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Abstract 

To locate a rocket in flight, two simultaneous photographs suffice, provided that the 

location of the cameras and the directions of their axes is known. Conventional survey 
gives heights and vertical angles with reference to the geoid, whereas calculations are 

necessarily performed on a model surface of revolution called the spheroid. 

The inclination and separation of the two surfaces near Woomera was found by star 
observations at 60 stations. The inclination is of the order of 10 seconds of arc, and 

the separation varies up to 40 feet. The necessary changes to observed vertical 

angles and heights are given. 

 

 

The Need for a Geoid Survey 

To locate the instantaneous position of a rocket in flight, two simultaneous 

photographs suffice, provided : 

- The locations of the cameras are known in a single reference system in all three 

dimensions. An accuracy of 1 foot is desirable. 

- The directions of the camera axes are known in the same reference system. An 

accuracy of 1" of arc is desirable. 

An x, y, z coordinate system is often used, with the origin near the launch point, y 

down range, x to the right, and z vertically upwards. 

With regard to the location of the cameras, conventional survey gives : 

- Latitudes and longitudes of the cameras referred to some arbitrarily defined 
spheroid; or eastings and northings referred to a plane projection of the 

spheroid. Accuracy of the order of a foot is obtainable. 

- Heights above the geoid. Accuracy of the order of 0.1 foot is easily obtainable 

by spirit levelling, but the geoid surface may lie 10 or even 100 feet above or 

below the surface of the spheroid, if the latter has not been well chosen. 

 



With regard to directions : 

- Zenith distances can be determined with the aid of bubbles and dials relative to 
the local vertical, which is a line at right angles to the geoid. Accuracy of about 

1" is obtainable, but the vertical may make an angle of about 10" with the 

normal to the spheroid. 

- Azimuths can be determined from the stars with a theodolite with an accuracy 
of about 1"; but astronomical azimuths differ from geodetic azimuths, 

rigorously computed on the spheroid, by the Laplace correction, which may 

amount to about 5". 

- The instantaneous azimuth and altitude of the axis of a camera can be obtained 

by photographing the stars; and the directions will be with reference to the 
geoidal or spheroidal systems according as one enters the computations with 

astronomic or geodetic latitudes and longitudes. 

At Woomera surveys are computed on the Clarke 1858 spheroid Sydney origin. It 

does not fit the geoid at all well, the spheroidal surface being tilted by about 10" in an 

east-west direction relative to the geoid. This has three effects : 

- The vertical at a camera station is displaced by about 10" from the spheroidal 

normal defined by the station's geodetic latitude and longitude, and observed 
and computed zenith distances will differ by this amount unless a correction is 

applied. 

- If the surfaces of the spheroid and geoid are defined to coincide at the launch 

point, they separate by about 25 feet for every hundred miles westwards. The z 
coordinate of a camera whose height has been given by spirit levelling will be in 

error by this amount, unless a correction is applied. 

- The Laplace correction to geodetic azimuths contains an artificial component of 

about 5". However, such a large artificial swing has not been incorporated in 
the geodetic survey. Surveyors working on the Clarke 1858 spheroid Sydney 

origin, have habitually ignored the Laplace correction and distributed the 
resulting distortion of their horizontal angles, together with the random errors 

of observation, by the method of least squares. 

In 1962, a geoidal survey was therefore undertaken near Woomera, to observe the 
deviation of the vertical from the spheroidal normal at 44 stations, and hence to 

determine the varying separation of the geoid and the Clarke 1858 spheroid Sydney 

origin. 

Observations at a further 16 stations were made in 1963, making a total of 60 

stations in all. See Figure 1. 

 

Method 
Astronomical latitudes and longitudes were observed in the field as described in the 

following section. Geodetic latitudes and longitudes on the Clarke 1858 spheroid 
Sydney origin, were supplied by the Supervising Surveyor, Woomera. Longitudes (λ) 

are reckoned negative eastwards from Greenwich, and latitudes (ø) negative 

southwards from the Equator. 

The astronomic coordinates define the direction of the local vertical; the geodetic 

coordinates define the direction of the normal to the spheroid; and the two 

components of the deviation of the vertical were obtained as follows : 

 



Xi = ξ = component of deviation in the meridian, positive when geoid 

zenith is north of spheroidal normal 

 

   = astronomic latitude - geodetic latitude  

or ξ = øA - øG (1) 

Eta = η = component of deviation in the prime vertical, positive when 

geoid zenith is west of spheroidal normal 

 

    = (astronomic longitude - geodetic longitude) cos ø  

or η = (λA - λG) cos ø (2) 

 

Values for ξ and η are shown in Figures 2 and 3. 

 

If the line joining two stations is in azimuth A, 

Chi = Χ = component of deviation in azimuth A, positive when the geoid 

zenith is behind the spheroidal normal 

 

   = - ξ cos A + λ sin A (3) 

 

If the length of the line from Station a to Station b is L, and N is the height of the 

geoid above the spheroid, 

ΔN = Nb – Na = + ½ (Χ"b + Χ"a) * L * sin 1" (4) 

    in the same units as L.  

 

Formula (4) is an approximation. Experience has shown that unless the geoid is 

unduly disturbed, satisfactory values for ΔN can be economically obtained if L is about 
15 miles (Bomford, 1962, p.321). The average length of line in Figure 1 is 12.1 miles; 

but 5 lines exceed 20 miles, of which 2 exceed 28 miles. 

Values for ΔN obtained from Formula 4 were adjusted by least squares to close round 

each loop. See Figure 4. 

The dimensions of the Clarke 1858 spheroid are of course fixed : 

a = 20 926 348 feet 1/f = 294.26 

The Sydney origin partly defines the spheroid's orientation, at Sydney observatory 

the spheroidal normal is defined to be parallel to the local vertical. However, the 
spheroid still has one degree of freedom - its centre is free to move parallel to the 

Sydney vertical - and we may thus arbitrarily define the geoid and spheroid surfaces 
to coincide at any one point we choose. Accordingly, N was defined to be zero at 

station 60, 

With N defined at one station, the adjusted values of ΔN gave unique values for N at 
the other 59 stations. One-foot contours of N were interpolated. See Figure 5, which 

shows the geoid near Woomera with respect to the Clarke 1858 spheroid Sydney 

origin. 

 

Field Work 
In 1962, observations were made between 28 January and 2 March by a party of 

eight from the Division of National Mapping with two assistants from WRE, Salisbury, 
forming four observing teams each with a Wild T3 geodetic theodolite. The theodolites 



had special 5-wire diaphragms, and graduations on the alidade bubbles. In 1963, 

three similar teams observed during the period 3 - 14 February. 

For latitudes, circum-meridian altitudes of four or more pairs of stars were observed. 

For longitudes, six or more pairs of stars were timed by stop-watch to 0.05 seconds 

as they crossed the Almucantar circle of 30° elevation within 10° of the prime 

vertical. Stars were timed across all five wires, and the level bubble was read each 

time. Five WWVH radio time signal tocs were timed between each star. 

All observations were predicted on the IBM7090 computer at Salisbury, using new 

programmes specified by the writer and prepared by Messrs Andrews and Sagg, 
IG.3.25.1 and IG.3.23.1. Observations at a station were completed within three hours 

on a single night, cloud permitting. 

These simple and economical methods have one disadvantage in the longitude 

observation, individual observers have a significant personal error. 

Repeated observations were therefore made by all observers at station 28. Here the 
astronomical longitude had previously been determined by the method of Meridian 

Transits with a Wild T4 astronomical theodolite with an impersonal eye-piece. In 
addition to the initial training period, each observer re-observed at station 28 at 

intervals of about a week, and the mean difference between his T3 longitudes and the 
T4 longitude (when both were properly corrected), was initially taken as his personal 

equation - see TABLE 1, Column 1. 

 

Observers' personal equations in seconds of arc. 

PE(1) is based on station 28: - 135° 20' 53.05” 

PE(2) is based on station 28: - 135° 20' 54.17” 

(HDC - Henry Couchman, IKC - Ian Cameron, RFS - Ron Scott, GJC - Gerry 
Cruickshanks, IJ - Ian Johnson, JA - John Allen, not mentioned is B. Campbell 

(booker) in Ford (1979). 

 

In 1962, observations for longitude were made at 11 other stations where the 

longitude had previously been observed with an impersonal Wild T4 astronomical 
theodolite. Not all were stations on the Woomera geoidal survey. The differences 

between T3 and T4 longitudes are shown in TABLE 2, Column 7. 

From TABLE 2, two facts appear : 

- The longitude differences in column 7 are all of negative sign. This suggests 

that the T4 longitude of station 28 is too great by about 1.12”, and a better 

value may be : 

                       135° 20' 54.17” 

This value was adopted. The revised personal equations are shown in TABLE 1, 



column 2, and the revised T3 longitudes and their differences from the T4 

longitudes, in TABLE 2, columns 8 and 9. 

Some of the T3 longitudes shown in TABLE 2 differ by up to 0.03” from those 

shown in TABLE 5. This was due to the adoption in 1962 of provisional values of 
the time signal correction. The effect on the adopted value of station 28 is only 

0.01”, and it has been ignored. 

- Where two T3 observations have been made at the same station (with different 

instruments, by different observers, and on different nights) the difference 
between the T3 observations is generally less than the difference between the 

T3 and T4 observations. The T3 observations have the advantage of absolute 
uniformity in the methods of observation and computation, and have been used 

for the geoid survey in preference to the T4 observations. While the intrinsic 
accuracy of the latter should be higher, they were made by different observers 

in different years, and one has the uneasy feeling that the discrepancies may be 

due to small variations in procedure. 

 

 

In 1963, an additional five comparisons between T3 and T4 longitudes became 

available, see TABLE 3. They confirm that the observed T4 longitude for station 28 is 

too great, and fit the adopted value satisfactorily. 

Eighteen comparisons between T3 and T4 latitudes are also available and are listed in 

TABLE 4. The T4 observations consisted of 16 or more Talcott pairs, using Boss 

catalogue stars, converted into terms of the FK14. catalogue. 

All observations were either made at or reduced to the WRE trig points. These points 
are either surmounted by a beacon, or have a plate cast into the concrete ground 

mark bearing the station name or number. 



 

 

 

 

 

 



 



Computations 
All observations were checked and abstracted in the field, and the results entered on 

data sheets for the IBM 7090 computer. Astronomic latitudes and longitudes were 
computed by programmes IG.3.25.5 and IG.3.23.2, specially prepared for this task. 

In 1962, some of the early latitudes were unsatisfactory due to a hysteresis effect in 
the bubble slow-motion screw on two of the theodolites. As a result of the prompt 

computations, this was detected, and a drill devised to prevent the recurrence of the 

error. Re-observations for latitude were made at five stations. 

All latitudes and longitudes were computed in accordance with Small Corrections to 

Astronomic Observations published by the Division of National Mapping, with the 

following exception. In 1962, declinations and right ascensions were interpolated 
linearly from Apparent Places of Fundamental Stars, ignoring short period nutation 

and second differences. In 1963, rigorous interpolation was made electronically on 
the Sirius computer, using the programme Star Coordinates from Apparent Places 

Mark 2. 

Geodetic coordinates were supplied in the form of eastings and northings on the 
Transverse Mercator projection. They were converted to latitudes and longitudes on 

the IBM 7090, using programme IG.1.7.1. The adopted values of latitude and 

longitude, both astronomic and geodetic, are shown in TABLE 5. 

The length and azimuth of the lines shown in Figure 1 were obtained from latitudes 

and longitudes on the IBM 7090 using programme IG.1.7.6. 

The components of the deviation, ξ , η , and Χ were obtained electronically from 

Formula (1), (2) and (3) with the programme Deviations of the Vertical on the 
Ferranti Sirius computer (please refer to Annexure A). Values of ξ and η are shown in 

Figures 2 and 3. 

Values of ΔN were computed from Formula (4) on a desk machine. These unadjusted 

values and loop closures are shown in Figure 4. 

The 107 values of ΔN were adjusted by least squares to close exactly round the 48 
loops shown in Figure 4 using programme IG.1.7.9 on the IBM 7090. The adjustment 

was by condition equations, values of ΔN being weighted inversely as the length of 

each line. The time in the computer was about 2 minutes. 

With N defined to be zero at station 60, the values of ΔN from the least squares 
adjustment gave unique values of N at the other 59 stations. These values are shown 

in Figure 5. One-foot contours have been drawn, interpolating linearly between 
stations. These contours depict the geoid with reference to the Clarke 1858 spheroid 

Sydney origin. The effect of the ill-chosen Sydney origin is clearly seen, the spheroid 

rising 38 feet with respect to the geoid across the width of the survey. 

 

Making use of the results of the Survey 
Before converting observations from the Clarke 1858 spheroid Sydney origin, into the 

x, y, z range coordinate system : 

- All zenith distances observed with reference to the local vertical need correction 

to transfer them to the spheroidal normal, using the deviations given in Figures 

2 and 3 with Formula (3). 

- All surveyed heights, whether from spirit levelling or triangulation, which refer 

to the geoid, need to be corrected from geoid to spheroid using values of N 

from Figure 5. 

 



 

The True Nature of the Geoid at Woomera 
Computations and adjustment of the National Geodetic Survey are now proceeding on 

the 165 spheroid : 

a = 6 378 165 metres 1/f = 298.3 

The dimensions of this spheroid are very close, and may even be identical, to those of 

the spheroid likely to be adopted internationally for satellite studies. 

The Central origin now in use is based on 150 precise astronomical stations 
distributed all over Australia with the exception of Cape York and Tasmania. It is un-

likely that future astronomic observations in Australia will require this origin to be 

changed by as much as 0.5 seconds of arc. 

For stations near Woomera, the change required to convert geodetic coordinates from 
the Clarke 1858 spheroid Sydney origin, to the 165 spheroid central origin, is about 

+0.56” in latitude and +8.82” in longitude. There is a variation of about 0.5” in these 
values over the width of the survey. The figures quoted are those for station 28. If we 

rotate the Clarke 1858 spheroid about the origin of the range coordinate system 
through these small angles, we can remove the effect of the ill-chosen origin at 

Sydney and obtain some idea of the true physical nature of the geoid near Woomera. 
Ignoring the change in the values of a and I should not give errors exceeding 0.5” in 

the deviations and 1 foot in N over the area of the survey. 

The necessary changes in N from the values shown in Figure 5 have been calculated 

from the approximate formula : 

ΔN’ = (Δe * Δλ cos ø  + Δn * Δø) sin 1" 

where ΔN’ is the change in N due to changes of Δλ and Δø in the geodetic 

coordinates, and Δe and Δn are differences in eastings and northings from the origin 

of the range coordinate system. 

The resulting values of N are shown in Figure 6. The geoid slopes away to the north 

and west, the total fall between station 6 and station 58 being about 10 feet. 

To estimate the corresponding deflections on the 165 spheroid central origin, values 

given in Figure 2 need to be changed by -0.56” and values in Figure 3 by (-8.82” * 

cos ø), about -7.58”. 

 

Future Plans 
If observations are corrected as above, computations on the Clarke 1858 spheroid 

Sydney origin, will be on a sound theoretical basis; but the use at a rocket range of a 

spheroid artificially tilted at 8" to the geoid has little to recommend it. 

Work on the present ill-fitting Clarke 1858 spheroid Sydney origin, can only be 

rigorously computed within the area of the present geoid survey, that is, for the first 
100 miles down the range. At greater distances, the effect of neglecting the geoid-

spheroid separation increases systematically, and at 1,000 miles, uncorrected heights 

will be in error by about 200 feet. For satellite computations, the use of the Clarke 

1858 spheroid Sydney origin, can lead to nothing but confusion. 

When the adjustment of the National Geodetic Survey of Australia is completed, 

geodetic coordinates for many stations near Woomera will be available on a modern, 
well-oriented spheroid. With an electronic computer, the transformation of all the 

geodetic coordinates near Woomera on to the new spheroid will be a simple matter. 
The approximations above can be discarded, and values of ξ , η , and N rigorously 



computed using the new geodetic values. No new observations will be required and 

the computations will be easy. 

It will therefore be wise to discontinue the use of the Clarke 1858 spheroid Sydney 

origin, as soon as the adjustment of the Geodetic Survey of Australia is completed in 

1965. 
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First order geodetic station on the Great Australian Bight occupied by John Allen as part of the 

Woomera Geoid survey. 

 

 

 

 

 

Annexure A 

http://xnatmap.org/adnm/ops/prog/rafgeosvy/index.htm
http://xnatmap.org/adnm/ops/prog/rafgeosvy/index.htm
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