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Foreword 

ln 1974 the executive of the newly born Canadian Geophysical Union considered 
satellite application in geodesy and geodynamics significant enough to warrant the 
particular attention of the Canadian geophysical community. As a result, I was asked to 
convene a symposium on "Satellite Geodesy and Geodynamics" within the framework of 
the 2nd annual meeting of the Canadian Geophysical Union. The papers collected in this 
volume represent the contributions presented to this symposium. The questions and 
answers given here which pertain to the individual papers purport to have captured only 
the main points of the discussions that ensued during the meeting. 

I should like to take this opportunity to thank the contributors for their cooperation 
and the promptness with which they complied with the deadlines irnposed on them. My 
thanks are also due to the chairmen of the two subsessions, Mr. H.E. Jones of Surveys and 
Mapping Branch of the Department ofEnergy, Mines and Resources, and Dr. W. Cannon, 
Professor of Geophysics at York University, for their able and efficient conduct of the 
symposium. Assistance of the many officers of the Geological Association of Canada and 
the Canadian Geophysical Union who helped in preparing the meeting, and of the Gravity 
and Geodynamics Division, Earth Physics Branch of the Department of Energy, Mines 
and Resources , who made the printing possible, is here gratefully acknowledged. 

P. Vanlcêk 
Department of Surveying Engineering 

University of New Brunswick 
Fredericton, N.B. 
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Canadian cooperative satellite programs 

A. Hittel* 

Abstract . The geodesy community in Canada has successfully carried 
out major satellite pro.jects by pooling resources from indu stry , 
government, university and the private sec tor. Programs conducted in 
this manner have recently been recognized for their high level of 
research and application content. This paper describes the results 
achieved and the nature of these large scalc programs, made possible 
through sharing equipment and collectivcly utilizing specialist personnel 
from ail the above sectors during such operations. The paper deals with 
the methods that were used to create a spir it of cooperation during 
these projects and outlines considerations that should be taken into 
account in order to achieve a more effective contribut ion to Canada's 
research app lication goals. 

Introduction 

In the past 20 years two major scientific events have 
occurred that will cont inue to have an impact on the surveying 
community at large far beyond our present comprehens ion. 

The introduction of highly precise Electronic Distance 
Measuring (E.D.M.) equipment during the l 950's and the 
launching of Sputnik li in 1957 has once more awakencd the 
sleeping gian t of geodesy. 

More recent developments indicate that inertial guidance 
systems will play an even greater part in the su rvcying and 
mapping community. 

The declassification in 1967 of the U .S. Navy Navigation 
Satellite System developed by the Applied Physics Laboratory 
of John Hopkins University, Baltimore , provided a new 
challenge not only for the geodetic comrnunity but for 
industry , and government agencies. Art ificial orb iting objects 
in space opened up the possibilities of establishing highly 
precise coordinates anywherc on the earth's surface. 

The Doppler Satellite System provided a clearly defined 
challenge to a country such as Canada. Our large landmass , 
together with a continental shelf extending several hundred 
miles offsho re coupled with remote unpopulated areas, !ends 
itself well to space geodesy. At the outset it was realized that 
both our resources and expert ise were too limited , to take on 
any large scale programs. These limiting factors were success
fully overcome by a spirit of cooperation between ail 
interested agencies . This paper described some of the projects 
undertaken and the results achieved. 

*Shell Canada Limited, Calgary, Alberta , Canada 
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Résumé. Les géodésiens du Canada ont réali sé avec succès d'importants 
programmes de travau x par sate lli tes avec la mi se en co mmun des 
ressources de l' industrie, du gouvernement , des universités et du secteur 
privé. Des programmes réalisés de ce tte manière ont été récemment 
reconnus pour les résultats de haut niveau obtenus en recherche et en 
application . La présente étude décrit ces résultats, outre la nature de ces 
vastes programmes rendus possibles, grâce au partage de l'équipement et 
à l'utilisat ion collective au cours des opérations des spécialistes des 
sec teurs mentionnés. L'auteur analyse les méthodes utilisées pour créer 
un esprit de coopération durant l'exécution de ces projets et sou ligne 
les co nsidérations à prendre en compte pour apporter une contribution 
plu s efficace aux objectifs canadiens en recherche appliquée. 

Early field Doppler receiver trials 

lt was during 1968 that Shell Canada Limited and the 
Bedford Jnstitute of Oceanography acquired the first satellite 
Doppler system in Canada. 

Our knowledge of ail aspects of this equipment was indeed 
limited. The results achieved were often discouraging. The 
magic black box, which was to be the ultimate in surveying, 
was often referred to as the "black monster". The project 
seemed doomed during 1968 but clearer heads 
prevailed. lt was during this era that an exchange of 
information in ail aspects reached its highest level. No 
other event can draw a handful of people together 
with such determination than the threat of imminent 
failure. Early claims were made that the Doppler 
system would yield accuracies in the order of 1/10 of 
a nautical mile. lnitially we could not achieve titis 
precision. Collection of field data continued in 
Edmonton, Calgary and along the eastern coast line 
of Canada during 1968. The results began to improve 
late in 1968 and seemed to be directly proportional 
to the knowledge of the user. 

lt soon became apparent that we were able to improve the 
results by refining satellite computer programs, together with 
equipment modifications that could eventually lead us to 
fulfilling the rigorous objectives initially proposed. One such 
object ive included the position determination wi thin ± 1 OO 
metres of geophysical ships underway several hundred miles 
from shore at various intervals along designated seisrnic lines . 
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Joint programs 

By mid-1969 improvements in the Doppler satellite system 
began to appear on several fronts. Based on the knowledge 
available, to the end of 1965 from tracking satellites, the 
Applied Physics Laboratory adopted a reference ellipsoid with 
equatorial radius 6,378.166 kilometres and flattening 
1/298 .30. Refinements during 1967 reduced the equatorial 
radius by 22 metres to 6,378.144 kilometres, and the flattening 
was altered from 1/298 .30 to 1/298.23. 

Early in 1969 a new satellite computer program was 
acquired which would correct for out-of.plane cornponent. 
This program simply takes into account the lateral movement 
or deviation from the satellite orbital plane through the poles. 
Prior to 1969 our satellite program neglected this correction. 
The deviation of the sa tellite from the orbital plane would 
fluctuate between ±0.25 kilometres. The above refinements 
together with modifications in equipment and computer 
programs began to produce improved data. The Atlantic 
Oceanographic Laboratory (Bedford lnstitute) and Shell 
Canada Limited worked in harmony sharing equipment, and 
personnel and comparing data duriHg 1969 and 1970. Ex
periences with satellite navigation equipment were docu
mented in several reports by D.E. Wells and A. Hitte! in 1969 . 
The passes processed in Edmonton were selected from data 
which show five consecutive Doppler counts centred on either 
side of closest satellite approach. The R.M.S. error obtained 
for these passes was of the order of 75 metres. 

Major cooperative programs 

During 1970, plans were made by the Canadian users, at 
that time , to conduct a large scale Doppler experin1ental 
program. The purpose of this program was to investiga te full y 
the accuracies and applica tions that could be obtained by 
using satellite positioning in the orbital, translocation and 
simultaneous modes. 

The navigation group of Bedford Jnstitute , exploration and 
production of Shell Canada Limited, and the Department of 
Surveying Engineering of the University of New Brunswick, 
agreed to join manpower, resources and equipment and 
operated seven Doppler Satellite Receiver Systems simul
taneously during the fall of 1970 (Hitte! and Kouba, 1971). 

This major undertaking by the above mentioned repre
sentatives of government, industry and university led us to 
new scientific concepts that have on ly recently been acknow
ledged. 

At the outset, it was agreed that the combination of 
experience and effo rt would be of mutual benefit . There was 
an understanding among the participants that a satellite user 
country, such as Canada, should play the role of a modern day 
explorer and experiment with ideas and implement new 
technology for the benefit of the nation. 

Technical achievements as a result of cooperative 
program 

The program led to the development of a rigorous three 
dimensional satellite program during 197 1. Although refine-
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ments have been implemented , the basic concept is still valid 
and in use today. 

As a result of our data analysis, computer and receiver 
modifications were made to permit Doppler counts of 4.6 
second intervals rather than the original two minute Doppler 
count interval. 

The complete area of datum transformations was in
vestigated and computer programs were developed that would 
permit transformation of coordinates readily from earth centre 
to the reference datum of the nation . 

lmprovements were made in equipment design leading to a 
highly portable J .M .R. satellite receiver sys tem which was 
interfaced to a Wang calculator for on-site positions. 

Offshore applications for geophysical purposes could 
now be accomplished with reliability of position, hundreds 
of miles offshore, because of interface and computer develop
ments between radio positioning and the Doppler receiver 
systems. 

Present state of art 

During the summer of 1974, J.M.R. Instruments ln
corporated finally gave birth to a Doppler satellite receiver 
system that incorpora tes the present state of the art. The land 
surveying community had finally been blessed with very nearly 
the little black box that included features like: world wide 
coverage, zero error, cost free, completely automatic, almost 
weightless and surveyor proof. 

This new equipment together with computer capabilities 
was predicted to provide standard deviations of each com
ponen t i.e. NAD 1927 latitude, longitude and elevation in the 
order of two metres using the precise ephemeris data. 

Recent application of Doppler satellite contrai 1974 
and 1975 

Accuracies of the order of± 1 metre had been successfully 
obtained on scveral expe rirnental projects early in 1974. From 

these datait became apparent that the Doppler satellite system 
could be used effectively for first and second order surveys. 
The establishment of contrai for photogrammetric mapping by 
sate llite now appeared a reality. Three major projects have 
been completed using Doppler satellite systems in the past 
twelve months. 

1. The Geodetic Survey of Canada conducted an Arctic Island 
contrai program establishing some 40 stations by sate llite. The 
prelinùnary results of this work have been reported by Kouba 
(1974). 

2. The Alberta Government conducted a Doppler satellite 
con trol network for photogramme tric mapping establishing 
control at 24-mile intervals throughout the Tar Sands area. 

3. Between November 1974 and May 1975 a major project 
was undertaken by Shell Canada to provide satellite contrai 
for photogrammetric purposes for Shell Gabon in Africa. 

1 t is gratifying to note that accuracies better than two 
metres were generally obtained with the satellite doppler 



control network in Fort McMurray area of Alberta during 
1974. From 75 metres in 1969 to two metres in 1975 was in 
our view a remarkable achievement. 

The Gabon project was also conducted for the purposes of 
photogrammetric mapping, however, the acçuracy standards 
were somewhat relaxed compared to (1) and (2). The objective 
was to place control stations at designated intervals which 
would produce an RMS no greater than five metres in the X, 
Y, Z earth-centred components. These precisions were 
achieved by occupying each station for approximately four 
days which would produce about 30 to 40 acceptable satellite 
passes. The geographic field operation was near the equator 
about 3.0 degrees north latitude. 

Future systems on the horizon 

The purpose of the foregoing material serves to demons
trate that the Doppler system has now been developed far 
beyond the initial expectations. Many of the experimental 
projects played an important role in the refinements of the 
present Doppler system. The systems that are now on the 
horizon will require even greater investigation research and 
development before they can be used operationally. The 
following three systems are worthy of receiving considerable 
attention by the surveying community in Canada. 

GEOS-C satellite 

The launching of this satellite in April 197 5 will place us in 
a much better position to carry out applied research activities 
because of the instrumentation carried onboard. The laser 
retroflectors, stable frequency transmissions and radar al
timeter instrumentation will provide greater data capabilities 
and accuracy in the determination of geoid undulations and 
gravity anomalies. The value of these data to oceanography 
and geophysical exploration appear enormous when we con
sider the sparse information presently available on our ocean 
surfaces. 

lnertial guidance and control systems 

Position and azimuth determining systems (PADS) 
developed by Litton Systems, Inc. are just now beginning to 
receive attention from the surveying community. It appears 
likely that guidance and control systems will play an im
portant part of the future for a large country such as Canada. 

The densification of both vertical and horizontal survey 
control is urgently needed in order to manage our resources 
effectively. Inertial systems may provide the means to perform 
a very important surveying and mapping task for Canada. 

Data transmission by satellites 

Artificial satellites with large core memories could act as 
storage banks for geophysical and geological field data being 
acquired. Collections of field data could be transmitted to such 
banks and retrieved once the particular satellite was in the 
vicinity of a computer centre. Such systems would of course 
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greatly reduce the time required between the collection of 
raw data to the final processed results. 

Our effective utilization of such systems depends largely 
on the degree of participation during the initial research and 
development for such systems. The cooperative approach is 
one means of sharing in the initial investigations. 

Cooperative research programs 

The prograrns earlier discussed accomplished many of the 
objectives initially considered. The success was largely because 
of some of the ingredients which the prograrns contained. 

1. The prograrns contained clearly defined goals and objectives. 

2. There existed a tremendous challenge for participants. 

3. The prime investigators had an equal share of the failures 
and achievements. 

4. The participants displayed great determination largely 
because of a common interest of the prograrn objectives. 

5. The prograrns undertaken were able to respond to a clearly 
defined need . 

There are also some disadvantages that can be identified. 
These centre about the following areas: 

1. New scientific concepts that are developed often are held 
within the participating representatives longer than necessary. 

2. Because there is no Surveying Research Institute in Canada 
it becomes difficult to disseminate and circulate experimental 
activities. 

3. The scientific geodesist seems to use a conservative ap
proach when publishing experimental results in the area of 
surveying research in Canada. He often seeks to publish his 
work in other countries before they are known to the local 
community. 

The need for a surveying research and development 
institute 

A number of the research projects undertaken have made a 
clear contribution for the Canadian society. Within the 
prograrns now on the horizon we predict that future 
cooperative projects will be undertaken. The momentum 
already gained by the investigators should be continued 
although ways and means should be found soon to make these 
prograrns more effective for the general surveying community. 

At the present time there is no institute in Canada to 
conduct research and development in the related disciplines of 
surveying and mapping for purpose of developing new base 
system concepts which could be commercially implemented 
by the private sector. 

The public and private sectors deserve high praise for their 
individual in-house contributions to research and development. 
However, the role of these agencies is often such that they 
cannot respond to a research need solely for the nations 
benefit. 
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A more unified approach by the sectors is desirable 
on any future programs if the nation is to reap the full benefit. 
However, even more important is the formulation of a 
structure in which cooperative programs can best be im
plemen ted. The creation of a Geodetic Research and Develop
ment Institute would indeed have a far reaching impact on 
future excellence in Canada. On March 17, 1975 the University 
of Calgary was presented with a proposal to house a 
Surveying Research and Development Institute. The University 
of Calgary has agreed to offer their support in housing such an 
institute provided cooperation by the various sectors can be 
obtained. 

The institute proposed would be structured on a partner
ship basis, with participation from the provinces of Canada, 
federal agencies, private sectors and universities. The en
thusiasm and response at this stage is favourable. The institute 
even during its tender years could no doubt offer considerable 
coordination in the following areas: 

1. The introduction of new information systems . 

2. Merging of cadastre with geodetic control. 

3. The eventual adoption of an earth-centred coordinate 
system together with a world reference ellipsoid. 

4. Photogrammetry and cartography applications in environ
mental studies. 

5. Data transmission by artificial satellites and remote sensing 
applications. 

6. Determination of gravity anomalies over the oceans. 

7. lnertial guidance and control systems for land surveys. 

8. Calibration and testing of electro'nic equipment for the land 
surveyor. 

There are of course many other areas that require 
attention including laser and electronic instrumentation, 

Discussion 

mathematical models and the study of ionization layers and 
their effects on various transmitted frequencies . 

Through cooperative programs under the direction of an 
independent institute, work priorities can be chosen and 
efforts coordinated to achieve effective results. The institute 
would also prevent a certain degree of duplication in proposed 
experimental programs. 

Conclusion 

The nation's research in surveying and mapping depends 
largely on obtaining agreements between various agencies 
towards a common goal. It is firrnly believed that these 
agreements will be made in the best interest of Canada's 
future. The researchers in Canada have earned a respectable 
reputation in the area of satellite space geodesy, on an 
international scale. Cooperate programs have worked success
fully but may lack some direction from an overall research 
aspect for Canada. Methods of conducting large scale ex
perimental research programs have been reviewed. The en
thusiasm that now exists among the surveying community on 
application research in Canada should be encouraged. The level 
of monetary commitment from federal, provincial and private 
sectors needs to be increased in order to participate in new 
programs and sustain present research efforts in surveying and 
mapping. 
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0: When speaking about the root-mean square error, do you 
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mean self consistency? 

A: Yes. 

0: Why is the height component the worst deterrrüned? 

A: Because of the uncertainty in the geoidal height. 



Doppler satellite contrai in establishing 
geodetic contrai networks 

J. Kouba* 

Abstract. The U.S. Navy Navigation Satellite System was originally 
conceived for navigation with an accuracy of 50 to 100 metres. A 
decade later, after some spectacular improvements in satellite geodesy 
and instrumentation, accuracy exceeding classical geodetic triangula
tions are routinely achieved. And in the U.S.A. and Canada, Doppler 
Satellite positioning has been used over the past several years to provide 
the necessary high precision skeleton for geodet ic control networks. 
Methods and reduction techniques are briefly discussed, as well as the 
approach(es) taken by the Geodetic Survey of Canada. Sorne results, 
and data analysis are also presented. 

1. Introduction 

The U.S. Navy Navigation Satellite System (NNSS) 
consists of severaJ satellites in near polar, circular orbits and a 
supporting ground station tracking network. The satellites, 
equipped with ultra-stable oscillators, transmit two coherent 
frequencies (approximately 150 to 400 MHz) which are phase 
modulated to allow transmission of orbital and timing in
formation. A user on the ground is equipped with a portable 
receiver with another ultra-stable oscillator standard. Measure
ments consist of accumulated Doppler counts ( over usually 
constant periods of time) of received satellite frequency, and 
some receiver models also collect broadcast orbital informa
tion. The user then can compute the position either by using 
the broadcast ephemeris, or alternatively using the more 
accurate historical "precise ephemeris" generated by the U.S. 
Naval Weapons Laboratory (NWL) [Sims, 1972] . 

For more details about the NNSS, the reader is referred to 
[Moffet, 1971] . 

Results reported in this paper are based on data collected 
by the Geodetic Survey of Canada during two seasons, 1973 
and 1974, as shown in Figures 1 and 2, using three Canadian 
Marconi receivers models CMA 722A for 1973 Doppler survey 
(along with one ITT5001) and eight improved models CMA 
722B in the 197 4 Doppler operation. 

The reduction program GEODOP used in this.analysis was 
developed by the author during the period of 1970 to 1974 
while with Shell Canada and la ter with the Geodetic Survey. 
For description , documentation and history of the develop
ment of the program , the reader is referred to [Kouba et al., 
1975]. Sorne earlier results of 1973 Doppler survey were 
reported earlie r in [Peterson, 1974; Kouba et al. 1974] . 

*Gravity and Geodynamics Division, Earth Physics Branch, Department 
of Energy, Mines and Resources, Ottawa, Ontario, Canada. 
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Résumé. Le système de navigation Doppler par satellites de la US Navy 
était conçu à l'origine pour la naviga tion, avec une précision de 50 à 
100 mètres. Dix ans plus tard, après certains progrès spectaculaires en 
instrumentation et en levés géodésiques, une précision supérieure à cell e 
de la triangulation géodésique classique était réalisée. Ces dernières 
années, aux États-Unis et au Canada, la navigation Doppler par satell ites 
a été utilisée pour fournir le canevas de haute précision nécessaire à 
l'établissement du réseau de triangulation géodésique. L'auteur résume 
les techniques et méthodes de réduction et les approches choisies par les 
Levés géodésiques du Canada. Quelques résultats et analyses de données 
y sont aussi donnés. 

2. Methods of satellite positioning 

From available satellite orbits one can compute positions 
on the ground using the integrated Doppler measurements by 
purely geometricaJ consideration, analogous to conventional 
surface hyperbolic navigation systems. 

When points are observed and reduced independently, the 
detenninations are usually referred to as point positioning. 
Usually, more than 30 satellite passes are recommended for 
any one point determinations . 

Because of slowly varying system biases in orbit generation 
and also in observation, point positionings are referred to a 
mean of the set of observed passes and atmospheric conditions 
during the relatively short observing time. Consequently , 
Jong-term repeatability is considerably greater than the in
ternai noise within the observing period, usually a fraction of a 
metre for the latter. In order to increase the relative accuracy, 
more points, usually 2, are observed and processed simul
taneously . Such procedure is called translocation. Often strict 
correspondence in satellite passes and Doppler datais required 
in the hope that both stations will be biased in the same way. 

An alternative arises where points are observed at ap
proximately the same time and processed independently as 
two point positionings. The relative position is then obtained 
by subtracting the two solutions. Such procedure is referred to 
as simultaneous point positioning. There is a considerable 
variety of reduction methods ( error modelling) and data 
editing employed for all three methods by different authors, 
see e.g . DOD, 1972 , Wells, 1974, Anderle, 1974(c). 

This paper describes a logical combination of the ad
vantages of the above methods, referred to as multistation 
solution which is a unique approach taken by the Geodetic 
Survey of Canada [Kouba et al., 1974] . The stations are 
operated independently, similar to point positioning, with 
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1973 DOPPLER SURVEY 
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1974 DOPPLER SURVEY 
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some overlap, e .g. with one or two stations observing 
continuously to provide the " link" between the rest of the 
stations. The stations are then processed simultaneously with 
the three orbital biases (along, across-track , and out-of-plane) 
which are common to ail stations observing a particular pass . 
Apart from the orbital biases, each station has three additional 
biases, frequency-offset , tropospheric refraction scaling, and 
timing (synchronization) bias. No trimming for the same 
passes or Doppler data is enforced to retain a sound data 
balance at each station as in point positioning. Therefore, al! 
stations will only be biased consistently (i.e . small translations , 
rotations and scale ). The relative accuracy will be significantly 
increased (more than for translocation or simultaneous point 
positioning) and proper correlation will be preserved. 

This approach is somewhat analogous to the short-arc con
cept [Brown and Trotter, 1969), however, the requirement 
that ail stations are observing simultaneously is not enforced 
and the satellite orbits which define scale and orientation are 
obtained from external sources. More likely the multistation 
solution can be considered an extension of simultaneous point 
positioning with proper station interaction and subsequent 
correlation. 

The above methods are referred to as either the broadcast 
or precise positioning methods depending on the particular 
type of satellite ephemeris used . 

3. Error analysis 

The main sources contributing to Doppler position 
determination uncertainties can be grouped as follows: 
(a) Instrument noise (including both receiver and antenna 

noise) . 

(b) Atmospheric refractions (ionospheric and tropospheric) . 

(c) Orbit determination uncertainties. 

The instrument noise has been significantly reduced from 
1-2 m (Io) in Doppler counts for the navigational equipment to 
0.10-0.30 m (la) on present geodetic receivers , which employ 
their own dock. This noise reduction resulted not only in 
stronger determinations, but also in much finer data editing. 
At present, position determination with a single satellite orbit 
is about 3 m (Io) in each coordinate. As ground positions are 
based on more than 30 satellite passes, the error contribution 
is reduced well below the 1 m level. More serious are errors 
which are constant or slowly varying such as antenna phase 
centre uncertainty , ground reflection, receiver delay , etc. 
[Wells , 1972; Kouba, 1975]. These errors, if undetected , can 
cause errors of up to several metres. 

Atmospheric refractions: Both ionospheric and tropos
pheric refraction irregularities shorter than the Doppler in
terval will be reflected in the estimated instrument noise . 
However, constant or slowly varying errors, which can reach 
up to 1 per cent for ionospheric and 5 per cent for the 
tropospheric refraction (of the nominal correction) can 
produce errors of 1-2 metres , mostly in height, for well 
balanced data . 

170 

Orbit uncertainty: Constant shifts (biases) in a satellite 
orbit are presently estimated at 20 to 30 m (Io in each 
coordinate) for broadcast [Wells, 197 4] and 1 to 3 m for 
precise ephemeris [Anderle , 1974a]. Such errors will influence 
ail methods of satellite positioning as the expected value 

( 1) 

of a set of orbital biases r
0 

during the observational period will 
in general not be equal to zero. Thus the least squares solution 
for the parameters , i.e. station coordinates, will also be biased 
[Hamilton , 1964]. This is crucial especially for broadcast 
positioning, where the station(s) can be biased by as much as 
IO metres. 

The orbital biases are, however, changing to a certain 
extent during the passas demonstrated by Anderle et al., 1969 
for precise and by Wells, 1974 for broadcast ephemeris. The 
most significant change is probably in the along-track direc
tion , where it will appear as an error in the satellite speed or 
the scale of the orbit , which is equivalent. It was observed that 
the speed (the scale) variations are absorbed by the tropos
pheric refraction scaling bias, where 1 ppm (on the ground) 
corresponds to about 3 percent of the scaling bias. This seems 
to be logical as tropospheric refraction influences the slant 
range to the satellite, and so does any scale error. From this 
point of view, it is advisable that a tropospheric scaling bias of 
at least 5 per cent (Io) be included in the solution to account 
for changes of 1 to 2 ppm in the scale of individual satellite 
passes and other biases. 

Both, tropospheric and orbital bias influences on relative 
positions are reduced in translocation, simultaneous point 
positioning and multi-station solutions. Weil balanced data 
(such as for simultaneous point positioning and multi-station 
method) will decrease any error in latitude(.;;) and longitude (X) 
only. 

External accuracy of satellite positioning 

1974 Doppler points were processed in both precise and 
broadcast point positioning. Using a two-minute Doppler 
count , see Figure 3, both types of point positionings are 
compared to demonstrate how much broadcast point posi
tioning can be biased. Each determination is from more than 
30 passes, with internai standard deviation (la) typically less 
than 1.5 m in each coordinate . External accuracy of the 
precise point positioning is about 1 m (la). Despite these facts 
the RMS of the comparisons are significantly larger, varying 
from 3 m in Z to 4.3 m in the Y-coordinate. They can be 
attributed only to the solution biases discussed earlier. 
Similarly , for precise point positioning Anderle estima tes 
external accuracies of 1.2 to 1.6 m (Io in each coordinate) for 
data spanning several years. For shorter spans (two years and 
Jess), the accuracy for precise point positioning is somewhat 
improved with a = .60 to 1.0 m. [Anderle, 1974b; Beuglass, 
1974]. 
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Despite the a's of the determination being only fractions 
of a metre (based on weighted satellite orbit or not) the 
externat accuracy, in sense of repeatability over several years, 
is not better than 3 metres for broadcast and 0.6 to 1 m (la 
level in each coordinate) for precise point positioning. It is 
cautioned that the figures for broadcast point positioning may 
be significantly higher outside North America as they are 
based mainly on experience obtained from positioning in the 
Canadian Arctic (see Figure 2), relatively close to the four U.S. 
tracking stations used in the broadcast ephemeris system. A 
similar situation is discussed by Klosko et al., 1974. 

About the same external accuracy applies to translocation , 
simultaneous point positioning and multi-station solutions. 
Two or more stations observed during the same period are 
affected by a translation (with a approximately the same as 
for point positioning) as well as small rotations and scale 
(significant for broadcast solutions only, corresponding to a""' 
.l" and a""' .6 ppm for rotations and scale, respectively). 

Correlation for precise point positioning 

Correlation between simultaneous precise point posi
tionings based only on weighting of the satellite orbits (biases) 
is shown in Figure 4. The results are based on simulations, 
using data from two stations (about 270 km apart) observing 
simultaneously with about 75 per cent of common data. 
Distance, azirnuth as well as observation time overlap were 
altered to produce the desired combinations, some of which 
are shown in Figure 4 and Table 1. ln all cases, the usual data 
deletion below 7 .: 0 and satellite passes below 15° elevation 
angle were employed, causing a decrease of data for larger 
distances. Receiver noise of a = 0. I 5 rn, uncorrelated 
weighting of Doppler counts together with orbit a's of 3 m, 
1.2 m, and 3 m along-track, across-track and out-of-plane were 
assumed. 

Apart from dependence on distance and azimuth, which is 
well known, the correlation is also a function of receiver noise 
(i.e. weights assigned either to Doppler counts or orbits) as 
well as on time (data) overlap. ln Table 1, correlation for 
different arnounts of time overlap are listed for a distance of 
1,000 km and the two critical directions, a = 0° and a= 90°. 
In the north-south direction there is about 70 per cent 
cornmon data and for east-west orùy 50 per cent of common 
data for the same time periods. For smaller time overlaps , the 
percentage of common datais proportionately lower. 

The correlation is only very slowly decreasing with 
reduced overlapping of the observing period, indicating that a 
small number of different passes, or Doppler data will hardly 
change the correlation, a fact utilized in the multi-station 
solution. Another interesting observation from Table I is that 
the correlation matrices are nearly symmetric, resembling in 
pattern the X, Y, Z station correlation. This suggests that the 
prevailing bias will be a nearly constant translation for both 
stations. Another interesting point is that while correlation 
coefficients up to 0.3 between X, Y, Z at a station can be 
observed, the q;,À,h are virtually uncorrelated, with correlation 
Jess than 0.1 , reflecting perhaps the fact that NNSS satellite 
are in polar orbits. Correlation is decreased when orbits are 
weighted according to a's of 1.5 rn, .6 m and 1.5 m for the 
three directions, from 0.7 to about 0.4 maximum. For 
broadcast point positioning (with a's of 26, 5 and 10 m in the 
three orbital biases respectively ), the correlation is mu ch 
higher, narnely from 0.80 to 0.97 . 

With satellite timing (BR) data, receiver a""' 1 to 2 m, the 
precise simultaneous point positioning is virtually uncorrelated 
(0.04) and simultaneous broadcast point positionings have 
correlation coefficients of not more than O. 7 in each 
coordinate. 

Correlation of error model parameters 

The preceding analysis does include likely the most 
significant source of correlation, namely constant orbital 
biases. And thus the correlation discussed is only true as far as 
the mode] , including the Doppler weighting, is representative 
of the actual situation, It is natural to expect that orbit biases 
are not independent (uncorrelated) between passes, although 
they have been assumed independent in the earlier data 
processing, since the orbits are results of least squares fits, 
subject to an adopted force model , over periods of up to 48 
hours. 

Correlation between passes is due to drag, pole positions 
and other parameters , as well as a truncated gravity field. None 
of these are considered to be significant with respect to the 
magnitude of the orbital biases, 2 to 3 m. [Anderle , 1975, 
pers. comm.]. To verify this, a sin1ple analysis was done on 
orbital biases obtained from precise multi-station solutions. 
The correlation coefficients were calculated using only solu
tions for the biases from at least three observing stations. 

TABLE! 
Correlation Coefficients for Simultaneous Precise Point Positionings (aalong = 3; aacross = 1.2 and aout= 3.m; receiver a= .15m.) 

Percent of time overlap !OO percent of timc overlap 60 per cent time overlap 30 percent time overlap 
Distances 
and Azimuth a X y z X y z X y z 

s =1000 km. X .64 .11 -.09 .57 .10 -.08 .5 0 .09 -.07 

Q=0°(180°) 
y .12 .69 .23 .11 .62 .22 .10 .57 .19 
z -.15 .38 .72 -.13 .34 .65 -.12 .32 .58 

s=lOOO km. X .39 .04 -.20 .34 .04 -.17 .28 .03 -.15 

a=90 °(270°) 
y .10 .50 .40 .08 .44 .36 .07 .40 .32 
z -.19 .35 .58 -.16 .32 .52 - .14 .28 .46 
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TABLE Il 

Correlation Coefficients for Orbital Biases With Time 

A priori mean a 
Orbi ta! bias O(m) n (m) (m) 

Along-track 3.0 52 .27 1.11 

Across-track 1.5 65 .04 .35 

Out-of-plane 3.0 57 -.19 1. 78 

The correlation coefficients listed in Table II , were calculated 
as 

n 

pii =ft Dcixi ; 

where n pairs of (Xi , Xi) are either one , two or three orbital 
periods apart (i.e . 110, 220 or 330 min.). 

Also shown are statistical limits a of the determination 
obtained as 

When a correlation coefficient exceeds these limits, it can be 
considered statistically differen t from zero. Only two values 
P110 = .4 for across and p 3 30 = - .39 for along-track, exceeded 
the above significance limits, though 0.4 in itself is usually not 
considered a significant correlation [Hamilton, 1964]. Also 
calculated in Table II are the means and standard deviations of 
the biases, the latter being approximately 1/ 2 of the a priori 
a's . 

Sinùlarities of vertical profiles, both dry and wet, between 
stations up to several hundred km apart, as well as the fact 
that orbital systematic effects are absorbed into the scaling 
bias for tropospheric refraction, suggest that this bias para
meter should also be considered correlated between stations (a 
fonction of distance). For similar reasons, the scaling bias will 
likely be correlated between successive passes (with time). A 
separate study is required to investigate the significance of this 
correlation on Doppler positioning. 

4. Discussion of results 

1973 Doppler survey 

The 1973 Doppler survey was conducted with navigation
type receivers (Marconi BR data mode) in southern Canada as 
shown in Figure 1. Results of the extensive comparisons with 
freely adjusted Canadian triangulation were reported earlier in 
Peterson , 1974 ; Kouba et al., 1974. In Figure 5, histogram of 
distance comparisons between the 1973 precise point posi
tionings and the adjusted triangulation [Pinch, 1974] is shown 
in ppm for distances over 300 km. The Doppler points were 
scaled by -1.1 ppm as suggested by Anderle, l 974(a) prior to 
the comparisons. The agreement with RMS of 2.5 ppm is 
considered realistic when both Doppler and triangulation 
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Correlation coefficient for 6 t 

110 min a 220 min a 330 min a 

.10 .19 .21 .21 - .39 .27 

-.40 .19 -.06 .23 -.06 .37 

- .03 .20 .11 .21 -.09 .33 

distance standard deviations are taken into account. The 
negative mean of - .6 ppm ± .3 ppm is likely because of the 
tellurometer scale control since that instrument tends to 
measure short in warrn and humid regions [Jones, 1974]. The 
rotation around the Z-axis between the triangulation and the 
Doppler reported in Kouba et al., 197 4 of about 0.4 to 0.6" 
has not been explained yet but has given impetus to a detailed 
study into early astronomical azimuth determinations in 
Canada. 

In order to verify that the results using satellite timing are 
compatible with results obtained from geodetic receivers, 
which employ their own dock (Marconi CBR data), and also 
to provide an overlap between seasons to assure accuracy in 
relative positions, four points were re-observed. The points are 
named in Figure 1. The results are tabulated in Table III, and 
are similar in magnitude to repeated positionings obtained at 
station Ottawa using both types of data [Kouba, 1974; Kouba 
et al., 1974]. Thus the repeatability obtained using either the 
satellite timing (BR) data or receiver timing is approximately 
equal to geoceiver (receiver timing data) repeatability , namely 
1.5 m with 90 per cent probability in each coordinate, as 
reported in DOD, 1972. However, for satellite tinùng 
(ITT5500) data the repeatability given in the preceding 
reference is doubled , to 3 m with 90 percent probability level, 
which gives an indication of the older design of the ITT 
equipment. 

TABLE Ill 

Repeatability of Precise Point Positionings Using BR and CBR 
(2 min) Doppler Data 

Precise point positioning 

No. of passes 1974 value (CBR data) _ 1973 value 
(BR data) 

Station Name 1973 1974 &:/X.ml 6À(m) th (m) 

Pearce Pt. 93 62 - .62 -1.65 .24 

Matane 270 54 .19 - .16 -1.49 

G. Bay 167 144 + .09 - .89 .74 

Sat. Ant 166 84 + .43 - .56 - .64 

Mean .02m + .82 m - .28 m 

RMS .45 m .63 m .98 m 
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1974 Doppler survey 

Altogether 52 points were observed using geodetic 
receivers (Marconi CMA 722B) in the receiver timing data 
collection mode (CBR) . All the points were grouped into 
figures of 10 to 15 stations each for final processing to reflect 
the high degree of time overlap , wi th one or two stations being 
common to adjacent figures to provide links for increasing 
relative accuracy among all 1974 Doppler positions. 

Initially , ail the points were reduced independently in 
precise point positioning mode . Estimated receiver a's (i.e. 
Doppler a) from the point positioning processing for each 
receiver are shown in Figure 6, where each dot is assigned to 
the mean of the observing period at a particular station. One 

.... 
z 
~ 

ILI (.) 

can see that with the exception of the two receivers, # 110 and 
#103 , which were later found to be in faulty operating 
condition , the receiver a's are grouped within 0.10 and 0.30 
m, with a distinctively different but constant a for a particular 
receiver. 

For the multi-station processing, the broadcast orbits were 
weighted according to a's of 26, 5, 10 m for the along-track, 
across-track and out-of-plane directions. The precise orbits 
were weighted according to a's of 1.5, .6 and 1 .5 m in the 
three directions. The timing and the tropospheric refraction 
scaling biases were weighted with a's of 100 µ sec and 10 per 
cent respectively for both broadcast and precise runs. A 
smoothing developed by Wells , 1974 was used for broadcast 
orbits . 
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ln Table IV, differences between 2-rnin. precise point 
positioning (APL Sat. 13, 19) and broadcast multi-station 
solutions broken in to 5 two-day periods ( using only Sat. 12, 
14, 18 , 20) are shown . Observing patterns (also used for 
precise point positionings) and data used in broadcast multi
station runs are shown in Figure 7. Short, 2-day periods used 
for broadcast processing were chosen to maxirnize relative 
accuracy and to rninirnize the computation time (number of 
actually observing stations) , as program GEODOP [Kouba et 
al., 1975] is designed to perform a least squares solution for 
only designated active stations. Minimum requirement set was 
that a station had to be observing 50 per cent of the time or 
more during any 2-day period to be considered active. 

Both differences and RMS shown in Table IV include 
possible errors in precise point positioning. ln Table V, the 
results are grouped according to stations to find the internai 
·consistency among 2-day broadcast multi-station deterrnina
tion. The weighted mean RMS of a single 2-day determination 
(according to the number of comparisons and a of a 30 sec 
Doppler count) is .SS m, .83 m, and 1.23 min for ip;y and h 
respectively, with weighted mean Doppler a of .18 m. The 
RMS values of col. 4, 6 and 8 represent the precise point 
positioning result which is within the expected lirnits of 0.6 
and 1m[Beuglass,1974; Anderle, 1974(b)]. 

In Figure 8 , the mean differences in :fJ and À. from Table V, 
as well as circles with radius equal to the combined RMS of cf> 

and À. of individual 2-day period deterrninations (Table V, col. 
11) are shown. In Figure 9, the RMS values from Table V 
are compared with receiver noise. Very strong dependence is 
observed for f/J, less for À. and h which may signify that those 
are also dependent on the distance. 

A SYMPOSIUM ON SATELLITE GEODESY AND GEODYNAMICS 

To demonstrate a possible use of both broadcast and 
precise multi-station deterrninations, the different period or 
satellite solutions were adjusted separately according to 
variance-covariance matrices augmented in the following way: 

to reflect a possible constant shift with variance I:b for al! 
stations during the current period with the interna! covariance 
matrix I:g estimated by program GEODOP, as discussed 
earlier. The I:b used was a diagonal (3 by 3) matrix with 1 m2 

along the main diagonal assigned to each satellite for precise 
and 16 m2 for each 2-day broadcast multi-station solution. 
Strictly speaking, a 7-parameter transformation should have 
been used . The 3D adjustment program GDLSAT used is 
described in Peterson, 1974. 

The estimated variance factors were 2.5 and 2.6 m2 for 
precise or broadcast adjustment respectively , significantly 
larger than the expected value of 1.0. This may indicate that 
either the relative accuracy as estimated by GEODOP for each 
2-day period, or satellite for precise run, may be optirnistic. Or 
alternately, it may be the result of the two malfunctioning 

TABLE IV 

Two-min Precise Point Positioning (Sat. 13, 19) Minus (2 Day) Multi-station Broadcast Solution (Sat. 12, 14, 18, 20) 

(Geodetic Survey of Canada Doppler 1974, Figure North Ouebec) 
-

No. of 
Days 200- 201 

No. of 
202- 203 204 - 205 206-207 208- 209 

metres metres No. of No. of No. of 
Station Passes 

metres metres metres 
passes passes passes passes 

&/> f::J\ & &/> f::J\ & &/> f::J\ & &/> f::J\ & &/> f::J\ & 

Precise -
broadcast .4 -LO -1.2 +2.6 2.2 -1.4 .4 -1.2 -4.9 - .7 .9 -5.6 4.4 1.7 -4.1 

Burwell 17 .3 1.1 - .5 23 .1 1.4 .2 28 - .5 1.1 -u 1 
28 .2 .5 -.4 

Dec 24 .0 - .8 - .2 26 -1.1 - .4 -1.4 22 .2 -1.1 1.5 17 1.1 - .1 1.3 
Nain 24 -.1 + .1 + .7 24 - .8 - .3 2.2 19 1.4 -1.2 2.1 24 - .5 - .6 - .5 
G. Bay 22 -1.1 .3 .2 
Chimo 2 35 .6 - .1 - .9 31 .7 - .4 - 6 1 26 - .1 .2 .3 
Phone 2 16 - .7 + .4 +1.3 21 - .4 - .9 -LO 29 - .5 2.1 - .8 28 .0 .5 .4 
Rock 29 + .7 + .9 - .4 20 -1.6 .7 -3 .3 22 .5 - .5 1.1 
Sa tant 21 .6 - .6 1.2 
Shoran 30 - .3 .6 +1.5 18 -1.3 - .4 -1.2 
Squaw 16 - .3 .3 -u 24 .7 - .9 + .4 23 .5 1.1 .1 20 - .2 - .2 .2 20 .2 - .6 -1.4 

Mean .1 .1 .0 - .1 0.0 - .2 - .1 .2 - . 1 - .1 0.0 0.0 - .1 .1 .0 
RMS .4 .5 1.1 .9 .7 1.2 .9 1.1 1.8 .7 1.4 1.1 .4 .6 1.0 
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TABLE V 

Summary of Two-min Precise Point Positioning (Sat. 13 and 19) Versus 2-day, Multi-station Broadcast Solution (Sat. 
12, 14, 18, 20) 

Doppler No. of 
a* 2 day 2D RMS (</J, À) 

Station (metres) periods <f:i(metres) À (metres) h (metres) (metres) 

me an a me an a mean a around 0 around mean 

1 2 3 4 5 6 7 8 9 10 11 

Precise- 5 +1.42 2.05 .52 1.55 -3.44 2.02 4.01 2.57 
broadcast 
shift 

Burwell .18 4 - .25 .36 1.02 .38 - .50 .62 1.32 .52 
Dec .23 4 .50 .90 - .60 .44 .30 1.36 1.34 1.00 
Nain .38 4 .OO .98 - .50 .55 1.12 1.28 1.26 1.12 
G. Bay .12 1 1.14 
Chimo 2 .16 3 .40 .43 - .10 .30 - .40 .62 .72 .52 
Phone 2 .12 4 - .40 .29 .53 1.23 - .25 1.08 1.47 1.26 
Rock .52 3 -1.33 1.27 1.17 .98 - .86 2.24 2.70 1.60 
Satant .16 1 .84 
Shoran 88 .10 2 - .80 .71 .10 . 71 .15 1.91 1.00 1.51 
Squaw .16 5 .18 .43 - .60 .79 - .36 .82 .89 .90 

Mean - .21 .11 - .10 
RMS .18 .62 .55** .61 .83** .61 1.23** 1.27 1.00** 

*30 second Dopplers. 
• *Weighted according to Doppler a and number of comparisons, unweighted RMS = .67, .67, 1.24 metres for </J, À, and h. 

receivers (#110 and #103) causing one large discrepancy at 
station Nain (about 3 m) even for each satellite of precise 
deterrninations, which is rather unusual. However, when 
adjusted broadcast and precise solutions were combined in a 
final adjustment, the variance factor of 0.92 m2 was obtained, 
easily passing a Chi-square statistical test. 

The results are summarized for both broadcast and precise 
adjustments in Table VI , where station Squaw was held fixed 
to demonstrate relative accuracy within the figure. Even for 
single 2-day broadcast periods, the a's in ;/), À and h compare 
well with precise values, and for several 2-day periods the a's 
are equal to or better than corresponding precise a's. 

The differences in i/J , À and h between the two adjustments 
are small, in most cases Jess than standard deviations of either 
determination. A large height difference at Nain is probably 
due to the troublesome receiver at that station . The scale 
factor of - .86 parts in 106 (ppm) was obtained as a parameter 
of the final adjustment combining precise and broadcast which 
is in agreement with mean 6h = -3.44 m obtained in Table V. 
An improvement in estimated a's by a factor of~ was 
observed. 

The last comparison, Table VII, is for distances originating 
from fixed station Squaw, to demonstrate that the broadcast 
multi-station solution is equivalent to the precise one . Agree
ment in distances is remarkably good, with respect to a's of 
distances. (Note that the broadcast values were scaled down by 
- .86 ppm.) Clearly both are dependent on receiver noise and 
degree of overlap. And even for as few as 22 or 21 passes the 
a's are 1.1 and 2.5 ppm. The longest distance, Satant - Shoran 
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88, of nearly 2,000 km compares very well with the precisely 
determined one, despite the fact that only 21 and 22 passes at 
each end were observed and at different times, as listed below: 
(refer to Figure 7) 

Shoran 88 - Satant 

broadcast 
precise 

difference 

962 436.2 m ±1.6 m 
962 436.8 m ± .6 m 

-.6 m 

Similar good agreement was observed for 12 other distances 
between 1,000 km and 1,800 km, where the largest difference 
was 1.2 m or 1.1 ppm. 

The only comparison between a 1973 Doppler determina
tion, triangulation, and a 1974 Doppler determination was 
possible for Goose Bay - Satant line. The individual values are 
listed below: 

Goose Bay - Satant 

1973 precise 
Triangulation 
197 4 broadcast 
1974 precise 

from: 

837 567.1m±1.3m[Peterson,1974] 
837565.8m±1.7m[Pinch,1974] 
837566.7m± 1.1 m 
837 566.9 m ± .5 m 

where all Doppler values were scaled by - 1.1 ppm (i.e. 
broadcast -1.96 ppm), as suggested by Anderle et al., l 974(a). 
This is a quite close agreement, especially for all Doppler 
deterrninations. When both precise and broadcast adjustments 
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were combined , an improvement by a factor of about 0 was 
observed in o' s for ~),À and h as well as for distances , indicating 
a substantially stronger determination (see Table VII). 

Even though ail the above comparisons, with the exception 
of the Goose Bay - Satant Jine are internai , using the same 
equipment and time periods, though using different data and 
orbits, it is expected that this represents the relative accuracy 
of each deterrnination (broadcast and precise) in </> and À for 
normally operating receivers and well-balanced data. 

The high accuracy of precise point positioning had been 
established on several occasions previously with respect to 
independent external standard, see Ander!e , 1974; Anderle et 
al. , 1974(a). The precise point positioning was thus the highest 
accuracy standard available for the comparisons. Height 
determination accuracy , on the other hand , cannot be con
sidered representative , as the same antenna position and the 
same observation period does not reflect potentially significant 
errors in the height determination, which should be expected 
over large areas even for well-balanced data. 

TABLE VI 
Comparisons of 30 Second Multistation Precise (Sat. 13, 19) and Broadcast (Sat. 12, 14, 18, 20) Mufti-station Solution 

North Ouebec Figure, Doppler 1974 * 

Doppler 
No. of passes 

a 
Station metres) 

Prec. Broad. 

Squaw** .16 59 103 
Burwell .18 70 96 
Dec .23 52 89 
Nain .38 59 92 
G. Bay .12 120 22 
Chimo 2 .16 130 92 
Phone 2 .12 125 94 
Rock .52 60 71 
Sa tant .16 64 21 
Shoran 88 .10 79 48 

Standardized: 

/:; /~RD+ ~RC Mean 
RMS (around 0) 

•scaled by - .86 PPM. 
••station Squaw held fixed . 

/::,, 
Prec-BRD 

.OO 

.36 

.78 

.60 
1.02 

.72 

.06 
- .51 

.27 

.09 

.59 

.89 

Latitude 
(metres) 

aBRD 

.OO 

.39 

.43 

.54 

.64 

.37 

.36 

.80 

.70 

.44 

oPRC 

.OO 

.44 

.51 

.61 

.38 

.38 

.39 

.84 

.48 

.40 

TABLE VII 

/::;(m) 
PREC-BRD 

.OO 
1.55 

.OO 

.50 
-1.37 
- .34 
-1.72 

1.56 
1.11 

.33 

.06 
1.08 

Longitude 
(metres) 

aBRD 

.OO 

.68 

.81 
1.04 
1.10 

.63 

.64 
1.31 
1.68 

.90 

aPRC 

.OO 

.69 

.86 
1.07 

.59 

.60 

.57 
1.32 
.74 
.62 

Height 
(metres) 

/::,, aBRD 
PREC-BRD 

.OO 

.12 

.09 
1.93 

.32 
- .12 
- .20 
- .22 
- .50 

.80 

.29 

.85 

.OO 

.43 

.60 

.65 

.88 

.41 

.40 

.93 
1.42 
.78 

aPRC 

.OO 

.43 

.54 

.64 

.36 

.37 

.35 

.94 

.47 

.38 

Distance Comparisons Mufti-station Precise (Sat. 13, 19) and Broadcast (Sat. 12, 14, 18, 20)* 

From Doppler No. of passes** Chord Distance <PPM) Combined 
Squaw a Distance /::,, (PPM) 

to (metrcs) PREC BRD KM PREC-BRD* aBRD aPRC OBRD +PRC 

Burwell .18 70 96 632.5079 +LO .6 .7 .5 
Dec .23 52 89 548.7506 +.6 1.4 1.4 .9 
Nain .38 59 92 372.7517 - .3 2.5 2.6 1.7 

G. Bay .12 120 22 452.8604 +1.8 2.3 1.21 .9 
Chimo 2 .16 130 92 377.8359 +1.5 1.0 1.0 .7 
Phone 2 .12 125 94 762.6578 + .4 .5 .5 .3 

Rock .52 60 71 349.1232 3.0 3.4 3.5 2.3 
Sa tant .16 64 21 1267.7223 + .5 1.0 .5 .4 

Shoran 88 .10 79 48 800. 7435 - .4 1.1 .7 .6 

*Broadcast solution scaled by -.86 PPM. 
**The same number of passes does not necessarily imply simultaneo us observations, see Figure 7. 
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5. Conclusions 

Repeatability over several years is not better than 3 metres 
for broadcast and 0.6 m for precise point positioning from at 
least 30 satellite passes (la level of each coordinate). This is 
true no matter how small the internai a of the determination 
may be. 

Translocation, simultaneous point positioning and multi
station determinations are subject to approximately constant 
shifts and small rotations and scale biases with a corresponding 
to the same values as for point positioning quoted above. 

Two simultaneous precise point positionings can be highly 
correlated, as high as 0.7, depending on receiver (i.e. Doppler) 
noise, distance and azimuth between the two points. However , 
the correlation decreases only very slowly with a decrease in 
over-lapping time period (common data). 

On the other hand, simultaneous precise point positioning 
using navigation-type receivers, with receiver a of 1 to 2 m, are 
virtually uncorrelated. 

The multi-station solution using broadcast ephemeris is 
equivalent to corresponding precise multi-station solution as 
far as relative accuracy is concerned. This approach compares 
favourably with geoceiver translocation with precise ephemeris 
for short distance [DOD, 1972], however much shorter period, 
greater observational and processing flexibility and almost no 
decrease in relative accuracy in any direction for distances up 
to 2,000 km are the expected advantages. 

It is cautioned that results of comparisons are not based on 
totally independent determinations (same receiver, antenna, 
and observing period), though data and orbits were different. 
It is expected, however, that these comparisons represent the 
accuracy of each, broadcast and precise, determination (of 
relative position) in .p and À for normally operating receivers 
and well-balanced data. The high accuracy of precise point 
positioning had been established on several occasions previous
ly with respect to independent external standards , see Anderle, 
1974(b); Anderle et al., 1974(a). The precise point positioning 
was thus the highest accuracy standard available for the 
comparisons. 

Height determination accuracy, on the other hand, cannot 
be considered representative, as the same antenna position and 
observation period do not reflect potentially significant errors 
in the determination, which should be expected even for 
well-balanced data. 
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Alternative solutions ta the combination of 
terrestrial and satellite geodetic networks 

D.B. Thomson and E.J. Krakiwsky* 

Abstract. The parameters used to relate satellite and terrestrial geodetic 
network coordinate systems are outlined. Assumptions regarding these 
parameters determine, in part, what network combination procedures 
can be utilized. Severa! approaches to the combination of satellite and 
terrestrial geodetic net:works are presented. Sorne experimental results 
are given. In the Atlantic Canada portion of the Canadian geodetic 
framework , the addition of satellite distances to the horizontal network 
estimation procedure caused a scale change of -2.3 ppm and a change 
in orientation of +ü. "l. Using data extracted from the literature, 
several three-dimensional models were tested. Test results for each of 
these models are presented. 

Introduction 

The three dimensional coordinates of terrestrial points can 
be accurately determined through the use of observations of 
artificial earth satellites. Utilizing dynamic and semi-dynamic 
solutions, the standard deviation of coordinates are 3 m or Jess 
(Anderle , 1974; Meade, 1974; Kouba et al., 1974; Wells, 
1974 ], while geometric solutions yield values whose standard 
deviations are 10 m or Jess (Schmid, 1974] . The positional 
accuracies of satellite determined terrestrial coordinates are 
relatively independent of interstation spacing, and networks of 
such points are comparatively free of systematic errors. These 
features, and others, lead to the use of satellite determined 
coordinate data for the overall improvement of terrestrial 
geodetic networks. 

There are two satellite networks in Canada. The North 
American Densification of the Worldwide Geometric Satellite 
Triangulation (Schmid, 1974] has recently been completed 
(Pope, 1975]. The establishment of a Doppler satellite 
network ( using the United States Navy Navigation Satellite 
System) is presently under way in Canada [McLellan , 1974]. 
The task now is to determine the most effective and efficient 
manner by which these satellite networks can be combined 
with terrestrial geodetic networks. There are several alternative 
models that can be utilized. The choice of any one of them is 
dependent on the ultimate objectives of the user. 

*Department of Surveying Engineering, University of New Brunswick, 
Fredericton, New Brunswick, Canada 

A SYMPOSIUM ON SATELLITE GEODESY AND GEODYNAMICS 

Résumé. Les auteurs énumèrent les paramètres utilisés pour relier les 
systèmes de coordonnées des réseaux géodésiques levés par satellite et 
au sol. Des hypothèses concernant ces paramètres déterminent, en 
partie, les procédés à employer pour la combinaison des réseaux. Les 
auteurs proposent diverses approches pour cette combinaison des 
réseaux géodésiques levés par satellite et au sol, et donnent certains 
résultats expérimentaux. Dans la région atlantique du canevas de 
triangulation géodésique canadien, l'adjonction des mesures de dis
tances faites par satellite au procédé d'estimation du réseau plani
métrique a causé un changement d'échelle de - 2, 3. 10- 6 et un 
changement d'orientation de + 0,1". A l'aide de données d'études, 
plusieurs modèles tridimensionnels ont fait l'objet d'essais. Les auteurs 
donnent les résultats des tests de chaque modèle. 

General relationships 

Before dealing with the alternative methods and associated 
mathematical models that can be used in the combination of 
terrestrial and satellite geodetic networks, it is necessary to 
out!ine the relationships that exist between a satellite network 
and its coordinate system, and a terrestrial network and its 
related coordinate systems. 

A satellite network coordinate system may be defined by 
the three-dimensional satellite determined coordinates of 
terrain points (Vaniêek, 1975]. In Figure 1, the coordinate 
system is designated as AT (Average Terrestrial), such as would 
be defined in a dynamic solution of satellite data [ Anderle and 
Tannenbaum, 1974] . The terrain point coordinates are given by 
the components of the position vector pi. The Geodetic 
coordinate system (G) is the reference frame of the terrestrial 
network. The ZG axis is coincident with the minor axis of the 
reference ellipsoid (horizontal datum), while the XG Y G plane 
is coincident with the equatorial plane of the reference 
ellipsoid. The Geodetic coordinate system is usually positioned 
and oriented via some specified geodetic parameters at the 
terrestrial network initial point k [Vaniêek and Wells, 1974; 
Yanlêek, 1975; Thomson and Krakiwsky, 1975]. The third 
coordinate system involved is the Local Geodetic (LG) (Figure 
1 ). It is a left-handed system, located at the terrestrial initial 
point (k), with its XLG axis oriented towards geodetic north, 
and the ZLG axis coincident with the ellipsoid normal at k. 
The position vectors of terrestrial geodetic network points, rki• 

are expressed in this system. 
In the establishment of a terrestrial geodetic network, the 

aim is to have the axes of the Geodetic coordinate system 
parallel to th ose of the Average Terres trial system. Further, 
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T errain 
Point 

Figure 1. Geocentric Satellite (AT ), Geodetic (G), and Terrestrial 
Network ( LG), coordinate systems. 

there should be no significant accumulation of systematic 
errors in the network. These are difficult objectives to attain 
using strictly terrestrial methods. Departures from the ideal 
situation present problems in terrestrial geodetic network 
computations and in the combination of terrestrial and 
satellite networks. 

For several reasons, the origin of the Geodetic coordinate 
system is usually displaced from the geocentre. This displace
ment is given by the components (x

0
, y 0 , z

0
) of the 

translation vector, r
0 

(Figure 1 ). A knowledge of this vector is 
essential, for some procedures, if full use of satellite coor
dinate data is to be made in terrestrial networks. The Geodetic 
and Average Terrestrial system axes may not be parallel. The 
non-parallelity is expressed by three rotations , ex, ey , and e, 
(Figure 1). The non-parallelity adversely affects terrestrial 
network computations, and some combination procedures. 

Because of the accumulation of systematic errors in a 
terrestrial geodetic network, distortions in network orientation 
exists. This is expressed by rotations in the azimuth ( dA) , the 
meridian (dµ), and the prime vertical (dv) directions about the 
Local Geodetic system axes at k (Figure 1 ). 

Finally, there is the problem of scale difference (K) Using 
the scale of the satellite system as a base, a scale difference can 
be determined between it and the terrestrial system. There are 
two ways in which this quantity can be introduced into a 
combination mode!, each of which has a different interpreta
tion [Krakiwsky and Thomson, 1974; Van]êek, 1975; 
Thomson and Krakiwsky, 1975] . In one case, K can be 
interpreted as a difference in the scales of Geodetic and 
Average Terrestrial coordinate systems (system scale dif
ference). This difference may be expressed as either a change 
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in size and shape of the Geodetic reference ellipsoid, or a 
change in ellipsoid height at the terrestrial initial point. 
Alternately, the scale difference can be interpreted as a 
terrestrial network scale distortion. 

Assumptions regarding the aforementioned transformation 
parameters (x0 , y0 , z0 • ex, ey, e,, K, dA,: dµ, dv) dictate, 
primarily, what methods and models are used in the combina
tion of terrestrial and satellite geodetic networks. 

Alternative combination procedures 

The alternative procedures that can be utilized for the 
combination of satellite and terrestrial geodetic networks may 
be divided into two broad groups: 

(i) Those in which the necessary transformation parameters 
(x0 , y0 , z0 , ex , ey, e, , K, dA, dv, dµ) are considered 
known ; 

(ii) those which treat the transformation parameters as un
knowns to be solved for in the combination solution. 

If the transformation parameters between the satellite and 
terrestrial geodetic coordinate systems and networks are 
known , the satellite determined coordinates may serve as a 
three-dimensional framework for the terrestrial geodetic net
work. Such a framework may be used in its inherent 
three-dimensional state, or, in order to be consistent with 
common geodetic practice, the satellite determined coor
dinates may be split into two parts. The geodetic latitude (<.i>) 
and longitude (X) may be utilized in horizontal networks, and 
the ellipsoid height (h) for vertical networks or geoid 
determination. Alterna tel y, the satellite coordinates can be 



used to derive distances, azimu ths , and vertical angles that are 
used in terrestrial network computations. 

The position of the origin of the Cartesian reference frame 
of satellite coordinates determined by geometric methods is 
arbitrary (Schmid, 1974], while coordinates determined in 
dynamic solutions refer to a geocentric coordinate system 
(Anderle and Tannenbaum, 1974]. The tertiary (Z) axis of 
each is referred to the CIO pole by the use of the BIH values 
for pole position [Anderle and Tannenbaum, 1974; Schmid, 
1974]. The dynamically determined coordinates can be used, 
together wi th the terres trial geodetic coordina tes, in the 
recovery of the transformation parameters x0 ,y 0 J.Z0 , 1Ex ,Ey ,Ez . 

Since there are minimal systematic errors in satellite 
networks, they can be used to mode! systematic scale (1<) and 
orientation (dA, dµ, dv) in a terrestrial network. 

Combination models tested 

Severa! investigators have dealt with the problem of 
combining terrestrial and satellite geodetic networks. Many 
recent studies have treated the problem by assuming an a 
priori knowledge of the coordinate system transformation 
parameters [Meade, 1974a; Meade, 1974b; Anderle, 1974]. 
The authors have concentrated on approaches that do not 
require a knowledge of these transformation parameters. 

It is possible to introduce satellite distances to a terrestrial 
horizontal network when the cordinate system transformation 
parameters are unknown. This is accomplished by an "ap
proximate" reduction of the spatial distances to geodesic 
distances , the latter of which are treated as distance observa
tions in the network adjustment procedure. It is recognized 
that this approach is not completely rigorous. However , the 
effects on the distances are only second order in nature 
because of the unknown transformation parameters. 

Three models for the combination of satellite and terres
trial geodetic networks have been tested in which the Cartesian 
coordinates of satellite network points are used directly. * 

The Bursa mode! (Figure 5), in which the observables are 
the network position vectors, (ï)G and (.0) AT, is given by 
[Bursa, 1962] 

'F\ = ('i°0 ) + (1 +1<) R 1 (Ex) R2 (Ey) R3 (Ez) (~i)G - (pi) AT =O 

where R 1 , R2 ,and R3 are three-dimensional rotation matrices. 
When solved using a combined case least squares estimation 
procedure [Thomson and Krakiwsky, 1975], one obtains a set 
of coordinate system transformation parameters, and a set of 
adjusted three-dimensional coordinates. The parameter /< is 
interpreted as a system scale difference, and the coordinates of 
the terrestrial initial point are redefined (scaled and rotated). 

The Veis mode! (Figure 6), which is solved using the same 
estimation procedure as the Bursa mode!, is given by [Veis, 
1960] 

*Since the satellite data used are the results of a dynamic solution, the 
satellite network coordinate system is denoted AT. 

A SYMPOSIUM ON SATELLITE GEODESY AND GEODYNAMICS 

where 

Ry = R 3 (180-~)R2 (90-if>J,,)P2 R 1 (dll)R2 (dµ) 

R 3(dA)P 2 R2 C<f\-90)R 3 (~-180) 

in which ;/>k, Àk are the geodetic coordinates of the terrestria! 
initial point , and P2 is a three-dimensional reflection matrix. 
The observables in this mode! are the satellite network 
position vectors, (pi) AT, and the terre striai network position 
vector differences, (fk)G . The results are a set of coordinate 
system translation components (x

0
, y 

0
, z

0
), the orientation 

and scale difference parame ters of the terres trial geodetic 
network (dA, dµ , dv, 1<) and a set of adjusted Cartesian 
coordinates. The terrestrial network initial point (fk) is not 
redefined. 

Mathematical models have been developed in which there 
exists two sets of rotations (Figure 7) - coordinate system and 
terrestrial network [Hotine, 1969; Krakiwsky, Thomson, 
1974]. 

The mode! proposed by the authors can be written 
(Krakiwsky and Thomson, 1974; Thomson and Krakiwsky, 
1975], 

In this version of the proposed mode!, the scale difference is 
interpreted as a system scale difference. By rewriting the 
mode! as 

Fi= (r0 ) + R 1 (Ex)R2 (Ey)R 3(Ez) [ (Ïk)G + (1 +i<)Ry 

(fki)G]-(.Oi)AT =O , 

the parameter /< is applied only to the terrestrial network 
coordinate difference vector, (rk)G· Because of the nature of 
the relationships among the unknowns being solved for (a 
maximum of ten), a phased, combined case least-square 
estinrntion technique is used in which the sets of common 
satellite and terrestrial Cartesian coordinates are split into two 
zones (Thomson and Krakiwsky, 1975]. The inner zone 
position vectors, which are close to the terrestrial initial point 
so as to minimize the effects of systematic terrestrial network 
errors, are used in the first phase to solve for a first 
approximation of the coordinate system transformation para
meters. The results of phase one are then used in phase two, 
along with the outer zone position vectors, to determine the 
final values for the coordinate system transformation para
meters, the terrestrial network orientation and scale para
meters, and the final set of three-dimensional coordinates. 

Experimental results 

The effects of the addition of satellite determined distance 
data on a horizontal geodetic network have been examined. In 
Atlantic Canada, satellite determined coordinate data were 
available for eight Doppler and three Satellite Triangulation 
stations that are coincident with terrestrial geodetic network 
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stations (Figure 2). Distances, and associated variances, were 
computed from the satellite coordinate data and reduced to 
the reference ellipsoid . A comparison of the above distances 
with those computed using previously adjusted terrestrial 
geodetic coordinates, indicated that the Doppler distances 
were longer by a mean of 5 .7 ppm, the Satellite Triangulation 
distances were longer by a mean of 9.1 ppm (Table 1). When 
compared with precise terrestrial surveys, Doppler network 
distances have been found to be longer by 1 ppm [Ande rie and 
Tannenbaum, 1974; Meade, 1974a). No correction for the 
'known' scale bias was applied to the Doppler distances used in 
this test. 

Distances among al] Doppler stations (28) and al! Satellite 
Triangulation stations (3) were employed in a parametric least 
squares adjustment of the terrestrial network. A brief sum-

mary of the horizontal network adjustment is given in Table 
II. As a result of the addition of the satellite network 
distances , there were changes in the horizon ta! geode tic 
coordinates. The maximum coordinate shifts detected (adjust
ment without satellite data minus adjustment with satellite 
data) were -0.

11
133 (-4.00 m) in latitude and 0. 11 078 (1.72 m) 

in longitude . A graphical illustration of the coordinate changes 
at 13 selected stations is given in Figure 3. The corresponding 
changes in network scale and orientation are shown in Figure 4 
by means of the differences in 24 interstation geodetic 
distances and azimuths (sign convention equivalent to that 
used for coordinate differences). The scale changes vary from 
- 5.0 ppm to +2.l ppm, with a mean of -2.3 ppm, while 
azimuth changes range from -1. 11 116 to +0.11 783, with a mean 
of 0.

11
080. 
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Figure 2. Atlantic Canada geodetic networks. 
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TABLE! 

Comparison of Terrestrial and Satellite Distances in Atlantic Canada Test Network 

Terr. Satellite 6 = Terr.-Satellite 

Line Dist. (m) Dist. (m) 

721150-721155 276123.67 276122.00 
721150-14100 59255.49 59257 .56 
721150-641006 93125.82 93124.86 
721150-6910060 165349.97 165350.02 
721150-650001 934815.77 934817 .85 
721150-20204 326498.14 326500.88 
721150-730000 1079122.73 1079118.12 
721155-14100 265440.16 265440.51 
721155-641006 195550.83 195551.51 
721155-6910060 115503.18 115502.49 
721155-650001 987957.03 987962.02 
721155-20204 549621.05 549626.02 
721155-730000 901850.65 901849.44 
14100-641006 117393.74 117396.86 
14100-6910060 149939.11 149940.22 
14100-650001 992515.68 992521.71 
14100-20204 381057.36 381061.17 
14100-730000 1107918.28 1107918.31 
641006-6910060 101802.76 101806.47 
6410Q6-650001 904210.34 904211.56 
641006-20204 364181.07 364183.62 
641006-7 3 0000 991760.90 991756.79 
6910060-650001 981754.14 981760.98 
6910060-20204 465706.40 765712.65 
6910060-7 30000 988405.14 988404.72 
650001-20204 708726.05 708731.46 
650001-730000 838 159.09 838160.18 
20204-7 30000 1111555.74 1111558.98 
*6510500-650001 991071.30 991081.37 
*6510500-650000 894477.25 894481.72 
*65001-650000 832760. 79 832770.79 

*Satellite distances derived from satellite triangulation coordinates. Ail 
other satellite distances derived from Doppler coordinates 
Mean deviation (6) o f Doppler distances: -s.7 ppm 
Mean deviation (6) of satellite triangulation distances: -9.1 ppm 
Mean deviation (6) of ail sa t ellite distances: -6.0 ppm 

TABLE JI 

6(m) 
-

1.67 
-2.07 

0.96 
-0.05 
-2.08 
-2.74 

4. 61 
-0.35 
-0.68 

0.68 
-4.99 
-4.97 

1.21 
-3.12 
-1.11 
-6.03 
-3.81 
-0.03 
-3.71 
-1.22 
-2.55 

4.11 
-6 .84 
-6.25 

0.42 
-5.37 
-1.09 
-3.24 

-10.07 
-4.47 

-10.00 

Results of the Horizontal Network Adjustment when using 
Satellite Network Distances 

Unknown stations 
Fixed sta lions 
Direction observations 
Azimuth observations 
Terrestrial distance observations 
Doppler distances 
Satellite triangulation distances 
A priori variance fac tor 
Degrees of freedom 
Estimated variance factor 

795 
1 (721150) 

4593 
38 

456 
28 

3 
LOO 

2583 
1.10 

6(ppm) 

6.0 
-35.0 

10.3 
-0.3 
-2.2 
-8.4 

4.3 
-1.3 
-3.5 

5.9 
-5.0 
-9.0 

1.3 
-26.6 

-7.4 
-6.l 

-10.0 
0.0 

-36.4 
-1.4 
- 1.0 

4.1 
-6.9 

-13.4 
0.4 

-7.6 
-1.3 
-2 .9 

- 10.2 
-5 .0 

-12.0 

a(m) 
Sat. Dist. 

1.13 
1.07 
2.87 
1.67 
0.76 
0.65 
1.21 
2.44 
2.42 
2.23 
0.75 
1.15 
1.54 
3.34 
2.88 
1.51 
1.10 
2.47 
1.73 
1.54 
1.74 
2.94 
1.16 
l.32 
2.18 
1.34 
1.11 
1.73 
7 .01 
9.41 
7.99 

189 



PUBLICATIONS OF THE EARTH PHYSICS BRANCH 

TABLE Ill 

Results of Bursa and Veis Model Tests 

Bursa Veis 

Test #1 xo: -23.9 m ±6.5 xo: -42.2 m ±1.7 
yo: 152 .1 m ±6.0 Yo: 163.2 m ±1.6 
zo: 194.8 m ±6.9 zo: 182.0 m ±1.7 

€X: -0'.'14 ±0.24 dA: -0
1
•
1
45 ±0.19 

€y: o'.'01 ±0.22 dµ: o'.'15 ±0.25 
€z: 0

1
•
1
78 ±0.19 dV: -o'.'63 ±0.21 

K: -2.2 ppm ±0.9 K: -2.3 ppm ±0.9 

Test #2 xo: -25.8 m ±4.2 xo: -41.1 m ±1.9 
Yo: 149 .5 m ±4.1 Yo: 163.0 m ±1.8 
zo: 191.3 m ±3.8 zo: 182 .2 m ± 1.8 

Ez: o''.16 ±0.18 dA: -0
1
•
1
54 ±0.21 

K: -2.2 ppm ±0.8 K: -2.3 ppm ±1.0 

Test #3 xo: -42 .0 m ±2.2 xo: -40.3 m ±2.0 
Yo: 151.5 m ±5.2 Yo: 162.9 m ±2.0 
zo: 191. 7 m ±4.8 zo: 182 .3 m ±2.0 

K: -2.3 ppm ±1.1 K: -2 .3 ppm ±1.1 

The three dimensional models were tested using data taken 
from the literature [Badekas, 1969]. The distribution of the 
11 Doppler tracking stations used is shown in Figure 8. Three 
solutions were computed for each of the Bursa and Veis 
models (Table III). 

The indicator for the acceptance of results was the 
comparison of the relative magnitudes of the estimated 
parameters and their corresponding standard deviations. Test 
#1 was rejected for both models. Test #2, in which two 
rotations were eliminated from the models (Ex , Ey from Bursa; 
dµ , dv from Veis), also yielded unacceptable results. Only test 
#3, which yielded translation components and a scale dif
ference, proved to be acceptable. A set of adjusted Cartesian 
coordinates were generated for each of the solutions for both 
models. 

The same data were employed in a solution of the pro
posed mode!, although the limited amount of data in
hibited extensive testing. The procedure used was to solve 
phase one in an iterative fashion , varying the number of inner 
zone coordinates and unknown coordinate system transforma
tion parameters in each iteration. When , according to an 
analysis of the estimated variance factor , an acceptable 
solution was obtained, the results of phase one were employed 
in phase two. The latter phase was also solved iteratively. 

Two sets of results are given in Table IV. Based on these 
results, it may be stated that the only significant transforma
tion parameters between the two sets of data are the 
translation components (x

0
, y 

0
, z

0
), the longitudinal rotation 

(Ez) , and the scale difference (1<). Because of the limited 
amount of data involved, no conclusions may be drawn 
regarding the performance of the proposed mode! and the 
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TABLE IV 

Results of Proposed Model Tests 

Inner zone stations 5 

Outer zone stations 6 

Test #1 Test #2 

PHASE 1 xo: -14.6 m ±13.8 xo: -14.6 m ±13.8 
Yo : 156.4 m ±3.8 Yo: 156 .4 m ±3.8 
zo: 180.7 m ±2.0 zo: 180 . 7 m ±2.0 

€z: 1
1
•
1
24 ±0.57 €z: 1

1
•
1
24 ±0.57 

PHASE II xo: -17 .1 m ±10.2 xo: -22.6 Ill ±3.8 
Yo : 158.1 m ±1.8 Yo: 158.8 m ±1.0 
zo: 181.2 m ±0.8 zo: 181. l m ±0.7 

Ez: 1''.11 ±o'.'43 Ez: o'.'90 ±0.16 

dA : o'.'26 ±0.30 dA: o'.'10 ±0'.'52 
dµ: o'.'20 ±0.15 
dV : o'.'16 ±0.36 

K: -2 .2 ppm ±0.6 K: -1.6 ppm ±0.5 

method of solution employed. Further testing, with more 
extensive data, is required. 

Summary 

Severa! methods can be employed in the combination of 
terrestrial and satellite geodetic network. The amount of 
satellite data that can be used in classical terrestrial geodetic 
computations is dependent on whether or not one knows the 
appropriate coordinate system transformation parameters. 

The introduction of satellite network distances in a 
horizontal terrestrial network has a significant effect on the 
station coordinates. This approach may be employed to assist 
in the detection of systematic scale and orientation errors in 
the terrestrial network. 

The three-dimensional models permit a full use of satellite 
network data without a priori knowledge of the coordinate 
system transformation parameters. The flexibility of the 
models and particularly that of the proposed mode!, is 
advantageous. In addition, the scale and orientation unknowns. 
in the terrestrial network can be determined, along with an 
adjusted set of three-dirnensional coordinates. 
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Figure 3. Shift in coordinates because of the addition of satellite distances. 
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Figure 4. Changes in horizontal network scale and orientation because of the addition of satellite distances. 
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Figure 5. Bursa model. 
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Initial 

Fi = r;, + ( 1 + K) RE: rk + Rv rki }- <;i = 0 
OR 

Fi='°+ RE :~+(1+K) Rvrki : -<;, =O 

Figure 7. Proposed model. 
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Figure 8. NWL Doppler tracking stations. 
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Semi-dynamical Doppler satellite positioning 

D.E. Wells* 

Abstract. ln semî-dynamical satellite geodesy, ù1c satellite orbit is 
detcrmincd bcforchand by dynamical mcthods, and lracking station 
coordinatcs arc dctcrmined gcometrîcally from o;atcllitc observation' 
and the accépted ~tellite coordinatcs. This papcr analyzcs the use of 
the Transit Dopph:r system in the scmi-dynamical mode, prcscnting 
somc test nctwork numcrical rc~ults. rour crror source~ arc considcrcd: 
errors in ùtc satellite coordinates. rcfractive crrors on the Doppler 
observations, crrors contributed by the tracking reccivcrs, and mvalid 
assumptions in the observation cquation. Compensator~· techniques arc 
discus~d. such as rclaxîng the satellite orbit. iono,phcric and tropo.,. 
pheri.: refraction reductions, tracking receivcr timc rccovery. and 
translocation. 

1 ntroduct ion 

The observation techniques of satellite gcodesy have 
includcd radio and laser ranging between earth and satellites. 
satellite triangulation, and the technique Io be discussed in 
this paper. the measurcment of the Doppler shift of satellite 
transmitted radio signais. ln Doppler satellite geodesy, the 
satellite transmits one or more stable frequencies, f5 • in the 
100 to 1,000 MIL~ region and ground receivers measure the 
amount by which these stable frequencics have been changcd 
owing to the relative vclocity betwecn satellite and ground 
stations (Gill, 1965 ). There arc different ways of measuring 
titis Doppler shift. The most widel:r uscd method is to 
rneasure an integrated cycle couru. D. of the beat frequency 
b~twcen the rcccived satellite signal and a local oscillator. fg: 

(1) 

This Doppler count is simply rclatcd to the change in slant 
range (S2 S1 ) du ring the integration interval ('f 2 - T 1 ). The 
slant ranges in turn are functions of the rcceivcr and satellite 
coordinates. ·c· is the vclocity of light. 

Of the satellite geodesy techniques used so far. Doppler 
observations have bcen the most fruitful. Three inherent 
rcasons for this are that Doppler tracking is passive, not 
rcquiring any interrogation or dircctionally sensitive antennae: 
the data obtained, Doppler counts, are in digital form; and the 
radio frequcncics used permit ail weathcr day and night 
tracking. Because of these inhcrcnt advantages. work has been 

'
0 Bcdford lm1i1u1e of Oceanographr. Darimouth, Nova Scotia. Canada. 
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Résumê. Ln géodésie semi-dynamique par satellite, l'orbite du satellite 
est déterminée à l'avance par de~ méthodes dynamiques, et les 
coordonnées de la station de poursuite sont définies géométriquement à 
partir des ob,crvations du satellite et des coordonnées acceptées pour le 
satellite. La présente étude analyse l'utilisation du système Transit 
Doppler en semi-dynamique, et donne quelques résultats numériques 
d'un réseau d'essai Quatre sources d'erreurs sont envisagées: erreurs 
dans les coordonnées du satdlite: erreurs ducs à la réfraction sur les 
observations Doppler; erreurs des récepteurs de poursuite: hypothèses 
nulles dans l'équation de l'obsérvation. L'auteur étudie les techniques 
de correction compensatoir.:s, telles que la relaxation de l'orbite du 
<;atellité, la réduction des réfractions ionosphérique et troposphérique, 
une correction de temps au récepteur de poursuite, et le déplacement. 

done to improve the usefulness of Doppler tracking. Au
tomatic portable equiprnent is available from several suppliers 
(including a Canadian firm. Canadian Marconi Company). 
Since 1967 there have bccn at least four operational satellites 
continuously available. Much effort has gone into identifying 
and eliminating the sources of error in Doppler work. with the 
result that the accuracies achieved have steadily improved 
(Brown, 1970;Andcrle, 1974;Wells, 1974;Kouba.1975). 

The Doppler satellite system in general use in the Transit 
system (Guier and Weiffenbach, 1960; Dunnell. 1967; Newton, 
1967. Stansell, 1971: Sims. 1972: Piscane ec al., 1973). Figure 
1 shows the operating principles of Transit. 

The two traditional techniques of analyzing satellite 
gcodesy mcasurements are geumetrical. in which satellite 
position is assumed unknown and independent of other 
positions, and dynamical. in which successive satellite posi
tions arc assumed to be related in a manner governed defined 
b} the forces affecting satellite motion. Dynamic analyses of 
Doppler data from many stations and many satellite passes, for 
example. have provided from one solution the station and 
satellite coordinates. and coefficients of the force model 
(Anderlc. 1974). 

On a more modcst level, if the satellite orbi! has already 
been detcrmined, using a dynamic analysis, then wc nced no 
longer be concemed with determining the satellite coordinates 
and force modcl coefficients. and can with greatcr ease 
detennine the tracking station coordinates. This technique has 
been called semi-dynumical Doppler satellite positio11i11g 
(Gaposhkin, 1973). 
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TRAtlS lT SYSTEM 

OPERATIONAL TRACKING 
NETWORK (4 STATIONS) 

DOPPLER 

OPERAT!OtlAL EPllEMERIS 
COMPUTATION 

ItlJECTED INTO 
SATELLITE MEMORY 

DOPPLER + 
EPHEMERIS EPHEMERIS 

USER' S RECE !VER 1----'----.1 
L---~-----' 

COORDl"ATE RESULTS 

Figure 1. Operating principles of the Transit Doppler satellite system. 

Every few years a new dynamic force mode! computation is 
performed, including the coordinates of permanent tracking stations. 
These results are then used in the day to day computation of orbit 
ephemerides. The precise ephemeris, since 1975 provided by the U.S. 
Defence Mapping Agency, is a set of Average Terrestrial positions and 
velocities at one minute intervals, computed by fitting 48 hour orbital 
arcs to Doppler data from the worldwide TRANET network (Sims, 
1972). The operational ephemeris, injected into satellite memories 
twice per day and broadcast automatically to users, is computed by 
fitting 36 hour orbital arcs to Doppler data from the four U.S. Naval 
Astronautics Group stations situated in Maine, Minnesota, California 
and Hawaii, and extrapolating these arcs 16 hours beyond the time of 
the fast data used (Piscane et al., 1973). The top hait of the figure 
represents the dynamic satellite geodesy portion of the Transit system, 
and the bottom half the semi·dynamical portion, in which the user 
obtains either the precise or operational ephemerides with which to 
define satellite trajectories. 

Error sources 

Transit error sources can be divided into four classes: 
errors in the satellite coordinates; refractive crrors on the 
Doppler counts; errors contributed by the receiver; and invalid 
modclling assumptions. Since in semi-dynamic satellite 
geodesy we are accepting an orbit computed elsewherc, the 
first of these is the most pertinent, and we considcr it in 
grcatest dctail. 

The two processcs involved in obtaining Doppler geodctic 
coordinates are the acquisition of observations. and the 
transformation from observation space to solution space. For 
each of these proccsses there are tools which arc useful in 
investigating and reducing the effcct of these error sources. 

The use of two receivers in various configurations aids in 
identifying the effect of various error sources in the acquisi
tion process. The four modular components of a Transit 
receiving system arc antenna, local oscillator, the receiver 
itself, and a data rccording or proccssing device. The effect of 
recciver charactcristics is best invcstigated using collocated 
receivcrs (common antcnna and common oscillator). The 
effect of oscillator charactcristics is best investigated using 
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pse11do-col/ocatio11 (common antenna, scparate oscillator). The 
effect of refraction (or residual refraction if some correction 
has been made) is best investigated using translocation 
(separate antenna, separaté oscillator) for several station 
se para tions. 

Expressing tl1e solution vector in the coordinate system 
which is most natural to the geometry of Doppler satelli te 
positioning is a uscful tool in analyzing the effect of error 
sources in ilie transfom1a tion from observation to solution 
space. Selcction of this most appropriate solution space is 
based on two principlcs. Since errors in the satellite trajectory 
are small, the actual and estimated tra1ectorics arc ncarly 
parallcl (Guier, 1965). Second, the iliree parametcrs which 
most fully represent ilie information contained in a set of 
satellite Doppler observations from a single pass arc tl1e lime 
and frequency coordinates and slope al closes! approach. The 
solution spacc formed by these threc parameters consists of 
ilie frequency offset (fg f5), and two geometrical parameters, 
closest approach time (along track) and range (cross track}, 
which arc coordinates in the two dimensional plane containing 
the recciver position and the satellite velocity vector al closes! 



approach (Guier. 1965 ). This Guier plane is unique to cach 
satellite pass. Refraction and oscillator drift cffects show up in 
the cross track coordinate. timing errors in the along track 
coordinatc, and satellite orbit b1ases in both. Thus to the 
ext<'nt that the abovc two principles arc valid. the Doppler 
residuals rcsulting from the transformation into this solution 
space will be uncontaminatcd by the error sources. 

,\ third use fui tool in identifying systematic cffects of the 
crror sources is statistical analysis of the paramcters of the 
solution vector, and the residuals. One characteristic of 
Doppler satellite positioning which facilitates the use of this 
tool is the fact that data arc plcntiful. 

Orbit errors 

The accuracy of the prccise ephcmeris is somcwhat bctter 
than thrcc mctres (Anderlc. 1974). ln contrast. the opcrational 
ephemcris accuracy is much worse. since it is predicted rather 
th an post-computcd; is based on data from four tracking 
stations rathcr ùian a worldwidc network of stat ions. and is 
computed using an cartier force modcl than the precisc 
cphcmeris (Piscane et al .. 1973 ). On the other hand the 
operational ephemcris is available in rcal timc. for ail satellites, 
white the prccise cphcmcris is available only aftcr dclays of 
wceks to months and only for one or two satellites. lt is of 
intcrest to evaluatc what accuracy penalty is involvcd in using 
the operational ephcmeris. 

The operational ephcmeris consists of a set of fixed orbit 
paramctcrs which dcscribc a preccssing. osculaling orbital 
ellipse. and a set of variable orbit parameters which dcscribe 
the dcparturcs of the prcdicted trajectory from this ellipse 
(~1offctt, 1973). These departures arc resolvcd into along track 
(ôE). radial (ôa) and cross plane (77) components. The 
accuracy of the operational cphcmcris is the accuracy with 
which thcsc variable orbit parameters represcnt the dcparturcs 
of the actual trajectory from the mean ellipse. ôE is broadcast 
with a rcsolution of 0.0001 dcgree ( 13 m), and ôa. 77 with a 
rcsolution of IO m. 

The accuracy of the operational cphcmcris has bccn 
investigatcd in thrcc ways (Wells. 1974 ). First for two sets of 
passes for whkh both precisc and opcrational cphcmerides 
wcrc availablc. the operational cphcmeris variable orbit para
meters wcrc compared to cquivalcnt values computcd from 
prccisc cphcmerides. A typical pass involved the comparison of 
cight values for ôE and ôa and four values for 77. rrom thesc 
comparisons it was concludcd that the operational and precise 
trajcctories are closely parallcl, tlwt is for cach pass the set of 
diffcrenccs for cach of the thrcc availablc orbit parameters is 
wcll dcscribcd by a mcan value (the bias bctwccn the prccisc 
and opcrational cphcmeridcs). The scattering about such mcan 
values is smalt compared to the rcsolution of the opcrational 
ephcrncris. The figures shown in Table 1 arc the R \1S values of 
thcsc mcans or biases. 

Opcrational ephcmcridcs arc computed and injected twice 
daily for each satellite. If a user happcns to be tracking a 
satellite at the time such an injection occurs. he rcceives both 
the old. or stalc, and the ncw. or frcsh. operational cphc-
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mcrides for that pass. ln comparing thcse two sets of 
parametcrs wc arc csscntially comparing two long arcs, cach 
computcd using the samc force model, each fitted to 36 !murs 
of tracking data from the samc four stations. l lowcver only 24 
hours of thesc data are common to both arcs, the frcsh arc 
bcing fittcd Io 12 hours frcsher data than the stalc arc. l lcnce 
in this comparison wc eliminate the differcnccs in force modcl 
and tracking station configuration which wcrc involvcd in the 
prcvious comparison. We shoul<l thcn obtain somc mcasure of 
the e.\trapolation error. that 1s how wctl the drag and radiation 
pressure forces in particular can be prcdictcd. Comparing the 
two trajectorics as bcfore, the RMS values of the single pass 
biascs arc shown in Table 1. Wc can interpret the prccisc/ 
opcrational and frcsh/stalc comparisons as indicating the 
contribution of surface force modclling errors to be 14 metrcs. 
gcopotcnllal modelling crrors 17 mctres, and rounding errors 6 
mctrcs (Wells, 1974). 

ln the third orbil crror investigation, 2,877 pairs of Guier 
plane coordinates obtaincd from passes trackcd at cight 
stations, using the operational cphemcridcs. werc trcatcd as 
statistical samplcs. The samplc standard dcviat ions of the along 
truck coordinate was 39 mctres, and for the slant range 
coordinatc (which samplcs both the radial and out of plane 
biascs) 12 metrcs. The corrcsponding best fitting normal 
distribuuons had standard dcviallons of 16 and 9 metres 
rcspcctivcl} . These rcsults arc more consistent with the 
frcsh/stale comparison than the prec1se/opcra1Jonal comparison. 

13ascd on thesc thrcc studics values of 26, 5 and 10 metres 
respcctively wcrc adopted for the standard dcviations of the 
orbi! biases in the along track. radial and out of plane 
directions. Thesc values were adopted bccause thcy correspond 
to 2. 0.5 and 1 broadcast units respectively. 

Satellite positions can be computed from the opcrational 
cphemcris only for cven minutes of Lniversal Lime. If Doppler 
integration intervals shortcr than two mrnutcs arc to be used. 
positions in bctween the two-minute broadcast positions must 
be uscd. Thcre are many ways of computing such positions. 

TABLEI 
Operational Ephemeris Accuracy 

Compari,on wilh 
prcci\C cphcmcril. 

1970 data 
1972 data 

Comparîson bctwccn 
fr.:sh and \laie orbits 

1973 da1a 

Guier plane navigation 

Sampk std dcv 
Best lît normal std dcv 

,\doptcd ~Id dev 

Passes 

99 
126 

94 

2877 

31 m 4 111 

20 4 

13 2 

llm 
l l 

6 

..._,__.,, 
39 t 2 
16 9 

26 5 10 

RMS 

33m 
23 

14 
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1 lcre wc treat this as a problem in lcast squares approximation. 
For cach .satellite wc want to bcst fit curvcs. in the lcast 
squares scnsc. to cach of the thrcc sets of variable orbit 
paramctcrs. ln order to do this wc must first choosc 
appropriatc base fonctions. that is base fonctions which 
closcly rcprescnt the shapc of the fonctions wc wish to 
approxima te. which wc now consider. 

Re lat ing the opcrational cphcmcris paramctcrs to the 
paramcters which describc a lincarly perturbcd Keplerian orbit 
(Kaula, 1966). wc find that scvcral of the perturbations 
contained in the variable orbit paramctcrs have frequcncies 
close to twice the orbit frcqucncy, ex amples arc nonlinear 
oblatcncss, direct and indirect lunar and solar. and air drag 
effects. Others such as solar radiation pressure (Brouwer, 
1963). and second order tcsseral harmonies (Anderle. persona! 
communication) produce longer pcriod perturbations which. 
over the dumtion of one pass (20 minutes) can be rcpresentcd 
by a linear trend. Thus. including the orbit biascs already 
discusscd, wc have four candidates for appropriate base 
fonctions ·I~ 

•(> = (1, cos 2 ni, sin 2 ni, t) (2) 

where n is the satellite mean motion and t is timc. 
To test the appropriatcness of these base fonctions. the 

variable orbit paramcters from a series of 125 consecutivc 
passes, computed from prccise ephcmerides, wcre treated as 
thrcc time series, and analyt.ed in two ways (Wells. 1974 ). 1 n 
the first case lcast squares spectral analyses of the first few 
hundrcd values in the time series were performed. and in the 
second case the values from the entire time series were 
superposcd as a fonction of time since pcrigce passage. The 
lcast squares spectrum of a time serics is dcrivcd from the 
scqucncc of rcsidual norms obtained from the bcst fit. for cach 
spectral frcqucncy w of the base functions sin wt and cos wt. 
to the time scrics (Vaniêek. 1971 ). The rcsults of thesc two 
analyses are shown in Figure 2. They confirm the appro
priatencss of the trigonometric functions in Equation 2. 

As a confirmation of the en tire set. <t> was fitted to about 
1,000 sets of operational cphcmcridcs, and 200 sets of prccisc 
ephcmeridcs. lt was found that <t> can be fittcd to both the 
precisc and operational cphemerides to within the respective 
roundoff crrors of 0.3 and 3 mctres respectivcly. Whcn ch 1s 
fittcd to prccisc cphemeris coorcii11ares, <Ï> thcn also fits prccisc 
ephcmcris 1•elocities to within tcn limes the roundoff error of 
0.3 111111/s. The biascs bctwecn the operational and prccisc 
ephemcridcs and the biascs betwecn the approximant to the 
opcrational cphemeris and the prccisc cphcmeris are esscntially 
unchanged. 

If the operational cphcmeris (or any other ephcmcris) is 
assumcd to perfcctly mode! the actual satellite trajectory, then 
in the solution for reccivcr coordinatcs, any errors in the 
cphemeris will result in a spurious increasc in the site of the 
observation residuals. and be absorbcd into (bias) the solution. 
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On the othcr hand it is possible to considcr the orbit as only 
approximatcly modeUcd by the cphcmcris. If wc can assume 
that the diffcrenccs bctwcen the trajectory and cphemcris have 
zero mean {that is ovcr many passes wc assume the cphcmcris 
errors arc balanced in sign), then the cphemcris crrors can be 
rcprcscnted by an appropriatcly chosen covariance matri.\.. 
Bascd on the results just prcscntcd, the variable orbit 
paramctcrs can be rcplaced by the polynomial coefficients of 
the four adopted base functions. with no appreciablc decreasc 
in accuracy. The covariance matrix of the opcrational ephe
mcris then bccomcs the covariance matrix of thcsc polynomial 
coefficients. We have also found that the diffcrcnccs bctwcen 
the prccisc and opcrational cphemcridcs is wcll rcprcsentcd by 
thrcc biascs, for which standard deviat1ons have bccn given. 
Since one of the adopted base functions is a bias. wc can thcn 
ass1gn the adopted standard deviations to each of the three 
bias tcrms, and zero standard dcviations to the other poly
nomial coefficients. Using this proccdurc the satellite orbit is 
allowed to "relax" parallel to itsclf during the transformation 
to solution space, consistent with the relative magnitude of the 
covariance matrices for the orbit and the a priori solution 
vcctor. 

Refraction 

ln travelling from satellite to reccivcr. Transit signais pass 
through both the earth's ionospherc and tropospherc, and arc 
refracted by both. but in different ways. lonosphcric rcfrac
tion is the more serious. so that Doppler mcasurements are 
made at two cohcrcnt frcqucncies, from which a first order 
correction can be made. sincc in the ionosphcrc. rcfraction is 
frcqucncy depcndcnt (Wciffcnbach, 1967). Givcn a mode! for 
the vertical profile of troposphcric rcfractivity, a correction 
can be computed from either observcd or average surface 
weathcr conditions; sevcral such models exist, pcrhaps the 
most satisfactory being that of l lopfield ( 1969: 1971; 1972). 
For both ionosphcric and troposphcric refraction. rcsidual 
cffccts will remain cvcn aftcr thesc corrections have been 
made. ,\nalogously to our treatmcnt of the orbit biascs. it is 
possible to account for thcsc rcsidual rcfractivc cffccts by 
spccifying an appropria te variance (Feil, 197 S. Kouba, 1975 ). 

Whcn two rcceivcrs. scparated by up tu scvcral hundred 
kilomctres. observe the samc .satellite pass, wc can cxpcct that 
the cffcct of satellite orbi! crrors and uncorrected or rcsidual 
rcfraction will be quite similar for both. This is the principlc 
behind the technique of translocation: it statcs that providcd 
identicul Doppler integration pcriods arc obscrvcd at both 
rcccivers. the relative position of one rcceivcr with respect to 
the othcr can be dctcrmincd more prccisely than the absolutc 
position of eithcr (Wcstcrfield and Worslcy. 1966: Gloccklcr, 
1973). The rcsults prcscntcd in Figure 3 indicatc tropospheric 
and ionosphcric rcfraction effccts arc strongly corrclatcd for 
station scparations of 1 OO km. Similar analyses, pcrformcd for 
station separations out to 1.1 OO km indicatc that this 
corrclation pcrsists out to about 500 km. 
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Figure 2. a) Time series of the radial variable orbit parameter. 
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At the top of the figure are the first few segments of the time series, omitting the gaps between segments (these gaps account 
for 94 percent of the time series duration). ln the centre of the figure 1s the least squares spectrum of that part of the time series 
shown above. This spectrum contains a barely d1scernible diurnal peak (D). a strong semi-diurnal peak (D/2). and families of seven 
peaks centred about P, P/2, P/ 3 etc., where P is the orbit period. The three pairs of side lobes in each family are the beat 
frequencies between the central peak and, moving outward, D, D/2 and D + D/2 respectively. The high frequency end of the 
spectrum is not shown, but continues this behavior. The principal periods are evidently D and P and harmonies thereof. At the 
bottom of the figure is the averaged time series obtained by superposing values from the entire time series of 125 segments as a 
fonction of time since perigee passage. lt clearly indicates that the principal period 1s P/2. 

b) Time series of the along track variable orbit parameter. 

The least squares spectrum has a stronger D peak, and a D/4 peak as well, adding more side lobes to the P families. From the 
averaged time series, the principal period is again P/2. 

c) Time series of the cross plane variable orbit parameter. 

The least squares spectrum has a weak D/ 2 peak, strong D/3 and D/5 peaks, and cven more side lobes in the P families. 
Evidently the cross plane parameter is not sufficiently correlated from pass to pass to reveal a principal pcriod through averaging 
over many passes. However since we are interested in approximating its shape over just one pass at a time, and the least squares 
spectrum does not differ markedly from the previous two cases, it was assumed that its shape also had a principal period of P/2. 
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Figure 3. Effect of refraction on two-dimensional translocation. 

From each of 40 sets of simultaneous single pass Doppler data a 
two-dimensional interstation vector was determined, and the median 
interstation vector subtracted from it. The lengths of these dif
ference vectors were computed, ordered according to magnitude and 
the resulting cumulative percentage error curve plotted on this 
figure. This analysis was repeated three times; a) applying iono
spheric and tropospheric refraction corrections to the Doppler data, 
b) omitting the tropospheric correction, and c) omitting the 
ionospheric correction. 1 n comparison with these results, the 
cumulative percentage error curves for the absolute positions of each 
station had 50 per cent values of 20 m for (a). 30 m for (b) and 90 
m for (c). 

Receiver 

The point for which we wish to determinc coordinatcs is 
the phase centre of the rccciving antcnna. ldeally the Doppl:r 
integration epochs should occur whcn the satellite timc signais 
arrive al this phase centre. Howevcr the propagation and 
proccssing of Doppler and timing signais through the rcccivcr 
involvcs dclays. The timing signal delay bas a nominal value 
(which can be mcasurcd in the laboratory) of bctween 500 and 
J ,000 microseconds. dcpending on the model of reccivcr. 
However variations on this nonùnal value. callcd timing jitter. 
of as mu ch as 1 OO microseconds can occur, aga in depcnding on 
the recciver uscd. Aftcr detcction of this timing signal, the 
Doppler rcgister is available to begin counting. however the 
integration epoch actually occurs al the next positivc-going 
zero crossing of the Doppler beat frequency, up to 45 
microseconds latcr. 

Therc arc a numbcr of approaches which can be taken to 
account for these delays. One method called co11sta11t bit rate 
(uscd by Canadian Marcom rcccivers} is to cstablish fictitious 
satellite time marks corresponding to integration epochs of the 
mcasurcd Doppler counts. which are actually gated not by real 
satellite time marks, but by time marks generatcd by the local 
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oscillator. Marconi reduces the zero crossing delay b} multi
plying the (fg·f~) bcat frcquency by 100. 

A second mcthod called i111pro1•ed time recorery, (used by 
rece1vcrs built for the Arctic lce Dynamics Joint Experiment 
b) Satellite Position111g Corporation), is to make additional 
Doppler ami local clock uming measurcmcnts cach integration 
mterval to correct the measurcd Doppler counts, in this case 
gated by satellite time marks. Analysis of 19 passes tracked by 
two collocatcd Aidjex receivers, obtained cumulative 50 per 
cent crrors of 2 m and 37 m respectivcly. whcn computed with 
and without improvcd lime recovcry. 

Modelling assumptions 

In the derivation of Equation l relating integrated Doppler 
counts to rcceiver coordinates. fivc generally invalid assump
tions have bccn made: a} the integration epochs are coincident 
with arrivai of time marks at the antenna phase centre; b) the 
ephemeris cxactly defines the satellite position at the time of 
transnùssion of lime marks; c) satellite signais propagatc as if 
in a vacuum; d) thcre are no rclativistic effccts; and e) f5 and f, 
are constant during a pass. We have just discussed mcthods of 
accounting for the invalid1ty of assumption (a). Assumption 



(b) is invalid due to orbit biascs. which wc have secn can be 
taken into account. ,\lso. lack or synchroni1ation between 
ephemeris epochs and t ime signal epochs invali<lates this 
assumption. llowever, such a lack of synchronization is 
indistinguishable from an along track orbit bias. the standard 
dcviation of which wc adopted as 26 mctres. equivalent to 
3,000 microseconds of satellite travel timc. An} lack of 
synchroni1ation betwccn ephcmcris and time signais is likely 
to be of the ordcr of 50 microseconds (Andcrlc, 1974). only a 
fcw pcr cent of the along track orbit bias. The invalidity of 
assumption (c) can be corrcctcd for as describcd abovc in the 
discussion on refraction. Assumption (d) ignores both spccial 
(lime dilation) and gencral (gravitational rcd shift) rclativistic 
effccts. Howcvcr thcir fonn is well known (.\toiler. 1952: 
Rindlcr. J 969) and they can be corrccted for (Brown, 1970). 
lt turns out that relativistic effccts influence the dctcrmination 
of the local clock frcqucncy. fg. and not the recciver 
coordinates, and that this influence is about at the rcsolution 
with which fg can be dctcrmincd. The cffect of assumption (e) 
is that a linear drift in either f, or fi! of J 0 parts in l 01 0 pcr 
day, over the 20 minute duration of a pass, will cause 
positioning crrors of the order of one quarter of a metre .. The 
long tcrm drift of the satellite oscillators is of the order of 0.5 
parts in 101 0 per day. Local oscillator quality can vary widely, 
howcver high quality oscillators with stabilitics of a fcw parts 
in 101 0 pcr day can be obtaincd. 

Summary 
One of the basic aims of gcodcsy, if not the basic aim. is 

the dctcrmination of the gcometry of the earth's physical 
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surface. and the description of the earth's gravity field, in a 
common unambiguously defincd coordinate system. ln solving 
this problem, the limitations of classical gcodcsy have bccn 
overcome within the past decade or so. through the advent of 
geodetic satellites. The principle objective of satellite geodes} 
has been to cstablish such a unified gcodc1ic refcrence system, 
in which arc describcd station coordinatcs. the carth's gravity 
field. and the orbits of the geodctic satellites uscd. The original 
objcc1ive has now bccn more or lcss achievcd (l lcnrikscn and 
Mucllcr, 1974) Satellite and station positions can now be 
determincd w1th an accuracy of about a metre and values for 
ovcr 400 spherical harmonie coefficients of the earth's gravity 
field have been computed (Andcrlc. 1974). These spherical 
harmonies dcscribe dctails of the gravit)' field with wave
lengths as smalt as 2,000 km. 

The current objectives of satellite geodesy arc three 
rcfinements of the original objective: the detcnnination of 
shorter wavelength gravity fcatures: obtaining more accurate 
station positions (10 cm is an often quoted goal): and 
determining accurate station coordinates in "real lime", which 
111 th1s context means a few days. 

Senu-dynamical Doppler satellite positioning now rnakes it 
possible to achieve this fast objective. The result is to transfer 
the benefits of satellite geodcsy to a much broader community 
of users. 

rigures 4 and 5 describe two applications of semi
dynamical Doppler satellite positioning. A number of other 
applications arc describcd elscwhere in thesc procecdings. 

NORTH GREENLAND MAP ERRORS 
AMS SERIES C501 

o 100 20okm 

BASE MAP 

o 20 40km 

VECTOR 

Figure 4. North Green/and map errors. 

Results of an investigation of mappmg errors causcd by a lack of adequate ground 
control for the aerial photographs from which the maps had been compiled 
( Lillestrand et al., 1968). Using a Transit receiver and other geodetic instruments, 
positioning errors of up to 20 km were found. The actual area of north Greenland is 
8,000 km2 greater than shown by the best maps then available. This application 
demonstrated the flexibility of this new geodetic tool, since with less than one week's 
notice. a shipboard receiver was taken from Halifax to northern Greenland and was 
producing useful geodetic data. 
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Figure 5. The Arctic ice dynamics joint experiment. 

AIDJEX is a joint US/Canadian geophysical experiment on drifting 
sea ice in the Arctic Ocean which began in March 1975 and is scheduled 
to run for 14 months. The purpose of the experiment is to relate the 
large scale response of sea ice to its environment. An important 
component of this experiment is a semi-dynamical Doppler satellite 
positioning system consisting of receivers at each of four manned camps, 
and at each of ten unmanned data buoys (Thorndike, 1973; 1974). 
Environmental data from the data buoys and manned camps, plus 
motions of the data buoys derived from the Doppler data will be used to 
drive a numerical model relating the large scale sea ice stress and strain. 
Motions of the manned camps derived from Doppler data will be used to 
test this numerical model. Ali receivers are single channel, making no 
provision for ionospheric refraction correction, since the translocation 
technique will be used. The manned camp receivers have improved time 
recovery and a sophisticated computer-controlled satellite signal acquisi
tion system. The manned camps are each equipped with two receivers for 
redundancy, and to provide azimuth measurements accurate to a few 
degrees using two antennas separated by 100 metres. Single pass relative 
positioning (translocation) accuracies of the order of 10 metres between 
camps are expected. 
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0: What 1s the diffcrence between the rcpeatability and the 
absolutc crror in positions dctcrmincd from precise cphc
meris? 

A: Rcpcatability is about ±1 m and absolu te error about ± 1.5 m. 
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Polar mot ion program of the Earth Physics Branch 
Department of Energy, Mines and Resources 

J. Popelar* 

Abstract. The Polar ~lotion Croup \\'à' establhhed in 1973 a' part of 
the nc\\ly orga11i1ed Gcodynanuc' Section \\itl1in the Gravity Divi,ion 
to carry un studie' of polar motion, earth0 s rotation and austal plate 
movcmcnt,. This long tcrm program includcs the opcration of the two 
Canadian PZT obscrvatorics located near Ottawa and Calgary \\hich 
have bccn accumulating ;htronomical data on latitude and longitude 
variatiom sincc 1951 and 1968 re>pcctivcly. Both PZT which appcar to 
be capabk ot dctccting sccular motions grcatcr tl1an 10 cm, contributc 
data rcgularly to the international timc (8111) :ind polar motion (JP.\!S) 
crvice,. 

ln 1974 two Doppler \atcllitc trackin!! stations wcre collocated \\ ith 
the PZT ob5ervatories to compare polar motion a' dctcrrnincd b} the 
two indcpcndcnt technique,, lt 1s hopcd that tlic Doppler s:itéllitc 
mcthod will increasc the occuracr nnd timc solution of pole dcternuna
tions to facilitate studae' of short-t•·rn1 variations of polar motion. ,\ 
mini-computer 'Ystem i' bcing mcd to automate the satcllitl' data 
:icqu1s111on, proc,·ssing and communication. As part of the world·\\idc 
TRAl\I l s;11,•lhll' tracking nel\\ork the Doppler stations contributc 
dat.a to tlw Dahlgrcn Polar ~1onitoring Service. 

Introduction 

The Polar .\lotion Croup was fom1ed in 1973 as part of the 
ncwly organized Ccodynamics Section within the Gravity 
Division to carry on studics of polar motion, eanh's rotation 
and crustal plate movcmcnts. The group was organized around 
the well establishcd PZT opcrations in Ottawa and Calgary 
which werc attached to the gcophysical divisions whcn the 
Earth Physics Branch was formcd in 1970 after the dissolution 
of the 001111111011 Obscrvatory. The Polar Motion Group was to 
continue the PZT work which still contributes rnuch excellent 
data on the global dynamics of the carth, and at the samc timc 
it is supposcd to investigate and experimem with ncwer 
techniques which could eventually superscde the optical 
astronomical observations. Since the Polar Motion Croup 
presently consists of only one reasearch scicntist and four 
technical officcrs. two in Ottawa and two in Calgary, 
automation of routine observing procedures and data pro
ccssing is of necessity an important aspect of the polar motion 
pro gram. 

•Gr&\'ÎIY and Gcod) namics 01\ision, Earth Physics Branch, Departmt'nt 
of Energy, Mim.') and Rcsource., Ottawa, Ontario, Canada. 

Résumé. Le Groupe du mouvement des pôles, constitué en 1973 et 
élément de la nouvelle Section de géodynamiqm: de la Division de la 
gravité, a la mi~sion d'étudier le mouvement des pôles. la rotation de la 
Terre cl les mouvements des plaques de la croûte. Cc programme à long 
terme comporte l'utilisation des dcu\ obsl·rvatoires PZT canadiens, 
situ~s près d'Ottawa et de Calgary, qui enregistrent des données 
astronomiques ~ur les variations de longitude et de latitude depuis 1951 
et 1968 respccuvcment. Les dcu\ PZT peuvent Mtcctcr des mouve
ments séculaires, au-delà de 10 cm, et relèvent régulièrement des 
données pour le~ scrviœs intcrnationau\ du temps (BIH) et du 
mouvement des pôles (lP\lS). 

l:n 1974. les données d~ dcu\ ~talion' de poursuite des satellites de 
nav1j?ation Doppler ont été confrontées aux données des observatoires 
PZT pour comparer les mouvements polaires déterminés par deux 
techniques différentes. On espère que la méthode de navigation Doppler 
par satellite améliorera la précision et le temps de résolution des 
déterminations de position des pôles pour faciliter l'étude des variations 
à C'OUrl terme des mouvements des pôles. Un système de mini
ordinateur est utilisé pour automatiser l'acquhition des données de 
satellites. le traitement et la transmission. Rattachées au réseau de 
poursuite de satellites mondial TRANET. les stations Doppler fourni~
srnt des données au ScrVJcc de 'urvcillancc des pôks de Dahlgrcn. 

PZT program 

The PZT operation in Ottawa was set up in 1951 as part of 
the Posit1ondl Astronomy Division and has since becn 
producing data nearly continuously (Thomson, 1955 ). During 
this period the PZT location was changcd three limes and the 
original instrumcn1 was replaced in 1968 Smce 1970 the 
Ottawa PZT No. 2 has bcen located al Shirleys Bay 
approximatel)' 16 km duc wcst of its original site at the 
Dominion Observatory. With the exception of the first period 
bctween 195 2 and 19 55, when the scaller of observations was 
rather large duc to changing opcration procedurcs and the lack 
of an atomic standard for timc comparisons, the Ottawa PZT 
observations of lime and latitude provide excellent matcrial 
for studies of polar motion and earth's rotation. Analyzing the 
PZT data accumulated bctwecn 1956 and 1970, Woolscy 
( 1972) concluded that the obscrvational noise in both coor
dinates is around JO cm for averaging intcrvals of about J 5 
days. 1 le clearly identificd the Chandler term as the most 
promincnt in the latitude observations with more than twice 
the amplitude of the annual tenn. For the time observations 
long-tem1 variations prcvail while the annual and semi-annual 
tenns can be observed on the background of short-terrn 
variations. 
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Rcalizing th!.! poll.!nlial l)f precise PZT observations and in 
an a1tcmpt 10 climinatc biascs betwccn differcnt PZT star 
catalogues which dcfinc the rcfcrl!nce frame, the l/\L strongly 
recommendcd in 1963 lo locate new PZT sites on the latitudes 
of cxisting PZT obscrvatorics whl!nevcr possible. Following 
1his rccomrncndation a site for a ncw P7T was chosl!n al 
Priddis near Calgary on the same lalitudl.! as the 
llcrtsmonccux PZ r of the Royal Greem\ ich Observa tory in 
England. The rcgular observations at Calgary commcnced in 
1968 using the PZT l\o. 1 from Ottawa and the l Icrtsmonccu\ 
star catalogue. The data obtained at Calgary from 1968 to 
1972 contributed lo a major rcvision of the star catalogue and 
the ncw catalogue was introduccd al the beginning or 197 S. 

The nightly opera1ions of both PZT arc fully automalcd 
using an clcctro-mechanical S)'Stem wh1ch has to be manually 
rcset once a day. /\lthough the measurement of PZT plates 
requires manual sctting on program star images the data arc 
automatically punchcd on cards for computer proccssing. The 
PZT results from both stations are transmitted weekly to the 
Bll I in Paris and monthly to the IP\1S in Mizusawa in a form 
of average timc ;md latitude observations for star groups. Both 
stations also participatc<l in the so called rapid sl.!rvicc during 
critical phases of the ~lariner serics interplanctary Oights when 
UT 1 and pole position wcre evaluated <laily from observations 
of only 14 Bll I stations (fcisscl. Guinot 1974 ). 

The avcragl.! night observations at Ottawa and Calgary 
togethcr with rcduced smoothcd values of latitude and timc 
arc su111111an1.cd 111 annual reports published 111 the Gco· 
dynamics Series Bulletins. The 1974 Ottawa PZT time resulls 
arc shown in Figure 1 whcrc the standard dcviation of the 
average night UT:! from the smoothed curve is about 4 ms. 
Figure 2 shows the average night latitude variations al Ottawa 
in 1974: the standard <lcviation from the smoothed curvc is 
about 0.

11
035. The scattcr for the Calgary observations is 

about 40 per cent largcr due to the shortcr focal lcngth of the 
telescope built to match the I-Iertsmonceux PZT and its highcr 
latitude which affects the time observations (figure 3). The 
smoothing is pcrfonned using the graduation mcthod 
gencrali1ed by Vondrak ( 1969) for unevcn data distribution 
with differcnt wcights. For 1his mcthod diffcrcnt degrccs of 
smoothing can be achicvcd by changing a single paramctcr. the 
so called coefficient or roughness, from one cxtremc when the 
smoothcd curvc is a lcast squares parabola, to the other when 
the s11100U1ed curvc passes lhrough each observai ion whilc 
minimizing the sum of third differcnces. The coefficient of 
roughness can be varicd to producc a smoothed curvc with a 
certain standard dcviation. Pigure 4 shows the same timc 
observations at Calgary with a standard dev1alion frorn the 
smoothcd curvc rcduccd by 1 ms (from 6 to S ms). How much 
of the variations arc duc to observing conditions (mctcorolo
gical or instrumental} and what is duc Lo short term variations 
in the carth's rotation and polar motion rcmains to be 
dctcm1ined. Howcvcr. it has bcen generalJy acccptcd 1hat short 
term variations as wcll as major changes particularly in ù1c rate 
of rotation do exist although thcir causes arc not fully 
understood. A significant change in the carth's rate of rotation 
occurred al the end of 1973 as shown in Figure S; the change 
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in the slopc of UT2 against UTC amounts to about 0.5 ms pcr 
day. A similar change but in the opposite dirl.!ction took place 
betwccn 1964 and 1966 (\Voolscy, 1972). 

Recent developments in polar motion studies 

Grcatcr interest particularly in irregular changes in polar 
motion was stimulated by the hypothcsis put forward by 
Smylie and ~lansinha (1967) rclating such changes to major 
carthquakes. Disadvantagcs of the optical astronomical obser· 
vations to detcct positivcly abrupt changes in the polar motion 
arc obvious: only night observations under favourable wcather 
conditions arc possible and data frnm a numbcr of obscrva
torics arc ncccssary to determinc the pole position: the 
proccssing itself tends 10 supprcss any abrupt nuctuations. ln 
1969. Anderle and Bcuglass ( 1970) found that polar motion 
coul<l hc determined b:,. analysis or Doppler satellite observa
tions. ,\ diffcrence bctween thl! truc and a~umed pole 
position produces a systematic cffcct on ;tlong trad: rcsiduals 
of satellites in polar orbit. The pi.!riod of this systematic cffcct 
i~ 24 hours with maxima occurring at the timcs when the 
mcridian plane containing the truc and assumed polcs 
coïncides with the satellite orbital plane and nulls whcn thcse 
planes are pcrpcnd1cular to cach othcr. This effcct can be 
evaluatcd from data of a single station providing the distribu· 
tion of satellites is favourablc. Smith et al. ( 1970) reportcd on 
a mcthod using Jaser satellite tracking to dcterminc polar 
motion cffcct on station latitude by mcasunng the apparent 
variations in the inclination of the satcllitl! orbit. ,\1 the same 
time vcry promising rcsults for polar motion and UT 1 
dctcrminations were report cd using rat 10 astronomical 
mcthods, VLBI in particular (Gold, 1967. Shapiro et al., 
1974}. 

Doppler satellite tracking program 

Thcsc dcvclopments Jcd 111 1971 to the formation of a 
committcc consisting of R.W. Tanner and IU. Walcott to 
study possibilitics of usmg somc of the new mctho<ls for 
gcodynamic stu<lics to complcment the e.\isting P7T opera· 
tions of the Earth Physics Branch. After c.\.lcns1vc consulta
tions the committce found Doppler satellite tracking as the 
bcst 11nmcdiate prospect for a satellite geodynamics program. 
This was supported by the rcsolution of the IAU Symposium 
on Larth's Rotation in 1971 which strongly rccommendcd 
collocation of Doppler satellite tracking cquipmcnt wi th 
cxisting obscrvatories participating in the international lime 
and polar motion services. Such collocations werc ncgotiated 
for othcr sites, Misuzawa and Brusscls, and Ottawa and Calgary 
wcre considercd as unportant additions because of their 
locations and rather prominent position in the Bll 1 and IPMS 
systems. More important support came from the 'JWL which 
was rcsponsible for data proccssing and pole dctcrminations 
for the world-wide TR,\NET satellite tracking nelwork. The 
Doppler satellite tracking equipmcnt, personnel training as 
wcll as close cooperation in data processing and cvaluation 
have bccn offered in cxchangc for data. This was rather 
important considering the high costs of cquipmcnt and 
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Figure 1. lndividual night observations of time with the Ottawa PZT in 1974 and the smoothed curve for UT2 - UTC + 2.7 
ms/day (STD 4.1 ms; UTC step adjustments removed). 
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Figure 5. lndividual night observations of time with the Ottawa PZT in 1973 and 1974. 

operation. The agreement covering the Joan, operation and 
maintenance of Doppler satellite tracking stations between the 
U.S. Defense "lapping Agency Topographie Center and the 
Earth Physics Branch was reached in January 1974. ln April 
1974 a geoceiver was set up at Calgary and a TRANET van was 
brought to Ottawa and installed in September. 

The Doppler satellite tracking is a 24-hour aU weather 
operation producing a large amount of raw data. It has been 
apparent from the very beginning that without proper auto
mation of the Doppler stations one man can never acquire and 
manually process the satellite data to meet daily transmissions 
to the Satellite Control Center (SCC) at the John Hopkins 
University in Maryland. Moreover, any mdependent data 
processing and analys1s would be impossible. The Doppler 
satellite operations were therefore carefuUy analyzed and after 
surveying the market of au toma tic measurement instruments, 
a real-time data acquisition processing and communication 
system was procured toward the end of 1974. 

The system as presently constituted (Figure 6) is based on 
3 Hewlett-Packard distributed mini-computer system with a 
central unit in Ottaw<i and a terminal in Calgary. The central 
unit consists of a 24K HP2 J OO mini-computer operating under 
multiprogramming real-time executive with file manager, paper 
tape reader, 5 magabyte cartridge dise drive, 30 cps console 
printer and card reader. The distributed system package 
provides on-line communication between the terminal and 
central computers giving the terminal full access to ail the 
resources of the central system such as data storage and file 
manipulation on the central dise, program scheduling on the 
central computer and terminal program development and 
storage. The temtinal system which consists of an 8K HP2 I OO 
mini-computer, paper tape reader, console printer and card 
reader, operates under terminal communication executive as a 
sophisticated input-output device with ils own programming 

capability. Both mini-computers are equipped with interface 
cards to enable direct real-time data input from the satellite 
tracking stations and eventually basic computer control of the 
stations. The latter will probably be limited to a simple 
swi tclùng fonction for the geoceiver whereas the modular 
design of the TRANET station is more suitable for implemen
tation of additional control functions. The mini-computers 
will eventually be directly interfaced with automatic weather 
stations so that meteorological parameters (temperature, 
pressure and huntidity) can be automatically recorded during 
satellite passes. 

lmmediately after a satellite pass the data will be checked 
for internal consistency and identified by comparison with 
satellite predictions before being temporarily stored on the 
central dise. Another program will prepare a uniform observa
tion me for permanent storage and select passes for transmis
sion to the sec as requested. 

The HP Remote Data Transmission System in connection 
with a 2,000 bps data phone enables the central system to 
emulate an IBM 2780 terminal to any large computer 
installation supporting a dial-up port using the 2780 protocol. 
This system is operational and will be used to transfer the 
observation file onto high density magnetic tapes for 
permanent storage as well for bat ch job processing. 

Sincc the SCC supports only teletype communication a 
buffered telex interface has to be used for the daily data 
transmissions of requested passes from the central computer 
dise to the sec. 

At the present time most of the hardware has been 
asscmbled with the exception of the weather stations. A 
concrete pier has been built for the geoceiver antennae on the 
PZT observatory grounds at Calgary and the TRANET 
antennac is presently mounted on the roof of the Geophysical 
Building al the old Dominion Observatory grounds in Ottawa. 
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Figure 6. Mini-computer system for satellite data acquisition, processing and communication. 

The software for the real·time data acqu1s11ion and proccssing 
is being dcvelopcd and il is hopcd that the basic system will be 
opcrational in a fcw months. ln the mcantimc the Doppler 
satellite tracking is lirnitcd to manual or unat tended modes of 
opcration for the highest priority satellites. 

Conclusions 

The primary objectives of the Polar ~1otion Group of the 
Earth Physics Branch can be summarircd as follows: 

1. Continuous observation of variations of the station coor· 
ùinates at Ottawa and Calgary using the astronornical and 
Doppler satellite methods to study polar motion and analyse 
differences betwecn the two systems; since the error sources in 
PZT and Doppler results arc largd)' indepcndent any common 
changes in polar motion can be considered to be ùue to 
physical rather than computational sources. 

2. To use the Doppler satellite method to incrcase the 
accuracy and time resolution of pole determinations in nrder 
to facilitate studies of short-term variations of polar motion. 

3. To study variations in the rate of rotation of the earth. 

4. To provide permanent referencc points for satellite and 
astronomical observations and for long term studies of crustal 
plate movements. 
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The program is intcnded to gcneratc high quality ùata 
which woulù help to prcserve the continuity of polar motion 
stuùics and cnhan.;c the understanding of global gcodynarnics 
phcnomcna. 
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Discussion 

Q: l low would you explain the large deviations of your PZT 
timc and latitude observations from the average srnoothed 
values for some nights? 

A: They arc most likcly duc to abnormal atmosphcric 
conditions. 

Q: What is the Canadian attitude towards rcplacing the 
classical mcthods by somc modern ones'! 

A: We would givc up the PIT if a more modern technique, 
which wc could afford. would provide bctter data for the 
global gcodynamic studies. The Doppler satellite mcthod is 
vcry suitablc for monitoring polar motion but prcsently it 
docs not prov1de data on the earth 's rate of rotation 
comparable to PZT. We also recognize the necd for 
overlapping pcriod of obscrvauons beforc abandoning the 
classical methods in order to preserve the continuity of the 
polar motion and earth's rotation studics. 

Q: What is the accuracy of your satellite observations? 

A: We have not donc an analysis of the accuraC} yet. 
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G EOS-C and measurement of the Earth tide 

D.R. Bower* 

Abstract. 1l1e Emth tidc paramctcrs of intcrcst can be mcasurcd in 
prmc1plc lhrough anJlysis of the orbital dynamics of a satellite or 
through anaJy,is of the radial displaccmcnt of the Earth's surface as 
rcve:dcd by diffcrcncc>-ranging measurcmcnts to the satellite from two 
or more laser stations. The first mcthod makes use of multi-pas.s orbital 
arc,s ;ind rcquircs knowlcdgc of the global ocean tidc and other long 
term pcrturbing inOUl~nces. The second method, because the cffcct of 
the occan tidc nccds tu be cvaluatcd only at thc laser sites, requircs 
knowlcdgc of mainly regional tidcs and shortcr orbital arcs should be 
us.1blc. Bccausc tlu~rc is little immcdiatc prospect of the global ocean 
tidc bcing dctcrmined to the accurncy rcquircd by the first method, a 
Canadian GEOS C investigating team has chosen the <l't:und mcthod to 
test the fcasibility of dctcrmining the Lovc numbcr h2 to un accuracy 
of 1 pcr cent and the solid carth phase lag to 0.5°. J\ssuming an 
uccuracy in diffcrcncc-ranging of 1 cm from two sites in the GFOS- C 
calibration nr\!3, 650 indcpcndent mca,urcmcnts will be rcquired if the 
Mi constituent (pcriod 17.2 days) is uscd and 1.500 mcasurement~ will 
be n~>cdcd if the li: 1 constituent (pcriod 132 d:iys) h used. 

Introduction 

The aim of earth tide research has been to confinn the 
theory of earth tides as expresscd by the Love numbers h, k 
and Q, the loaJ-deformation coefficients h', k' and the 
solid-earth tidal phase lag e. Enrth tide measurement tech
niques have reacheJ the stage where the effect on the 
mcasurements of the occan tides is the principal factor limiling 
the accuracy with which the Love numbers and the phase lag 
can be determincd. This accuracy is below that needed to 
distinguish between the various earth models for which Love 
numbers (Alsop and Kuo, J 964) and load defonnation 
coefficients (Farrell, 1972) have been cakulated, or to reveal 
rcalistic Q values for the solid carth. 

The ocean tidc effect can be prcdicted if the tide is known 
accurately and therc is somc hope that this will be the case in a 
few ycars through progress in satellite altimctry over the 
occans. Howevcr. anothcr problcm has rcccntly become 
:1pparent. Both tidal-tilt measurements and tidal-gravity 
measurements arc required before Love numbcrs can be 
calculated sincc separately they depend on the combinations 
( Q - h + k) and ( C + h 3/ 2k). and il has rccently been 
demunstrated that tilt measurements are susceptible to gross 
errors duc to til t-strain coupling eflècts. These effects are 
peculiar to the measuring site and depcnd on the configuration 

•Gravity and Geod)'l1umics Division, 1'.orth Physics Branch, Dcpartment 
of Encrgy. Mines and Hesourccs, Ottawa, Ontario, Canada. 
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Résumé. Les paramètres d'intérêt de marée terrc~tre peuvent être en 
principe mesurés par l'analyse de la dynamique orbitale d'un ':lteUite ou 
l'analyse du déplacement radial de la surface terrestre révélé par les 
mesures télémétriques de la distance du satellite, du point de deux 
stations la'\Cr ou plus. La première mét11odc C\I à partir d'ar~ orbitaux 
de plusieurs passages et nécessite la connaissance de la marée océanique 
globale et autres influcm:cs perturbatrices à long terme. Dans la 
seconde, du fa it que l'évaluation de l'effet de la marée océanique n'est 
nécessaire qu'à la station du laser, le calcul est à partir des données de 
marées surtout régionales et de~ arcs orbitaux plus couns peuvent être 
utilisables. i:tant peut probable que la marée océanique globale puissc 
être déterminée avec la précision exigée dan,; la première méthode, une 
équipe canadienne GEOS (' n choisi la seconde pour tester la faisabilité 
d'une détermination du nombre de Love h2 , avec une précision de 1%, 
et le dépha'llgc en arrière de la marée terrestre de 0,5°. Une différence 
de 1 cm dans la mesure télémétrique de la distance, à partir de deux 
poinh dc la zonc d'étalonnage de GEOS-C, entrainera la prise de 650 
mesures différentes, avec l'cmplo1 de la composante M2 (période 17,2 
jouh) et 1 500 :ivec la composante K 1 (période 132 jours). 

of the instrument cavity (King and Bilham. 197 3) and the 
nature of the local topography (Harrison, 1974). lt is not yet 
clear to what degree of accuracy the effects can be calculated 
or whethcr it is feasible to select sites where they would be 
negligible. Thus even when the ocean tide influence îs 
accounted for surface-derived estimates of the Love numbers 
may 1101 be representative of global conditions. These are the 
reasons why earth tide researchers are Jooking to satellites as 
ù1e means of ultimately determining the Love numbers and 
me phase lag. 

The Earth tide may be thought of as a component of the 
Earth's gravitational field which rotates with the attracting 
body rather than with the Earth. In principle Ùlerefore the 
amplitude and phase distribution of the tide can be de
termined through a study of its perturbing effect on the orbit 
of a satellite. This is the method which will be used by several 
investigating teams working with the newest NASA satellite, 
GEOS-C. A team including rncmbers from both the Earth 
Physics Branch and the University of New Brunswick will use a 
diffcrent approach. They will attempt to study the Earth tide 
through the gcometric effect on the Earth as revealed by laser 
ranging measurements to the satellite. 

GLOS C is the forerunner of a new series of geodetic 
satellites intcnded to support e.xperiments in solid earth 
physics and oceanography. The nominal orbit parameters are 
as fo llows: Mean altitude- 843 km; lnclination-1 15°; Ec
centricity- 0.000: Period - 101.8 min. 
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Theory 

Kaula has devcloped the theory for the motion of a 
satellite in the gravitational field of the Earth (Kaula, 1966) 
and for the perturbations duc to the attraction of the Moon 
and the tidally-displaced masses of the Earth (Kaula, J 964 ). 
Lambcck et al. ( 1974) have extcnded the theory to prcdict the 
perturbations duc to a global ocean tide represented by a 
sphcrical hannonic expansion such as that of Hendershott 
(Hcndershott and Munk, 1970) and he has analyzed the effect 
of both Earth and ocean tides on the orbit of GEOS 2 and 
othcr satellites. 

Theory - Perturbation due to the non-central field 

The six numbers (a, e, i, M, w, n) (ail symbols are listed al 
the end) describing the Keplerian ellipse followed by a satellite 
will be affected by the non-central gravitational potential of 
the Earth according to: 
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where the disturbing potential R is a complete solution of 
Laplacc's equation with a particular tcrm given by: 

µaQ 
RQm = UQ:I P11m (sin t/>) (CQm cos m À + S11m sin m À) (2) 

Ex pressing ù1e coordinatcs (r. Ç> .>..) of the evaluation point in 
terms of the Keplerian elements of the satellite leads to: 

µaQ _Q OO 

R - _c ~ Fn (1') ~ G ( n ° Qm -
3

Q+1 P;;O unp q:°':oo ~pq (c) S_l!mpq W, M, •t., o) 
(3) 

Where: 

[ 

CQm]Q-m even 
SQmpq = -S cos[(Q-2p)W + (i1-2p+q)M 

11m Q-m odd 

+ mcn-8>] 

[ 

s ] 2-m even (

4

) 

+ CQm sin [ (Q-2p)W + (Q-2p +q)M + m(n- 8)) 

Qni Q-m Odd 
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and fQmp (i) and Gtp (e) are functions only of the inclination 
and eccentricity resp~ctively and are listed by Kaula (1966). 
Becausc Lhe term C20 in Lhe expansion for the noncenlral field 
of Lhe Earth is so much larger than any other Lerm Lhe effects 
of ail other disturbanccs can be considered as perturbations of 
the principal rates determined by equation ( 1) with R = R2 0 . 

Further. of ail the terms in the serics (3) those for which the 
coefficient of M is zero will be the principal ones since the 
others will pass through a complete cycle every revolution of 
ù1e satellite; th us only the term R2 0 1 0 is needed to de termine 
the principal rates. Substituting this term in ( 1) yields: 

JmC20 a/ 
M = m - - - (3 cos2 i-1) 

4(1-e2
) 

1 a2 
(5) 

cos j 

â = ~=i=o 

These rates can now be substituted in ( 4) and equations ( J) 
solved for the perturbation due to othcr disturbing functions. 

Theory - Perturbations due to the Earth tide 

The potential due to a second body of mass m*, such as 
the Moon, evaluated al a point distant r from the centre of the 
Earth and angular distance S from the second body at a 
distancer* is given by: 

PQ (cos S) (6) 

l'ransforming the coordmatcs of the 2ncl body to Keplerian 
clements leads to: 

ci1-m) ! = G M • --- (2 - ôom) 
(Hm)! 

{

cos}Q-m even 

sin {Il* Qmpq 
11-m odd 

- m(À+8>} 

• Q •+ Q • • VQnipq = ( -2p)W ( -2p +q)M + mil 

(7) 

(8) 

The cvaluation is made al the point (r, </J, X) and O is the sidereal 
tirne of the reference meridian. This is the tide-raising 
potential. According to Love's theory all elast ic deformations 
produced in a latcrally-homogeneous Earth due to this poten-



tial can be expressed as the product of this potential and a 
simple combination of up to three numerical coefficients. 
These threc coefficients arc known :is Love's numbers h, k and 
1. The various combinations rcquired for radial displaccmcnts, 
for tidal gravity, strain, tilt and dilatation are g1ven by 
Melchior ( 1966). The radial displaccment is hR g. The indirect 
potential duc to the masses of the Earth wh1ch have bcen 
displaced by the tidc-raising potential is equal to kR/g. 

The phase of the solid-earth responsc to the tide-raising 
potential lags the potential by a small angle c because of 
non-elastic effects wi th in the Earth. This phase is related to 
Lhe whole Larth Q by: 

Q =C/tan2€ 

The disturbing potcntial acting on a satellite will be the 
sum of the tide-raising potential and the deformation potential 
evaluated at the satellite. After transforming to the Keplerian 
coordinates, a particular term of the part of the potential duc 
to the deformation (the solid-earth tide) becomes: 

whcre: 

vllmhJ = (2-2h)w+(2-2h+j)M + mn 

Theory - Perturbat ion due to the Ocean tide 

The global ocean tide can be represented by a variable 
surface Joad whose spherical harmonie expansion is 
(l lendershott and ,\1 unk.1970): 

~ Ct/l. 2) = L ~~ <if>) .. ) cos C27T mf t - ECt/l. X)) C 10) 

The potential of such a gravitating layer is (Munk and 
MacDonald, 1960): 

R = - - ~ 
47TGa (r)m 

m 2m + 1 a m 
(li) 

This surface Joad will cause a dcformation of the Eanh and a 
new potcntial related. in a manner analogous to the derivation 
of Love's numbers, to the deforming potential R

0 
through a 

numerical coefficient which ~1unk and MacDonald (1960) have 
tcrmed the load deformation coefficient k~. Lambcck <'t al. 
(1974) have expressed the sum of these two potentials in terms 
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of the Keplcrian elcmen ts of the satellite and has solvcd the 
equations of motion for the long-term perturbation of i and n 
for a number of satellites assuming several ocean tide models 
given by llendershott ( 1972) and others. 

The global ocean tide has not yet been accurately 
determined for any ham1onic constituent owing to the lack 
of ocean tidc observations, particularly at mid-ocean. The 
global solutions of llendershott are theoretically the most 
satisfactory but various empirical charts are more accurate in 
particular areas. 

The radial deformation of the Eanh's surface, due to the 
load of the ocean tide and given by h'0 Rn/g. will be 
considered later in connection with ils effect on the position 
of observing stations. 

Predictions for GEOS- C 

The periods of the principal tidal constituents as seen by 
GLOS-C and the corresponding long-term (longer than the 
orbital period) perturbations in the inclination of the satellite 
due to the solid-earth tide are presented in Table 1. ln the case 
of M2 the estimated long-term perturbation due to the ocean 
tide as represented by the Hendershott tidal Model 1 is listed 
also. Also presented is the period of each constituent as seen 
by an Earth-fixed site, such as an Earth-tide recording station, 
and Lhe radial displacement of the surface at a point in the 
calibration area assuming h = 0.638. 

Lambeck et al. find in general that perturbations in both 
inclination and nodal rate due to this ocean tide mode! range 
between 10 per cent of the Earth-tide perturbation in the case 
of high inclination satellites such as GEOS 2, and 30 percent 
in the case of low inclination satellites. They have found 
relative effects equal to about one half of this for the K1 and 
01 ocean tides but knowledgc of these tides is rudimentary at 
this time. Their results for GEOS 2, which has an inclination 
of 105°. an eccentricity of 0.03 and perigee of 1,000 km, are 
similar Io the estima tes found herc for G EOS C. 

lt is interesting to note that the bas1~ diurnal and 
semi-diurnal tidal frequencies as seen b} an Earth-fixed station 
appcar Io the satellite to cover a range of periods from 10 days 
to over 1,500 days. This produces no advantage however with 
regard to rcsolving power. because the shift in frequency is the 
samc for ail neighbouring constituents and diffcrence frequen
cies remain the same. The relative amplitude of the various 
constituents however may differ grcatly from that seen by an 
Earth-füed tidal gravity station and this rnay facilitate the 
scparation of adjacent constituents. 

Analysis of Earth tides by the gravimetric effect on 
satellites 

The Love number k2 and the solid-Earth phase lag have 
been estimated from satellite orbit perturbations in several 
studies but Lambeck et al. ( 1974) was the lïrst to attempt to 
correct for the effects of the occan tide. Table Il is a summary, 
presentcd by Lambeck et al., of the results obtained by various 
authors. 
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TABLEI 

Predictions for GEOS-C 

Doodson Pcriod Pcriod 
Name Argument ccros n (carth-lixcd) 

01 145555 15.3 1.076 
7T1 162556 1529.7 1.006 
P1 163555 479.8 1.003 
S1 164556 207.3 1.000 
1\ 1 165555 132.3 0.997 
1\' 165555 132.3 0.997 1 

!JJ1 166554 97.1 0.995 
91 167555 76.l 0.992 
N1 245655 10.6 0.527 
M2 255555 17.2 0.518 
S2 273555 103.6 0.500 
l\m 275555 66.1 0.499 sl 
K 275555 66.1 0.499 2 

days days 

lt is difficult to summarize the accuracy of the various 
experiments refcrred to by Lambeck e1 al. because of the 
variety of measurement and analysis techniques used. Laser 
ranging is certainJy required in the stud} of tidal perturbations 
and Smith el al. ( 1974) have estima ted the accuracy of su ch 
systems since 1970 as betwecn 30 and 40 cm although 
periodic trends with amplitudes of several me trcs arc common
ly seen in range rcsiduals. The better results referred to by 
Lambeck et al. report residuals of this order and expcrimental 
errors in the detemùnation of k2 of about 10 percent and a 
fcw degrees in phase. Smith has found that the large trends 
observed are largely dependenl on the gravity field used in the 
analysis and are likely to be removed in the near fut ure by 
improved gravity models. 

Lambeck et al. ( 1974) have shown that the occan tide, not 
considered in the other studics. may introduce errors of 8 to 
30 per cent in the determination of k2 • This corresponds to 
errors in the estima te of phase lag of between 4 and 24 
degrees. Since fraction-of-a-dcgree accuracy is rcquired for 
geophysical significancc this is the main problem in the 
foreseeable future. 

Analysis of Earth tides by the geometric effect on 
laser sites 

The accuracy of laser ranging systems is approaching a 
point where il may be feasible to measure the Earth tide 
directly from the height changes of laser sites rather than 
indirectly from the gravitational effects on satellite orbits. 
Thal is, to measure the Love number h rather than the number 
k. This approach has the advantage of being Jess influenced by 
the ocean tide. Also, differential height changes of neigh
bouring laser sites can be used and since these can be obtaincd 
from simultaneous ranging measurements fitted to very short 
orbital arcs the results will be Jess influenced by long-term 

:no 

Di\place 
!:::i. Solid larth Tide at b.i Occan Tide 

CG! OS Cl (GFOS-C) 36°N 

.074 6.12 

.202 2.84 
2.84 
0.07 

.608 } .277 
13.49 

0.11 
0.19 

.043 1.94 

.363 10. 15 .061 
1.000 4.72 
.173 1.28 

arc secs cms arc sec 

TABLE Il 

Summary of Rcsults Obtamcd for k2 and €2 using Orbit Perturbations 

Satellite Tidc 

Kozai 5900101 K1r +K\ 
6000902 K1r + K~ 
6206001 K~1 + K~ 

:-:c\\10n ~1can of M2 

four polar 

..atcllites S2 

Dougla' 6508901 K 1 + S2 
cr al 

6800201 

Smith 6502801 
et al. 
Lambl!ck 6800201 
Cl al. 

K +S P 
1 2 1 

K1 +S2 P1 
\1 

2 

l:lement k2 €2 

Analylcd Ob-;crved Ob,crvcd, deg. 

n 

n 

ï+n 

0.22 

0.31 

0.32 

0.27 

0.29 

0.34 

0.33 

0.22 

0.31 

0.25 

0.29 

-s.5 
1.3 

f-0.7 

1.5 

1.7 

1.6 

1.2 

3.2 

9.0 

(From L ambcck, 1974) 

orbital dynanùcs. In fact, Escobal et al. ( 1973) have shown 
that if six simultaneous laser mcasurements are made the 
location of the laser stations and the satellite can be obtained 
purely from geometric considerations. The accuracy in this 
case approaches the laser accuracy. 

Smith et al. ( 1974) have determined the 'ultimate ac
curacy' demonstrated by simultancous laser tracking measure
ments b1 Goddard and Lake Seneca lasers of the BI.:. C 
satellite in 1970. 'Ultima te accuracy' in this instance refers to 
the internai accuracy of the system in deternùning inter-site 
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Figure 1. GEOS-C calibration area. 

position anù rcpresents the ultimate capabilily of the tech
nique if knowledge of everything affecting the orbit of the 
satellite were known perfcctly. The ultimate accuracy in 
latitude was found to be 15 cm. in longitude about 8 cm, and 
9 cm for height. The} conclude that the technique has the 
capability of reaching the 1 cm levcl in ail coordinates with the 
laser systems or 5 10 cm noise levcl in use today. 

Wc can apply these estimatcs to prcdict the ultimate 
accuracy which might be attaincd in measuring h2 by 
simultaneous ranging on Gl-.OS C from two laser ~talions 

situated in the Gl:.OS C calibration area (see Figure 1). The 
two sites which arc separated by the greatest longitude are 
Bcmmda and Patrick Air Force liase. The hcight difference 
between thcse two sites due to the M2 Earth tide has an 
amplitude of 6.4 cm and a period of 17 .~ days. The height 
differcnce duc to the K1 tidc has an amplitude or 4.2 cm and a 
period of 132 days. Either tidal signal, if well scparated from 

othcr constituents. can be determincù with an accuracy of e 
Vf:. 2 by least-squares fitting to N equi-spaced measurernents 
of height diffcrences with an rms error of e. ln order to 
determine h2 10 an accuracy of 1 per cent or the phase lag 
with an accuracy of 0.5 ùcgree 650 independent measuremcnts 
with an rms crror of a cm would be required for the M2 tide 
and about 1,500 for the K1 tidc. 

l\teasurcments of h2 at the K 1 frequency would be 
significant at the 5 percent lcvel because of its nearness to the 
core resonant frequency of .\lolodcnsky's Model 1, 
(Moloùensky. 1961). Figure 2 illustrates the behaviour of the 
Love n umber h2 near the prcdicted frequency of corc 
resonancc. k2 bchaves similarly; the functional relations for 
Molodensky's Mode! 1 carth arc 

h = 0.6206 - 0.4711 X 10-3 (3 

k = 0.3070 - 0.2384 \ 1 Cf3 (J 
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RESONANT AMPLIFICATION 
OF DIURNAL TIOES 

(MOLODENSKY MODELI) 

1 

1 

1 

1 

1 

1 
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n1 P1 s, 1 

r=r------t-=~-::.:-::c:::.::----+--------
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.5 
1 

1 
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1 

15.073265 
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Frequency (deqrees/hour) 

whcrc; 
41.87 

/3=--

.2136 100( ) 

+ 1.9 
wo 

0 

w
0 

= 15.0410686 'hr 

and o is the forcing frcquency. Mcasurement of h2 at the 
frcquency of K 1 wi th an accuracy of 5 pcr cent or better 
would be use fui for evaluating core models. 

Figure 2 

TABLE Ill 

Predicted Radial Deformation Due to 
Loading by Global Ocean Tides (M2 ) 

Deform. 

Site Lat. Long. Ampli. (cm) 

Pt. Arena, Cal. 38.90 236.29 1.245 
Reno, Nev. 39.54 240.19 1.201 
Ephraim, Utah 39.36 248.40 0.683 
Denver, Col. 39.74 255.01 0.545 
Manhattan, Kans. 39.20 263.42 0.362 
L rbana, Ill. 40.11 271.77 0.293 
Oxford, Ohio 39.57 275.25 0.262 
Carlisle, Penn. 40.20 282.00 0.335 
1'ew \ ork, N. Y. 40.80 286.03 0.633 
Godlas, GSFC 39.02 283.17 0.456 
Ramlas, AfFTR. 28.00 278.00 0.566 
Wallop~ 1. 37.80 284.49 0.513 
Grand Turk 21.00 288.00 1.014 
Bermuda 33.00 296.00 1.215 

Deform. Pha~ 
(Greenwich) 

-60° 
-48° 
-54° 
-52° 
-49° 
-36° 
-32° 
-16° 
+ 50 
- 110 
+51° 
+Io 
+960 
- 51° 

Measuring height differences with the above precision 
requires careful consideration of the effect of the ocean tide 
but mainJy with regard to its loading effects ac the two laser 
sites, not for its gravitational effects on the satellite orbit. This 
is an important advantagc sincc loading decreases rapidly with 
distance from the ocean, and moreover it can be predicted 
accurately in particular regions where the ocean tide is well 
described such as the British Isles (Bower, 1969; Baker and 
Lennon, 197 3) and the east coast of Canada (Lambert, 1970, 
Beaumont and Lambert, 1972). The tide in the calibration 
arca is likely to become sufficiently well known in the conùng 
months as a rcsult of GLOS C investigations. 

The loading cffect has been calculated for the M2 ocean ti<lc 
at cach of the laser sites in the calibration arca by convolving 
cxisting tidal data with the Green's function for displacement 

published by Farrell ( 1972). The results, prcsented in Table 
Ill , indicatc the variations to be cxpcctcd for a range of sites 
from nùd-continent to coastal. Idcally, for this type of 
differcntial measurcment, the laser stations should be situated 
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in mid-contincnt. At great distances from the oceans there 
remains a residual loading effect duc to the global oceans but 
it tends to be small and fairly constant over large arcas. To 
show this, the displacement has been calculatcd for each of the 
nine sites used by Kuo et al. in their trans-L.S.A. tidal-gravity 
profile (Kuo et al .. 1970). The data for this table werc 
computcd using a variety of world-wide empirical tidal data 
and programs GLOBAL and PRESS (Bower. 1971 ). New 
occan·tide data which has recently become available for the 
GLOS C' calibration area is now being used in a detailed study 
of differcntial loading there. 

Conclusions 

The prmc1pal Earth·tide parameters of intercst at this timc 
arc k2 or h2 near the predicted core-resonance frcquency, and 
the phase lag. Both parameters can be determined in principle 
through analysis of orbital dynamics or through analysis of 
surface dcforrnations as revealed by difference-ranging 
measuremcnts from laser stations. The first technique requires 
knowledge of the ocean tide which is unifonnJy good 
throughout the world to yield a net accuracy of 10 percent in 
the detem1ination of its effect on the orbit and make possible 
the cxperimental determination of k2 to an accuracy of 1 per 
cent and phase lag to 0.5 degree. This global knowledge of 
ocean tides is not likely to be achieved in the next fcw ycars. 
ln the second technique, because the ocean tide effcct is 
evaluatcd onJy al the laser sites, less wcight is placed on distant 
tidal waters and 10 percent accuracy for regional tides will be 
sufficicnt in most cases for the determination of h2 and phase 
lag to the requircd accuracy. This knowledge of the tides is 
likely to be achicvcd in the GEOS C calibra1ion arca. Using 
the ranging method, assurning !-cm difference-ranging ac
curacy, 650 independent mcasurcments will be required if the 
~! 2 cons1ituent tide is used and 1.500 measurements if 1hc k1 
constituent tidc is uscd. 

Notation 

a 
a* 

c 

r\'.mp 

G\'.r>q 
G 

M 
111* 

111 

Il 

semi-major axis of satellite orbit 
semi-major axis of attracting body 
mean e4ua1orial radius of carth 
cos1ne coefficient or sphcrical harmonie 
potential tcrm 
cccentricity of satellite orbit 
inclinai ion function 
eccentricity function 
gravitational constant 
inclination 
mean anomoly 
mass of attracting body 
mass of allracting Earlh 
mcan motion 
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€ 

0 
À 

µ 

lfJ 
n 
w 

lcgcndrc associatal polynormal 
dist urbing potcnt ial 
sine coefficient of sphcrical harmonie potcntial 
tcrm 
time 
solid earth phase lag 
Greenwich sidercal timc 
longitude 
gravitional constant times Earth's mass 
latitude 
longitude of node 
argument of pcrigee 
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Discussion 

Q: Which laser data do you in tend to use in your analyses? 

A: Data from the "calibration area". 

Date Due 

Symposium on Satellite 
Geodesy and Geodynamics 
U. of Waterloo, 19'75· 
A symposium on sat
ellite geodesy and 
geod.ynamics. 
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