effect of inclination and pointing errors.
On the other hand, the effect of refraction on
star observation is increased. However, the ef-
fects of refraction upon the target will be con-
siderably greater, since the target, as a rule, will
be observed closer to the horizon. Therefore, the
precision of azimuth determination will be deter-
mined principally by the lateral refraction of the
target as opposed to that of the star. This rea-
soning leads to the conclusion that a decrease in
azimuth accuracy cannot be expected when the
star is observed far from the zenith.

Usually, astronomical observations are per-
formed at elevated points. Experiments indicate
that lateral refraction is affected primarily by
atmospheric conditions near the observer. There-
fore, if the star and the target are observed in
approximately the same azimuth and zenith dis-
tance, both observations will be affected to al-
most the same extent by refraction. Also, since
the star and target are observed at about equal
zenith distances, and therefore in the same posi-
tion of the horizontal axis, the effect of pivot
irregularities will be minimized. Assuming a cer-
tain thickness of the atmosphere (say 10 km),
we can find the zenith distance at which the ray
path of a star through the atmosphere is equal
to the range of the azimuth line. For triangula-
tion of the first order, this requirement is satis-
fied for zenith distances of about 75°.

Bernoulli’s technique leads to a very interest-
ing conclusion concerning the determination of
the Laplace equation directly from astronomical
observations. The azimuth of a line between two
stations, determined astronomically, differs from
the geodetic azimuth by the component of plumb
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deviation in the prime vertical of the station. We
have the relationship

Ag — Ay = (Ag — Ay sin @ (2)
where

A, is the geodetic azimuth

), is the geodetic longitude

A, is the astronomic azimuth

A is the astronomic longitude
¢ is the astronomic latitude

By differentiation of

-

cos¢tan8=sin¢cost—sintcota 3)

the corresponding observation equation can be
deduced. Let us further assume the identical pre-
liminary astronomical and geodetic values for
the azimuth and longitude. As a result, the fol-
lowing observation equation is obtained

V = (Aa — AT sin ¢) sin z
+ (AT cos ¢ cos a — Ag sina) cosz — L (4)

where Aa and AT are the corrections of the azi-
muth and clock, respectively and L is the ab-
solute term.

It can be shown that the term

Aa — AT sin ¢

is identical wth the astronomical correction term
of the Laplace equation. Therefore, from at least
two observations, the term Aa — AT sin ¢ of
Eq. (4) can be determined astronomically and
introduced directly into the Laplace equation
of the geodetic network. Utilizing the notation,
Aa — AT sin ¢ = X, and AT cos ¢ cos a —
A¢ sin a = Y, we have for each star’s transit the
observation equation

V=Xsinz+ Yecosz— L (5)

with X and Y being unknowns to be determined.
For a star observed on the horizon, cos z = 0;
therefore, the unknown X can, theoretically, be
determined from observation of only one star
on the horizon. From a practical viewpoint, at
least two stars’ transits are necessary to de-
termine the unknown X.

The Gaussian analysis of errors of the ob-
servation Eq. (5) indicates that the precision of
the Laplace term X is only a function of the
number of observed stars and their zenith dis-
tances. Therefore, the astronomical term of the
Laplace equation can be determined with the

same precision at all latitudes. The precision of
X determination is also independent. of the azi-
muth of the geodetic line and of the azimuth of
the great vertical circle of astronomical ob-
servations.

The astronomical term X = Aa — AT sin ¢
can be determined for all Laplace stations with
equal precision by choosing the same number
of stars and approximately the same zenith dis-
tances of star transits. Therefore the method of
direct determination of a Laplace equation has
particular significance for triangulation and tri-
lateration networks at high latitudes. Another
practical feature of the method is the fact that
the total astronomical term of a Laplace equation
is determined. Therefore, no separate determina-
tions of azimuth, longitude, and latitude are
necessary. This means increased efficiency of
work.

Regardless of how strongly I may feel about
the advantages of the theoretical approach used
by Bernoulli, I also believe that geodetic astron-
omy is an empirical science. Therefore there will
always be a place for differences of opinion about
the experimental design, the number and selec-
tion of stars, and the number of required ob-
servations.

The development of electronic methods has
raised the question of astronomic control of nets
when direct pointing from one station to another
is not feasible. Because of the propagation of
errors, it is not practicable to observe azimuth
along a short inter-visible line and develop it to
a longer line of the trilateration net. It is cus-
tomary, for the purpose of Laplace control, to
use either first-order triangulation or to estab-
lish a local net of triangles.

At this time, we can ask ourselves:

(1) Is it possible to obtain a precise azimuth
from line crossings of a plane? (Sodano of the
U.S. Army Map Service has done extensive re-
search on this problem.) (2) Is it possible to de-
termine the Laplace term, or difference of La-
place terms at two stations from astronomic
observations of zenith distances, azimuths, and
parallactic angles? (3) How frequently must the
Laplace stations be established ? Baeschlin did re-
search on the distribution of Laplace stations in
triangulation nets, concluding that it is necessary
to have one Laplace station for every 10 to 30
directions of the net. This problem should be in-
vestigated for trilateration nets.

Astronomic equipment itself needs a great
deal of attention. Two items in particular may
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be mentioned here: (1) Replacement of the
micrometer eyepiece movable wire by a photo-
electric device to attain an increase in time de-
termination accuracy. Considerable progress has
already been made; however, much more re-
mains to be done. (2) Developing a combination
of a radio receiver and frequency standard to
eliminate the usual spring clocks. The frequency
standard would be automatically synchronized
with the radio time signals. When the radio time
signals could not be obtained, the frequency
standard would supply the time reference for
the star observations. After the radio signals are
received once more, the time comparison between
the frequency standard and radio signals would
be made automatically. This combination would
enable time references even when time reception
is impossible because of unfu\ orable radio propa-
gation conditions.

In computations required by geodetic astron-
omy, the following principal types of problem
require attention: (1) translation of observation
records into numerical values, (2) computation
of coefficients, (3) establishing observation equa-
tions, and (4) computations of unknowns.

Is there much benefit from the use of high-
speed computers as far as time saving and effi-
ciency are concerned? A great deal of work is
involved in stages (1) and (2) and this must
now be done by ‘hand.” We might also ask, should
there be special computers for geodetic astron-
omy?

A few words may be mentioned here about
plumb deflection. Because of distribution of
masses, the direction of the vertical does not
coincide with the normal of .the spheroid of ref-
erence. This discrepancy can also be represented
as the elevation of the geoid above the reference
spheroid, and in general, will vary from place to
place. It is difficult to envisage that the plumb
deflections and geoid elevations will be deter-
mined for all stations in the trigonometric net-

work. Supposing the plumb deflections are
known at a number of stations, the question of
a function arises which would enable the inter-
polation of plumb deflection and geoid heights.
Another related question is that of the curvature
of the plumb line, which can be solved by com-
bined gravity and astronomical observations.

The following main fields of research in geo-
detic astronomy may be indicated: (1) analysis
of methods of observation, (2) analysis of pro-
gram of observations, (3) Laplace control (a)
direct determination of Laplace term, (b) fre-
quency of Laplace stations, and (c¢) azimuth
determination between non intervisible stations.
(4) determination of plumb deflection and the
curvature of the plumb line, (5) study of the
figure of the Earth, (6) investigations regarding
lateral and vertical refractions, (7) ephemeris
research and time signals, (8) improvement of
instrumentation, (9) investigation of computing
methods, and (10) detection of pole movements.

It is the author’s opinion that closer ties and
cooperation between gravity work and geodetic
astronomy would be beneficial to acquiring
knowledge of the Earth’s figure. In this case, the
Russian example is very instructive.

In the last few decades, the main field of
interest in astronomy has been that of astro-
physics, and for good reason. Classic and geodetic
astronomy have been less fortunate; they have
appeared less attractive. Just recently the inter-
est in geodetic and classical astronomy has been
intensified. It is of interest that geodetic astron-
omers have been in the leading positions of the
Soviet space activities. Their participation, I
believe, contributed significantly to the Sputnik
success.

For geodesists in America, it is encouraging
and challenging to see this growing interest in
geodesy. It is hoped that this development will
create more opportunity for research in geodetic
astronomy—which is so much needed.

Discussion

Dr. John A. O'Keefe—TFirst, as far as Sodano
is concerned, he had essentially two triangulation
points. A plane was flown across the line be-
tween them and angles were observed to the
plane. The error of the nzunuth was a matter of
two seconds.

The other technique was to put stations at

three points and measure to flares dropped at
three points inside the triangle to get the azi-
muth.

I would like to talk about a more philosophical
question. The problem that Johns brought up
again and again were these little paradoxes of
geodetic astronomy, most of them connected
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with azimuths. What are we trying to do? We
have the stellar system above us and we are on
the ground. We are trying to orient the stellar
system with our ground position.

If you have a sphere and want to orient it to
vourself, first you have to develop a point on
the sphere which is your zenith; then rotate the
sphere around that point. The zenith is a per-
feetly definite point and there is no philosophical
trouble about that. The trouble comes when
vou try to rotate the celestial sphere. This is
when the paradox comes into that problem. The
conventional way to do it is to start from the
zenith pole and run the great circle through
the north cclestial pole to some point on the
ground.

What I contend is that north is obsolete, that
the concept of north should not be a part of
modern geodesy. The most important things that
Roman did in Canada was to adopt this idea of
measuring angles not to the celestial pole but to
a point along the horizon. If there is any un-
certainty about the zenith, and if the zenith and
pole are close together, then obviously the direc-
tion of the line between them is very poor. Ob-
viously at the north pole of the Earth it is
impossible to get anyvthing in this way. Yet at
the north pole of the Earth you can measure
from a horizon point to a star and can keep
track of it and establish how a celestial sphere
sits,

In the methods which Roman developed in
Canada he was saying, “I will not try to use the
line that goes from my astronomic zenith down
through the celestial pole and try to measure
to the horizon. I will adopt a celestial meridian
which is defined geodetically and carry that me-
ridian down to the horizon. In other words, I
will adopt an arbitrary reference point around
the horizon and then measure.”

So vou see that the reason why we get all
these paradoxes is that we are trying to do
something that is a little silly. We are deter-
mining the rotation of a celestial sphere around
our zenith by means of a point not far from our
zenith. We should obviously measure from a
point around the horizon. That is the point
Johns is talking about.

Now one more point. When Air Force pilots
fly in the north pole area they have practically
eliminated the north. I believe that the concept
of north is perhaps an idea which is of historical
and cultural value but should be liquidated in

modern geodesy. In ancient times, even fifty
years ago, one determined azimuth from the
north pole in an unambiguous way because this
was the only point in the sky which could be
specified. Since one could not determine the
Greenwich time one could not fix this position
of other stars from the observer. Now that we
have precise radio time we are free to establish
a point around the horizon from which to es-
tablish our azimuth.

Dr. GGeorge Veis—I would like to say that with
the same way vou get rid of the pole you could
get rid of the zenith. If we use the stars as refer-
ence we would get the directions in space be-
tween our stations and any other stations we
want to. This is going to be completely inde-
pendent of any deflection of the vertical or where
our zenith is.

Mr. Charles A. Whitten—How would you pro-
pose to survey from one point to another?

Dr. Veis—By photographing the stars as back-
ground, the stars themselves define an absolute
reference svstem.

Mr. Whitten—You photograph stars but how
are you orienting a network of points on the
ground ?

Dr. Veis—I am not referring to any azimuth
but just direction cosines with respect to a sys-
tem as defined by the mean astronomical me-
ridian of Greenwich and the axis of rotation of
the Earth.

Mr. Whitten—Then you must refer that to
some system of points on the ground and how
do you propose to do that?

Dr. Veis—The transformation from the side-
real system to the terrestrial system can be made
easily by rotation using the result of the Inter-
national Latitude Service and the Bureau Inter-
national de 'Heure.

Mr. Whitten—There is still a leakage there
in getting the relation to the ground and per-
haps we can talk about it later.

Mr. William M. Kaula—The accuracy of the
flare azimuths was actually better than the two
seconds stated by O’Keefe. The two-second inter-
val was the average of the differences from the
US Coast and Geodetic Survey azimuth for
two methods of the ‘light-crossing’ technique,
one better than the other. For the better method,
the light crossing difference was 1.1”, as com-
pared to 1.2” for the same line using the flare-
triangulation method, with pointings on flare
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drops from three stations. The differences from
the US Coast and Geodetic Survey azimuths for
the flare triangulation was 0.3” and 0.4” over the
other two lines. So the light-crossing method is
probably better than 1.0” in azimuth.

Mr. Whitten—Those of you who have had ex-
perience in observing astronomical azimuths
know it is difficult to get an accuracy of one
second.

Mr. Kaula—The point is that there was only
one line with a discrepancy of more than half a
second.

Dr. Roman K. C. Johns—I would comment
on an interesting feature of lateral refraction,
namely, that experiments indicate that lateral

refraction depends on the direction of the line.
Suppose that we observe in the plane of the local
meridian, to the south and to the north. Because
of differences in exposure to the Sun, the lateral
refraction in the south direction will be different
as a rule from the refraction to the north. I
always obtained appreciable discrepancies in the
results of night observations over a number of
nights.

Mr. Kaula—Actually the figures 1.1 7 and 1.2”
were from pointings in different directions. The
figure 1.2” was from pointings to flares 30° to
45° to one side of the line. The figure 1.1” was
obtained from an aircraft right on the line of
the azimuth itself.
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Geodetic Networks

Burorp K. MEADE

U. 8. Coast and Geodetic Survey, Washington, D. C.

The primary purpose of a network of triangu-
lation is to position the network with respect to
the Earth. In order to do this it is necessary to
have: (1) a point from which to start; (2) a
direction in which to proceed; and (3) a surface
along which to compute. Having these, a datum
is defined.

To establish a national geodetic control sys-
tem, an initial point is chosen where the de-
flection of the vertical is not abnormal, then
astronomic latitude, longitude, and azimuth are
observed at this initial point. These astronomic
values and some ellipsoid of reference define our
datum.

After angles in the network are observed and
a baseline is measured, geodetic positions can be
computed based on the provisional astronomic
datum. Then, if astronomic positions are ob-
served at other points in the network and these
positions compared with the geodetic values, the
differences represent deflections of the vertical.
This datum is called provisional because it is
based on one astronomic position. A more repre-
sentative datum can be determined by observing
several astronomic positions and equating the
deflection differences to zero. If the network is
then extended based on a datum involving all
astronomic positions, and the deflections are ab-
normal, considering the terrain, the adopted
ellipsoid was a poor choice.

A good example of an erroneous ellipsoid is the
Everest, on which the surveys of India are based.
The extension of these surveys into Thailand
shows that the deflections are systematic and are
on the order of 30” in longitude.

The extension of our North American 1927
Datum to Alaska and through Mexico and Cen-
tral America does not show the deflections to be
svstematic, therefore, the ellipsoid adopted for
the North American Datum is a good approxi-
mation to the geoid.

Astronomic azimuths are affected by any de-
flection of the vertical in longitude. If this de-
flection is known, the geodetic azimuth is ob-
tained by correcting the astronomic azimuth.
The correction is equal to the difference between

30

the astronomic and geodetic longitudes multi-
plied by the sine of the latitude. From this cor-
rection it can be seen that if the adopted geodetic
datum contains an error in longitude, an errone-
ous correction will be applied to the azimuth.
This in turn will cause an error in the latitudes
and longitudes of subsequent stations. Further-
more, if the dimensions of the ellipsoid do not
approximate the geoid, the geodetic positions
will accumulate further error. These are prime
reasons for the requirement of an accurate
datum for extensive networks of triangulation.

The measured baselines in a geodetic network
are referred to the sea level or geoid surface.
Theoretically, the distances should be reduced to
the mathematical surface on which the computa-
tions are based. Unfortunately, the true shape
and size of the geoid is seldom known when a
datum is established and it is necessary to as-
sume that mean sea level is on the surface of the
spheroid. If we assume an average geoid height
of 50 meters for a baseline, the length reduced
to the spheroid would change by about one part
in 125,000.

In a network where the differences in eleva-
tion are large, the observed directions should be
corrected for deflection of the vertical. To com-
pute this correction it is necessary to observe
astronomic positions. When the angle of eleva-
tion between two points is approximately six de-
grees and the difference between the perpendicu-
lar deflection components is 20”, the correction
to the observed direction is two seconds of arc.
If a baseline in a valley is projected to adjoin-
ing stations on mountain peaks, this correction
should be applied to the observed directions if
precise results are required.

In order to obtain consistent results from
the observational data, it is necessary to make a
least-squares adjustment of the conditions in-
volved. After a basic network has been adjusted,
new surveys are usually controlled by the ad-
justed results of the basic net. This process is
continued as additional surveys are added. Better
results could be obtained if a simultaneous ad-
justment of all observations is made when new
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surveys are added to the basic net. This is not
practical because of the amount of work in-
volved. Occasionally parts of our basic net are
readjusted along with new surveys. This is done
to avoid forcing large corrections into the new
observations.

Frequently we are asked to give an estimate
of the relative accuracy between two points in
our geodetic net. An emiprical formula devised
by Simmons gives the proportional accuracy as
one part in 20,000 M'/* where M is the distance
in miles. Given in meters, the error is 0.059
(K*)'”, where K is the distance in kilometers.
This formula is based on position closures from
the basic geodetic net of the United States.

Two years ago Hotine of the Overseas Survey
Office in London proposed the adjustment of
triangulation in space. Using this method, di-
rectly observed quantities are used in the ob-
servation equations, that is, astronomic values
of latitude, longitude, and azimuth. Length con-
trol would be furnished by lines measured in
space without reducing to sea level. The results
would give deflections of the vertical if precise,
truly reciprocal, zenith distance observations
were made.

Under the direction of C. A. Whitten, adjust-
ments of two nets were made to test this space
method. I think some comments from Whitten
concerning the results of these tests would be of
interest.

Plans are being made through the Interna-

tional Association of Geodesy for a simultaneous
adjustment of the triangulation networks of
Europe. An adjustment of this size would re-
quire the solution of about 10,000 equations. At
a special meeting in Munich in 1956, Whitten
proposed that equations be included to de-
termine differential corrections to the parameters
of the ellipsoid. No doubt this will be done and
the results should give a better determination of
the ellipsoid.

It would be a fairly simple matter to have
most of the geodetic networks of the world di-
rectly connected by conventional triangulation.
There are direct connections now between North
and South America, and between Europe, Africa,
and Asia. A connection from Central Europe
through Russia and across the Bering Strait to
the Alaskan triangulation would connect these
five continents.

Since the war the U. S. Air Force has made a
connection across the North Atlantic from Can-
ada to Norway. This connection is a network of
lines measured by electronic methods. Other tri-
lateration networks connect Venezuela, Puerto
Rico, and Cuba to the Florida triangulation. Re-
sults of these connections are not available.

By obtaining sufficient ties between continen-
tal datums already established, and by coopera-
tion from all the countries involved, a new world
datum including all networks would furnish valu-
able information concerning the shape and size
of the Earth.

Discussion

Prof. Frederick J. Doyle—Simmons earlier
gave us a tolerance for the dimensions @ and f
of the ellipsoid. Could you give an estimate of
the angle between the axes of the various ellips-
oids?

Mr. Charles A. Whitten—We have a panel to
give some opinions but I would start out by
sayving that it might be of the order of three
seconds.

Mr. Donald A. Rice—I think it is well to
consider the various ellipsoids in terms of the
distances between their centers, rather than the
angles between their polar axes; by definition all
of the polar axes are held parallel as the nets
are oriented by the LaPlace condition. The
centers of the various ellipsoids may diverge by
something of the order of 100 meters.

Mr. Whitten—The longitudes of the various
datums may not be coordinated properly so it
may be of the order of three seconds.

Dr. Roman K. C. Johns—We do not know how
the axes of rotation are situated with respect to
each other, except that they are parallel.

Prof. Doyle—Do we know that absolutely?

Mr. Rice—Yes, if the control is adequate.

Dr. Johns—In stellar observations we assume
that the observer is in the center of the Earth,
however this is not the case.

Dr. John A. O’Keefe—If you convert the lati-
tude, longitude and height to XYZ coordinates
you would expect that the difference between
what you have done and the truth would be a
simple translation without rotation, except for
quantities of the order of half a second.
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Prof. Doyle—The only angles would be the
results of errors in the observations themselves.

Dr. George Veis—I am afraid that this is not
correct. It is true that apparently there is no
reason for the computation ellipsoid to be tilted.
That would be the case if the triangulations were
computed with a consistent geometric method.
However, this is not so since the measurements
are made on the geoid and the computations on
the reference ellipsoid. Furthermore, the heights
are referred to the geoid. Thus a difference d¢
between the normal to the ellipsoid and the nor-
mal to the mean geoid will introduce a tilt of the
same amount (Fig. 1).

vertical True

verticol

¢

Troe geoid

Computotion
ellipsoid

F16. 1—Relationship of the true geoid, the mean
geoid, and the ellipsoid.

This becomes more clear from the fact that
although the height of the station Q should be
h, the height we give to the same station is H.
Since the physical point Q is one and only one we
have to rotate the system by d{ to be consistent.

Dr. O’Keefe—No.

Dr. Veis—Yes, you have to. There is a residual
rotation for this effect. d{ is going to be the
residual.

Dr. O’Keefe—There are two ways to do that
and one is to rotate as you say. The other is a
displacement. You determine the geoid by look-
ing at the stars, and hence you should not rotate
it.

Dr. Veis—I agree that if you have the heights
from the computation ellipsoid by astronomic
leveling there is not going to be any question,
but if there is a residual d¢ you have to rotate.

Mr. Whitten—I think this discussion empha-
sizes that there is some advantage to computing
in space.

Dr. Veis—Certainly and that is why I said to
get rid of the azimuth, and the zenith point.

(Editorial Insert—In actual practice when
computing continental networks the accepted

definitions of the adopted ellipsoid are used.
However, because of the lack of information
concerning the separation of geoid and spheroid
the geodetic positions on a given datum may be
systematically incorrect because of failure to
project geoid lengths to the spheroid and when
extended around a major portion of the Earth’s
surface may give a computational effect which
might be erroneously interpreted as lack of par-
allelism between the axis of the ellipsoid and
spin axis of the geoid. If the lengths of the tri-
angulation are properly computed, the geodetic
positions would change, and the resulting space
coordinates would be consistent with the as-
sumed ellipsoid. The basic requirements of the
datum would be satisfied. C. A. W.)

Mr. Whitten—Earlier I restrained myself
when O'Keefe asked about some tests that Harry
Brazier helped us with when he visited the
United States last spring. Let me give you some
of the basic points in Hotine’s proposed tech-
niques.

He thinks entirely in terms of space and does
not reduce to an ellipsoid of reference because
that is an unknown quantity. If the point of ob-
servation is 14,000% ft above sea level he does
not reduce to sea level. The uncorrected or ac-
tual observations are used. He had developed the
necessary equations to make all the computa-
tions in space and then determine corrections of
latitude and longitude for points in a network.
There are some weaknesses in his system when
it is applied to actual observations as was
pointed out earlier.

However, there are advantages at the same
time. The weakness applies to zenith distances.
The function in the equations for that 90°%
zenith angle is the cosine. Being close to zero it
cannot have much significance.

We made some computations in Washington
for two different areas. First, we tested a net at
White Sands, New Mexico, where the observa-
tions were made across the hot desert sand. The
trigonometric observations were not very good.
However, the test confirmed the computing
techniques and undoubtedly the results were
better for having included all the observations
rather than adjusting the horizontal directions
alone.

Later, we tested the Pasadena Base net. These
observations were made 35 years ago before the
day of determining longitude by radio tech-
niques, so there were no astronomic longitudes.
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However, there were astronomic latitudes and
azimuths. Using these observations we were able
to compute the vertical to a reasonable degree
of accuracy because the trigonometric leveling
was rather good.

First we assigned equal weight to the trigo-
metric leveling and the horizontal directions. The
residuals on the horizontal averaged around a
second or so and four to five seconds on the
trigometric. Inasmuch as this was calculated on
an electronic computer it did not take long to
run it again. We changed the weights to about
1:10 and reran it. The results on the horizontal
improved considerably, more nearly what we
thought should exist, and the corrections on the
trigonometric leveling were still not excessive.

The method has this advantage. In measuring
a base line in a valley, projecting that base line
up to the mountain peaks, and then using that
for the extension of a network of triangulation,
considerable error is introduced because we do
not know the deflection of the vertical at all
points in the scheme. Hotine’s method provides
a practical method of computing in space and
making an accurate determination of the dis-
tance between mountain peaks which can be
used in extending the network.

It also appears that the method has a further
application in determining the best fitting ellips-
oid by means of a space adjustment of a world
system of triangulation. We might not want to
use trigonometric leveling for the height argu-
ment. I think we would want to get the help of
the gravity people and by working in terms of
equipotential surfaces and by using spirit level-
ing get a better value for the actual point at
which we make our observation.

By thinking in terms of the techniques that
the photogrammetrists have given us, that is, di-
rection cosines, and if the gravity experts can
tell us where the center must be, there may be
some further application for computing space
coordinates. With the techniques Hotine has pro-
posed and with the ideas presented by others
working in the same general field I believe there
is some possible application of computing in
space.

Dr. Johns—The method of Hotine you men-
tioned, could yield some information about the
plumb deflection. The approach is different from
experiments carried out by Kobold in Switzer-
land.

Mr. Rice—There is no deflection when no
ellipsoid is employed.

Mr. Whitten—DeGraaff Hunter and Kobold
have made studies for determining deflection of
the vertical from trigonometric leveling.

In Hotine’s method, equations for the latitude
and longitude can be introduced into the net-
work. We can omit these equations. We did omit
them on the first test to see what kind of latitude
coordinates we would obtain from the triangula-
tion data. Then we compared computed latitudes
with observed latitudes and we found them to be
in reasonable agreement. In the Pasadena area
the deflections are of the order of 25”. Later, we
introduced all the data we had and then when we
projected the line up to the mountain peaks, the
result was the most accurate we could obtain.

Hotine concludes that by using all the mate-
rial you have simultaneously you will obtain the
best possible adjustment. The results so far have
not been overwhelmingly successful but have
been encouraging.

Dr. Johns—What do you think of the feasibil-
ity of measuring the ranges instead of angles as
1t is customary to do.

Mr. Whitten—While we are discussing this I
think Aslakson can tell us something about a
situation where it was not possible to observe
angles but he could measure distances.

Capt. Carl I. Aslakson—Aero Service Corpo-
ration was faced with the problem of establish-
ing positions of some pile beacons off shore in the
Persian Gulf. These pile beacons were as much
as 26 miles off shore and involved measurements
up to 26 miles, the average distance measurement
being seven or eight miles. Under the conditions
of visibility in the desert we could not use tri-
angulation. We would have had to restrict the
lengths of the triangulation lines to one or two
miles except on rare occasions when the visibility
range would be doubled or tripled. Therefore, we
established the entire network by tellurometer
trilateration on the existing local datum and
oriented the scheme from an existing azimuth
over one of the shorter lines that was visible.
This trilateration network was adjusted by least
squares. Our probable error in measuring any
one distance as derived from the adjustment was
+0.206 meters. This was considered adequate
inasmuch as the scheme was somewhat weak.
However, the probable errors of position ex-
ceeded +0.7007 or +0.”008 of latitude and longi-
tude in only two instances.
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I am a firm believer in the use of the Tel-
lurometer for trilateration, and consider it in-
adequate for traverse if second-order results are
desired. There are too many sources of error in
carrying angles forward. But I do believe excel-
lent results can be obtained by trilateration
methods. One can determine the scale constant
in the adjustment if the network has sufficient
strength. I am not alone in this belief. Rimington
of Australia has done considerable work in Tel-
lurometer trilateration and has compared it with
triangulation. His conclusions are in agreement
with my own.

Mr. Julius L. Speert—I hate to disagree too
strongly with Aslakson as most of my objections
were gotten from him. I think most of us recog-
nize the basic weakness of the geometry of tri-
lateration. In fact, that point was brought out
earlier in Ewing’s figures. The single triangle,
while it is a checked figure in triangulation, is
not checked in trilateration. Similarly, in a
quadrilateral, there are three checks in triangu-
lation, but only one on trilateration. Of course,
Aslakson mentions that if one has a strong
enough figure, one has good trilateration. I think
we cannt overemphasize the need of a strong
figure.

My own experience has been not in the theory
but in down-to-earth topography. We have all
had experience in measuring angles. By proper
control of our techniques we can get almost any
accuracy we want. We can control the azimuth,
and its accuracy, by making an azimuth ob-
servation at periodic intervals. My thinking is to
get control as fast and as cheaply as we can and
still keep it as accurate as we need it. My feeling
is that if we run a traverse, measure the angles,
control by triangulation or by trilateration when
we need to, use the Tellurometer or any other
equipment we have available, we have extended
our control by running a single chain of lines and
gotten from one point to the other point in the
fastest most economical way. If we did it by tri-
lateration alone we would have to run an arc
with considerable redundancy. Even then our
azimuth would be weak because no matter how
we measure there is still considerable play in the
figures. It is just a simple matter of economics.
If we want to get from one point to another in
the cheapest way I would prefer to measure with
the equipment best suited.

Capt. Aslakson—We are speaking of the same
thing. I am talking about main control and you

are talking about supplemental control. I refer
to a control network where no triangulation ex-
ists.

Some mention might be made of the enonomy
of Tellurometer trilateration versus triangula-
tion. This project in Saudi Arabia contained 59
lines and was observed by two men in one
month’s time. That is far more economical than
triangulation even if we could have used tri-
angulation. If one is faced with the necessity of
executing triangulation under these extremely
difficult conditions it is often possible to sub-
stitute trilateration by Tellurometer and obtain
excellent results far more economically. A single
three-man party, consisting of a recorder, ob-
server, and ground station operator, can average
six to eight distance measurements per day. That
is far cheaper than attempting to accomplish the
same results by triangulation.

Mr. Speert—Perhaps I should be clearer. I
was speaking in favor of traverse. A traverse
consists of a single chain of lines. Trilateration
consists of at least quadrilateration. I am not so
opposed to trilateration that I would refuse to
use it where it appears to be the best method. I
recognize there could be a good Tellurometer line
which could not be observed optically. If it is
a problem that can be done cheaper by using a
steel tape I would say to do it that way. If it is
cheaper by traverse, do it so. There have been
cases where we could not measure angles at all
but could measure distances electronically. By
all means do that. If you have a choice and have
the equipment available, it is a question of com-
bining techniques and doing the job the most
economical way. Other things being equal, I am
inclined to favor traverse over trilateration.

Mr. Whitten—This is an engineering problem,
one of economy. Not particularly a scientific
problem.

Dr. O’Keefe—I would like to come back to
triangulation in space, and just try again to look
at this thing. Remember the two desiderates are
to find out where we are and then to orient. One
way of doing this is the photogrammetric ap-
proach. This was the essence of Brazier’s method.
In essence what he did was resect for each posi-
tion not only to find out where he was but even
for his orientation. In principle, he did not even
level the theodolite at each station.

Mr. Whitten—He did not object to having an
astronomic latitude and longitude at each sta-
tion.
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Dr. O’Keefe—Let’s take the pure case, in
which he was going to determine all his un-
knowns by sighting back on the previous point.
In essence it means to ignore what gravity tells
us. Why did gravity get involved anyway in a
problem of determining where you are? We got
into it because of this other question, namely,
how on Earth are we going to get good positions
by measuring rays when we know that the rays
are subject to enormous curvatures?

Now the result that Whitten has laid before us
shows in essence that as you go higher above the
Earth you get closer and closer to the photo-
grammetric case. Veis was talking of a problem
in space where vertical angles were 60°; then it
is hard to deny that a simple direct solution such
as his is the best one. An intermediate case was
Pasadena with high mountains. At White Sands
where it is fairly level you get to the case of
ordinary geodesy.

Mr. Whitten—No, it is not level.

Dr. O’Keefe—All right, let’s take Iowa. In
these places there is not much doubt of ordinary
orientation. On the other hand the vertical angles
are extremely bad because you have to be fairly
close to the ground. You see, one can have two
ideal cases and the actual cases intermediate be-
tween them. The extreme cases would be, say,
Iowa and a satellite. With the satellite it does not
make sense to talk of ellipsoid and so forth. In
Iowa if you start to do that you would be in
the extreme other end where it would be difficult
to measure angles and the information you would
get from leveling the theodolite is better than
what you get in measuring horizontal angles. We

find that the Pasadena base is somewhat further
from the extreme Iowa situation than we
thought. It is approaching the case of which Veis
was talking.

Mr. Whitten—To comment about Iowa, the
zenith distances are all close to 90°. I pointed
out that the cosine of the zenith distance ap-
pears in the expression of the coefficients of the
unknowns. Its effect is zero.

When you are actually going through the me-
chanics of computing, the problem is very simi-
lar to adjusting by variation of coordinates on an
ellipsoid. The coefficients are nearly the same.
You would not know whether you were using
Hotine’s or Helmert’s method. Where the eleva-
tions are all the same, the coefficients are es-
sentially the same. I think that Hotine would
object to any suggestion that the astronomic
quantities be omitted. He was very emphatic
that they be used.

Dr. O'Keefe—Then you are in a different
world from that which we actually have to live
in geodesy. The crux of the problem is what do
we do when we do not have astronomy. What is
the best guess of the vertical in a new station?
Is it to carry forward by backsight ?

Mr. Whitten—The coefficients of the unknown
when computing in a flat terrain are essentially
the same coefficients as in the classical method
of the variation of coordinates.

Dr. O’Keefe—If you have astronomic values
I think that is true. But if not, then from the
adjustment you get a deflection of the vertical
at your new station. You get a weak determina-
tion. The question is whether to use it or zero.
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Orthometric, Dynamic, and Barometric Heights

NorMAN F. BRaaTEN

U. 8. Coast and Geodetic Survey, Washington, D. C.

As an initiation stunt at college, I was once
asked to speak on the topic, ‘How high is up?’
Today I introduce a more definite subject of
relative height and hope to have more to say.
At college, I suppose I considered vaguely as
‘altitude’ what I now call orthometric elevation
and was unaware of a dynamic system expressing
height in terms of potential. Both terms ‘ortho-
metric’ and ‘dynamic’ may deserve further ex-
planation.

The orthometric elevations used in most en-
gineering work are defined as the geometric
heights above mean sea level, or, more techni-
cally, above the geoid surface. At the oceans,
mean sea level is the surface the ocean waters
would assume if there were no disturbing in-
fluences of tides, waves, currents, atmospheric
and temperature changes, etc. Under the con-
tinents, mean sea level is that level surface which
still, undisturbed canal waters would assume if
a network of closely-spaced very narrow canals
connected all oceans. Such a mean-sea-level
surface is the same as the equipotential geoid
surface.

Offhand, it might seem that perfect leveling
starting from mean sea level would always de-
termine true orthometric elevations as observed
elevations. This is not true because level surfaces
at various altitudes are not parallel. The actual
separation between any two level surfaces in
different places is inversely proportional to the
local intensity of gravity. This intensity in-
creases by one part in 200 from equator to pole.
The geoid surface is roughly ellipsoidal, and
successively higher level surfaces assume succes-
sively greater polar flattening. From a considera-
tion of the theoretical gravity field, a level sur-
face 1000 meters above the sea at the equator is
only about 995 meters above the sea at the poles.
Therefore, a continental leveling network has to
be corrected along the north-south components
of the leveling routes so as to obtain truer ortho-
metric elevations. Actually, anomalous local
variations in the gravity field cause additional
minute variations from parallelism of level sur-
faces. In general, this effect is minor since it does
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not accumulate systematically from equator to
pole. In the leveling net of the United States, a
simple formula involving latitude and elevation,
but disregarding gravity anomalies, enables com-
putations of orthometric corrections to observed
leveling differences. In effect, we correct for the
major cause of non-parallelism in level surfaces
and disregard the minor cause.

To give an idea of size, an orthometric correc-
tion of 1% meters was applied to the observed
difference of leveling from San Diego to Seattle,
the route having an average height of 1000
meters and a latitude difference of 15°.

The orthometric concept has disadvantages.
Under this concept, the mean lake level at the
north end of Lake Michigan is 0.07 meter lower
than mean lake level at the south end. U.S. Lake
Survey engincers, for example, object to this.
They want to assign the same elevations to all
parts of the lake.

The dynamic system offers an alternative. In
considering dynamic heights, we discard the
simple concept of measured vertical distances
and give to each level surface a number of its
own, proportional to the work required to raise
a unit mass from sea level to that surface. In
geodesy, the dynamic number can be expressed
as (1/g,) [ gdh, where dh represents the geo-
metric increments of elevation, g the surface
values of gravity, and g, an arbitrary constant
adopted to make the dynamic number roughly
comparable to the orthometric elevation. Grav-
imeters now allow inexpensive determinations of
surface gravity values. When these are deter-
mined along all leveling routes, heights in the
dynamic sense can readily be computed so as to
correct for both major and minor causes of non-
parallelism in level surfaces. Each level surface
would everywhere have the same dynamic num-
ber, and the true dynamic difference between
two points would be obtained from perfect level-
ing, irrespective of the route followed. Though
such a system sounds ideal to scientists pri-
marily concerned with equipotential surfaces, the
concept of height expressed in terms of a vari-
able geometric-distance unit is not acceptable to
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land surveyors, cartographer, and engineers in
general.

The International Association of Geodesy has
recently recommended that each country com-
pute and adjust its leveling network on a dy-
namic basis referred to surface measurements of
gravity to provide values adequate for scientific
work, then convert these to orthometric values
to be used as standard elevations by the general
public. Unfortunately, to make exact conver-
sions, the average values of gravity from the
geoid surface to the points in question must be
known. However, even if approximations are
used, the resulting orthometric system is im-
proved. The Association adopted a kilogal-meter
unit of dynamic measure defined simply as [ gdh
and called the geopotential number.

I cannot say when our Bureau will adopt this
recommendation. This depends in part on how
soon gravity is measured along all our leveling
routes. At present, we publish orthometric ele-
vations based on theoretical gravity and can
furnish dynamic numbers on the same theoretical
basis.

Barometric determinations of elevations have
been used very little by geodesists because of
lack of precision. When used for approximate
purposes and adjusted to known orthometric
clevations, the height differences obtained are
considered to be orthometric differences. When
barometric observations are used to determine
heights in the upper atmosphere, however, ortho-
metric differences are not readily obtained. There
is a more logical correlation between barometric
differences and differences in dynamic number
than between barometric and orthometric differ-
ences. If absolute calm prevailed everywhere in
the atmosphere, a particular isobaric surface
would coincide with a level surface of a particu-
lar dynamic number. Meteorologists, therefore,
often determine dynamic heights. First, they de-
termine dynamic differences from barometric
observations assuming that some suitable stand-
ard atmosphere conditions exist, then they cor-
rect such differences for all known departures of
temperature and humidity from such standard
conditions. Though temperature and humidity
represent the dominant variables, the station
values are not always representative of the air
column, and there are additional factors which
affect the difference in dynamic numbers, such
as the slope of the local isobaric surfaces, winds,

friction, and other meteorological parameters.
The slope of the isobaric surfaces can be taken
into account to some degree in multiple-base
barometric leveling, but the involved computa-
tions required may not be justified in work of
such low inherent accuracy.

The geopotential-number unit of the geodesists
is 98/100 of the geopotential-meter unit of dy-
namic height adopted by the International Me-
teorological Organization in 1947.

A more important problem than the unit of
measurement is that of the releveling that should
be done. In terms of geologic time, huge changes
of elevations of the ground surface are known to
have occurred, but in the past it was assumed
that crustal movement in any particular 25- or
50-year period could be considered negligible.
However, comprehensive releveling programs un-
dertaken by several European countries have
shown considerable crustal movements. In Fin-
land, crustal tilting producing a maximum up-
lift of nine millimeters per year over a 50-year
period has been proven. In our own Great Lakes
region, an interesting theory of crustal tilt has
been deduced from a study of tide-gage readings
of lake levels. In Texas and California, our Bu-
reau has made periodic relevelings that show, at
some points, settlements of over a foot per year.
Though such settlements seem to be due mostly
to withdrawals of water or oil rather than to
tectonic action which may continue over the
years, the point remains that there are many
causes of changes in elevation.

As yet, our Bureau has not begun any com-
prehensive program of releveling on a national
scale. We do have a definite plan for such a pro-
gram.

I firmly believe that our proposed program
can be justified from purely practical considera-
tions for its value in strengthening and bringing
up-to-date the vertical control net, and for its
value to specific engineering applications. I
would like to leave before this Conference the
question: Is a releveling program to determine
the changes taking place in the Earth’s erust
justifiable as basic research in the Earth’s sci-
ences?

If so, our large continent provides an ideal
laboratory for such research. Research into up-
per atmosphere and space is fine, but we also
have closer ground for research—the ground un-
der our feet.
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Discussion

Mr.J. E. Lilly—Most of our studies have been
based on the Great Lakes gage readings rather
than precise leveling. We have found a definite
tilting in the order of one part in a million, one
millimeter in a kilometer per century, or some-
thing like that. At that rate in common lan-
guage they figure the shift has been around six
inches between Canada and North Bay in the
last 50 years.

Mr. Charles A. Whitten—You do not have a
program for releveling?

Mr. Lilly—No definite program.

Mr. Braaten—I think it should be pointed out
that if any program is made on a limited scale
the most we will get is a relative effect. A relevel-
ing program has to be undertaken on a conti-
nental scale before we can determine the total
overall movement.

Mr. Lilly—The common explanation is that it
is a resurgence of the Earth's crust because of
melting of ice from the ice age. The center of the
old glacier is rising.

Mr. W. L. Berry—Are there any figures avail-
able on the magnitude of lateral crustal move-
ments other than obvious faulting?

Mr. Whitten—Observations have been made
along fault lines and there is a geodetic program
for reobserving networks in California and Ne-
vada along fault zones. Even though there are
no earthquakes, there is a slow creeping move-
ment of the land mass on one side of the fault
zone relative to the land mass on the other. This
slow movement amounts to about one foot in ten
years.

Dr. Roman K. C. Johns—Ewing originated a
theory of a rising level of oceans. Possibly he
would tell us about it.

Dr. W. Maurice Ewing—The question that oc-
curred to me when the gentleman from Canada
was speaking was that in the several photo-
graphs I have seen of the northern islands, Ca-
nadian archipelago, beautiful raised beaches
showed and all indications are that the ages of
those beaches are about ten thousand years. The
new glacial map of Canada just published showed
the elevation of a few of these and they are at
heights of several hundreds of feet. I think it
would be of the greatest interest to find some
way to tie this record of a long time into modern
day measurement of rate.

When it was believed by everyone that the

greatest thickness of ice was not very far north
of the border between Canada and the United
States it was expected that most of the uplift
due to the removal of the ice load was around
the Great Lakes. The possibility exists, and it
was sharpened up by the increasing evidence of
a greater uplift further north. This ties in with
some theories that the greatest amount of ice
was farther north.

Mr. James B. Small—The tidal observations
show that along the Atlantic Coast mean sea
level is rising about 0.011 foot per year. Along
the Pacific it is rising about 0.005 foot per year.
Our level net was adjusted in 1929 holding mean
sea level at zero at 26 tidal stations along the
Atlantic and Pacific oceans and the Gulf of Mex-
ico but it is not practical to readjust it to take
care of the changes in mean sea level so we just
admit there is a difference between modern local
mean sea level and elevations in the geodetic net.

Isolated land elevation changes get rather
rapid in some areas. We have detected changes
of about 20 feet in California. That is our most
difficult area to do leveling in because there are
so many factors contributing to change, such as
earthquakes, removal of oil, removal of under-
ground water for irrigation, fault lines, etc. But
those conditions do not exist throughout the
country and the changes in California are rather
unusual cases.

Mr. Whitten—In one of the valleys of Cali-
fornia the nature of the soil is such that it is
subsiding when water is added for irrigation pur-
poses.

Mr. Waldo E. Smith—A number of years ago,
shortly after the building of the Hoover Dam
and the filling of Lake Mead, long lines of levels
to nearby bench marks indicated the sinking of
the valley up to a foot or more. The question
was raised whether it was isostatic in character,
deflection of the plumb line caused by the mass
of water, or compression of the base. What is
the up-to-date thinking on this phenomenon?

Mr. Braaten—I believe it was thought that
the cause was the loading of an immense reser-
voir of water. Theoretical computations were
made of the depression of the surface that would
be caused by such a reservoir of water. I think
it was fairly close to what was actually found
from the leveling measurement.

Mr. Small—We established a net of level lines
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before the water was impounded and then re-
leveled after it was impounded by using tide
gauge work to go across the lake and the indi-
cation was there had been a settlement of about
four tenths of a foot due apparently to the
superimposed load.

Dr. John A. O’Keefe—We began by noticing
how difficult it was to measure vertical angles.
Yet here we can measure from the center of the
continent to the coast line with an error of 1.5
feet which means one part in five million. I call
your attention again to the way in which the
purely geometrical approach was sweetened by
the introduction of gravimetric information. In
other words, what Braaten has is height which
is not height above a reference surface. He could
not tell you the angle at the coast line to the
ellipsoid at this point. He has managed to solve
the problem without measuring vertical angles.

Mr. Braaten—I thought that was covered
pretty well by Simmons in saying we use short
balanced sights and extremely precise instru-
ments, and correct for all known systematic er-
rors encountered in the differential leveling pro-
cedure. I further thought that the ordinary
differential procedure would be fairly well known
and would not constitute a proper topic for dis-
cussion at this time.

Dr. Johns—There are two ways of looking at
the variations of sea level. Either the sea level is
changing or the ground elevation is varying. I
am wondering if there are any more objective

means to establish which level is moving, the
ground or the sea.

Mr. Braaten—I would like to know of some
if there are. But I am not sure that I have an-
swered Dr. O’Keefe’s question.

Dr. O’Keefe—I think it is interesting and
fundamental to see how you solve this problem,
which would seem on its surface to be insoluble,
namely to get an accurate relative elevation by
an optical method in the face of the ray curva-
tures. As I understand it you eliminated the cur-
vature by standing in the middle of the arc so
the effect is the same on the foresight as the
backsight, provided that the curvature is the
same throughout that line.

Dr. Johns—The curvature of the arc is not
necessarily identical. As a matter of fact, gener-
ally speaking, the curvature of vertical sections
of equipotential surfaces is variable. The curva-
ture depends on the equipotential surface of the
station. The curvature of the level surface may,
under certain conditions, vary appreciably.

Mr. Braaten—I believe if gravity is deter-
mined along the leveling route at sufficiently close
intervals we need not worry about the irregu-
larities. Once having measured gravity values
and the geometric difference in elevation accu-
rately we can determine true values of dynamic
elevation. The beauty of leveling is that we do
not refer to the spheroid—we could not—but we
do refer to the equipotential surface for which
a definite knowledge is furnished by the plumb
line.
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Gravity and Gravity Reduction

DonaLp A. Rice

U. 8. Coast and Geodetic Survey, Washington, D. C.

From potential theory it can be shown that
under proper conditions a knowledge of gravity
intensity over the surface of a body will yield
the shape of that body; it will also yield com-
plete information on the gravity field outside the
body. The most important conditions are: (a)
that the surface be equipotential as generated
by combined self-attraction and centrifugal
force, and (b) that the surface enclose all at-
tracting matter. A near approximation to such
a surface is the geoid or sea-level surface of the
Earth. For land areas this surface can be imag-
ined as traced by a network of canals connected
to the oceans. It is true that the geoid does not
quite enclose all attracting matter, and on land
it is not directly accessible for gravity intensity
measurement. Various gravity reduction tech-
niques alleviate these difficulties. The shape of
the geoid and the associated external gravity
field provide the physical framework for most
geodetic operations; for example, astronomic
positions are convertible to geodetic positions
only if we know the local geoid distortion at the
observation point; other examples are obvious
when we think of the various level-sensitive de-
vices employed in geodetic surveying.

In the 19th century Stokes developed means
for finding the shape of the geoid, having grav-
ity-intensity observations on the surface. The
first of these requires the expression of gravity
anomalies in a series of surface spherical har-
monics, the anomalies being differences between
observed intensities on the geoid and the theo-
retical intensities calculated for an ideal model
ellipsoid. The second method, and the one usu-
ally employed in practice, involves the Stokes
formula which permits a numerical integration of
the surface anomalies. Both methods yield linear
departures of the geoid above or below the
model. About 30 years ago Vening Meinesz de-
rived an extension of this formula to obtain di-
rectly the geoid slope referred to the model
ellipsoid. This is the ‘deflection of the vertical’
which provides conversion from astronomic co-
ordinates to geodetic or space coordinates on the
model.

Although there is a long history of mathe-

matical development, practical application had
to await observations over considerable land and
water areas of the Earth. This stage was reached
in the 1930's, when gravity techniques became
an essential element of fundamental geodetic
measurement. In favorable areas such as North
America and Europe, geoid departures can be
calculated with a precision of about ten meters;
deflections of the vertical are determinable
within one or two seconds of arc on an absolute
basis. It must be emphasized that gravimetric
techniques alone will not give the scale of the
geoid, only its linear departures from the model.

Gravity can now be measured quickly and ac-
curately on land by means of static gravity
meters, controlled by relatively few and widely-
separated pendulum stations. The Vening Mein-
esz pendulum apparatus, and the recently-refined
versions of conventional gravity meters, are now
employed in obtaining coverage at sea. Special
remote-reading gravity meters operate very well
on the ocean bottom at 300- or 400-foot depths.
There is hope for useful gravity measurements
in airborne vehicles within the near future.

A gravity measurement per se is hardly use-
ful in geodesy. At a given point, gravity can be
measured to better than one part in 10* on land
and about five parts in 10° at sea. As gravity
changes about one part in 10° for ten feet of
vertical displacement, clearly the land gravity
measurements must always be coordinated with
reliable elevation data. This is quite a serious
operational problem in isolated or unmapped re-
gions. At sea there is, of course, no elevation
problem but east-west velocity of the vehicle
must be determined with some precision to
eliminate the Eotvos effect. In the air, velocity
and long-period accelerations would have to be
evaluated either instrumentally or by observa-
tions from the ground.

Before the Stokes formula can be applied, the
surface gravity measurements must be trans-
ferred to the geoid whose shape is being deter-
mined. For land stations this is usually accom-
plished by applying the normal vertical gradient.
In all the common methods of gravity reduc-
tion, something must also be done about the land
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masses projecting above sea level. They can be
either abolished, squeezed down flat on the geoid,
or transferred within it. The effect of mass elimi-
nation or transfer on observed gravity at each
point must be calculated from the inverse-square
gravitation law. Whatever is done, there is some
deformation of the actual geoid and the Stokes
formula will give the shape of the resulting
artificial geoid. Conversion from the artificial
back to the true geoid is carried out as the final
step.

Abolishment of external masses is implied in
the Bouguer reduction. This reduction, although
widely used in geophysical exploration, is not
adaptable to the Stokes formula because of the
large resulting shift in center of gravity of the
geoid. Also, gravity anomalies obtained by the
Bouguer system are heavily biased, negatively
on high land elevations and positively in deep
ocean areas.

The condensation reduction implies a compres-
sion of external matter onto the geoid surface
without horizontal displacement or change in
mass. It is simple in concept and does not re-
quire laborious integration of topographic at-
traction effects. To date, most of the large-scale
applications of the Stokes formula have em-
ployed the condensation reduction. The chief
disadvantage is that gravity anomalies tend to
be strongly correlated with topography, and
close station spacing is required to obtain good
anomaly averages in highly dissected regions.

Various forms of isostatic reductions are also
suitable for geodetic purposes. They minimize
the anomaly-topography correlation and involve
limited mass transfers which can be handled
without great theoretical difficulty. However
geodetic applications have been somewhat
limited, because of the complex nature of the
calculations and extensive topographic detail
required. From the geophysical standpoint, iso-
static theories based on gravity measurements
have proved invaluable in defining broad trends
in the Earth’s crustal structure.

Geodesists are aware of certain theoretical
weaknesses in conventional gravity reductions.

Use of the normal gravity gradient introduces
some error unless a laborious iteration process
is employed. Mass transfers have secondary ef-
fects which are difficult to handle with full rigor.
Astrogeodetic and gravimetric deflections of the
vertical are not exactly comparable, since the one
refers to the ground surface and the other to
the geoid. In the future, when we have more
dense and accurate gravity survey data, theo-
retical refinements can be introduced to improve
the situation. Perhaps the most interesting ap-
proach, one which has been intensively studied
in recent years, is to use gravity data directly as
observed on the physical boundary of the Earth.
For convenience, the physical Earth surface
probably would be smoothed by some well-de-
fined and simple process without changing the
total mass. The anomalies would be gotten by
comparison with theoretical gravity as projected
upward, employing geopotential height measure-
ments. Under these conditions the integral for-
mulas would ultimately yield the form of the
smoothed physical surface of the Earth with re-
spect to the ideal gravity model. The Earth’s
shape would thus be better defined and gravi-
metric deflections of the vertical rendered com-
parable to astrogeodetic deflections as observed
on the ground.

Techniques have been developed to calculate
the gravity vector at altitudes of some hundreds
of miles above the Earth. A convenient method
is to express the Earth’s disturbance potential in
terms of a thin coating of varying surface den-
sity on the geoid. Under these conditions the
gravity anomaly vector can be determined by
integrating the mass attraction effects according
to the inverse-square law. Should airborne grav-
ity measurements become feasible it seems the-
oretically possible to reverse this process. Values
of the surface coating, meaned over appropriate
area elements, could thus be derived and em-
ployed in calculating geoid heights and gravi-
metric deflections. Such a method would be ex-
tremely valuable in extending gravity coverage
in the mountains, the polar regions, and over the
seas.

Discussion

Dr. Roman K. C. Johns—I think Schneider
did some research measuring gravity in space.

Dr. Alan M. Schneider—All of our ideas were
based on the classical ideas of the gravitational

field of spherical masses or point masses and our
point of view comes more from inertial naviga-
tion rather than geodesy. If you measure the
space rate of change of the gravitation vector,
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you can determine distance and direction to a
known heavenly body. We proposed a hypo-
thetical device that might make this measure-
ment by comparison the reading of a pair of ac-
celerometers separated by known space distance.
This is the essence of what we did.

Mr. Erwin Feuerstein—What is the magni-
tude of the gravity anomaly?

Mr. Rice—On the surface?

Mr. Feuerstein—On the surface or fifty miles
up.

Mr. Rice—On the surface one should specify
the type of anomalies, but let us assume free-air
anomalies. Typical values are ten or 20 milligals.
Free-air anomalies greater than 50 milligals are
quite rare. An anomaly of 50 milligals (50 parts
in a million of the total gravity force) would
normally require a distance of many miles to
build up. There are a few highly disturbed re-
gions where free-air anomalies reach 300 to 400
milligals, for example, in the Puerto Rico trough.
Usually there is a well-defined pattern of build-
up over substantial distances. There are excep-
tions to this, however. In certain Pacific island
regions a build-up of 200 to 300 milligals may
occur abruptly because the island structure re-
sembles a point load on the crust.

Mr. Feuerstein—Are there any time varia-
tions?

Mr. Rice—Not that we have been able to de-
tect. Over a period of thousands of years there
is probably some variation caused by sinking of
large land masses and so on.

Dr. Raymond H. Wilson—I have a question
on mean zea level and heights across the conti-
nent. Mean sea level, as I understand is approxi-
mately the geoidal surface. I heard, for instance,
that at the Panama Canal, the sea level at one
end is different from the other. I would just like
a little further information.

Mr. James B. Small—Mean sea level at the
Pacific end of the Panama Canal is about two-
thirds of a foot higher than the Atlantic. In the
United States for the adjustment of the level
net we assumed that it is the same. In adjust-
ing the level net, 26 tidal stations were held
fixed. So in effect you can say that the elevation
of a bench mark in any locality is based on the
weighted mean of all these 26 stations. At this
location (Boston-Cambridge area) the tidal sta-
tion in Boston would have the greatest effect but
a west coast station theoretically would have
some minor effect.

The indication is that mean sea level is slightly
higher as one proceeds north along the Atlantic
and Pacific. The greatest difference was from
Old Port Comfort, Va., to Prince Rupert, Can-
ada, where there was a difference of about three
feet. That was all adjusted into the precise level
net. That sounds like a lot but it only meant
about two-tenths of a millimeter per kilometer
of correction to the leveling.

Dr. Wilson—That would refer to the ellips-
oid then?

Mr. Small—No, the geoid.

Mr. Norman F. Braaten—Orthometric eleva-
tions are referred to the geoid surface, the sur-
face that still water would assume in narrow
closely spaced canals connecting all oceans. Ob-
served elevations carried by three separate level-
ing lines from local mean sea level values on
Pacific, Gulf, and Atlantic Coasts to a point in
Iowa would differ by more than a foot even if
the leveling were perfect. Of course, actual level-
ing lines are not perfect, but the orthometric
correction applied corrects for the effect of non-
parallelism in level surfaces.

Dr. Charles A. Lundquist—The last speaker
mentioned a centric geoid ellipsoid. How is this
defined ?

Mr. Rice—By the center of gravity.

Dr. Lundquist—In the sense of real mass dis-
tribution of the Earth or center of mass or how ?

Mr. Rice—I think it is most nearly correct to
consider the center of volume of the geoid. In
the derivation of the Stokes formula the assump-
tion is made that the centers of volume of the
ellipsoid and geoid coincide. Therefore, the re-
sult of applying the Stokes formula will always
be consistent with a centered ellipsoid.

Dr. John A. O’Keefe—And this is the center
of mass of the physical Earth.

Lt. Bruce C. Murray—One point about your
question concerning the Panama Canal. If the
water would flow across, it would mean that the
water level is not equal at each end. The ad-
justment they are making is to the effect that
it is not the same equal potential surface on both
ends, not that there is not an equipotential sur-
face we can use to talk about. The geoid is off
about two-thirds of a foot because of tidal
forces.

I was talking to Walter D. Lambert a few
weeks ago when he was here in the hospital and
he made the point about the validity of the
previous use of surface coating. In particular if
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one has a varying number of measurements scat-
tered around the surface, one can weight the
coating very accurately with the measurements.
Therefore, for practical operational uses one can
use the coating method in much greater corre-
lation with the data than if the distribution of
the data is not taken into account.

Prof. Arthur J. McNair—There are many
geologists and physicists who would take issue
with a statement that the Earth is homogeneous
and that the center of volume of the geoid or of
the spheroid is identical with the center of mass
of the Earth. Granted that many of the gravity
anomalies would produce only secondary effects
but would it be proper to state that there is no
correction made for variations in the density of
the Earth’s crust? In other words, let us consider
an atoll out in the Pacific made of coral which
is somewhat lighter than an equal area in the
Mesabi iron range. In each case these are above
the mean sea level or above the orthometric
datum. Is it not necessary to allow for such dif-
ferences in density and in gravity?

Mr. Rice—The Stokes formula is based funda-
mentally on spherical harmonic expansion of the
gravity anomalies. The first-degree harmonic is
forced to be zero, which means that deviations
of the geoid above and below the ellipsoid must
be a minimum. In other words the geoid and
ellipsoid have the same volume and the same
center.

Now let us consider what happens with regard
to masses below sea level. In this case it is un-
necessary to take account of the problem of ex-
ternal masses. Here is where the geodesists and
geophysicists differ in viewpoint. The geodesist
does not need to concern himself directly with
distribution of the internal masses. If he knows
the geoid surface anomalies, he has all the neces-
sary information to determine the geoid shape
and the external gravity field. Of course, in prac-
tice this is not strictly true, because if surface
gravity in a certain area is unknown, one might
want to make some sort of guess from knowledge
of subsurface structure.

Mr. Charles A. Whitten—Reduction tech-
niques could be planned in such a way that a
precomputed density could be assigned to this
mass so that the anomaly would be zero. That
would satisfy.

From the floor—The geoid?

Mr. Whitten—No. The geodesist would be un-
able to obtain any information about the geoid.

If we change the density, we would get a curva-
ture exactly the same as the ellipsoid. There
would not be any geoid information.

Dr. Johns—Ewing mentioned his great project
of a geodetic network across the ocean. Until
the advent of satellites, the determination of the
geoid and the best-fitted reference ellipsoid was
limited to information obtained from continental
nets. However we should keep in mind that the
surface of the globe consists predominantly of
oceans. The theory of potential would indicate
that the geoidal curvature under the continents
is greater than above the oceans. Let us suppose
we were able to establish a geodetic net over the
Atlantic and obtain information about the plumb
deflection. What is your feeling about the dif-
ference between the geoids over the sea and un-
der the continents.

Mr. Rice—There are some pretty good clues as
to the geoid in sea areas as a result of the prog-
ress in measurement of gravity at sea during the
past few years. In fact, there have been some
radical changes in viewpoint as measurements
taken over certain tracks in the Atlantic showed
that gravity was different than previously sup-
posed, especially in the region south of the lati-
tude of Bermuda. Thus the geoid at sea is be-
coming fairly well defined in certain regions.

Dr. Johns—As I understand it, Worzel car-
ried out an extensive gravity program on the
sea and came to interesting conclusions. Dr.
Ewing, would you be in a position to give us
pertinent information about this research of
your Observatory ?

Dr. W. Maurice Ewing—I cannot add very
much to what Rice said. As you know, when we
had very few gravity measurements they were
not very favorably situated for giving an aver-
age value over the seas. It looked like there was
a systematic difference between gravity on the
sea and on the land. Even a bigger difference was
supposed to exist in the Mediterranean Sea. As
we are getting more values the value of that
shift is in question and we do not know whether
we have a shift in the other direction or whether
we are still the victims of insufficient sampling.

From the floor—Did I understand you to say
that you used 26 stations? Is this the total num-
ber of tidal stations available?

Mr. Small—That was the number we had at.
that time to which first-order leveling was tied
We have many more now.
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From the floor—Was it because you find some
stations some three feet above?

Mr. Small—No, 0.4 foot is the greatest pres-
ent divergence between a local modern mean sea
level and elevations from the geodetic level net.

From the floor—I thought you said one station
was three feet above.

Mr. Small—Before the 1929 general adjust-
ment was made, a theoretical treatment of the
level net was based only on Galveston, Texas.
The indication was that the difference between
Old Point Comfort, Va. and Prince Rupert,
Canada, was about three feet. The final adjust-
ment of the level net was fitted to 26 stations.
Because of the changes in sea level there is a
maximum difference of about 0.4 foot from the
geodetic net as it exists today.

Dr. Nicholas T. Bobrovnikoff—Was there any
evidence of the secular variation?

Mr. Rice—I do not know of any reliable indi-
cation of secular gravity variation. For some
years, there was controversy over apparent
changes in the values of gravity at certain base
stations. But it has been well established recently
that these apparent changes were actually due
to errors in the older measurements.

Lt. Murray—Just on that one point, the fact
that the areas previously burdened by ice are
still coming up shows there is a time lag in com-
pensation, so there is also a secular variation in
gravity going on there; similarly, there should

be a change every time a mountain comes out
of the ocean. Thus, geologically there are a vast
number of changes in gravity.

Mr. Rice—I did not wish to imply that secu-
lar changes could not occur, but accurate gravity
measurements have not been made over a suffi-
ciently long period to evaluate them.

Dr. Bobrovnikoff—What interval of time ex-
ists for which you have comparable data?

Mr. Rice—Something like 50 years, but from
the data one could not detect gravity variations
of one milligal, which incidentally would be a
good-size secular change. The history of precise
measurements does not go back 50 years.

Dr. Bobrovnikoff—I would like to ask about
gravity at a height of 200 miles or so. It would
be interesting to know what we could expect.

Mr. Whitten—In view of the shortness of time
now and our program to come, may we defer
that till then.

Dr. John C. Rose—I would like to comment
on relative changes in elevation by gravity meas-
urements. It is my belief that it has been only
in the last ten years that milligal measurements
have been reliable. This raises the question about
absolute gravity determinations and their rela-
tion to sea level. I suggest that when geodesists
two hundred years from now redetermine the
shape of the geoid, it might be useful to have
new absolute gravity determinations as absolute
reference points for a geoid.
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National Aeronautics and Space Administration, Washington, D. C.

I want to bring before you two pieces of re-
search not done by me (O’Keefe) but both having
a bearing on geodesy. The first was on the dis-
tance to the Moon. Curiously enough this seems
to be the best way to determine the mass of the
Earth. Nancy Roman and Ben Yaplee are here
to discuss this. I will give an outline and they
will show how it is done.

We know, from Kepler’s law that a®/T? = const
when a is the orbital semi major axis of the Moon
and T is the period. .

We substitute n, whichis 27 /T'; and remember
that Newton told us that the constant was

const = 4w G (M + m) 0))]

when M is the Earth’s mass and m is the Moon’s
mass. Then

a'n? = G(M + m) )

We compare this with an imaginary satellite
which skims just above the surface of a spherical
Earth of radius ae

ag;’ nez = G M

@)

where 7ng is the satellite’s mean motion. Dividing
(3) by (2)

as’/a® = (n*/ned) /(1 + m/M) 4

We know that ae/a is sin 7 where = is the Moon’s
parallax; m/M is usually designated u; and to
find ne we know that, since the centrifugal ac-
celeration must equal the acceleration of gravity, g

agne’ = ¢ ©)
or
as/g = 1/n¢’
Substituting in (4), we find
sin® # = (n?ae/g)/(1 + u) (6)

Corrections must be made to (6) to allow for
the effects of the Earth’s oblateness and the at-
traction of the Sun; but this is the essence of the

45

idea. The ratio p has been determined by Rabe
with an accuracy quite sufficient for these pur-

poses.
If we measure a directly then we have

sin r = ag/a

Thus we have two equations in the two un-
knowns, ae and =. It turns out that the other
quantities are so well known that the measure-
ment of the distance to the Moon is in fact a de-
cisive method of determining the size of the Earth.
To continue this subject, I would like to introduce
Nancy Roman and Benjamin Yaplee.

Dr. Nancy G. Roman—Dr. O’Keefe has made it
sound easy but there are many problems in the
interpretation of our data. We have used a radar
operating near 10 em to send two-microsecond
pulses to the Moon which we then receive as re-
turned echoes.

Figure 1 shows a particularly good sample of
the echoes. Even at best our signal to noise ratio
is not very high. The base-line markers are sep-
arated by ten microseconds, equivalent to a dis-
tance of about one mile. If the echo were stable,
the distance to its leading edge could be measured
to a small fraction of this interval. We think we
can measure the position of the first spike in the
echo to a fifth of a mile. One of the problems is
that we do not get the type of echo we should if
the moon were a smooth sphere. In addition to
deflections caused by noise, the positions of the
peaks fluctuate as a result of constructive and
destructive interference of echoes from individual
areas. Hence we cannot look at an individual echo
and determine the distance accurately. Instead,
we have plotted the measured delay against time
(see Fig. 2) during the course of one minute. Dur-
ing that minute the Moon is moving. Also during
the minute some distances will be larger than
others because of the fluctuations. Therefore, we
have drawn a line through the minimum distances
determined by these points, checked this line by
comparing it with plots of the preceding and fol-
lowing minutes to be sure that the slopes are con-
tinuous and picked the central point on this line
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Fia. 1.—Sample of individual return echoes; range marks, 10 microseconds; trace separation, 4000

microseconds,

as the distance to the Moon at this particular
time.

The distance to the Moon was computed astro-
nomically (see Fig. 3) and compared with our
measured distance. The residuals we have ob-
tained during a month of observations are plotted
in Figure 4. The straight lines represent the maxi-
mum scatter for an individual day of the residuals
determined from the one-minute samples. There
is a constant residual of about 45 seconds and, in
addition, there is a variation in residuals of the
order of 45 microseconds. This can be interpreted
as a constant-distance error of about four miles.

The computation of the distance to the Moon
is purely geometrical. We measure the distance
from a point on the Earth to the nearest surface
of the Moon. The problem is to express that dis-
tance, marked A in Figure 3, in terms of things
we know or hope to know. One is, of course, the
distance of the observer from the center of the

Earth. We also need, although it does not show
on the diagram, the distance of the observer from
the axis of the Earth, since we measure only
astronomical latitude which we must reduce to
geocentric latitude. From astronomical calcula-
tions we know the distance from the center of the
Earth to the center of the Moon in terms of the
radius of the Earth. This is expressed as a/sin x
where =, the parallax, is determined by measure-
ments at different points on the Earth’s sphere.
In order to determine the required equatorial
parallax something about the shape of the Earth
must again be assumed. Finally, since only the
distance to the center of the Moon can be calcu-
lated, we must also know the radius of the Moon,
which is added directly to the measured distance.

The first equation in Figure 3 expresses the
cosine formula for the Earth-Moon-observer tri-
angle. An investigation of the uncertain quanti-
ties in this equation proves instructive. In the
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first term b the radius of the Moon is uncertain.
Astronomically we know the radius of the Moon
approximately but the cffective radar radius is
less certain. The first term on the right depends
on the shape of the Earth. The second is the pre-
dominant distance term, the determination of
which is the main objective of our investigation.
It depends not only on the equatorial radius of
the Earth but also on the parallax. The variation
in  during the month is well known theoretically
but the absolute value of this quantity is not as
well known. The final term depends on gamma,
the angular distance of the Moon from the me-
ridian ¢ the observer’s latitude and delta, the
declination of the Moon. Since our measurements
are basically time measurements, a value of the
velocity of propagation of the radiation must be
assumed to convert our measured times to dis-
tances. Figure 5 is a picture of the central part
of the moon. Now our radar echoes indicate we
are getting our reflections from a very small area
on the Moon, although the signal should be hit-
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ting the whole Moon. The question is, are we
getting a signal from a high mountain or a valley,
or a crater, or just what is the nearest point of

the Moon as seen by our radar? Do we have to
go out some distance to accumulate enough area
to obtain the return in the background of noise?
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These problems lead to appreciable uncertainties
in the interpretation of our data. Ultimately, I
think the method has a good deal of potentiality
and eventually we should be able to compare our
results with O’Keefe’s formula and derive some

interesting information. For the present we think
the variations over the month look suspicious and
interesting. The variations may be due partially
to the fact that we do not know from what part
of the Moon we are getting our echo.

Discussion

Dr. Roman K. C. Johns—It can be expected
that you do not receive the echo from the entire
surface of the Moon.

Mr. Benjamin S. Yaplee—It does not reflect
as a rough surface, but more than that is needed
to explain the residuals.

Dr. Johns—Have you any idea of what per-
centage of the lunar surface was reflected in the
radar beam?

Mr. Yaplee—In terms of the radar cross sec-
tion, it is an area of a thousand square miles.

Dr. Theodore E. Sterne—We do not know the
length of the diameter of the Moon that points
to the Earth. We know the angular size of the
Moon well. It is nearly round as we look at it,
but there is reason to believe that the axis that
points to the Earth is longer than the other two.
Unfortunately we have no good astronomical in-
formation about the distance from the near
point of the Moon to its center of mass, that was
the point considered in his orbital theory by
Ernest W. Brown. We do have a value of C
minus A, which is the difference between the
moments of inertia about the spin axis of the

Moon and about the line of centers. But that in
itself does not let one determine the difference
between the radius of the Moon towards the
Earth and any other radius. The trouble is that
the high harmonic distortions can be important
and there is no good way to determine them
without looking at the moon from the side, which
we can not do.

Dr. Heinrich K. Eichhorn—I wonder about
the investigation that was done several decades
ago at the Lick Observatory by getting a sort of
relative parallax of points on the surface of the
Moon with respect to the center of the Moon
and different librations of the Moon? Was it
Franz or somebody at Breslau where that was
done? Their measurements have been newly re-
duced at Vienna Observatory by Schrutka. I do
not know what the inaccuracies are but my feel-
ing is that they are in the neighborhood of a
couple of kilometers.

Dr. O’Keefe—All these errors are multiplied
by the sine of the parallax in the determination
of a, so if we are wrong by a mile in the radius
of the Moon for example, it is about 1/60 mile
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Fi1a. 5—The central area of the Moon (photo from Mount Wilson and Palomar Observatories)
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Fig. 6—Relationship of quantities involved in
the flattening of the Earth.

in the radius of the Earth. But the other point
is that one has an idea of what the possible error
could be because of the librations of the Moon
which are controlled by the radius of the Moon.
Some 20 people have observed these librations,
so that the radius cannot be uncertain except in
the order of a kilometer. Hence this part is not
really dangerous. Mosting A is a small crater on
the surface of the Moon, used as a reference
point.

Dr. Johns—And they get rather poor observa-
tions.

Dr. O'Keefe—Maybe a half a kilometer.

Dr. Johns—One of the difficulties in using the
crater as a reference mark is the geometric defi-
nition of its center. In addition, any error in the
position of the crater enters directly into the
position determination.

Dr. O’Keefe—The problem is this. You have
the distance of the Moon wrong in the neighbor-
hood of a kilometer. The error here is going to
lead to a proportional error in a. So if you have
one part in three hundred thousand all these er-
rors we are discussing are insignificant. They
will build you up to about thirty meters in the
size of the Earth. So I get 6,378,255 meters for
the Earth’s semi-major axis, taking into consid-
eration all these errors. It is a number obtained
by fools rushing in where angels fear to tread.

Dr. Roman—I] want to emphasize why I do
not want to put too much trust in this value. We
can explain the monthly term in the residual or
just the constant term but the results disagree.
The problem is that things are just not consistent
in the picture as it stands now.

Dr. O’Keefe—The most important thing is
that we have here a method of very high con-
sistency capable eventually of giving the size of
the Earth in an unambiguous way within 25
meters.

Dr. Eichhorn—What does the calibration de-
pend on?

Dr. O’Keefe—Speed of light. The usual num-
ber is 299,792.5 km/sec. I would like to have
Ann Eckels discuss some results obtained on the
flattening of the Earth.

Miss Ann Eckels—From the secular changes in
the longitude of the node and the argument of the
perigee, the coefficient J in the gravitational po-
tential function

SHEOIGED

+ X (‘1‘)' (3 — 30 sin? ¢ + 35 sin* ¢)]
30\r

was determined to be (1.6232 = 0.0005) x 107
If the bounding equigeopotential surface of the
Earth is assumed to be an ellipsoid of revolution,
this value of J implies a flattening f of 1/298.32
0.05 [Lecar, Sorenson, and Eckels, 1959].

Dr. O’Keefe—The relation of the various geo-
physical quantities involved in the flattening of
the Earth is shown in Figure 6. C is the moment
of inertia of the Earth about a polar axis; 4 is
its moment about an axis in the plane of the
Earth’s equator.

Before the time of the satellites the most use-
ful piece of observational data was the Earth’s
precession, from which the quantity (C — A)/C
can be deduced. This quantity is called the dy-
namical flattening and has a value very close to
1/305.6.

Starting from the dynamical flattening, one
proceeded in those hoary times, to guess a value
of C. The expected value of the ellipticity ¢ of
the Earth, is directly deducible from C. If the
Earth is in hydrostatic equilibrium, then e should
be equal to e, the actual value of the ellipticity
of the Earth. From e, one can deduce the value
of J in an unambiguous way and so back via
C — A to C again. If the proper value of C was
chosen, this loop will close, otherwise not. It was
in this way that the accepted value of about
1/297.3 was deduced for the Earth by many. In
practice the business of successive approxima-
tions is bypassed by direct formulas; but this is
the idea of the computation.

Now the reference cited above, also King-Hele
in England, Jacchia at Harvard, Bechar in
Czechslovakia, and Hertz and Marchant at the
Army Map Service give measurements of the
flattening. They find that C — A does not have
the predicted value. From this, it follows un-
ambiguously that the actual external fAattening
of the Earth is not 1/297.3 but 1/298.3.
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This undoubtedly means serious deviations
from hydrostatic equilibrium. It means, in ef-
fect, that in broad lines isostasy does not hold;
that there are major, large-scale deviations from
isostasy.

This work implies the existence of considerable
stress differences in the Earth’s interior. These
stress differences may be supported by internal
mechanical strength. In principle they might
also be supported by convection currents. But
the physical parameters of the problems are

changed by this work from these which have
hitherto been used; and it remains to be seen
whether the convection current theory can be
adapted to the new data.
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Geodesy and Space, Introduction

Frep L. WHIPPLE

Smithsonian Astrophysical Observatory, Cambridge 38, Massachusetts

A truly remarkable event happened about a year ago when the first
satellite went into orbit. It initiated a new potential, as a number of us had
expected, for geodetic research concerning the surface of the Earth and,
indeed, the interior of the Earth as well.

Satellites, however, do not have the property of undersea measurement,
nor, in fact, can one be put into the sky and held there. So the methodology
by rockets and satellites will be different than the older geodetic methods.
Nevertheless the potential is very high and we have a panel here this
morning who will discuss it. It is not set up as a debate. There are ques-
tions whether geodesy could not be done better with natural satellites
than artificial only. I hope that during the discussion this point will be
taken up to see whether the artificial satellite is indeed unique in its prop-
erties to determine geodetic quantities.

52
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Rocketry

A. B. MICKELWAIT

Space Technology Laboratories, P.0. Boz 956001, Los:AngelesZM, California

Instead of calling this rocketry it should be
called a discussion of what not to use in geodesy.
It has been much speculated that one might use
rockets to improve our knowledge of the size and
shape of the Earth, to improve intercontinental
ties, and so forth. I would like to point out why
I think this is an unlikely event. The speakers
later will probably get to more sophisticated ve-
hicles, satellites and so forth, and show on the
other hand how they may be useful. The vehicles
I am talking about are vehicles that leave the
Earth and re-enter without making a complete
revolution around the Earth’s surface. The main
reason a rocket cannot be useful in geodesy is
that a rocket spends very little time in orbit
outside the Earth’s atmosphere. A rocket may
travel about a quarter of the way around the
Earth during which time you have very little
chance to make observations while it is unper-
turbed by the atmosphere. Another very good
reason why rockets will not be used for geodesy
is that there are a very limited number of places
from which to launch them and a very limited
set of azimuths into which to launch them. It
is quite obvious that there are still objections to
launching a rocket from, say, the East Coast to
the West Coast. A typical situation today for a
rocket used geodetically would be that it is
launched from a sea coast traveling a large dis-
tance over water to an inaccessible land mass.
The orbit determination would result entirely
from observations near the launch point and
would therefore suffer from any inaccuracies
made initially.

Consider a practical problem. Suppose one
wished to tie Pitcairn Island to the North Ameri-
can Datum. Pitcairn Island is difficult to get to
by the usual methods of geodesy and one could
logically propose a rocket flight from the West
Coast of the United States to somewhere in the
vicinity of Pitcairn Island to do the job. The
theory of the problem is simple. Describe the
properties of the North American Datum as a
rectangular coordinate system. The rocket takes
off from somewhere in this XYZ system with
some known velocity and radius vector from the

origin, traveling along some known orbit and
impacting the surface of the Earth at Pitcairn
Island. Knowing the orbit conditions leaving the
Earth’s atmosphere and knowing the gravity
field in space, one then can predict where the
rocket will impact the datum surface again. Ob-
serving where the rocket actually does impact
the surface allows a tie of the points of impact
and departure. This sounds simple but we shall
see it is rather difficult to do in practice.

One can write the ordinary equation for an
ellipse as

J?

= GM(1 — e cos 6) (l)

r

where J = angular momentum, e the eccentric-
ity, and @ is measured from apogee. It is useful
to rewrite this equation as

sin (B — ¢)
sin By

ro _ (1 — cos ¢)
T v sin? By

@

In this equation we have burnout velocity v, ,
the flight path angle 8., the geocentric radius at
burnout, r,, the angle from burnout to impact
measured at the center of the earth ¢. The quan-
tity y = ro 2°/GM contains all the dynamic
variables of the problem, and GM of the Earth.
The radius where the rocket intercepts the
Earth’s atmosphere again is r; . This is Eq. (1)
for an ellipse rewritten in more convenient form.

You can now use this equation to determine
how accurately various quantities have to be
known in order to know where Pitcairn Island
is in relation to the North American Datum. Let-
ing g, be any of one of the variables in Eq. (2)

then
ALy, = a (ai) Ag
ag;

is the error measured in the plane of the trajec-
tory due to an uncertainty Ag, in ¢,. For in-
stance if q; = v,, the initial velocity then

2aAv, (1 — cos ¢)
v 8in¢ — Asin 8 cos (B8 — ¢)

AL,, = 3)
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If one puts typical numbers into this expres-
sion for a vehicle with range sufficient to travel
from the West Coast to Pitcairn Island with
reasonable velocity magnitude and angle at burn-
out, the result will be that the velocity vector
must be controlled to one foot per second in
order to predict where the vehicle will land
within one mile. Suppose first order accuracy
were required, say +300 foot uncertainty, then
one would have to control the uncertainty in the
velocity vector to about five parts in 10° at burn-
out. This is obviously a rather difficult thing to
do.

There are other uncertainties that are impor-
tant as well. The quantity GM for the Earth is
probably known to five parts in 10°. Accuracy
even of this order would still leave about an 800
ft uncertainty in impact location.

To make the situation more discouraging, it
should be pointed out that this is an equation
for an ellipse in a central field. Suppose we take
into account that gravity anomalies exist along
the path that the vehicle is traveling. The anom-
alous gravity potential U can be expanded in a
harmonic series as follows

Agnﬂanﬂ
S+ Dt

where @ = equatorial radius, § and ¢ are lati-
tude and longitude respectively, and g,™ is the
amplitude of the m, nth harmonic. Suppose there
exists a longitudinally dependent term p,’; then
if g.* had a magnitude of ten milligals it would
give an uncertainty in impact location of around
a thousand feet. Evidently to attain a first order
tie we would have to know the gravity field bet-
ter than it is known now.

U = [pu”(oy ¢)]

Suppose an uncertainty in the flattening of the
Earth exists of the order of 1 part in the last
unit. This uncertainty leads to a term in the
gravitational field as well as a geoidal height un-
certainty. These would lead to an uncertainty
of 1500 feet in the impact. I conclude that these
factors are enough to demonstrate that there
probably would be a total uncertainty in the tie
obtained this way from these uncertainties alone
on the order of a half to three-quarters of a mile.

There are additional problems that I have not
talked about. One of which is the problem of
finding out where the vehicle would have landed
were there no atmosphere. Unfortunately the
vehicle does not come in on a vacuum trajectory,
but enters through an atmosphere which is a
nonstandard, fluctuating phenomenon. It can be
predicted how a vehicle would be affected by
wind and density fluctuations. The dispersion
can be the order of miles, depending on the shape
of the vehicle, so that there is another sizeable
uncertainty to be added to the list.

As a result of considerations of this sort it
seems unlikely that rockets will ever be added to
the list of geodetic equipment, particularly since
we have satellites and more interesting types of
vehicles available now. On the other hand, the
interaction of geodesy and rockets in the other
direction is quite strong. Rocket designers have
been asking questions of geodesy in the past few
years that geodesy has not always been able to
answer; these therefore have stimulated many
programs. Geodetic programs that would ordi-
narily take generations have been accomplished
in a few years and the acceleration may con-
tinue for years to come.

Discussion

Dr. Fred L. Whipple—Well, about putting a
rocket up over the United States; now that
Alaska is in the Union, I understand that the
center of gravity of the United States is in
Canada. Is that true?

We have here a rather unusual situation in
which the protagonist tears down the method.
I wonder if anyone would like to defend rocketry
from the point of view that the rocket should be
capable of putting a marker up in space that
could be observed by optical, radio, and possibly
other techniques, for triangulation purposes.

Dr. Raymond H. Wilson—You have to have
rocketry before you have satellites.

Dr. Charles A. Lundquist—I know of at least
a couple of cases where rocketry was used for
geodetic purposes. There was one that Hellmut
Schmid might comment on better than I. There
arose a question of the location of some of the
down range islands at Cape Canaveral and some
rocket-borne photo flash cartridges were used,
I understand, to effect a tie between the down
range islands and the mainland.

Dr. Whipple—I might say the method was
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used in another case where a rocket put a marker
in space.

Dr. Hellmut Schmid—Well, obviously it was
unimportant.

Dr. Whipple—The rocket merely carries the
flash.

Dr. Schmid—In other words, we have the
same accuracy that we have in measuring the
trajectory in the first place. Its focal length is
up to 300 millimeters. It is in the neighborhood
of 1/200,000. There is a wide field of 40° which
allows us to fit star observations to refraction
expressions. It is a verification of the tie in.

Dr. George Veis—I wonder why rockets would
not be able to give any geodetic information.
Rockets have the advantage that we can launch
them when and where we want. I am not think-
ing of Cape Canaveral but rockets to be launched
from ships. I do not see why they can not be
used. The question of accurate timing would not
be so important as for satellites. The principle
will be similar to the one suggested by Vaisala
12 years ago.

Dr. Mickelwait—What distance are you talk-
ing, thousands of miles or hundreds?

Dr. Veis—Not thousands, hundreds.

Dr. Mickelwait—That is a different story. I
was really talking thousands of miles.

Dr. Veis—There are a lot of connections, not
thousands of miles, that could be made by rock-
ets. For example the connection between Greece
and Africa.

Dr. Mickelwait—That can usually be done in
other ways.

Dr. Veis—There is a shoran connection but
this is different. I think a number of rockets
could give a solution.

Dr. Whipple—Does anybody have this answer
in mind as to why a rocket shot up over the
Atlantic high enough and observed with con-
siderable precision at a number of stations on
both sides could not provide triangulation
enough to tie the European network and North
America. You may wish to use it for smaller
distances. That, of course, is where it has already
been used with the function of sending up a
marker.

Rear Admiral Charles Pierce—There are sys-
tems today like Loran C that will give accuracy
to 1500 miles. There are systems today for short
ranges that are reasonably expensive. So there
are systems to take out to more than a thou-
sand miles already developed.

Dr. Veis—Yes, but this is not on the same
principle. They do not give the space solution
but a surface solution. They measure the dis-
tance.

Rear Admiral Pierce—Mickelwait was talking
about existing ties to datum in the Earth with
systems that already exist.

Dr. Veis—The connection between Europe and
Africa as made by shoran does not give the ele-
vations.

Rear Admiral Pierce—It gives potential.

Dr. Veis—This is not a complete geodetic
solution.

Dr. Roman K. C. Johns—Speaking about
rockets being used for establishing intercontinen-
tal geodetic ties, what are your estimates, Dr.
Whipple, of the duration of the rocket’s visibil-
ity? T imagine that the rocket will be sent 400
to 500 miles high.

Dr. Mickelwait—That probably would be
about 500 miles. You would probably want to see
it from the launching point and the impact
point. You probably would not see it over ten
minutes simultaneously at the most. During
that time there would be probably five minutes
for observations.

Dr. Whipple—You could have any number
of flashes.

Dr. Mickelwait—There are problems with
flashes.

Dr. Heinrich K. Eichhorn—It appears to me
that maybe the problem of the refraction has a
great complicating influence on that. As far as
I know the refraction theory that is used today
by the people at the Naval Observatory goes
back to 1860. As far as I am acquainted with the
literature the constitution of the atmosphere,
that is vital for establishing the refraction theory
free from hypothesis, has not been sufficiently
investigated. I do not know whether the modern
observations of, say, the temperature gradient
with altitude, have been incorporated into the
refraction theory. I do not think that is the case.

On the other hand, if the constitution of the
atmosphere were sufficiently known and could
be kept sufficiently under control, then it seems
if there were position observation made to dif-
ferent rockets from supposed three equal points
somehere in space, that from those position ob-
servations on, say, two different rockets, a
unique solution could be made if at least there
was a decent refraction theory and if the eleva-
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tion was high enough so that refraction was
sufficiently harmless.

Dr. Whipple—You are worried about the re-
fraction and comparison with the star back-
ground, which is usually known better than the
secondary arc. There is a correction which
Jacchia has used in his reduction of double me-
teor stations. Not all of you are familiar with it.

Dr. Luigi G. Jacchia—We call the effect ‘par-
allactic refraction.” It may amount to a few
seconds of arc for objects at meteor heights when
they are observed near the horizon.

Dr. Whipple—If you carry the refracted ray
path back you miss the station a little. The
correction should not be very large.

Dr. Jacchia—No, but it would presumably
become important enough for an object ob-
served at very low elevations as would be the
case with intercontinental ties. This effect may
reach something like two seconds of arc or so.

Dr. Eichhorn—If one puts a marker up in the
middle of the Atlantic I do not know how high
one could get it but if one could observe at 20°
altitude on any meridian, one would shrink if he
had to measure a declination at 20° altitude. I
no not know how the refraction would be kept
under control.

Dr. Jacchia—That is just it. I think the error
caused by the imperfect knowledge of the con-
stitution of the atmosphere, could be of the
same order of magnitude. It seems to me if one
wanted to apply refraction correctly one should
at the same time have a temperature profile
along the line of sight.

Dr. Johns—It is customary in geodetic work
to minimize the atmospheric effects by ran-
domizing it. The atmospheric errors can be ran-
domized by increasing the number of data, by
extending the observations over a number of ex-
periments and by taking continuous pictures of
individual firings.

Dr. John A. O’Keefe—I do not agree with
Jacchia. I think you will find that what you have
to do to take care of this situation is to express
the apparent height of the observation station
as a fictitious height. I think you will find that
the height connection depends on the integral
of the density of the atmosphere which is meas-
ured by the barometric pressure at the station.
This is the so-called refractive height, an added
correction which will eliminate the problem.

Dr. Eichhorn—1In order to have an hypothesis-
free theory of refraction you have to know

something about the density gradient or some
other relationship about the atmosphere. Pres-
ently, the refraction must be computed from the
conditions on the ground without any further
safe knowledge on either temperature or density
gradient.

Dr. O’Keefe—TIt is true that you need to know
the density gradient when you take the curvature
of the Earth into account but it is sometimes
surprising how far from the zenith it will work
without this complication.

Dr. Johns—We may observe fairly close to the
horizon, however under such circumstances con-
siderable effect of refraction can be expected.

Dr. Whipple—Of course this is a second order
effect, not first order.

Dr. Veis—The residual refraction is going to
be less than two seconds of arc for zenith dis-
tances up to 75°. Now if we are 100% off in our
theory, the correction by this method would not
be more than two seconds of arc which is in the
order of the accuracy of our observations.

Dr. Whipple—I think the correction is small
if the stars are used as a background. If you
come down to 2° of altitude you will not see the
stars anyhow.

Dr. Don A. Lautman—One other point con-
cerning the use of rockets is the fact that you
do not have to control the velocity within a
fraction of a foot per second if you can observe
what it is at launching. So if the rocket were
launched and could be observed over a reason-
able period of time from a number of stations
to determine a good orbit, then if it went half
way around the world to a point to tie in you
would have the orbit determined and could ob-
serve whether it was a mile or two miles.

Dr. Whipple—Can we call this dynamiec trigo-
nometry ? I think we should have a name for it
because it will come up again. Kinematic trigo-
nometry, that is a good name.

Dr. Lundquist—In the lunar problem calcula-
tions have you investigated how accurately you
need to know the orbit of the probe on a near
pass to the Moon to start to study lunary ge-
odesy ?

Dr. Mickelwait—Yes, we calculated and de-
cided to ignore the whole thing. The big problem
is visibility from the Earth.

Dr. Lundquist—Divorced from any practical
case in hand, at the right time of the year could
we use rockets then for the beginning of the
study of lunar geodesy ?
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Dr. Mickelwait—Yes, if you can solve the
problem of visibility in the vicinity of the Moon
which is a big problem. It is feasible to control
the orbit to get close enough so one could make
a slightly better determination, say, of the

Moon’s mass. I think, however, a better way to
do it would be put a satellite in orbit around
the Moon to make continuous observations.

Dr. Whipple—Dr. Sterne makes a comment
aside that this is selinodesy.
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Satellites

J. ALLEN HYNEK

Smithsonian Astrophysical Observatory, Cambridge 38, Massachusetts

Perhaps, as Mickelwait has said, rockets may
not help geodesy much but the long-playing
rockets certainly will. When the Smithsonian
Astrophysical Observatory went into satellite
tracking it was with the avowed belief and in-
tension that satellites would be eventually of
prime importance to geodesy and astronomy.
The program was set up with this very much in
view, not merely as a service organization to
be, you might say, ‘train dispatchers’ for satel-
lites, but to develop a technique that would
eventually be useful to both geodesy and as-
tronomy. This program was regarded as an
astronomy program even if the IGY satellite got
up only into the upper regions where the atmos-
pheric drag would be a serious factor.

The present satellites have perigees that are
relatively very close to the Earth (Fig. 1) and
hence low in the atmosphere, and, as is familiar
to most of you, the net effect is to decrease
the eccentricity of the orbit as the satellite
goes along, which decrease can be calculated by
methods well worked out and published by
Sterne and others.

Figure 2 shows this effect. The apogee dis-
tance is constantly reduced but not the perigee
distance. The net result is a slowly decreasing
eccentricity until the satellite spirals in.

I would like to describe the first part of
the program of the Smithsonian because I have
a feeling that some of you are not aware of what
the program is doing. It has concerned itself
with satellites of the nongeodetic and nonastro-
nomical kind.

None the less the program was devised to
handle the latter kind also. Figure 3 shows the
Baker-Nunn-Schmidt telescope designed by
Baker and Nunn according to specifications
originally set down by Whipple and myself.
Note the tri-axial mount of the camera. The
fork is to handle azimuth and the gimbal to
handle altitude. Then through a third axis
the camera is made to track in any direction.
The evolution from the cardboard model to the
final camera took about a year.

Since July 5, 1958, there have been twelve

of these Baker-Nunn-Schmidt cameras in opera-
tion in the network around the world. My
purpose here is not to discuss the manner of
operation of the camera. If there are any
questions later I will be happy to go into that,
but mainly I aim to demonstrate what has been
done so far and what accuracies have been
obtained, and go from that point to show
how the program is set up to handle geodetic
and astronomical satellites.

Before we leave this, however, if you are
not thoroughly familiar with optics, this camera
employs a Schmidt system: a spherical mirror
(in the base) and a corrector lens element placed
at the center of curvature of the spherical
mirror. In this case there are three correcting
plates, four of the surfaces being aspherical.
The focal surface is spherical and the focal
length is 20 inches. This gives a scale of 2% mi-
crons to one second in the sky. The telescope
drives are such that the camera can be used
either as a stationary camera (if the satellite it-
self is bright enough it ‘photographs itself’ as it
goes along with appropriate chopping by a
shutter to provide timing works), or as a track-
ing camera in which case the camera is made to
track the satellite directly, and one merely gets
trails of the brighter stars. Or, as designed for
its intended use, it has a combination of two
rates which, when added, equal the mean satel-
lite rate, and when vectorially subtracted, gives
the approximate sidereal rate. The camera fol-
lows the satellite, the stars appearing as trails
and then on the same film the stars are also pho-
tographed as point images. Since a Schmidt
system has a focal surface and changing a film
would be quite difficult, we have resorted to
using a strip film which conforms to a portion
of the spherical surface. Also, as the film goes
through, when the chopping shutter arrives at a
critical point there is a stroblight which is used
to photograph a slave clock in the camera which
can be read to 0.0001 second.

Figure 4 shows the locations of the stations.
The locations have been chozen largely in the
good-weather zone around the Earth. This does
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not impair their use even for a polar orbit. There SS—
is a station at Palm Beach and White Sands; PLAN VIEW OF ORBIT WITH | 40 wiLE APOGEE
one in a crater in Hawaii; and one each in Peru,
Argentina, Spain, South Africa, India, Japan,
Australia, Curacao, and Iran.

These stations have been in operation since
July 1958, photographing the American satel-
lites primarily. Since July 5, for instance, 1958
a has been photographed at 2.5 transits a day
with multiple photographs. The Army Explorer
1958 ¢ has been photographed at 0.81 transits
a day. It was largely through these photographs
and their reductions that information was fur-
nished to ABMA and through them to James
Van Allen.

The stations are essentially identical except
for the local color. There is always a sliding
roof, a small house, and the camera set up in
the manner shown.

Figure 5 shows 1958 o which was about
tenth magnitude at the time. The manner of
operation is clear. At the time that 1958 o was
photographed the camera was in the tracking
phase of its cycle. Consequently the satellite
was photographed as a point but the brighter
stars appear as trails, and the central break
was timed to a thousandth of a second. Now,
on the same strip of film, as the gross shutter
closed for a fraction of a second to reopen when
the camera had taken on its stellar rate, the
stars appear as point images. With each bright
trail goes a bright star image, so those stars
too faint to trail before now appear as point im- Fia. 2—Decreasing semi-major axis as result of
ages. The camera takes pictures easily to the atmospheric drag.
twelfth magnitude in a one-second exposure. This
is precisely why the camera was designed in this
way.

The reduction process comes in relating the
measured position of the satellite here with
a time-displaced position of the break in the
brighter stars. You may be interested in some
of the accuracies. Henize, who is not here, is
responsible for the estimated probable errors
and finds that if all the photographs so far
reduced are lumped together, the accuracy in
the right ascension direction is 5.7 seconds and
in declination is 4.0 seconds. When thirteen
images of best quality were measured some
time ago, Henize derived the following error:

In right ascension 1.1 second of are and in
declination 0.5 second of arc.

I feel this represents internal accuracy rather
than overall accuracy because of systematic Fi. 3—Baker-Nunn satellite-tracking camera

F16. 1—Typical satellite orbit
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Fic. 5—Baker-Nunn satellite-tracking camera photograph of artificial satel-
lite 1958a.

errors. One error in particular is the error in
the proper motions of stars in the southern
hemisphere, where proper motion in many cases
is not accurately known; likewise, there is the
error introduced by transmission of time signals.
I think we will have to solve that problem by
eventually having a transmitter, and transponder
at each station.

Figure 6 shows the time presentation put on
each film strip which gives the minute, second,
and hundredths of a second. The pip here whips
around a hundred times a second and can be
read to a ten thousandth of a second. Each of
these markers is one ten thousandth. The timing
has turned out not without troubles, of course,
but actually better than had been expected.
The crystal clocks are working in the field, the
great majority of them with very excellent rates.

Up to now I think we have to admit there
has not been a geodetic satellite aloft although,
as O‘Keefe and others showed earlier, satellites

have been able to yield the ellipticity of the
Earth better than before. I would call one a
geodetic satellite if it has a perigee height
greater than 400 miles and less than 1000 miles,
and an apogee greater than 1000 miles. The ideal
apogee would be about one earth radius.

The function of a geodetic satellite is, of
course, to connect geodetic networks and to
check densities of distribution of land masses.
As to the functions of the astronomical satellite,
this would act as a fundamental astronomical
reference point. If the satellite is completely
above the atmosphere, an ephemeris can be cal-
culated a long time in advance. In fact, I can
visualize the nautical almanac having sections
on artificial astronomical satellites. Departures
from predicted positions would lead to detailed
knowledge of the structure of the Earth’s gravi-
tational field. Through such astronomical refer-
ence points one could obtain better values of
some astronomical constants.
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Fic. 6—Baker-Nunn photograph of 195831 taken
with camera stationary; the time record imprinted
on each frame of camera film is illustrated.

Now of course we can remind ourselves of
our own natural satellite, the Moon, but the
situation would be improved if the Creator had
made it somewhat closer, somewhat less bright,
and if it had been a specular reflector instead
of diffuse. We could then dispense with highly
specialized cameras; both stars and satellites
would be point sources and could be photo-
graphed very conveniently. Of course, the point
is that as we do not have such a satellite we
should correct this and put one up ourselves.
What are the specifications? They are obvious
but some points need study. The Baker-Nunn
cameras can be used only in the twilight periods
and while accumulated observations over the

years of satellites of long lifetime will serve the
purpose of geodesy, the job could be done more
expeditiously if satellites carried their own lights
and could be observed at any time during the
night. So it becomes clear that a satellite carry-
ing its own light source would greatly decrease
the time needed to get significant geodetic re-
sults.

If a flashing satellite is observed simultane-
ously from several stations, the time of obser-
vation is virtually eliminated. The problems we
must consider here are how bright a flash, what
frequency, and, for the nonsimultaneous ob-
servations, how to time the flashes.

Now Whitney and Veis have looked into these
problems in considerable detail with specific
reference to what we call here a geodetic satel-
lite as contrasted to the astronomical satellite.
They tried to effect a compromise in what the
geodesist would like and what the engineer can
put up in a year or so. They have kindly allowed
me to refer to their paper. They are considering
a 100-pound object for the near future.

In the case of the geometric method of ob-
serving, the satellite is caused to flash its light
either by means of a clock carried on board or
by a trigger impulse from the ground. In this
case the timing does not have to be very
accurate because all that is necessary is to in-
sure the stations are observing the same flash.
They have suggested that instead of employing
evenly spaced flashes, they be in bursts covering
a few seconds time followed by an interval of
perhaps a minute and a half before the next set
of bursts is triggered.

Another method that they have looked into
might be called the orbital. Here the flash is
observed in one geodetic net at a time, and
the separate observations are connected with
each other through dynamic theory. They point
out that in the use of this method, because of
perturbations even at these heights, the obser-
vations should be made within one or two revo-
lutions around the Earth.

Their major effort has been placed on the
consideration of what type of flashes, how bright
and powerful, etc.

Now the main problem here, I think you can
see, is not only the brightness of the flash but
the timing of the flash. They have suggested
the flash can be timed or triggered from the
Earth at which time a corresponding radio pip
from the satellite could be also sent to Earth
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to assist in the timing. There is, of course, also
the possibility, which they have not yet con-
sidered seriously, of having a photo-electric
method of timing the receipt of the flash. This
certainly has an advantage over the receipt of
a radio pip in that the profile of the photo-
electric receipt of the flash would indicate how
the image on the plate had been built up, or
whether the intensity peak was to the left or to
the right of the time marking. The radio mark
would not do this. The obvious difficulty in
receipt of a flash from the satellite is that the
camera must distinguish between the stars and
the flashing satellite. This might be overcome
by having a monochromatic source and having
the photo-electric system which parallels the

camera use a monochromatic filter which virtu-
ally eliminates the background sky and star light
and concentrates on the monochromatic flash
from the satellite.

I would like: ta. conclude with the statement
that I feel that this particular topic might open
the discussion. Perhaps the acquisition of a
faint flashing satellite might be discussed.

Am I correct, Dr. Whitney, that your calcu-
lations indicate a 9th or 10th magnitude object ?
This would open up the problem of acquisition
of such an object and this would lead me to urge
a revised system of super MOONWATCH
teams, relatively few in number but equipped
with visual telescopes to pick up 11 and 12 mag-
nitude objects.

Discussion

Dr. Charles A. Whitney—Yes, the flash en-
ergy we suggested would be about equivalent
to a tenth magnitude flash of one-second du-
ration. The flash itself would persist for about
one milli-second and the eye’s resolving power
is on the order of one-twentieth of a second.
I think that tenth magnitude is about right for
flashes.

Dr. Hynek—Have you looked into this physio-
logical system ?

Dr. Whitney—No.

Dr. Hynek—I was worried about the problem
of acquisition here.

In my own opinion both geodetic satellites and
astronomical satellites are needed and are en-
tirely feasible. A great problem is the lifetime
of the power source. The real push must be to
the direct use of solar power which is still in the
embryonic stage.

Dr. Raymond H. Wilson—I carried out some
actual tests on the reduction of the magnitude
of stars with the duration of flash length and
published in Science about a month ago. The
result is for flashes as short as 0.0002 second
you lose only about one magnitude. You say
tenth magnitudes at about one second duration.
You could multiply the brightness by the 500
which would be around the sixth magnitude.

Dr. Fred L. Whipple—Suppose that is for a
milli-second, then would it be 500 times brighter
to the eye?

Dr. Wilson—You have a total energy of
the flash. You have a 50-watt second of energy.

You cut down to a millisecond and you have a
thousand times of brightness.

Dr. Whipple—A single flash would show up
relatively brighter to the eye?

Dr. Wilson—TIt is reduced about one magni-
tude by that short duration. I measured it by
having a disc of a certain size and it gave that
effect of looking at stars. If you see a star for
only 0.001 second its magnitude is cut down
by about one.

Dr. Hynek—In that case you are not really
concentrating one second of star light into 0.01
second of eye visibility. This is different from
bunching the photons into a more concentrated
flash. I am not entirely convinced that the
psychological reaction would be the same. It
is that point that is worrying me.

Dr. Wilson—It would depend, as I looked
at them, whether the flashes would be separate or
merged. Well, they were not merged. That is
definite. The flash rate was around three per
second which would not be merged. They merged
only at around ten per second.

Dr. Robert Newton—Would you repeat the
frequency of observations you got with the
telescope ?

Dr. Hynek—A little more than two transits
a day for the 1958 o and 0.81 for 1958 8. That
is for the network. However, that means mul-
tiple photographs for each transit; that is,
one transit yields many photographs.

Dr. George Veis—It has been suggested gen-
erally that it would be better for a geodetic
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satellite to have a circular orbit. However, we
came to the conclusion that an eccentric orbit
would be better. If we are limited to what would
be the minimum height for the satellite it is
better to have a satellite to go from 400 miles,
let us say, up to 1000 miles so we would get
better solutions for the geometric connection of
the different nets, always selecting the strongest
solution for each connection. On the other hand,
using an inclination of 55° as proposed, there
is going to be a revolution of perigee in about
three months, so practically speaking it will go
over all kinds of area of the Earth.

Mr. W. J. O'Sullivan—We have already suc-
ceeded in developing a sphere, one of the spheres
as Hynek mentioned, that is 100 feet in diameter
and the package weighs probably 80 to 90
pounds. I made a few estimates of the lifetime
this would have in orbit. At an orbit height of
a thousand miles it would have a lifetime of
approximately 1.5 years because of the low
mass ratio. Ilowever, if we raise the altitude
to around 1500 miles the lifetime would be
approximately 100 years.

So I would like to ask Dr. Hynek if he
would consider a lifetime, say, somewhere in the
neighborhood of 50 to 100 years as adequate
for the stability of the satellite for geodetic pur-
poses. Does that approximate what would be
needed ?

Dr. Hynek—Whipple and 1 were wondering
what lifetime you mentioned for a thousand
miles?

Mr. O'Sullivan—Approximately 1.5 vears.

Dr. Whipple—This is a balloon satellite?

Mr. O’'Sullivan—A diameter of 100 feet and
a weight of 70 pounds.

Dr. Whipple—Whitney has been working on
this.

Dr. Charles A. Whitney—I would say 50
years is a reasonable lower limit on lifetime
to give the stability needed for geodetic work.

Dr. Whipple—As the orbit changes rapidly
kinematic trigonometry would be difficult.

Dr. Luigi G. Jacchia—We have a satellite
with that lifetime, the Vanguard. It all depends
on what is required. The orbital acceleration
varies by a factor of four. If vou had to dis-
tribute your observations over only a few revo-
lutions you would get into trouble. So it scems
for the geodetic satellite that heights of around
400 miles are a little low.

Dr. Theodore E. Sterne—I did not quite agree

with Hynek’s belief that an artificial Earth sat-
ellite could be a substitute for Eros. On the
other hand, I was reminded of the discussion
earlier in which O’Keefe brought out that it
should be possible to obtain an improved size of
the Earth from observations of the Moon. In
that, there are difficulties. You do not know what
part of the Moon is reflecting, the axis of the
Moon not being exactly known. Can you not
perhaps get an improved size of the Earth from
artificial satellites that will not depend on such
uncertainties as the size of the Moon, or what
part is reflecting, and on the perhaps unknown
radio speed? You can do it all optically with
satellites. Careful reductions and studies of re-
sidulas from very accurate satellite cameras can
be related to the size and surface gravity of the
Earth. I wonder how that method would compare
with lunar radio reflection.

Dr. John A. O’Keefe—I looked into the ques-
tion that Sterne is discussing. I think it is a very
good thing. It has an advantage over the Moon,
beside the ones he mentioned, namely that we
do not need to know the mass of the Moon.
If we were to get a few decent altitudes for the
Vanguard we would be willing to attempt meas-
uring it. Perhaps that is a little too rash but
it is certainly true that the effect we are looking
for is something in the order of 300 feet.

Dr. Whipple—Then you tie back to the
fundamental geodetic network.

Dr. O’Keefe—In essence there are two ways
of estimating the semi-axis. A comparison on
these two will disclose the GM which can be
interpreted as the size of the Earth if we know
the value of g. I think it ought to be tried.

Lt. Bruce C. Murray—The question 1 would
like to ask is regarding the timing system of
any kind of observation stations that one would
have. You mentioned that a millisccond ac-
curacy is necessary and furthermore that such
accuracy would have to be valid with respect
to each of the stations. That is, there could not
be any uncertainty between the exact milli-
second of stations A, B, C, and so forth. I have
heard that a rather large random time delay
might be the case between two separate locali-
ties. I wonder whether a simple way to beat
such a random time delay has been devised or
whether it is a problem at all.

Dr. Whipple—Rather contrary to expecta-
tions, at a given station a good clock will keep
consistent time with respeet to the WWV sig-
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nals to about a millisecond a day. We thought
it might be worse but it is something of that
order.

Dr. Hynek—That is correct.

Dr. Whipple—It would be nice to have them
better since we can read the clocks to around a
ten thousandth of a second.

Dr. Whitney—We were thinking of putting
a clock on the satellite with the radio signal.
There are lots of ways of doing it. Also, I do not
think we need to consider optical acquisition.
I think radio acquisition would be the technique.

Dr. Veis—For the effect of errors in timing,
the random errors could be taken into account
by taking the appropriate correlation between
the observed quantities. The effect of the sys-
tematic errors can be considerably reduced by
computing the coordinates of the stations with
different orbits intersecting at angles of near 90°.

Mr. O’Sullivan—There have been some prac-
tical examples of what is feasibly possible at this
time on a geodetic satellite. We found vehicular-
wise that it would be capable of putting some-
thing possibly in excess of a hundred pounds in
an orbit of possibly a thousand miles. In regard
to the acquisition problem it is now possible to
have a quiet satellite which can be commanded
by a transmitter on the ground to turn on and
make its presence known so it can be acquired
by radio tracking and also commanded so that
the batteries could be recharged by means of
solar cells. This would give the possibility of a
satellite that would be in orbit for many hun-
dreds of years and if the power of acquirement
of the height is not too great it looks like we
may be able to bridge the distances that are
being asked here.

Capt. Carl I. Aslakson—I may be speaking
from the depths of ignorance but I just want
to know why no consideration seems to be given
to making distance measurements between
points on the Earth with the satellite of the
type mentioned here. We should be able to
get radar reflections. Why can we not apply
the line-crossing technique, which is pretty well
established, to get distances between points?
For that we do not need to know some of this
information with high accuracy. We need to
know the altitude above the surface which
can be obtained with sufficient accuracy from
orbital information. We require the mean veloc-
ity of the radio waves but certainly can get
good statistical information supplemented by

radio sonde in the vicinity of the tracking sta-
tions.

For example, with one station on the bulge
of South America and another on the bulge of
Africa we should be able to get the distance by
the line-crossing technique. Any time a satellite
crosses in the middle third of the line between
the radar sites, simultaneous observations could
be made, and over a period of time an excellent
statistical determination of the distance could
be derived.

Dr. Whipple—Are you suggesting that it be
done by radio or optical ?

Capt. Aslakson—By radar. Not by using a
transponder but a reflector in the missile or even
skin reflection in the case of a large missile.

Dr. Whipple—There is another technique I
have heard discussed; a signal from the ground
and a transponder in the satellite with the
signal pickup by a number of stations on the
ground.

Capt. Aslakson—I simply recommend con-
sideration of the Hiran line-crossing technique
but substituting radar and reflectors for Hiran
transponders. I just wondered why this method
has not been considered.

Dr. Whipple—Are there any radar people
who have anything to say on this? We need a
much larger number of high powered radars
capable of accurate distance measurements.

Mr. Erwin Feuerstein—1I think it depends on
how it is done. If you do it in a very simple
manner you need a great deal of power because
a satellite moves very rapidly and you want to
measure time with a high order of accuracy.
You have to accept a wide band of spectrum
which means a lot of noise. However, if you
do have an orbit and can get the accuracy in a
number of ways, then it is possible to operate
through an integration technique which takes
advantage of, in radar language, the limited in-
formation. We know the satellite moves in a
smooth trajectory. I think there is an excellent
chance of getting position data from a satellite.

In this kind of problem in ordinary radar you
see a lot of pictures superimposed on each other.
With the satellite you have a problem as it is
moving so rapidly and you will not get one
picture one on top of another, so to speak. In
general terminology allow for the velocity by,
let us say, displacing the time base a little bit;
advance, if vou like, the beginning of the time
base so that repeated returns, one after the
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other, would settle on top of each other with the
object moving quite rapidly.

We have a five mile per second object which
increases its time delay about 50 micro-seconds
per second. If we get ten returns per second
then we have five microseconds difference in
round trip time from return to return. If we
just change the time base by five microseconds,
which we can do if we know the speed, we can
interpret returns. We can put one measurement
on top of the other. They will tend to build up
a triangular pulse shape and you can get
the center accurately because you look at the
entire return which is more accurate than look-

ing at one pulse at a time. The purpose is to
put enough pulses on top of each other rather
than a straight pulse by pulse computation.

Dr. Hynek—In closing, I would like to ask
Richard Adams if he has any information on the
fall of 1958 § 1 and if the time is not too awk-
ward. Is the expected time still seven o’clock
tomorrow (December 3, 1958) ?

Mr. Richard M. Adams—As far as we know, it
is seven tomorrow morning plus or minus a
couple of revolutions.

Dr. Hynek—The communications room at 79
Garden Street will be open for any who want
to watch the fun.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20235

Contemporary Geodesy: Geophysical Monograph Number 4
http://lwww.nap.edu/catalog.php?record_id=20235
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Raymonp H. WiLsoN, Jr.

National Aeronautics and Space Administration, Washington, D. C.

I had planned to give a summary of what
had been done in all kinds of tracking, but
much of the optical aspect has been covered; at
least, there is some understanding of it here.

For one thing, in the title of my subject I
would prefer to say ‘radio’ tracking rather than
‘electronic,’” because, presumably, the distinction
is between the frequencies of the signal from the
satellite by which the tracking is done. Electronic
problems come also into the optical tracking in
the timing and in other ways, and I am going to
say some more about that side of the problem.

The definition and purpose of satellite track-
ing may be stated as follows: To observe posi-
tions and motions of a satellite, as well as the
times of such observations, with frequency and
precision sufficient for developing a theory of
such motion capable of predicting future times
and positions at least as accurately as they can
be observed. Theories and procedures must be
based partly on previous geodetic knowledge, and
an important feedback from their improvement
would be an increase of geodetic knowledge.

I had not thought of the subject as directly
geodetic, but as tracking to determine the orbit
sufficiently for predicting the future in time
and position. Now such a theory involves many
geodetic considerations. You have to start out
with some geodetic knowledge in order to con-
sider the most elementary perturbations in the
orbit, and observations of the satellite, when
put back into the orbit, will thereby improve
geodetic knowledge. That is the standpoint from
which I am looking at this question of tracking;
however, the problem of tracking as sightings for
direct geodetic purposes, as mentioned many
times today, could be approached by similar
methods.

Now, as I said, there is an electronic operation
connected with all kinds of tracking, that is, the
time problem. It has been mentioned in ques-
tions and discussion that one must have a check-
ing contact with some central standard clock.
As I understand it, the Smithsonian method is
for each station to have its own clock, which
every day is checked against WWYV, and that

67

this station clock in itself keeps time accurately
to within a millisecond. The remark was made
here awhile back that even WWYV, as shown by
the Minitrack work, presents problems, such as
the fact that, apparently, they set it once a day,
and before they set it, it may be off several milli-
seconds.

Another time problem is that, if the checking
contact is by radio, the time of transmission is
in doubt by a millisecond or more, because of
lack of knowledge of the path through the
atmosphere from where the radio signal origi-
nated. The signal will vary in velocity and there-
fore in the time-lag for reaching the observing
station. It has been suggested that the only way
to get around this problem would be to have
wire contact with the checking source. One does
know how long it takes a signal to come along
a wire, so perhaps you at Smithsonian are going
to have to run cables to all your optical stations,
as Vanguard is apparently thinking of doing to
Minitrack stations. A millisecond variation car-
ries an error of one to four seconds of arc in
apparent position of a satellite such as we are
considering at a height under a thousand miles
or so. Therefore, in a way, that variation repre-
sents an accuracy limit which is common to all
methods of tracking, either radio or optical.

It has been remarked—I am quoting some
Smithsonian people here—that atomic clocks are
about ten times more accurate than ones now
being used at tracking stations, but that they
are very expensive and have short durability,
only lasting a few months. Thus it is possible to
have time accuracy up to ten times as great as
now being done, but only of the same order as
the presently available precision of the meas-
ured position.

I had hoped that Smithsonian people would
say something about the optical tracking, so I
would not have all of that problem to discuss.
They have indeed, brought a model here to
show us how they are doing such work. How-
ever, I am going to make a brief outline of the
general problem. In particular, all the current
methods of optical tracking—that is, before the
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discussion today—have used sunlight: the satel-
lite must be sunlit and in a fairly dark sky, ex-
cept that for visual and photoelectric obser-
vations of very bright satellites a brighter sky
can be tolerated. As you know, the planet Venus
is visible in the daytime with its stellar magni-
tude of about minus four. So, presumably, a sat-
ellite brighter than that could be seen visually
in the daytime, and it has recently been demon-
strated that photoelectric methods can be used
in the daytime on such, or even fainter, satel-
lites.

Now the first type of optical tracking, the
most elementary, is that using merely the
naked eve—as I heard a Navy man say the other
day, ‘Mark I eyeballl—or a small telescope.
Moonwatch people have done that, and their
limit of accuracy is about a tenth of a degree.
That does not have to be apologized for, because
I have to admit that radio tracking has inac-
curacies as great as that. Such visual tracking,
however, is of some indirect geodetic value by
insuring predictions for pointing more accurate
tracking devices. Since it is a fundamental ne-
cessity to know where a satellite is at any time,
this most elementary type of tracking is of con-
siderable importance. The estimated number of
observations from Moonwatch is around 7000
in the past year.

Of course, the Russian satellites, which are so
bright you can hardly miss them, account for
the majority of those observations. I can say
from first hand knowledge, in that I did some
of this elementary tracking of them myself,
that I do not think this approach needs any
apology, since to know when such as the Sputnik
III rocket is coming down, you need a lot of
observations.

Next there is photography with such as Baker-
Nunn-Schmidt cameras, of which I believe Dr.
Hynek has said far more than I could. Such
tracking which is accurate to less than four sec-
onds of arc and a thousandth of a second in time,
is sufficient to get geophysical perturbations of
the satellite orbit, both periodic and irregular.

There seems to be two kinds of geodesy, two
schools of thought; one thinks in terms of grav-
ity, and the other in kinematic trigonometry.
I am thinking here in terms of gravimetric
geodesy. The optical tracking, if it is sufficiently
distributed around the orbit of the satellite, will
detect irregular perturbations in that orbit
due to any geodetic or barometric cause that
we, up to now, have thought of.

In doing such tracking, the field distortion of
these short-focal cameras at large zenith dis-
tances is one difficulty in the method of photog-
raphy. However, photography in astronomy has
long established itself as of fundamental im-
portance. After one gets a photograph, one can
measure it many times, and thereby add to the
accuracy of the knowledge of position of the
center of any image on it. This is something that
cannot be achieved by methods offering only a
single shot at the image, so to speak, such as the
visual and possibly some others. The high rate
of motion of the satellite does sort of compro-
mise this advantage a bit, which is one reason
the accuracy claimed for the method is not as
high as it could be if it were applied to an object
in a slow motion, such as an asteroid.

Now there is another type of optical tracking
which we have to mention, namely, photoelectric
detection and position measurement, as de-
scribed by A. P. Willmore in Nature of October
11, 1958. He and his associates have built a
photoelectric detector attached to a five-inch
refractor for which the accuracy is said to ap-
proach two seconds of arc. He has observed
the Sputnik III rocket with it, for which a signal
record is published with the paper. It shows
the light-pulses of the Sputnik, and since the
time record goes along with it—the chronograph,
0 to speak, is at the bottom of the record—you
can read off the time of each pulse. Then the
question of getting the exact position is handled
by having slits properly arranged in the focal
plane of the telescope, various schemes for these
slits being shown. The key to their method is
that, when the satellite crosses the slit, it causes
a sudden pulse, thereby representing a point in
space and in time.

Of course, we have to tie this position record
down to Earth somehow. The slits are oriented
by having been previously calibrated either with
the star field or, I believe, by an azimuth-setting
method. In other words, they have the telescope
on an alt-azimuth mounting, and, as the satellite
goes along, they make a setting ahead of where
it is expected to be. Then, an assistant reads the
altitude and azimuth for the field-center, and
the photoelectric recorder does its job auto-
matically.

He claims accuracy for this method of around
two seconds of arc with only a five-inch, rela-
tively inexpensive, telescope, which is certainly
pretty good. There is a very important possi-
bility for this method, which, I think has already
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been mentioned. Willmore states that, because of
the good signal-to-noise ratio, he is certain they
can track a satellite in the daytime. Although
they have not yet done this, it is a very impor-
tant possibility for arranging better distribution
of optical tracking observations around the or-
bit.

Now, apparently, Willmore is not alone in
his thinking because, after I devised the outline
of this talk, I opened the December Sky and
Telescope, and it let the cat out of the bag
by saying that Smithsonian Astrophysical Ob-
servatory has ordered an instrument called the
‘Cateye,” which has been devised by Lloyd Wylie
at Wittenberg College.

(J. Allen Hynek interrupted to note that the
instrument has been delivered and is operating.)

The Cateye shows the planet Venus in the
daytime which fact, I would think, indicates
that you can hope to track satellites in the day-
time. Any further story about such develop-
ments I will leave for the Smithsonian people
to tell.

What I had better talk most about, since I
am, perhaps, the only representative of it here,
is radio tracking. This is the observation by
radio detection of oscillations between 20 and
1000 per second frequency, that is, wave lengths
from 15 meters down to 30 centimeters, either
broadcast by the satellite or, possibly, originat-

ing in a ground source and reflected by the skin
of the satellite. An example of this latter was
mentioned in the previous discussion, as essen-
tially the process called radar. Most of such di-
rectional antenna systems are radio interferom-
eters such as Minitrack, although you do not
have to use interferometers. You can use a dish,
a method which, I am informed here, is being
seriously attempted by the Army.

Minitrack (Fig. 1) is a radio interferometer,
which means that it receives a beam of the signal
from a satellite at two separate points. These
beams are then brought together for study of
their mutual interference. Figure 1 shows the
Minitrack station at Havana, Cuba. The re-
ceiving antennas which constitute the reception
points for the beams are then brought together
for interference, thereby leading to the satellite’s
position. The north-south line is approximately
perpendicular to these two antennas, and here the
beams would be brought together. It is similar for
the other two antennas, by which we would study
the motion of the satellite when it is crossing the
prime vertical, that is, the east-west line.

Figure 2 shows a diagram of the general situ-
ation, showing the north-south line and the cor-
responding two antennas. These two antennas
receive the beam simultaneously from the sat-
ellite and can thereby get the position of it with
reference to the north-south line. The total

Fi1g. 1—Minitrack field at Havana, Cuba
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separation is 500 feet, a distance that is related
to the wave length of the signal and the angular
size of the lobes of the signal. These lobes in
radio work correspond to interference fringes in
optical work. The separation of the antennas is
related to the angular separation of the lobes,
and thereby determines the resolving power, or
precision possible from such measurements.
Another antenna shown here has to do with
determining with which lobe one is dealing. From

the outer two antennas separated by 500 feet
one gets a large number of lobes, and to know
which one of the fringes, so to speak, is being
measured, a third antenna of closer separation
is used.

Figure 3 shows the theory of radio inter-
ferometry. The beam from the satellite is re-
ceived here. The separation of the antennas is
some multiple of the wave length, and what-
ever multiple it is determines the angular sepa-
ration of the lobes. In this case, there is a 500-
foot separation of antennas, and the wave
length is about ten feet. Hence, the separation
of the lobes would be around one fiftieth of a
radian, or slightly over a degree. We also have
the cosine factor which comes in here if the
satellite is some angle off the meridian.

Figure 4 shows the lobes and the interference
pattern. If the satellite is on the meridian at the
zenith, you would get a maximum in this direc-
tion, that is, the two beams received by the an-
tennas would be adding to each other, since they
would be in phase. If the satellite is off by a
certain angle, which would be half the lobe sepa-
ration of about 1.2° here, the two beams would
be 180° out of phase and the intensity is zero.
If this is essentially an interference pattern, the
half width of the lobe is a rough order of the re-
solving power.

However, here is an important point. The tech-
niques of radio interferometry have gone quite a
bit ahead of optical interferometry. The Mini-
trackers are not content with leaving the resolv-
ing-power here at 0.6°. They can measure exactly
how far off they are from the center of the lobe
by measuring the difference in phase of the beams
at that point. The measurement of phase differ-
ence is an art in radio engineering which I can
not explain at length. Suffice it to say they can do
it with such accuracy that they claim the posi-
tional error by this method would not exceed 20
seconds of arc. In other words, they can deter-
mine the phasc-difference at particular points on
the lobe to within the fraction of about one half
of one percent of the total separation of the lobes.

Figure 5 shows a block diagram of the Mini-
track system. I am no expert on this, but I point
out that they use a standard frequency which
helps to make this frequency comparison for get-
ting angular positions to within 20 seconds of are.
The time standard signal from WWYV is used too,
so they get the time of the observation together
with the positional measurement. Various anten-
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nas are attached to the receiving system. Finally,
the result goes into the recording system and is
telegraphed to the Vanguard control center at
Washington as an angular position.

In Figure 6 are the two east-west antennas,
with the position of the satellite just off the ze-
nith. The calibration of these radio Minitrack
stations has to be done by optical means. It is
done by airplane, which carries sources of both
radio and optical signals. This flies over the
Minitrack station while the two signals are given
out simultaneously and recorded. The optical sig-
nal is photographed on the star background, then
the two signal positions are compared for cali-
bration of the radio tracking station. Of course,
all kinds of problems come into that operation,
for example, the airplane is not above the at-
mosphere as is a satellite. However, since the ul-
timate precision claimed is only 20 seconds of are,
we do not have quite the worry about refraction
as in the more precise measurements mentioned
this morning.

The accuracy of the radio tracking is further
lowered to several minutes of arc by ionospheric
scintillations. That, indeed is the greatest trouble
in radio tracking. This 20 seconds of arc precision,
which the instrument makers claim, is correct un-
doubtedly in the same sense that astronomers
claim their stellar position measurements are
known to a tenth of a second, let us say. But
actually it does not work to this accuracy because
of the twinkling of the stars, unless the telescope
is on a satellite or on a balloon high in the at-
mosphere. With the Minitrack observations it
is much worse, because the radio waves have not
only this tropospheric, but also ionospheric scin-
tillation, which is far more powerful and unpre-
dictable, although in itself it is an interesting
problem because related to sunspot activity and
other questions of the ionosphere. If this were a
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F16. 4—Minitrack interference pattern
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meeting on other aspects of geophysics, I should
expand on this question but I will not say more
here, except that it presents a great difficulty to
the geodesist using radio observations.
However, even so, the Vanguard Satellite I,
195882 has so far, I believe, contributed almost
as much to geodesy as any artificial satellite that
has been optically observable. The report by Miss
Eckels given earlier on a new derivation of the
Earth’s figure, showed just a start on the possi-
bilities. But why is this possible, when the ac-
curacy of an individual observation is so low?
It is because radio can be used day and night, in
fair weather or foul, and the observations are well
distributed around the orbit. All these factors
compensate for Vanguard’s not being observable
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Fia. 5—Block diagram of Minitrack system
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optically. So, even with relatively inaccurate
radio observations, these important geodetic re-
sults have been announced, and perhaps more
are forthcoming.

Figure 7 shows you the geographical distribu-
tion of the Minitrack stations. Another has been
established in Australia. This distribution gives
a good coverage of latitudes north and south.
That is why the observations are well distrib-
uted around the orbit. All these stations are con-
nected with the central station and thereby re-
port on the satellite at a lot of different positions
in its orbit. Radio signals from satellites may be
continued for months or vears, by the use of
solar batteries.

Figure 8 shows how the radio observations are
routed into the Vanguard control center. The ob-
servations come into the control center and are
relaved to various computers, including not only
Vanguard computers, but also the Smithsonian.

Figure 9 shows the 195882 satellite in a cut-
away diagram. This is almost an ideal design for a
geodetic satellite. Even if you assume only radio
observations of it, this is so. It is the only satel-
lite that has ever been up there, or even planned
to be up, which has spherical symmetry. That
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Fic. 7—Distribution of Minitrack stations
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F1a. 8—Vanguard-Minitrack information flow chart

feature is most important for equalizing the at-
mospheric drag and rotational perturbations. The
solar cells are symmetrically distributed and will
enable tracking to go on for the indefinite future,
at least in the daytime. As of December 1958, 1
believe the chemical batteries are dead, so there
is no signal from the satellite’s systems at night.
But throughout the daytime they continue to
function and will do so for the indefinite future.
An immediate test of durability will come by the
end of 1958, because one of the difficulties is that,
in sunlight, this radio apparatus cannot stand
too high a temperature, and, at the soltice, the
satellite remains in sunlight all of the time. The
winter soltice is the more critical, as the Sun is
then nearest the Earth, so, if the radio lives
through that period, there is a good chance of its
carrving on for many years.

This general efficacy of Minitrack observation
has gotten results such as Miss Eckels has re-
ported. There have been many other direct de-
terminations of perturbations having periods of
more than two or three weeks, such as one which
has been published in the Smithsonian special
reports. I think it was Jacchia who discussed
there satellite 195882 and found a monthly per-
turbation which seems to be related to the tidal
effect of the Moon and, possibly, to the Sun.

Now, therefore, the one thing that is lacking
in this Vanguard satellite is optical availability
for getting observations with the greater accuracy
of a few seconds of arc. I have reviewed what has
been done in past and present achievements, but
there are, both for optical and radio tracking,
various weaknesses 1 have pointed out. The op-
tical tracking lacks good distribution around the
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F1e. 9—Cutaway drawing of 1958 8 2, 6.4-inch Vanguard test satellite

orbit, although perhaps, the development of pho-
toelectric detection may amend that by making
possible tracking in the daytime. Radio tracking
has pretty good orbital coverage (that is the
reason so much as been deduced from 195882),
but it lacks angular precision of particular ob-
servations.

Hence, I am going to make some suggestions
for better possible geodetic tracking. As a start,
I suggest that you can have a close satellite orbit
which is sunlit practically all the time, that is, an
orbit having a rate of nodal regression which
equals the annual rate of the eastward motion of
the Sun. In that way, optical tracking, even with-
out the further possibility of observing in the
daytime, could be extended all around the orbit.
This orbit also has the advantage of being almost
a polar orbit and thus covers the Earth pretty
nicely for geodesy. The theory is that a satellite
launched westward at either sunrise or sunset
in an orbit inclined slightly over 80° to the equa-
tor has motion such that its nodal regression
eastward would be about a degree a day, thus ex-
actly keeping up with the Sun.

The theory behind this suggestion, although 1
will not say it agrees precisely with the new value
of J set forth earlier by Miss Eckels, is as follows.
Nodal regression period

= (921 X 10®)a’/* (sec 1) days
in which a is in statute miles. For ¢ = 4500 miles
(mean h = 540 miles), nodal regression period is
56.3 days for i = 0. Hence the condition for a
period of 1 year is that cos i = 56.3/365.25 =
0.1541, or i = 81°.1.

The period of nodal regression westward is
given in days and it varies as the secant of the
orbital inclination. Suppose we assume the semi-
major axis at a little over 4500 miles, then the
nodal regression period is 56 days for zero in-
clination. If we want a period of one vear we
have a solution for cosine i; and i turns out to be
a little over 81°. Such an orbit would be feasible
if we could launch a satellite southward and west-
ward, and the expectation is that this will be
possible in 1960. It is no longer a secret that a
launching base for polar orbits is being econ-
structed in California near Santa Barbara.

With this possibility one could have a more
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complete optical tracking around the orbit, be-
cause at every sunrise and sunset the satellite
would pass most stations at least once. It would
always be sunlit and available except that the
twilight zone shifts from season to season, as the
declination of the Sun varies. However, it turns
out that at a mean height of 500 miles, that diffi-
culty practically would not happen, except at the
highest latitudes, perhaps 70° latitude north and
south. Even there the Sun would still be shining
on the satellite, and it could thus be sighted at
almost all points around the twilight zone of the
Earth. These conditions would continue indefi-
nitely, depending on how accurately one made
the inclination so that the period of nodal regres-
sion would be exactly a year. Of course, ulti-
mately the nodes would get out of step with the
Sun and it would take a long time to get back in
step, but I do not think that difficulty would be
an immediate worry.

Now another suggestion I am going to make
for possible improvement of optical tracking has,
1 think, already been mentioned. It is to combine
photoelectric detection and timing with photog-
raphy; that is, to use the photography for ac-
curate angular position and photoelectric detec-
tion for timing. Such combination of the two
would possibly lead to more accuracy and greater
flexibility. The flexibility development is an im-
portant consideration. This is related to the ques-
tion of improved visibility of a satellite. Magni-
fication by a reflector of an image is proportional
to the radius of curvature of the reflector. But
one does not have to make a hundred foot satel-
lite to have a radius of curvature of a hundred
feet. One can put a radius of curvature of a hun-
dred feet on a six inch satellite by attaching a
little square section of a 100-foot sphere. That
section gives much greater brightness than would
the six-inch sphere itself and, if there are a few
dozen or a hundred such faces in a spherical dis-
tribution around the satellite, there would be a
sufficient frequency of flashes that one would ap-
pear every few seconds to any observer, and thus
it could be easily detected, even though a rela-
tively small satellite were used. One of the diffi-
culties to that approach, which the Smithsonian
people have pointed out to me before, is on the
question of time determination. Their timing
scheme assumes a continuous reflection and track
of the satellite, so that the track may be chopped
at a determinable time. However, with this new
suggestion of combining the photoelectric time

with photography I think that such difficulty
could be avoided by the timing being done by the
photoelectric detector, while the position results
from photography of an image which is brighter
by having come from a surface flatter and more
reflecting than the smooth satellite skin. So even
on a satellite only a foot in diameter, the flat
faces on it would not have to cover the whole

“surface. Perhaps some of the rest of the surface

would be solar batteries and some of it spherical.
Thus a combination of these two methods of de-
tection might solve this dilemma of getting po-
sitions from flasher from a satellite having flat
faces on it.

I might say (I think this also has been pointed
out by others) that, if one sends out a probe to
the Moon or another planet, a flat face is the
only hope of optical detection of the vehicle out
to that distance. You would not have to have a
very large flat face to make it quite easily visible
optically. Especially, in the case of a lunar probe,
the motion would be relatively slow, so one could
use a long-focus telescope and usual astrometric
methods on it very easily.

Another reason for urging a faceted satellite
is the possibility that the word tracking, I believe,
has to take on a little broader meaning: not only
tracking a space position of the satellite but also
its rotational motion. In fact, some experimental-
ists in satellite work have already been assuming
that we have regularly been doing the latter, but,
of course, we have to confess that we have not.
The latest Sky and Telescope had a very interest-
ing report on photometric studies of Sputnik
rockets. These brightness peaks are a clue to the
rotational motion. One could possibly work out
a theory on the axial rotation of these rockets if
their exact shape were known. However, if you
are launching a satellite yourself, you can choose
to arrange the reflection facets so they will dis-
close the rotation.

The following shows what I mean in this con-
nection. For a specular polyhedron having N
faces when complete, the rate of flash-reflection
from the Sun for spin-rate » cycles/sec is n (per
second) = (wN cos L) /273 where L = latitude of
reflecting face, so spin-axis is determinate from
flash-rate. Flash duration increases as the secant
of the latitude of the face.

Assume a specular polyhedron completely
covered with faces, then the number of flashes
per second turns out to be divided by this con-
stant (273) which depends on the angular size
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Fi1c. 10—Maodel of polyhedral satellite constructed by Laddie T. Rhodes
(in photo) and colleagues of the U. S. Naval Research Laboratory ; 2500 one-
inch sguare glass mirrors have been cemented to a 30-inch fibre-glass sphere;
the whole weighs about 25 lbs and cost less than $50.

of the Sun, and is proportional to the number of
faces times the spin rate times the cosine of the
latitude on the satellite from which the reflection
is received. So you see that, after one got the
angle of the satellite from the Sun, immediately
the angle of the spin axis to the Sun could be de-
duced from ground observation where one has
merely counted, so to speak, the flash rate. That
deduction would asume that there are equal-size
faces all over the satellite, as shown in Figure 10.
Usually the faces would most conveniently be
hexagons. Some wisecracker remarked that if we
could only make them pentagons, maybe it would
come about sooner.

I brought along a model of such a satellite, a
Christmas tree ornament that costs ten cents. It
has a latitude-longitude grid of facets. I do not
think that such would be the most desirable grid-
pattern, but that is a small detail that could be
discussed in due time. Such pattern does not
work in the above rotation theory because there
are the same number of facets at all latitudes.
However, one does get a lower brightness when
it is reflecting from a facet nearer the pole than
when reflecting from the equator, so the latitude
of reflection could possibly be determined that
way. As I said above, certain experimentalists are
thinking of using the attitude of a satellite as a
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fundamental datum in their experimental pur-
poses. Thus, flash-counting or photometry, would
be an important method of getting the attitude
of a faceted satellite from the ground. Of course,
one might be able to do this from the satellite
itself, but if one has it also from the ground it
would always be a useful check on the telemetry
data.

If one uses photoelectric detection, there is no
reason why one can not go into the infra-red,
which is much less interfered with by clouds and
haziness. If one goes far enough into the infra-
red, the signal would be practically not interfered
with at all.

Lastly, in connection with radio tracking:
while there seems to be an unsurmountable prob-
lem of reducing errors, a study of the scintillation
problem would be of interest not only as a study
of the ionosphere itself, but also from it one
could deduce the complete laws of refraction.
There might be an improvement of our knowl-
edge of the tropospheric refraction by studying
radio tracking results parallel to optical track-
ing; in other words, optical tracking would be a
continual calibration, one might say, of the radio
tracking. Such an aid has been lacking on satellite
195882, since there have been no optical observa-
tions of any value on it up to now.
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There was one such observation. L. T. Johnson,
using a ten-inch telescope, saw the Vanguard
satellite at a time when it was predicted to pass
the tracking station, his station being at Wel-
come, near Blossom Point, Maryland. Although
that approach is of little general value since it
cannot be done extensively, any comparison with
optical positions would certainly help the radio
accuracy.

Another approach to increasing radio accuracy,
as I pointed out above, is that, in the theory of
radio interferometry, there is the dependence of
the resolving power on the separation of the an-

tennas. There is improvement both with greater
separation of the antennas (I believe some radio
observatories have used up to several miles) or
with shorter wave lengths (higher frequencies).
I think that the latter approach has also been
proposed ; perhaps somebody in the Army could
say more about it than I. At any rate, a higher
frequency would decrease the radio tracking er-
rors, since these vary inversely as the square of
the frequency: so raising the frequency to a
thousand cycles a second from a hundred would
theoretically reduce the refraction and presum-
ably also the scintillation by 99%.

Discussion

Dr. Robert Newton—I would like to suggest
also, for radio tracking, the analysis of the Dop-
pler signals received. This, in principle, even for
a single transit, gives the complete orbit, and
again is limited in accuracy by the refraction
error. In our studies, we are proposing to use
two frequencies on the satellite, and thereby get
a refraction measurement at the same time that
we determine the orbit.

Dr. Fred L. Whipple—I understand that the
Doppler method yields in fact about the same
accuracy as the interferometry method. Is that
true?

Dr. Newton—We believe that is correct, but
we have not been able to get any equipment to
test it out. Paper study shows it is as accurate,
perhaps even more so.

Dr. Wilson—One of the great difficulties there
is that the greatest shifts occur when observation
is done near the horizon.

Dr. Newton—This is right, and the accuracy
depends on how one corrects for refraction.

Dr. John A. O’Keefe—On this matter of poly-
hedrons, if I understand it correctly, when one
diminishes the time of a flash by a factor of about
five hundred one only loses a magnitude in the
brightness. From that it would seem to follow if
one rotates that little ball, it should look about
a hundred times as bright as if it were hanging on
a christmas tree. I do not believe that. I think
something is wrong.

Dr. Wilson—I did some experiments with
short-duration flashes. In the example I men-
tioned earlier, with a flash duration of only about
a thousandth of a second and a flash frequency
of two per second, you lose about one magnitude.

I think you would lose less from an actual satel-
lite.

Dr. Fred L. Whipple—May 1 interrupt to say
that Armand Spitz has conducted experiments
with a sphere of this sort and the effect occurs
only very low in the intensity scale as seen by
the eye. Does anybody know the exact numbers
of Spitz’s experiment? He had two spheres of
the type you are both discussing, illuminated at
a distance.

Dr. J. Allen Hynek—Hung up on a wire with
a flashlight a good many yards away.

Dr. Wilson—You can look at it this way. The
reflection image on a satellite you might think
of as an area which has an angular size deter-
mined either by the angular size of the Sun and
the radius of curvature of the specular sphere,
or if the sphere is polyhedral, it is limited mostly
by the apparent size of a facet. The total inten-
sity will then be proportional to the apparent size
of the instantaneously reflecting surface. In other
words, the larger the sphere or polyhedral facet
at a given distance, the greater will be the satel-
lite brightness. With a specular sphere, the Sun
at the Earth’s distance is of such angular size that
it covers about 1,200,000 of the surface; a specu-
lar facet could conveniently be very much larger.

Dr. Whipple—Does this correct your state-
ment that a six-inch sphere could be the equiv-
alent of a 100-foot sphere ? It would have to be at
least a foot across before it could give one flash
equal in brightness to that of a hundred foot
sphere.

Dr. Wilson—No, because the apparent di-
ameter of the Sun is 1/100 of a radian, or six
inches on a 100-ft sphere.
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Dr. Newton—Will you not lose a lot of ob-
servations? Would you necessarily gain?

Dr. Wilson—You get the number of flashes per
second which varies as the total number of
faces on the reflecting object, and as its rate of
spin per second. With 450 faces rotating once
per second, you would have one flash per second.

Dr. Newton—Do you have to have a regular
polyhedron?

Dr. Wilson—No, you would have a little spare
area between faces that would be lost, it is true,
but a relatively small area.

Dr. Newton—What if you had a polyhedron
with the faces all the same size but allow acute
angles between faces, as seen by the observer?

Dr. Wilson—] am assuming a convex poly-
hedron. I should have mentioned the possibility
of corner reflectors, since they would have the
desirable effect of extending the observations
into the night time when the satellite is not sun-
lit.

Dr. O'Keefe—You can get something like a
fourth or fifth magnitude. The intensity dimin-

ishes as the fourth power of the distance. It is a
little difficult if you get up to a thousand miles.
But if it is up to four hundred or six hundred
miles you do not need very many searchlights.

Dr. Nancy G. Roman—How good an ephem-
eris can you give us at the present time?

Dr. J. Allen Hynek—I1 think that Richard
Adams would not want me to leave unexplained
the fact that the Smithsonian ephemeris is 20
minutes off. He finds himself in the position of
the irate commuter who misses his train because
he has not been notified that the schedule has
been changed. The point is that the schedule has
to be changed practically every day. He showed
me some corrections the other day for particular
satellites, particularly Delta. The corrections are
available but our funds are limited so we can not
telegraph the corrections every day all over the
world. So if you are using an ephemeris a few
days old it is understandable.

Dr. Wilson—I should have mentioned that 20
minutes error was an extreme case.
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C. A. LunpqQuisTt

Army Ballistic Missile Agency, Redstone Arsenal, Alabama

Satellite orbital theory and launching tech-
niques have been developed sufficiently that con-
sideration of distinctive orbits for particular pur-
poses makes practical sense. Many references to
such orbits may be found. Two important aspects
of these orbits must be recognized. The distinctive
properties of the orbits are functions of the shape
and gravitational field of the Earth; and the pre-
cision with which special properties may be real-
ized depends upon the accuracy of the launch
injections or corrective manecuvers. The study of
these matters constitutes a branch of applied
geodesy having considerable contemporary im-
portance.

Radiation measurements made during 1958 by
the Explorer satellites have detected a region of
intense corpuscular radiation around the Earth
[Van Allen and others, 1958; Van Allen, 1958).
The lower boundary of this region is not simply
specified, being both latitude and longitude de-
pendent, however, an altitude of 1000 km is
representative. Hence, to avoid this radiation, an
important class of orbits in the future will have
an apogee below this altitude. These will necessar-
ily have small eccentricities. Low circular orbits
also have been suggested for other reasons. An
approximately circular orbit at 480 km has been
mentioned as appropriate for meteorological ob-

slightly from circles. The instrumentation to be
used on the satellite must, therefore, be designed
to at least allow for variations in distance to the
surface of these amounts. A nominal specification
on launch accuracy corresponding to 10 to 20 km
variation from circularity scems reasonable in the
light of these facts. The instrumentation would,
in this case, be designed to cope with variations of
comparable magnitude due to the character of the
Earth and launch inaccuracies.

Because ground observation stations rotate
with the Earth, satellites having periods com-
mensurate with the rotational period of the Earth
have some advantageous properties. Table 1
shows periods and approximate semi-major axes.
The most discussed example is the satellite in a
circular equatorial orbit with a period of one day
which, hence, appears stationary with respect to
the Earth. The utility of such a body has been
expounded at great length. A disadvantage is its
great distance from the Earth.

The motion of an artificial satellite is known to
be approximately an ellipse whose plane rotates
about the polar axis of the Earth and whose major
axis rotates in the plane of the orbit [Roberson,
1954]. The rates of these rotations, given approxi-
mately by a first order perturbation theory, are

cos

servations of the Earth [Glaser, 1957]. The low Q= —3kej TR (1)
altitude of these orbits has the consequence that . -

atmospheric drag will not be negligible and the 1 —5costi

effects of anomalies in the gravitational field will &= —3kjoma — ap @
be larger than at higher altitudes. From the view-

point of orbit determination, these are not ideal for a potential

orbits, but practical considerations will dictate ks j 2

their use. V=- 5 {l + r‘, (l -3 :’)} 3)

For low orbits inclined to the equatorial plane,
the oblate character of the Earth imposes prac-
tical limitations on circular orbits. First, if a con-
stant distance from the surface were desirable, say
for optical observation of clouds, a circular orbit
is at best 22 km closer to the surface at the equa-
tor than at the poles, solely because of the shape
of the Earth. Local surface elevations add to this
difference. Further, the gravitational field of the
oblate Earth forces inclined orbits to differ
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Note that the rates are a function of three of
the usual orbital elements, namely; a, ¢, and 7.
Hence, by choosing the values of these elements,
some adjustment of @ and @ may be made. For
any a and ¢, the relative values of Q and ¢ are il-
lustrated in Figure 1. Any desired ratio of § to ¢
may be obtained. A special case often discussed
is that in which the line of nodes rotates once in a
year, thus, leaving the orientation of the orbital
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TABLE 1 - Orbital periods and approzimate
semi-major azes

Orbital period Semi-major axis
day km
1 42,200
% 26,600
} 20,300
4 16,800
} 14,400
% 12,800
2] 11,500
] 10,600
16 9,800
4o 9,100
lil 8»5“)
42 8,100
s 7,600

plane relative to the Sun unchanged. Another is
that in which the value of w is zero, the line of
apsides thus being stationary in the orbital plane.
The conditions implied by these two cases, as de-
rived from approximate results of the above equa-
tions are

Condition for @ = 2x/year

C. A. LUNDQUIST

cos ¢

m = —473 X 10~ 4)
where a is entered in kilometers.
Condition for e = 0
1
25 = -
cos? § ; 5)

the latter being particularly simple. Note that the
minus sign in the first of these conditions implies
a retrograde orbit.

Many orbits with useful properties may be de-
rived from the relations discussed. As an example,
consider a satellite launched to facilitate the de-
termination of the relative positions of European
and North American continents. A desirable situ-
ation might be that in which the satellite met the
following conditions: (1) the satellite should pass
the same position over the mid-Atlantic every
evening a little past sunset on the east coast of
North America, and (2) the satellite should be
high during such passes to be in the sunlight and
to be visible simultaneously from both continents.
The first condition implies that the rotation of

5
| (1-5cos?i)
4 / 2COSi
|
3l |
-(1-5 c0s3i) ,I
2 N‘\‘ 2 I /‘//'
N L 7~
1= * / '//
| N,/ /(osi_
0 - y
: R
~. /
-1 yd —-7
- |
-
-2’/ ’
|
-3 - ’
’ 1 1
-4 [ 1 U SR SR S T 1 1 1 1
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Fi1a. 1—Relative Values of {2 and & for fixed a and ¢
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the line of nodes have the same rate as the Earth’s
rotation about the Sun, and also that the satellite
make an integral number of revolutions per day.
Thus, the condition for @ = 2x/year, above, must
be satisfied with the semi-major axis a given by
ane of the values from Table 1. The condition
that the position be the same on every evening
pass either requires that the line of apsides not
rotate, or that the eccentricity be zero. Solutions
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TABLE 2 - Distinctive Orbits for Geodetic Satellite
Period l::ﬂl’:: a . (retro;rade)
day km km °

14 - 11,500 0 38.7

18 - 10,600 0 55.1

1 6,960 10,600 .34 63.4

X - 9,800 0 65.2

2o - 9,100 0 70.1

M1 - 8,500 0 74.2

of Eq. (4) and (5) for both possibilities are shown
in Table 2. Only those solutions having positions
on the orbit with altitudes in excess of 2000 km
are listed since such altitudes are required to
satisfy the demands on visibility.

Control or, at least, knowledge of the motion
of the lines of nodes and apsides is important to
the satellite designer for other reasons. In particu-
lar, as the orbit orientation changes, the fraction
of the time with the satellite in the Earth’s
shadow changes. This fraction is an important de-
sign parameter in the temperature control of the
satellite and if solar cells are used in the power
supply for the instrumentation.

The precision with which distinctive orbital
properties may be realized must be considered.
For example, if a high quality guidance system is
used in the final stage of a launching vehicle, an
uncertainty in injection velocity of five meters
per second may be typical. An optimistic accuracy
estimate is one part in 10* variation of the velocity
vector from its desired value. More accurate in-
jection would require a sophisticated correction
maneuver with a small auxiliary jet on the vehicle.
An estimation of the effect of a five-meter per sec-
ond deviation on the desired orbital characteristics
will be instructive.

For the circular orbit with nine revolutions per
day, the velocity is about 6.4 km/sec. The five-
meter per second deviation is about 8 X 10~ of
this velocity. This produces about 1.6 X 103 rela-
tive change in the total energy which, in turn,
produces a relative change of about 2.4 X 1073 in
the period. This is a change of some 23 seconds in
the period, and is clearly too large a deviation
from the desired period to be acceptable for the
intended purpose.

The question may arise as to what accuracy of
injection velocity would be required. One might
arbitrarily require as a minimum acceptable con-
dition that no more than four minutes deviation
accumulate in a month. Hence, observation might

be possible every night for a month, weather per-
mitting. This is an accuracy of about 104 Thus,
the minimum requirement is on the verge of being
possible with good guidance in the last stage of
the vehicle. A correction maneuver with an aux-
iliary jet might be required.

In the examples of distinctive orbits discussed,
the condition that the period be 1/n days (n, in-
teger) imposes the most severe requirements on
the launching and later correction procedures.
The requirements imposed by the other condi-
tions may also be estimated easily. The accuracy
with which the desired initial position is attained
must also be considered. The same relative error
in r and v have about the same effect in the period.
However, a given relative error requirement is
more easily met in 7 than in v, essentially because
the launch from the surface of the Earth begins
with a large r.

The examples discussed are only a few of many
possibilities. They are, at best, representative of
the sort of calculation that must be made in more
detail in designing any satellite for a particular
objective. The conclusion is clear: the designs and
plans for a satellite mission, because of geodetic
effects on the satellite orbit, must draw heavily
from results of contemporary geodesy.
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Discussion

Dr. A. B. Mickelwait—What about the angular
control of the velocity?

Dr. Lundquist—I assumed in looking at this
that the variation was a vectorial variation, ad-
ding to the velocity a little vector. The condition
is not very much different.

Dr. Heinrich K. Eichhorn—This is something
that Sterne could answer best. At what height
will the Moon come in so it has to be taken into
account ? If the plane of the orbit is supposed not
to change in one year and if you have to get
rather large major axis then the moon comes in.

Dr. Lundquist—There are two comments to be
made here. All of these calculations have to be
done with considerable care. I did them rather
roughly for illustration, particularly the high
orbits. I can not answer your question offhand
as to what altitude the Moon would have to be
taken into consideration. The other comment; I
think it is really doubtful to consider anything
like a year. Something like a month is more rea-
sonable.

Dr. Eichhorn—Could the Moon be used to sort
of stabilize those satellites that are far enough
off to be in the neighborhood of the libration
points?

Dr. Lundquist—I have not looked into that.

Dr. Fred L. Whipple—Does anyone offhand
know when the Moon perturbations become se-
rious? (No response) 1 guess we are going to
have the answer later.

There is one other kind of orbit that deserves
mentioning. I am not sure if it is of practical
value. There are two Lagrangian points in which

a body can be placed so that it will stay more or
less in position along the Earth-Sun line. The
point at maximum distance needs some added
attraction from the Earth to balance centrifugal
force. The points are about a million and a half
miles from the Earth and to my knowledge no-
body has calculated how to keep a body there.
One would certainly have to apply some forces
from time to time in order to keep a body in
place.

From the floor—It has been suggested that we
might get something on the Lagrangian Point in
the lunar area.

Dr. Whipple—I would not say that I pondered
it seriously but the solar perturbations are so
large that they effect the Moon’s orbit a great
deal. The orbit would be extremely unstable. It
is possible, however, that you would not have to
introduce a great deal of work but I have a feel-
ing you would have to make corrections perhaps
monthly to stay within gunshot. Have you
thought about it, Dr. Sterne?

Dr. Theodore E. Sterne—No.

Dr. Raymond H. Wilson—There are the points
making an equilateral triangle with the disturb-
ing mass. Certainly, on the Earth the Jupiter
perturbation point would not stand up. You
would also have a point, say, 60° from the Moon,
and that might be reasonably stable.

From the floor—How many points to La-
grange are there, five?

Dr. Whipple—There is one the other side of
the Sun making three in all. Then there are two
triangular points.
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Computations

Don A. LAuTMAN

Smithsonian Astrophysical Observatory, Cambridge, Massachuselts

Since the subject ‘Computations’ is a broad
field and many aspects have already been dis-
cussed in the previous four papers, I will remark
on only two phases of the subject: (1) What
from a geodetic nature can be computed from
satellite orbits. (2) How do we go about com-
puting these things.

We have seen from the paper of Miss Eckels
that the dynamic flattening of the earth J can
be determined. This, of course, is no surprise
since the flattening has been determined from
the Moon. It is a relatively simple problem to
determine J by means of the regression of the
nodes in a first-order perturbation theory but it
becomes extremely difficult if one tries to achieve
the greatest possible accuracy.

The standard method of determining J is to
observe the node over a fairly long period of
time and use a smooth curve to determine the
rate of change. By using a long time base, one
is able to ignore the periodic terms.

Jacchia has gone a step further and has de-
termined values of J and K from two satellites
using a second order perturbation theory by
King-Hele, but there are other things that might
enter into these calculations that are unknown
now. For example, what effect will higher order
terms in the Earth’s potential have on the nodal
regression. There may be terms which introduce
changes in the rate of regression or introduce
long-period terms which are not ignorable. It will
also be necessary to determine to what extent
the short-period terms are ignorable.

Looking at the first order equation for the
secular motion of the node

Q = nJ cos i/a¥(l — e?)?
we see that the motion is dependent on the
elements a, e, and i which are subject to short-
period perturbations and may be subject to long-
period perturbations. So suitable mean elements
will have to be determined which will give the
proper rate. The rate is also directly propor-
tional to the mean motion of the satellite, but
which of the three mean motions is to be used?
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I do not think the present theories are able to
determine this.

As far afield as it might seem, we will have to
consider the effect of the Sun and Moon on
satellite orbits. Right now we have orbits of
small semi-major axis, but, of course, for geodetic
work these will have to be increased considerably
to get away from the atmosphere. It is practi-
cally impossible to do any good geodetic work if
we have to contend with the unpredictable at-
mosphere.

So when we put satellites out farther than the
present ones we will expect luni-solar perturba-
tions which are of considerable effect. There is
a paper by Lyman Spitzer, Jr. which appeared
in the Journal of the British Interplanetary So-
ciety in 1950. He has gone through this problem
in a very rough manner. He first computed the
ratio of the disturbing acceleration of the S to
the primary acceleration for the Moon and for a
satellite 500 miles above the Earth’s surface. The
ratio for the Moon is about 10 and for the
satellite about 107, so we see the solar perturba-
tion of the satellite will be about 100,000 times
less than the perturbation of the Moon.

Then using an equation of Hill, he computed
the maximum deviation from a circular orbit
that would be caused by the Sun and the Moon.
This comes out to be about one meter, admit-
tedly a small amount, but one which will in-
crease with more distant satellites.

Spitzer also computed the regression of the
nodes caused by the Sun and the Moon and ar-
rived at a period of 2300 years for a 500-mile
satellite. This is quite a long time compared with
the 100-day regression period caused by the
oblateness, but it works out to about one part
in ten thousand and should be observable. As
the satellites go higher the regression caused
by oblateness will decrease as the 7/3 power of
the mean motion and the regression from the
Sun and Moon will increase as the first power of
the mean motion, so the situation can get bad
very quickly.

In addition to changing the secular rates, luni-
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solar perturbations will introduce long-period
terms in the elements of geodetic satellites which
will not be negligible. All of these things will
have to be investigated in quite a lot of detail
before we can make fullest use of artificial satel-
lites for geodetic purposes.

Continuing with things we can determine from
satellites, we have heard several times that mak-
ing intercontinental ties would be a very useful
experiment. As a matter of fact, the actual space
coordinates of the observing stations could be
determined. We should be able to do this with
about the same precision as the satellite ob-
servations. Two seconds of arc comes out to
about 30 meters. I am sure that geodesists would
be very pleased to have actual X, Y, Z co-
ordinates on the Earth with respect to the center.
Of course, it will be extremely difficult to attain
this precision. We could measure the physical
flattening f of the Earth from the station co-
ordinates or perhaps by triangulation to de-
termine the satellite heights. With high inclina-
tion satellites and high latitude stations quite
accurate values of f could be determined and
compared with the independently determined J
to gain more knowledge of the internal equi-
librium of the Earth.

Let us now talk about some things which can-
not be computed from satellite orbits. I am quite
sure that gravity anomalies cannot be deter-
mined. Since anomalies are associated with high
inverse powers of r, their effect decreases very
rapidly with distance. When a satellite is put
above the atmosphere so that you will not have
to worry about drag, the effects of the anomalies
will probably be negligible.

Another difficulty with trying to determine
anomalies is the fact that the individual anom-
alies act over a short period of time while the
observations are made relatively infrequently so
that there is insufficient resolution. Perhaps with
lighted satellites and more stations, sufficient
observations over short periods of time could
be made to determine anomalies, but I think the
sea-surface gravimeter that Ewing described is
the logical method for determining anomalies.
Then their effects on satellite orbits could be
computed and, if necessary, corrected for.

Another quantity which cannot be determined
from satellites is the geocentric constant GM.
This quantity can be determined to about the
same accuracy as the position of a satellite which
is one part in one or two hundred thousand and

GM is already known to better than that ac-
curacy. Perhaps a more accurate value of GM
could be determined from observations of dis-
tant satellites with long focus cameras or by
radar ranges of the Moon.

About methods of computing orbits, there are
two which have been used by astronomers,
known as general perturbations and special per-
turbations, but called by others simply per-
turbations or variations of parameters and nu-
merical integration.

In general perturbations, the equations of
motion are divided into two parts. The first
part contains the main characteristics of the
motion and is soluable analytically; the second
part is small compared with the first and is
solved approximately or by successive approxi-
mations if necessary. The sum of the two solu-
tions then describes the motion of the body.

In special perturbations the equations of mo-
tion are integrated numerically to give the posi-
tions of the body at any time as a function of
an initial configuration. Either the total equa-
tions of motion can be solved in this manner, or,
as in the case of general perturbations, the de-
partures from an analytically soluable part can
be numerically integrated and the two solutions
added together to produce the complete solution.

Special perturbations, as the name and
method imply, has the great advantage that im-
mediate insight into the character of the motion
can be gained once the solution is accomplished.
For example, the secular motion of the node or
perigee, or periodic terms in the eccentricity
can be seen immediately for any given set of
orbital parameters. Computing time is signifi-
cantly less, once the theory is developed, than
for numerical integration.

On the negative side, we have the extreme dif-
ficulty of developing a perturbation theory which
increases many-fold as one strives to increase the
accuracy by going to higher and higher orders,
and the practical impossibility of handling some
kinds of perturbations such as air drag.

Numerical integration has the great benefit
that all known effects can be included in the
equations with great simplicity. If a general
scheme for numerically integrating three simul-
taneous second-order differential equations is
set up, putting in additional terms for new
harmonies in the Earth’s potential or the dis-
turbing force of the moon would be practically
as simple as writing the equation down.
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Numerical integration can be made as accurate
as one wishes by merely including sufficient fig-
ures in the calculations. For long integrations
however, many more figures must be carried
than the desired end accuracy due to round-
off errors and it is difficult to assess properly the
exact accuracy achieved.

The principal drawback to the use of nu-
merical integration is the excessive computing
time required. However, there have been some
very heartening developments in computing
machines lately and we can expect commercial
computers within a couple of years which are on
the order of 100 times faster than the IBM 704.

All things considered, I think numerical inte-
gration is to be preferred over general perturba-
tions for very accurate geodetic computation
from satellites. There will still be a place for
general perturbations, of course, for daily op-
erations concerned with tracking and predicting,
and for gaining insight into various aspects of
satellite motion. Finally I am sure general per-
turbation theories will continue to be developed
and used if for no other reason than the fact
that a well worked out theory is much more
aesthetically pleasing than the mechanical proc-
ess of numerical integration.

Discussion

Mr. Myron Lecar—I might point out some
of the problems we had in Project Vanguard.
For 1958 82, with an are of about six days, we
were able to get the average residual down to
about one or two milliradians. When we extended
the arc to 90 days, the residuals went up to
about 15 mil. However, with the corrections to
the P, coefficient, we brought the residuals down
to 4% mil. It is interesting that we were not
able to bring the residuals down to the one or
two mil we had on the shorter arcs. This in part
might be due to the nature of the perturbation
solution. There is a minimum error caused by the
asymptotic nature of the expansions. However,
over the short arcs, we were forced to use every
observation; we threw out only the very poor
ones. Over the 90-day arc, we kept only those
observations within five degrees of the observers
zenith. So, one would not expect an increase in
the residuals because of refraction errors. We
seem to be up against determining the higher
order moments in the potential. The old mo-
ments, that is, the terms that would change sign
as one crossed the equator, and the longitude
dependent terms. Unfortunately these are all
of the same order: the order of K, the coefficient
of P,.

With the method of general perturbations
currently programmed at the Vanguard Com-
puting Center we could only handle the even
moments. We could not handle the longitude-
dependent terms nor those that changed sign
with the latitude. We estimated that it would
take 50 hours to do one numerical investigation

(double precision) on the IBM 704. Of course,
we would have to determine a number of orbits
and perform a number of differential corrections.

This is the point at which the geodesist will
have to call on the astronomer for help. We had
access to an excellent German paper by Krause
with the translated title The Secular and Peri-
odic Perturbations of an Artificial Earth Satel-
lite. This carries the secular terms in © to the
order K but does not include terms of the second
order in J. Just recently, we received King-Hele’s
paper which carried Q to second order in J. As
far as I know, there is no analytical solution
currently available which tests the longitude
dependent term. That is where the problem
stands now.

Dr. Luigi G. Jacchia—The atmospheric fluc-
tuations are quite irregular. They amount to
something like 100% of the value of the accelera-
tion but occasionally go up to 400% so I am
actually surprised that you got what accuracy
you did. In other words, there is no way of de-
pressing the residual beyond a certain minimum.
It is useless to go to terms of high order because
they would be much smaller than the atmos-
pheric irregularities. There is a limit of accuracy
beyond which one cannot go.

The shortest fluctuation which can be de-
tected are of the order of three to five days and
occasionally there would be bursts with rapid
increase, one of which occurred at the end of
August, when there was an increase in the ac-
celeration by a factor of four in two weeks.

Both in 1957 8 and 1958 B, there have been
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observed changes in the inclination and a rough
calculation made on the basis of Sterne’s theory
of the effect of a rotating atmosphere on a
nearby satellite shows that the change in the
inclination is too large by something of one to
two orders of magnitude because of the rotation
of the atmosphere. The change in the inclina-
tion of 1957 8 was in the order of 0.3°. There is
a third satellite, 1958 §, the one that is coming
down tonight (December 2, 1958), which had a
change of inclination of nearly a half degree from
the beginning to end of its lifetime. The Van-
guard satellite has an inclination that decreases
rather regularly 0.0001° per day. There must
be something else besides atmosphere to reduce
these affects.

Dr. Charles A. Whitney—Does the rate corre-
late with anything?

Mr. Lecar—It depends in part on the method
of computation. One thing, if you have an in-
correct flattening you are swinging the orbit
around at the wrong rate and the errors build
up.

Dr. Jacchia—The best way out is to recompute
the orbit. The change of inclination I am speak-

ing of, that of 1957 8, comes out of orbit compu-
tations by King-Hele and his associates in Eng-
land, over very short arcs, single transits, so they
are completely foolproof.

Dr. Fred L. Whipple—When is 1958 § 1
coming down?

Dr. Jacchia—Nine o’clock tomorrow morning
(December 3, 1958).

Mr. John Ruttenberg—In answer to the ear-
lier question, I did try the calculations as the
result of the 1957 8 to see where the inclination
of the ellipse was and it gives the right direction
and right mathematical change but also falls
short by one or two orders of magnitude.

Dr. Raymond H. Wilson—It was mentioned
that you cannot get them accurate to within a
few minutes of arc. Those are all Minitrack
observations, and, while we theoretically know
the precision is not as great, are the residuals
from an orbit smaller?

Dr. Lautman—We do not have any results.
The reduction program has just recently swung
into high gear and we still do not have enough
observations reduced to this high precision.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20235

Contemporary Geodesy: Geophysical Monograph Number 4
http://lwww.nap.edu/catalog.php?record_id=20235

Space Navigation in the Solar System

WALTER WRIGLEY

Massachusetts Institute of Technology, Cambridge, Massachuselts

It is difficult to discuss a topic such as space
navigation in the solar system when such naviga-
tion exists only in theory at present. Guidance
systems cannot be tested in outer space until ap-
propriate vehicles are available. It is possible
that vehicles with workable guidance systems
based on the principles of inertial navigation as
they are now known will be developed in the near
future.

Inertial navigation and geodesy complement
each other, but there are two important differ-
ences in approach. First of all, the navigator does
not generate information, he uses it. Secondly,
the navigator does not need to operate with as
great a degree of accuracy as does the geodesist.

Navigation, involving essentially the control
of motion of a vehicle, would continue under the
same definition whether used in space or near the
Earth. Navigation first assumes a vehicle which
is composed of a frame, has power to move it, an
environment in which to operate, and guidance
and control to make it go where it should. In
general, the equipment needed for the on-board
operation is available now. However, the value of
such a guidance system cannot be ascertained
until a proven vehicle in which to place it is
available.

The first navigational problem is the mid-
course, or guidance between the celestial bodies
in the solar system. Because the first space ve-
hicles will be greatly underpowered, it will prob-
ably be necessary to utilize the minimum energy
orbits which have already been worked out for
manned or unmanned vehicles. As more power
becomes available, the navigator may select more
direct paths. The navigation problem in shooting
essentially ballistic missiles around the Moon or
Mars is the same problem, magnified tremen-
dously, as shooting a stone from a sling. The ve-
locity vector must be aimed very accurately.
Here the navigator is going to be very much in-
terested in what the geodesist tells him about the
surface of the Earth. A practical aid would be a
corrected ballistic path when the firing is near
the surface of the Earth and then a vernier con-
trol to compensate for the improbability of suffi-
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ciently accurate aim at a target 35,000,000 miles
away.

Another problem is that of getting off or land-
ing on a planetary body with a manned vehicle.
Various landing techniques will be utilized. Any
information from the ground or radar measure-
ment for distance would be of direct interest to
the navigator. Again some knowledge of geodetic
data would be helpful. The problem here is main-
taining an orbit, whether for astronomical ob-
servation, for the jump off point to another
planet, or for making controlled contact by a
non-catastrophic impact. This problem has been
solved, basically, in other situations such as the
so-called collision course in aircraft or missile fire
control, or the automatic landing of aircraft. In
such control situations, the condition of looking
directly at the destination with an instrument
has become a problem of determining the rota-
tion of the line similar to the radius vector of the
satellite in relation to the Earth. The environ-
ment is different, but the problem and the instru-
mentation for its solution are essentially the
same.

The unit on which the solar system is measured
is more a problem for the astronomer than the
geodesist. The various elements of the solar sys-
tem are quite well known in terms of the astro-
nomic unit. The equipment that can be placed
in today’s vehicles would not be entirely suitable
for accurately measuring the astronomic unit.
However, measurement will be possible in the
near future.

In setting up his course, the navigator will de-
pend heavily upon information from the geode-
sist on the Earth and the astronomer away from
the Earth. Once the trajectory or orbit pattern
is set up, the navigator must make on-board
measurements and verify them with a computer.
A sufficient degree of accuracy can be maintained
in this case with the equipment now available.
J. H. Laning, Jr. and others, of Massachusetts
Institute of Technology, presented a paper in the
spring of 1958 on a photo-reconnaissance of Mars
which appeared to be practical. Acceleration
measurements under the circumstances of one
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part in ten thousand were discussed. Measure-
ments to such a degree would not satisfy a geod-
esist, but to a navigator they are good. As the
net force in an orbit is zero, the question logically
arises as to the meaning of measurements made
with an accelerometer. In this case the accelera-
tion measurements give the effect of forces other
than gravity. During the time of application of
thrust, which is when the orbit is changed, the
computer determines the relationship between
actual and intended paths.

Heliocentric star-oriented frames for naviga-
tion would be logical for solar system work. A
replica can be carried in a vehicle in the form of
a gyroscope which can give random drift rates of
a fantastically small value. It may actually do a
great deal better during the orbital transit of a
vehicle to Mars or the Moon than it does in ve-
hicles around the Earth. One of the causes of
drift is the microscopic shift of mass in millionths
of an inch. The resulting drift is due to the effect
of the gravitational-force field of the Earth. In

an orbit such a force will not exist. It is not
known how well the gyroscope will operate in
such a circumstance, but it looks like there will
be no loss of a star reference.

Optical measurements will undoubtedly be the
principal navigational means for piloting from
within the vehicle. The stars and planets used for
the tracking references will always be available
for such measurements. Equipment now available
should not have any trouble operating outside of
the atmosphere. It is assumed that radiation and
other forces destructive to the navigational sys-
tem will not be encountered. The main considera-
tions here are man’s ability to survive in space,
adequate thermal insulation and protection
against radiation so that the materials used in
the navigating equipment retain their desired
physical and chemical properties.

The space navigator is very grateful for the
findings of the geodesist, but in the future he is
very likely to unearth many new problems for
the geodesist to solve.

Discussion

Dr. Fred L. Whipple—I am impressed with
the accuracy needed in calculating the velocity.
An error of one foot per second in launching
gives an error in apogee at the Moon of a thou-
sand miles. We do not know the astronomical
unit well enough to hit Mars.

Dr. Wrigley—TIt is difficult to aim with com-
plete accuracy, but the course can be adjusted
in flight.

Dr. Raymond H. Wilson—How about artificial
asteroids? Would they help for this discussion?

Dr. Whipple—That is a thought. When we
have enough excess in energy and equipment to
send one out in a long orbit and can observe it
every time it comes around, we might get some
useful results.

Dr. Wilson—That would be geodesy for the
solar system. I do not know the Greek for it.

Dr. Whipple—We had probably better locate
one of the small ones that comes near the Earth
and put the equipment on that.

Dr. Roman K. C. Johns—I wonder if there
exists a hope that increased knowledge of geo-
physical phenomena in space may provide a new
physical principle of navigation, which we can-
not apply on or close to the Earth. I am thinking
in particular about radiation.

Dr. Wrigley—What sort of radiation?

Dr. Johns—I have in mind cosmic and solar
radiation and possibly ionospheric density. They
could provide a new reference, and supply infor-
mation about our position with respect to a
celestial body. As parallels may be given, the ap-
plication of barometric air pressure is used as an
aid to determine the height above sea level.

Dr. Wrigley—The navigator would be well
advised, as he has been in the past, to make use
of any barometric air-pressure information.
Whatever is measured must be related to the
navigator in terms of the local information which
identifies the navigator or, more probably, the
reference frame in which he wishes to navigate.
The barometric altitude is useful because a rea-
sonable statistical relation holds between height
and pressure. If this relationship did not exist
with any sort of regularity then the change in
pressure of the atmosphere would be of little in-
terest to the navigator.

Mr. Myron Lecar—I wonder, with the new
Maser amplifier techniques, if it is presently
feasible to use radio navigation using the stars
as sources ?

Dr. Wrigley—The on-board material now
available is probably satisfactory for solar sys-
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tem navigation. The problems are the frame, the
power plant, and an understanding of the en-
vironment. In flight, wings are used to pass
through the dense atmosphere first encountered.
Speed becomes more important for propulsion
through the less dense atmosphere which is even-
tually considered as individual particles. The
problem of a frame, propulsion, and a proper
environment, holds throughout the flight.

The guidepost for interplanetary navigation is
similar to the simple problem of taking a sailboat
around a lake by seeing the lighthouse. The prob-
lem is to make the vehicle go where it should
with adequate power.

Some basic reference is always needed for navi-
gation. The stars can provide this reference for
solar system travel.

Mr. Arthur S. Cosle—What about the inter-
planetary inertia? '

Dr. Whipple—The solar parallax seems to be
between 8.790 and 8.800. Values are given with
an uncertainty of one part in 10,000 but the un-
certainty is greater. The value is not good to one
part in ten thousand. It is better than one part
in a thousand.

Dr. Charles A. Lundquist—What is the un-
certainty of the mass of the Moon now?

Dr. Whipple—I will be glad to write down es-
timates. We have 1/81.27.

Dr. John A. O’Keefe—81.45.

From the floor—81.31.

Dr. Whipple—That is the Moon/Earth ratio.

Dr. A. B. Mickelwait—Most people when they
talk of accuracies are talking of a minimum el-
lipse. We have here a minimum-energy orbit and
if one considers orbits with energies not much
different from this he can find conditions where
the guidance requirements are different by orders
of magnitude. They are no longer ridiculous but
require perhaps 50 feet per second control in
velocity. So you have to be very careful of what
type of orbit you are talking about. It depends
on the take-off velocity and other burnout con-
ditions.

Admiral Paul A. Smith—You mean you can
ignore the uncertainty ?

Dr. Mickelwaite—You cannot ignore it com-
pletely. If you look at the velocity required just
to impact the Moon versus the take-off velocity
you will find that between minimum energy and
something of the order of 36,000 feet a second
(if I am taking off at 200 miles altitude) there is
a change from ten feet per second to 150 feet per

second in allowable dispersion. It is a little dan-
gerous to make your calculations at one velocity
only.

Unfortunately on lunar flights you have to
make calculations over a range of 500 feet per
second to get the whole picture.

Dr. Nicholas T. Bobrovnikoff—I wanted to
comment on an aspect of space travel that has
nothing to do with geodesy. It is the problem of
Lagrangian points. In the October 1958 issue of
Astronautics there is an article by two people
from Boeing Aircraft in which the problem of La-
grangian points and effect on the Earth and
Moon are discussed. There are five points more
or less the same distance from the Earth, two
of which are triangular. The question is whether
they are stable. One cannot say at the present
time whether they can be stable in the Earth-
Moon system. I know quite a bit of interest has
been expressed in them. What is the value of
these points?

Dr. Mickelwait—A radio beacon can be put
on each one and used for a long base line for
radio navigation for interplanetary space. Ac-
tually it could be quite an accurate system.

Dr. Bobrovnikofi—Is it being seriously con-
sidered ?

Dr. Mickelwait—I am merely postulating one
use for putting something at such a point.

Dr. Whipple—Dynamically these points are
like a small sphere balanced on a larger one. You
do not have to do much work to keep it there. It
is not going to remain in place but if you keep
correcting often enough you can keep it in po-
sition. Now putting in an eccentric orbit is like
moving the big sphere about in a known fashion
and then applying a force to keep the small ball
on top. Jugglers can do this sort of thing and it
can be done in space, but energy and equipment
will be needed to maintain a body in a Lagran-
gian point. I do not know about the lunar trian-
gular points. I doubt if they are stable. People
have searched enough without finding any satel-
lites there.

Prof. Arthur J. McNair—Much has been said
about the effect of the Earth’s atmosphere on
satellites and, of course, the atmospheric effect
is obvious. What is the present thought concern-
ing any magnetic effect out in outer space on
these satellites?

Dr. Wilson—The magnetic topic has interested
me. All the satellites for which any rotation has
been determined seem to be slowing down at the
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same order of rate. For the Sputnik III rocket,
Sky and Telescope has published a photometric
study which indicates the changing rate of rota-
tion. The Vanguard satellite rotation has been
studied by radio, using its dipole aspect variation.
The rate of damping is in the same order for both.
It was predicted that rotational damping by the
magnetic field of the Earth should be a much
higher rate. But the present rate could be ex-
plained by an effective field out there of about
one quarter or one fifth of what was expected.

I was wondering when you mentioned the secu-
lar inclination change whether that is not prob-
ably caused by the same thing.

Prof. McNair—That is what I questioned.

Dr. Theodore E. Sterne—The forces are so
trivial that one is ashamed of himself for having
looked into them. They depend on changing mag-
netic flux. When one enters a region of different
magnetic intensity there is a change in magnetic
flux and the resulting electric currents can be
calculated. They are awfully small currents. Ro-
tation induces electric currents that exert damp-
ing torques on the satellite, but the currents
caused by changing flux cause very little force. As
I remember it was less than one part in 10* of
gravity—one part in a million million, which was
trivial. It was less than that. It might have been
one part in 10%.

Prof. McNair—Would it be fair to say then
that this magnetic effect simply damps the rota-
tion of the satellite around its own axis, like the
little sphere with the surface reflectors described
earlier, but does not damp the rotation of the
satellite around the Earth?

Dr. Sterne—Yes.

Mr. Lecar—The satellite does build up a static
charge. There is an electromagnetic drag similar
to the action of the atmosphere. This has been
tested in a paper by Jastrow and Pearse. I re-
member that this effect was negligible for the
satellite 1958 B2.

Dr. Whipple—TI can give observed numbers on
the charge. The Russian numbers were minus two
volts at an altitude of 200 odd kilometers and
minus six volts at an altitude of 700 odd kilo-
meters. I have made some calculations myself for
space using photoelectrons and assuming that
there is a fairly quiescent space density of pro-
tons and electrons in equilibrium at a tempera-
ture of a half million degrees. At the Earth’s dis-

tance away from the Sun the charge could pos-
sibly build up to 50-100 volts negative. Prob-
ably the value is only a few volts negative. If the
surface is selected to be a good photoelectric
emitter the charge can be a volt or two positive
in sunshine. The charge would become negative
in shadow.

Dr. Sterne—You can calculate the force caused
by the motion of that charge in the Earth’s mag-
netic field. Let’s multiply the Russian figure by
100; then you come out with 1000 volts. You get
a force of four ten-thousandths of a dyne. You
have four parts in 10" of the weight. That seems
to be my recollection.

Dr. Whipple—You are using a high voltage;
you go back to ten volts and you are close to 107,

Mr. John Ruttenberg—The charge is so small
that for any sizeable body it is small.

Mr. Claude F. Gilchrist—Getting back to your
reference system I think it would be interesting
to the geodetic people to know the reference sys-
tem we will probably use in outer space for the
positioning of space ships. We cannot use celes-
tial latitude and longitude since the vernal equi-
nox is inherent to the position of the Earth and
would be of little use when we are millions of
miles from the Earth. We then must adopt an-
other zero point for outer space. I just wondered
how much thought you had given to this.

Dr. Wrigley—The reference would probably
be Sun-centered with a major star oriented ref-
erence. The possibility of interstellar travel is
not discussed here.

Mr. Gilchrist—One suggestion would be to
adopt the ecliptic as the plane of reference and
the star Leonis as the zero point. Leonis is only
slightly inclined to the ecliptic and satisfies the
condition for a fixed point.

Prof. Milton O. Schmidt—TI shall be very brief
because I know many of you have plans for early
departure from the city.

As spokesman for the organizing committee,
I wish to express our thanks to those who have
responded so enthusiastically to our invitation.
We are extremely grateful to the various panel-
ists and participants. We invite your comment
regarding this conference and your suggestions
for future ones. I ask that you send such com-
ments and suggestions to Waldo E. Smith, Exec-
utive Secretary, American Geophysical Union,
1515 Massachusetts Avenue, N. W., Washington
5, D.C.
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