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1. CURRENT TECHNICAL OBJECTIVES
1. Optimal Utilization of Laser and VLBI Observations for Reference
Frames for Geodynamics (Grant NSG 5265)

2. Utilization of Range Difference Observations in Geodynamics
(Contract NAS 5-25888)

3. Development of Models for Ice Sheet and Crustai Deformations
(Grant NS 5265)

2. ACTIVITIES

2,1 Effects of Adopting New Precession, Nutation and Equinox Gorrections
on the Terrestrial Reference Frame

A paper on this topic was presented at the XVII General Assembly of
the International Astronomical Union, Patras, Greece, August 17-26, 1982,
and appears in its entirety below. It will also appear in Bulletin

Geodesique.
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PREFACE

These projects are under the supervision of Professor Ivan I.
Mueller, Department of Geodetic Science and Surveying, The Ohjo State
University. The Science Advisor of RF 711055 is Dr. David E. Smith,
Code 91, Geodynamics Branch, and the Technical Officer is Mr. Jean
Welker, Code 903, Technology Applications Center. The Technical
Offiwar for RF 712407 is Mr. C. Stephanides, Code 942. The Tatter
three are at NASA/GSFC, Greenbelt, Maryland 20771.
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EFFECTS OF ADOPTIMG NEW PRECESSION, NUTATION AND EQUINOX CORRECTIONS
ON THE TERRESTRIAL REFERENCE FRAME !

Sheng-Yuan Zhu* and Ivan I. Mueller
Department of Geodetic Science and Surveying
The Ohio State University, Columbus, Ohio 43210 USA

ABSTRACT. First, the paper is devoted to the effects of adopting new

definitive precession and equinox corrections on the terrestrial reference
frame: The effect on polar motion is a diurnal periodic term with an amplitude
increasing linearly in time; on UT1l it is a linear term. Second, general
principles are given the use of which can determine the effects of small rota-
tions (such as precession, nutation or equinox corrections) of the frame of a
Conventional Inertial Reference System (CIS) on the frame of the Conventional
Terrestrial Reference System (CTS). Next, seven CTS options are presented,

one of which is necessary to accommodate such rotations (corrections). The
last of these options requiring no changes in the origin of terrestrial
Tongitudes and in UT1 is advocated; this option would be maintained by even-
tually referencing the Greenwich Mean Sidereal Time to a fixed point on the
equator, instead of to the mean equinox of date, the current practice.
Accomodating possible future changes in the astronomical nutation is discussed
in the last section. The Appendix deals with the effects of differences which
may exist between the various CTS's and CIS's (inherent in the various observa-
tional techniques) on earth rotation parameters (ERP) and how these differences
can be determined. It is shown that the CTS differences can be determined

from observations made at the same site, while the CIS differences by comparing
the ERP's determined by the different techniques during the same time period.

INTRODUCTION

New general precession and equinox corrections are being introduced in the

1984 star cata]oghes and ephemerides. These corrections in turn will affect
the earth rotation parameters (ERP), i.e., polar motion coordinates and UT1, and
thus may change the frame of the Conventional Terrestrial Reference System

*On leave from Shanghai Observatory, China.
lpresented at XVIII General Assembly of the International Astronomical Union,

Patras, Greece, August 17-26, 1982.
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(CTS) [Mueller 1981]. Williams and Melbourne [1981] have already given a
detailed discussion of these effects on UT1 and on the origin of terrestrial
longitudes. In fact, it was this work which gave us motivation to expand the
discussion to include the effects on all ERP's and offer additional options

on how the necessary changes in the CTS could be accommodated. The approach

is strictly geometric, i.e., we try to answer the question how definitive
corrections to precession, nutation and the equinox affect the ERP's, and thus
the CTS. Williams and Melbourne [1981] emphasize the point of how UT1 and the
origin of longitudes will be affected in the future by the uncertainties in the
newly adopted corrections or how these corrections can be improved in the future
from ensembles of Very Long Baseline Interferometer (VLBI) or Lunar Laser Ranging
(LLR) orbservations, with the desire that no or minimum additional changes result
in the CTS. They assume that VLBI sources are observed randomly over the sky,
while LLR observations are equally distributed only along the ecliptic, and
therefore the resuiting equations defining the changes of the origin of terres-
trial Tongitudes and UT1 are technique dependent, whereas ours are not. (Putting
it differently, they imply that if the analysis of future VLBI or LLR ensemble
observations indicate necessary changes in UT1 and in the origin of terrestrial
Tongitudes, such changes are due to the still existing imperfections in the

newly adopted corrections to precession, equinox, etc., and when determined

they will be bjased with respect to each other because of the different sensi-
tivities 'of the two ensembles of observations.) This difference in the results
should not confuse the reader who recognizes the different purposes for which
these papers were written.

1. EFFECTS OF ADOPTING NEW PRECESSION AND EQUINOX CORRECTIONS ON THE FRAME
OF THE CONVENTIONAL TERRESTRIAL REFERENCE SYSTEM

1.1 Transformation Between Conventional Inertial (CIS) and Terrestrial
Reference Frames (CTS)

The transformation at an epoch T between the CIS at some fundamental epoch
(e.g., 1950.0) and the CTS is

[CTS] = SNP(M) [cIS] (1)
(see [Mueller 1981]). Here
S = Rz(-xp) Rl(’yp) Rs(e)

3
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is the earth rotation matrix, in which x_ and y_ are the polar motion components,
and 8 is the Greenwich Apparent Sidereal Time (corresponding to the epoch T)
computed from

9 = (GMST)o + u, UTL + Eq. E.

h UT1l, w. is the conver-

where (GMST), is the Greenwich Mean Sidereal Time at O o

sion factor from mean time to mean sidereal time, and Eq. E. is the equation
of the equinox (nutation in right ascension). The other matrices N, P, M in
equation (1) are the nutation, precession, and proper motion matrices respec-
tively [Mueller 1969, p. 123]. Parentheses around the M matrix indicate

that proper motion is applied only in the case of a stellar CIS.

Let prime (') denote the case with the precession, nutation and equinox
changes introduced. The transformation equation (1) also holds for the cor-
rected case:

|:QL$.]' = S'N'P‘(M') [.C'.Ié]' (1‘)
In this section only the precession and equinox changes are considered so that
N' = N. From the definitions (or stipulations), one can determine directly or

indirectly the relations between P' and P, M' and M, and [CIS]' and [CIS] &t
some epoch, leaving S' and [CTS]' to be solved for.

One cannot solve for both S' and [CTS]' simultaneously, hence some addi-
tional constraint is needed. There are several options for the constraint, and
they will be discussed later in Section 2.2. For the time being we will conform
with the IAU adopted constraint, namely: Let the new ERP's be the same as the
old ones at some epoch Tu (in this paper T denotes the epoch, and t the time
interval between T and some fundamental epoch, e.g., 1950.0); solve for [CTS]'
at this time, then keep it time invariant and solve for the resulting time
variations in the new ERP's.

1.2 The Effect in the Case of a Stellar CIS

The new (1976) corrections for lunisolar precession in longitude and
planetary precession in right ascension are [Williams and Melbourne 1981]

1"1/cy
-0v029/cy

APy
A

i
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The correction to the equinox is Eo + ét, where E, = 07525 is the offset at
1950.0, E = 1%275/cy, and t is the time elapsed from 1950.0 [Fricke 1981].

The new precession matrix P' can be written with sufficient approximation

as

P' = Ra(ant) Rs(-amt) P (2)
with

An = Apy sine

AM = APy COSe = AY

where ¢ is the obliquity of the ecliptic, and An, Am are the general precession
changes in declination and in right ascension. Due to the equinox correction,
the equation for the Greenwich Mean Sidereal Time is to change(without terms of
higher order) to [Aoki et ai. 1982]

(GMST)} = (GMST), + E, + Et (3)

For the stellar (i.e., classical optical) CIS the change caused by the equinox
correction at the fundamental epoch 1950.0 is

[CIS]' = Rs(-Eo) [CIS] (4)
The new proper motion matrix is

M' = Rp(-ant) Rs[(am - E)t] M (5)
The proper motion components in right ascension and declination are

(p)' = (ua) +E - Am - An Sina tans

(uZ)' (ug) - an cosa

Substituting the above new values of P', M', [CIS]' and (GMST),(i.e., egs. (2)
- (5)) into eq. (1'), cne gets
[CTS]' = RZ('XQ) Rl(-yé) R3[(GMST), + Wg UT1' + Eq. E.] R3(E, + ét) N -

+ Rz(ant) Rs(-amt)P Ro(-ant) Rs[(am = E)t] M Ry(=Eo) [E1S]

Except for (GMST)q, all rotation angels are small; neglecting the second-
order terms, approximately,

[CTs]' = Rz(-xs) R1(~y6) Rs[(GMST), + wg UT1' + Eq. E.] NPM [CIS] (6)

e ke A A e th L
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(For the above given ap,and E values, neglecting the modulation of NP will
cause an error of less than 0Y0001 in t = 10 yr.) Combining the above equation
with the mentioned constraints at epoch T, xé = Xp» y6 = Yo and UT1' = UT1,
one obtains

JRERN—

[CTs]' = [CTS]

ot .

The well-known conclusion is that in the case of the stellar CIS, the CTS
and ERP's are unaffected because changes in the proper motion compensate for the
equinox and precession changes. This statement is naturally valid not only at i
the epoch Tu but at any time before or after.

1.3 The Effect in the Case of a Non-Stellar CIS

For any non-stellar (e.g., VLBI or LLR) CIS, the proper motion matrix is
no Tonger taken into consideration; the P' and (GMST); are the same as in the
stellar case (eq. (2) - (3)). The relationship between [CIS]' and [CIS] depends
on the particular CIS under consideration. Generally,

[c1s)' = E; [CIS] |

If the considered CIS is aligned with the dynamic equator and equinox, then
EI = I, where I is a unit matrix.

If the non-stellar CIS is aligned with the stellar system equinox at some
epoch Ty, then EI will be a 1ittle complicated. At this time due to the equi-
nox correction,

[C1S]; = Ra(-Es - Ete) [CISTp (7)
(More exactly, a second-order term cculd be considered.) The precession effect

on the CIS's for the time interval t, between the fundamental epoch 1950.0
and the alignment epoch T, is

[eIS]y, = P(to) [CIS]
[eLS]4, = P'(to) [CIS]'
With equations (2) and (7) one gets at the fundamental epoch
[CIST' = Ra(-anto) Rs[(am - E)te] Rs(-Eo) [CIS] = E; [CIS] (8)

i.e.,
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AS. ) are
Ey

E; = Ra(=anto) Ra[(am '~é)$c - Eol
The corresponding corrections in right ascension (AaEI) and declination (

bag = Eqo + (é - Am)te - anty sina tané

A5E = 'Anto cosu .

I
Now, substituting P', (GMST),, and [CIS]' (i.e., eq. (2), (3) and (8))
+ B+ Et +u, UTL' + Eq. E] N »
(1")

into eq. (1'),

[cTs]! = Rz('xs p
* Ra(ant) Rs(-amt) P E; [CIS]

) Ru(=y!) Ry[(GMST),
As stated before, the ERP's are continuous, that is, at the alignment epoch Tu’

y; = Ypo UT1' = UT1. Thus
) Rul-yp) RS[(GMST) + ug UTL + Eq. E] RalEo + Et) N -

Vo=
xp Xy
[g_s_]. = RE(-xp
. Rz(Antu) R3(-Amtu) P EI [Q_I_S.] =
% SNP Ra(ant,) Rs[Eq + (E - am) t ] E; [CIS] (10)
If the CIS is Tinked with the stellar system equinox at epoch To, i.e., E; is
expressed by eq. (9), then
& SNP Rz[An(tu-to)] R3[(E-Am)(tu-t0)][g1§]
(10')

[crsl'
As pointed out previously, the modulation of NP is negligible, but the modulation

of R3(8), included in S, must be taken into consideration.

Rs(e) Rafan(t -t )] = {Rs(8) Ralan(t -t )] Rs(-8)} Rs(e)
= R;[An(tu-to) sing] Rz[An(tu-to) cose] Ri(e)

S Ralan(t,~t )] Rs[(E-am)(t,-t,)] NP [CIS]

1]

Substituting this into equation (10'),
[cTS]! & Rl[ﬁn(tu-to) sing] Rz[An(tu-to) co0s6] Rg[(é-Am)(t -t )] SNP [CIS]
1

Thus for the case of CIS alignment with the stellar system
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[STS]' = Ru[an(t,=t ) sine] Ra[an(t -t ) cose] Ra[(E-em)(t -t )ILCTS] | (11)

If the CIS is aligned with the dynamic equinox, that is, E; = I, then
[CTS]' = SWP Ro(an t) Rs[Eo + (E-om) t,J[CIS]
Thus

[CTS]' = Ri(an t, sine) Ra(an t, cose) Rs[Ee + (E-am) t J[CTS] (12)

[f the alignment is made over some time perjod (say, five days or so) Tu is the
mean epoch of alignment, and the values sin6 and cosa are the mean values
within this time span and can be averaged to zero. In this case

[CTS]' = Rs[(E- sm)(t,-t,) JICTS] (11')

for the CIS Tlinked with the stellar system equinox, and
[CTS]' = Rs[E + (E-am) t,J[CTS] (12')
when aligned with the dynamic equinox. Thus the relation between the new and

old CTS's is a small rotation around the third axis. Expressed in longitude
(positive to the East), ’

SA = A - A= (Am-é)(tu-to) (11")

for the CIS linked with the stellar system equinox, and
A= A= (am-E) t, - E (12")

i

SA

when aligned with the dynamic equinox.

For a CIS Tinked with the stellar system, if tu = to’ then s\ = 03
otherwise a shift in longitude is riecessary. As for a CIS aligned with the
dynamic equinox, the CTS longitude origin shift generally cannot be avoided.

1.4 The Effect of the Time~Invariant CTS on the ERP's

The new CTS' at the time of alignment Tu can then be determined as out-
lined in the previous section, i.e., in the stellar CIS case [CTS]' = [CTS],
and in the non-stellar cases as given by egs. (11), (11') or (12), (12').

]

it
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The next step is to keep the new CTS time invariant and to find the resulting
ERP's at any time other than T,. Substituting egq. (11') for the left side of
eq. (1"), and eq. (9) in the right-hand side, after somgc derivation and
neglecting second-order terms, one gets

[CTS] =+ Rz('xé) Rz('¥6) Ra[(GMST), + wg UT1'+Eq. E] -

 Ralan(t=t )] Rs[(E~am)(t-t )] NP [CIS]

Comparing this equation with eq. (1),
Rz(-Xﬁ) Rl(-ys) Ra[(GMST), + wg UT1' + Eq. E] Rz[An(t-to)] .
* Ro[(E-am)(t-t,)] = S
or
Rz[-Xé + An(t-to)cose] R1[-y6 + An(t-to)sine] Ra{(GMST)o + Eq. E +

+ [wg UTL' + (E-am)(t-t )1} =

= Rz('xp) Rl('yp)‘Raf(GMST)o +ug UTL + Eq. E]

From the above it is obvious that over a limited time span (otherwise second-
order terms must be added),

Axp = Xp - Xp

&p = ¥p = ¥p

AUTL = UT1' = UTL = (am-E}{t-t,)/u

An(t-to) cos#

An(t-to) sing (13)

e

The above are in the case of a non-stellar CIS linked with the stellar system.
For the dynamic equinox alignment, substitute eq. (12') for the left side of
eq. (1") and let E; = I. The results are

Ant coss

[ >
>
"

Ant sine (14)

o>
<
n

AUT1 = (Am-é)(t-tu)/we

For both cases AUT1 is the same; so is the rate of AUTL:

Q%%Il = (Am-é)/we = -0.157 ms/yr (15)

9
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In conclusion, in the case of a nonushallav CIS, changas in the praces»
sfonal constant and the aquinox will vesult in changes in both the CTS and the
ERP's, Tha CTS change is a longitude origin shift. The ERP changes are diurnal
terms in the polar rotion components with amplitudes linearly increasing with
tima and a constant rata change in UT1. One point worth strassing is that these
are the differences of the same system (technique) between the new and old
casas, not the differences between different systems (techniques). Alsa the
diurnal term which 1s avident in polar motion 1s not the diurnal true polar
motion, but an artifact due to the time invariant CTS constraint applied.

2, GENERAL SOLUTION: SMALL CIS ROTATIONS AND THEIR EFFECT ON THE CTS
2.1 Changas 1n the Earth Rotation Parameters

In the genaral c¢ase, eq. (13) or (14) can be written in the following
form

AR, % =iy §100 + wg GOSA

p
Ayp ® oy 608D + ag sing , (16)

A0 R wy
whare the small angles % reprasant the changes in the sense
N'PMY [CIS]' = Ry(wy) Ralwa) Ralwa) NPM [CIS]

Since
B = (GMST)q + Wy Url + Eq, E

thare are sevaral possibilities for ¢hanging 0. If the nutation is assumed

to be unchangad, oy aither may be absorbad into (GMST)q, 1.ey, 1t bacomas a
¢hange in the Graenwigh Mean Sidereal Times or, as before, 1t may go into

UT1 {aUTl = ua}me); or 1t can be ingorporated partially in (GMST). and pare
tially in UT1. When ay 1s plagad (fully or partly) inte UTl, then if UT1

is still to be continuous at the «poch T, the longitude A has to absorh the
one=time diszontinuity as shown before. Finally, if a3 13 a nutation correcs .
tion, than &3 must be combined with Eq. E (see Section 3).

10
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The corrections for precession, for the gquinox, and for proper motion
may ba written in the following forms vespectively

Ap = Ralant) Rg(=amt)
£ RalEy) Raley)

AM = Ra(AMz) Ry(aMy)

where, from comparisons with earlier results, in the case of the stellar CIS,
AMg = ~Ant, My = (am-E)t, By, = 0, &y, = -Eo; for the non-steilar CIS

aligned with the dynamic equinox, Ela = B I, AMa = M3 = Q3 and in the case

of the non~stellar CIS linked with the stellar system, EI = aditq, EI 2 «fy t+
(am- Yta, aMy = aMy = 0,

In any of the abave cases

o =0
Np = ant + EI + AMa (17)
Ny ® ~A0t + EI AM3

Thus, for example, in the case of the stellar CIS

G;RNQHQ‘
ag # =B w!Et (17Y)
A0 = By + Eb
If we let a6 be the A(GMST),, as we did before, then eq. (17') 1s equivalent
to eq. (3).

In the case where the non-stellar CIS is linked at Ty, with the stellar
system,

a2 0

aa = An(t=tq)

ag ® =Eq b §Am—é)tq = At (a7
A9 = B + (E~am)to + amt

If we let A(GMST)q = Eq + ébs and let the ERR's be continuqus at Tu‘ then
eq. (17") is equivalent to eqs. (11") and (13). The analogy can also be
gstablished for the case of the non-stellar CIS linked to the dynamic aguinox

(eq. (14)).

11
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2,2 Options to Change the CTS (Due to 48)
As shown, in the case of equinox and precession constant corrections,

40 = Eo + ét for the stellar system, and
Af = -EIs + amt for the non-stellar systems

48 can also be written (assuming no change in nutation and the one-time
discontinuity in UT1 absorbed in the longitudes, &\, mentioned earlier!

46 = A(GMST), + We AUT1 + $A

Thus, as stated above, one can abscrb A8 either in A(GMST)q, or AUT1, or 8A,
or in some combinations of these. To get a definite (unique) solution, some
constraint is needed. Mathematically, there are quite a nhumber of possible
choices for such a constraint, but practically only a few are meaningful,
Below we deal with three sets of options. Which option is the best surely
will be the subject of many discussions.

Set A Options. Here the basic requirements are: (i) no discontinuity
in ERP's at the epoch T, (i1) the change in the Greenwich Mean Sidereal Time
formula is the same for all CIS's, though different for each option.

Stellar CIS Non-stellar CIS
Set A Options 28 = Eo + Et Ag = -E; + amt
a(GMST)o | Eo + Et Eo + Et
Option I wg 4UT1 0 (Am-E)(t-tu)
8 0 (am-E)t, = E; - Eq
A{GMST) ¢ . 0 0
Option IT  w, aUTL E(t-ty) Am(t-tu)
§A Eo + Etu -EIa + Amtu
A(GMST), | amt amt
Option III Wg AUT1 (E-Am)gt-tu) 0
SA Eo + (E-Am)tu -EI3

Options I, II, and III above are similar to Tables 1, 2, and 3 respec-
tively in [Williams and Melbourne 1981]. (The main difference appears to be

12
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that for the non-stellar cases the general precession in right ascension am
is replaced by what they call "the average value over all observations of
the effects of the precession corrections in right ascension" <dp>. For
VLBI <ap> = Apy cOse - A% = Am, but for LLR <&p> = Apy -~ Ax # am.) We
already elaborated on Option I in Section 1.1. Option 1 is the presently
accepted approach for the new FK56 CIS. But, as pointed out by [Williams

and Melbourne 1981], for future possible new improvement of the precession
constant and equinox corrections, this option might not be the best. They
favor Option III because the space techniques are becoming the dominant source
of information about the transformation parameters between the CIS and CTS
frames and because this option keeps UT1 invariant to improved values of the
precession constant and the equinox position for the space techniques. The
common geodetic disadvantage of Set A options is the required shift in the
Tongitude origin (except in Option I for the stellar CIS case), the worst
thing being that these shifts are different in the cases of stellar and non-
stellar CIS's.

Set B Options. Here the basic requirements are: {i) no change in the
CTS, i.e., 6A = 0, (ii) as before, the Greenwich Mean Sidereal Time formula
change is the same in all CIS cases, but different for each option.

The major inconvenience of Set B options is the change in UT1l, not only
in the rate, but also in the necessary discontinuity. The value of the dis-
continuity would need to be added with opposite sign to the UT1 at the epoch
when the changes (new constants) are introduced.

13
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. Stellar CIS Non-stellar CIS
Set B Options . . P
26 = Eo + EE 89 = -Ep, + amt
A 0 0
Option IV A(GMST), 0 0
wg AUTL | Eo + Et -Ep, + amt
§A 0 0
Option V. A(GMST), | Eo + Et Eo + Et
w AUT1 0 -Ep, = Eo + (am-E)t
8A 0 0
Option VI  A(GMST), -EIa + Amt -EIa + Amt
wg AUTL | Eq + Ey + (E-am)t 0

Set C Option.

Here the basic requirements are:
(i) no change in UT1, i.e., 46 is entirely absorbed in A(GMST),.

Stellar CIS Non-stellar CIS
Set C Option 86 = E, + Et Ao = -E; + amt
S\ 0 0
Option VII wg AUT1 0 . 0
A(GMST) o Eo + Et -E13 + Amt

(1) no change in CTS,

Although this option is probably the preference of geodesists, it may seem
to be unorthodox from the traditional astronomical point of view. How can
the formulae for Greenwich Mean Sidereal Time for different CIS's be differ-
ent? What will the astronomical meaning of (GMST), be? However, one car
view the formula for Greenwich Mean Sidereal Time as composed of two parts:
The first part, (GMST),, has its original astronomical meaning, while the
second part, A(GMST), is only a correction particular for a given CIS. It
would make sense that since the changes in precession and the equinox affect
different CIS's in different ways, this correction should also be different.
From this point of view, Option VII seems plausible and even preferable for
geodetic use.
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It should also be noted that after the new equinox and precession
changes are introduced (once) into A(GMST)y, this option could become the
equivalent of referencing the GMST to a fixed point on the equator, instead
of to the mean equinox of date, the current practice. As pointed out by a
number of authors, the advantage of such a change would be overwhelming and
would make the future CTS stable against changes in the precession constant,
etc. [Guinot 1979, Murray 1979, Williams and Melbourne 1981, Mueiler 1981].

3. EFFECT OF ASTRONOMICAL NUTATION CHANGES ON EARTH ROTATION PARAMETERS

According to the principle in Section 2.1, it is also easy to deal with
any future changes in nutation. The nutation matrix N is [Mueller 1969]
N = Ri(-e = Ae) Ra(-ay) Ri(e)
Ri(=Ae) Ra(Ay sine) Rs(-Ay cose)

1t

where Ay and Ac are the nutation in longitude and obliquity respectively, and
e is the obliquity of the ecliptic. If sAe and say are the respective cor-
rections to Ae and Ay, then one can easily obtain the nutation correction
matrix,

AN = Ry(-6Ae) Ra(8ay sine) Ra(-8Ay cose)

Thus in the notation of eq. (16),

-§Ae = qy
SAY sine = ap
-6AY COSE = a3
and, therefore,
Axp = §Ae Sind + SAY sine oSO

Ayp ~8Ae €COSH + SAY sine sind
A8 = =-a3 = SAY COSe

Thus, as expected, the effects on polar motion components are diurnal terms
(sap and sAe are long periodic). Again, this is a diurnal artifact in polar
motion due to the introduction of the new nutation and not diurnal true polar
motion.

As far as the term A¢ = 8Ay cose is concerned, if it is incorporated
into the Eq. E, neither the longitude origin nor the UT1 will be affected.
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APPENDIX

EFFECTS OF DIFFERENCES BETWEEN VARIOUS CTS'S AND CIS'S ON EARTH ROTATION
PARAMETERS AND THE DETERMINATION OF SUCH DIFFERENCES

The two CIS's (and two CTS's) inherent in two different techniques (e.g.,
SLR and VLBI) are generally not exactly identical [Mueller 1981]. Suppose the
relation between the two CIS's at any epoch is (common nutation (N) and
precession (P) matrices are assumed to be used in both techniques)

[c1s1 = Ry(ay) Ralaz) Ra(es) [CIS]E (A.1)
Similarly, the relation between the two CTS's is
[e1s1™! = Ry(81) Ra(82) Rs(8s) [eT8) (A.2)

where oy and Bi are small rotation angles about the axes "“i".

The transformation from CIS to CTS again is

rersit = st n p rersy! (A.3)
and
cersyt = sty p orsyt (A.4)

Substituting eq. (A.1) for the last term of the right-hand side of eq.
(A.4), and eq. (A.2) for the left-hand side,

R1(B1) Rz2(B2) Ra(Ba)[QI§]I = stiyp Ri(a1) Ra(az) Ra(aa)[§l§JI
After some reduction, neglecting second-order terms,
[CTSTY = Ry(~By + o1 COS8 + ap SiN8) Ra(=Bz = ay sin8 + oy cOSO) -
« R3(=Bs + a3) sty p [Ql§]1
Comparing the above equation with (A.3)

sl = Ry(-By + &y cOS6 + ap $ind) Ry(=Bp = ay sind + ap cose) -

« Rs(=B3 + a3) SII
Or I
I .
- 2 - - 2 - + +
Ayp (yp yp ) By + a3 €0SO + ap Sing
-Axp = *(X‘I) - X;I) = =B = Q) sine + og COSH

16
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wg MUTL = we(unI oy = gy 4oy (A.5)

Thus the CTS differences (B angles) cause bjases in all earth rotation
parameters. Because of the modulation of the earth's diurnal rotation, the
effect of CIS differences (o, a2) on polar motion components are diurnal
terms, while the effect of a3 on UT1 is again a bias.

The direct way to determine all the 8 angles is the method of station
collocation, i.e., to position two different types of techniques at the same

location.

The "observation" equation is

. . | 61 0 Bs =B2 X3 X3
A = X5 = X" = - | 82| * | -Bs 0 B1 il e Yy Ty
g3 B2 -Bl 0 Zi Zi

where‘5£ and_&iI are the determined coordinates of the same collocated station

i in the two CTS's, 85 is the translation vector, and ¢ is the scale difference.
One must have at least three collocated stations if all seven unknowns are to
be solved for.

For connecting the CIS's, there are a few methods such as the use of
space astrometry to connect the stellar CIS and the radio source CIS, or
using differential VLBI (which, for example, was used when the Viking Mars
Orbiters and a quasar were near eclipsing) to connect the planetary and radio
source CIS's (see [Kovalevsky and Mueller 1981]). These are direct approaches.
One indirect method is via station collocation, i.e., using the earth as an
intermediate body (see [Kovalevsky 1980]): First by station collocation one
determines the CTS difference (8 angles) as above, then through earth rotation
parameter differences determined over the same time period one finds the CIS
difference (o angles). Eq. (A.5) is the basis for connecting the two CIS's.
More details on this subject may be found in [Mueller et al. 1982].

When considering the above method one should note that the diurnal
polar motion difference terms in eq. (A.5) will show up as long as there
are differences between the two CIS's (i.e., a; and a, exist). This may even

17




be the case in situai-ons when one (or both) of the techniques solve for
rotations of jts CIS, resulting in no (individual) diurnal polar motion.
This, of course, would mean that the adopted precessional constant is
discarded.
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2.2 Utilization of Range~Difference QObservations
in Geodynamics (Research Contract NAS5-25888)

2.21 Otilization of Simultansous Lageos Eange-Differences
in Geodynamics

Introduction .
The following is a summary of the research parformed during

the past six months under the lageos project, dealing with the

utilization of simultaneous laser range-differences (SRD) for the
determination of earth orientation and baseline variatioms.
Reported are some results from the Aug. 1980 Lageos data
collacted during the short MERIT campaign, and simulations'for a

possible station arrangement for the main campaign (to begin in

1983) .

2.211 Simulations for a propos2d MERIT83 laser network.

Based on an optimal global laser station distr;bution (likely
to be realizatkle by mid-1983) proposed at a recent meeting of the ;
study group (cf. GRTES proposal in last szmiannual report), a
simulation study for baszline recovery was performed. Except for

the fact that different stations (sevent=2en total) are involved,

» b e bt .
g s et P e st et ~ ‘

this simulation was similar to the one previously reported for
the MERIT80 nettork in the last report. The staticn locations
and the data disttribution are givea in Takle 1 [ (a)=(b) J.

Baseline estimatas and theif statistics were computed for Lboth

the range and the SRD adjustments. In crder to assess the effect
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of orbital biases on the baseline recovery, the orbit used in the
adjustments (range and SRD) was biased as follows :

Radial tias : 2.00 m

Along track bias : 0.60 n

Across track bias : -1.20 m

Two diffarent adjustments were performed.In the first case
the conrdinates of all stations were obtained in a simultaneous
adjustment based on the data collected from all raseline pairs.
On the basis or this solution the baselines between all possible
station combinations wera obtained along with their formal
accuracias and differences with respect to their "true" values.
1The rasults of this soluti»n for thes station coordinates are
given in Table 2 for the range adjustzent and in Table 3 for the
SRD adjustment. The baseling results are shown in Takle 4.

As it can be seen from the last table, in all cases except
for two, the Las2line lengths have pesn overestipated although
the errors in the SRD case ars about an order of wmagnitude
smaller than the ones for the range adjustment. Since the radial
bias results in an "expansion" of the network of satellite
positions, this should come as no surprise. The stations have a
global distribution and since the observations from all stations
are adjusted simultaneously, their positions become
interdependent and the aforementioned expansion affects all of
them similarly.

The results of this first adjustment prompted us to test the
recovery of baselines from individual adjustments. In this

second case the data collected from each pair of stations are

20
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adjusted independsntly and the estimated baselines are only the
ones dafined by cocbserving station pairs. The results of this
second type sclution are shown in Table 5. #What is obvious again
is that the SRD results are again superior to the range results
for baselines and station coordinates alike. 7The quality of the
results with respect to the latter is characterized by the norn
{1X)| of the six coordinate dAifferences between the true and
estimated positions of the stations defining each baseline.

The most interasting observation though in this solution is
that on the basis of the same data, the range adjustment now
underestinates the baselines and the recovery srrors are all
negative. For the SRD results, there seems to ke no tias
preference and those errors are rather randomly distributed and
in almost all cases at the centimeter level. The three Laselines
for which the range adjustment has given better results than the
SRD, all have lengthsg in excess of 7000 km and very few
observations. As it has been previously reported the SRD mode is
much more geometry dependieat than the range mode, and as the
results of this table show it admits of its limitations very
eagerly (note the formal accuracies on those beselines !).

Unlike the SED mode, the formal accuracies for the range mode
give no hint whatsoever as to the r2al accuracy of the rssults.
Even though the recovery errors are of ths order of a few
decimeters in all cases, the reported o's are hardly ever higher
than 2 cm !

Oon the Lbasis of these simulations op=2 can conclude that the

21
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Table 2 Recovared Station Coordinates (Range Mode)

STATION NO. 3 7051
APRIOR] ESTIMATE
ADJUSTMENTS

ADJUSTED POSITION
STATION NO. 1 7063
APRIORI ESTIMATE
ADJUSTHENTS
ADJUSTED POSITION
STATION NO. : 7069
APRIOR! ESTIMATE
ADJUSTMENTS
ADJUSTED POSITION
STATION NO. @ 7086
APRIORI ESTIMATE
ADJUSTNENTS
ADJUSTED POSITION
STATION NO. @ 7090
APRIOR! ESTIMATE
ADJUS THENTS
ADJUSTED POSITION
STATION NO. & 7091
APRIDRI ESTIMATE
ADJUSTMENTS
ACJUSTED POSITION
STATION NO. @ 7093
APRIORI ESTINATE
ADJUSTHENTS

ADJUSTED POSITION

STATION NO. 3 T120
APRIORI ESTIMATE
ADJUSTMENTS

ADJUSTED POSITION
STATION ND. ¢ 7901
APRIQRI ESTIMATE
ADJUSTNENTS

ADJUSTED POSTTION

X
=2516274.096042
~14207283

=2516276.1033258

X
1130304.817676
=024T3%4

1130304, 55026\

X
961533.,4600910
04264610

961533.336300

X
=1324510.442373
«0:902349

=1326511.344721
X

-2389125,331291

=0e975459

=2389126.306750

X
1492212.741998
-0.037315

1492212.704682
X

3392750.871854

1.469007

3392752.340862

X
=54064096.682969
=24035242

=5464098.718211

X
3844341.318843
1470786

3844342.739649

23

wn

=~41988434469479
~1+351438

. =41988444820917

Y
~4831721.449137
-1.937610

~4831723.386754%

Y
=5674186.967561
=2.204506

=5674189.172147

\{
=5332139.932091
~14830874

~5332141.762966
Y

5042039.037557

1.621840

5042840.659397

Y
~4458121.790935
~1.,836603

-4458123.627538

Y
T83270.256725
=0:126506

T783278.130219

Y
=2402363.153199
=0395526

=2402363.540725
Y

=134247.357044%

~0.208830

=134247.565874

b3
4075154.580717
14822092

4075154.410809

4
3993759,0624496
1.8%4899

3992761.479395

z
2740519.740502
l.526215

2740521.266717

i
3231791.055906
1.691947

3231792.747852
4
=-3070750.7208221

~1.339041

~3078752.0880642

L
4296005.408571
l.462885

¢296007.351456

2
5325906.606633
2.0430865

8325900.650490

4
2240358.272655
1.552528

2240339.8251483
b

5070549.689834%
1.992617

5070551.682451
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STATION ND 1 7907 X ¥ 2
APRIORL ESTINATE 1941330 11491 ~$402024 122161 «1794312.909770
ADJUS TNENTS =0a233499 «2,4273240 Qe TT487)
ADJUSTED POSITION 1941329, 081414 «5202034+395407 ~171963324211197
$YATION NO. t 7911 X ¥ 1
APRIORI BSTINATE 4022033747430 040 4933350,635354
ADJUS THENTS 14390632 =0+343074 24103931
ADJUSTED POSITION 4022037158262 «0+4342076 4933352, 739290
STAVION NQs t TOl4 X ¥ 4
APRIOR! ESTINATE V014613304579 931963478222 4501492,271024
ADJUSTHENTS 1 54TI44 w0aLUN407 2.059665
ADJUSTED POSITION A0T4614.35192) 931962+ 400525 4801494330699
STATION NO. ¥ 7933 X v 2
APRIORY ESTINATE w4 121637 799%87 3220176270404 A637871.249704
ADJUS TNENTS =14710224 L 720149 1791909
ADJUSTED POSITION «4121639.500818 32201784 100693 3637813, 111614
STATION N0 1 7940 X Y 2
APRIORT @STINATE AT20837, 280479 1910493461734 3017397,791492
ADJUSTHENTS L 733168 ~04000544 1.959699
ADJUSTED POSITION AT284304983043 1900493381171 20L7399. 751197
STATION NOe 1 Y942 X ¥ )
APRIOR! BSTINATE 4550750250444 639567504711 4408096.972499
ADJUS TNENTS 14616810 =0« 203134 2.022975
ADJUSTED POSTYION 4550740.473054 639567,301579 4400099,9964T4
STAPION NO« ¢ T943 N ¥ X
APRIORT GSTIMATE ~4208814.433287 1845380, 881944 ~4480060.9 75096
ADJUSTNENTS =0 801772 24071750 =1331508
AQJUSTED POSITION ~42458174 455039 1543352953708 «4438062304640
STATION NO« 1 7999 X R, 2
APRIOR] BSTINATH 4120031, 489074 1106630,403427 47163402,074958
ADJUSTNENTS 14844499 =0« 043304 1.990229
ADJUSTED POSITION 4130033134872 1106630558919 AT14084,073187
24

Uk
g

g e A e 1

- ssses

R



ORIGINAL PAGE IS
OF POOR QUALITY

Table 3  Recovered Station Coordinates (SRD Mode)

STATION NO. ¢ TOS1
APRIORY ESTUINATE
ADJUS TMENTS

ADJUSTED POSITION
STATION NO« 3 7063
APRIOR! ESTIMATE
ADJUS TMENTS
ADJUSTED POSITION
STATION NO« 1 7049
APRIORL ESTINATE
ADJUS TNENTS
ADJUSTED POSITION
STATION NO. 3 TQ86
APRIORI ESTIMAYE
~ ADJUSTNENTS
ADJUSTED POSITION
STATION NG, ¢ T0%0
APRIOR] ESTINATE
ADJUSTNENTS
ADJUSTED POSITION
STAVION NO. @ 7091
APRIORL ESTINATE
ADJUSTNENTS
ADJUSTED POSITION
STATION NOe ¢ 7095
APRIOR! ESTINATE
ADJUSTMENTS

ADJUSTED POSITION

STATION NO. @ 7120
APRIORI ESTIMATE
ADJUS TNENTS

ADJUSTED POSITION
STATION ND. @ 7901
APREOR! ESTINATE
ADJUS TNENT'S

ADJUSTED POSITION

X ¥
=2518274. 854042 =419884),409479
=04502244 0.,077679
-2516275.458287 «4190841.391800
X .
1130304817876 =hBILT2L 449137
=0, 412984 =0.339656
L13G504 404492 -48317214700792
X Y
9615334600910 =5674108.967506)
0493799 ~04372649
961533107111 =~8474187,340210
X ¥
~1324510.442373 =5332139.932091
=0.814059 -0 110826
«1324511.058431 «5332140.042917
X ¥
-238912%,331291 5042839037557
04207528 0.480930
=-2389125,043703 50420839.518487
. X Y
1492212 TALI9Y «4438121.790935
-0.348903 =034 7854
1492212.393098 -4458122.138709
X ¥
33192750.871854 783278256725
0e 250454 -0.30949%
3392751122310 TEITTH4T029
' X ¥
«5464096. 4682949 -2402363,153199
=0.589684 0.406807
~5464097.272554 «2002362.666392
X I ¥
3044341.318863 =134247.357044
0al75707 20397336
3844341, 494831 =1)4247.754300

25

b4
4075184558717
0.5%52839%

4073158141552

1
J993759.624494
0.5068041

3993740.193337

4
2740519, 740802
04504026

274032042 44528

z
32317191.085906
0.512840

J221791.548746

]
=-3078750. 72822
0+22299)

=30T8750.508229

2
4296005480571
0.591588

4296006.0801587

3
$32%5904.460663)
0.704342

5225907.310978

X
2240350.272855
0eAT4197

2240358.746053

L
5070549.489824
0.086721

5070550.3743458
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Table 3 (cont'd) OF POOR QUALITY

nTIRTE - —=

STATION NO. @ 7907 X ¥ 2

APRIORI ESTINATE 1941330104913 -%58020244 122161 =~1796312.985770
AOJUSTMENTS -0e444374 =04 522985 0.256872
ADJUSTED POSITION 1941329.670539 «5802024. 645146 =1796312.720099
STATION NO. 3 7911 X Y 2

APRIORE GSTIMATE 4022035. 747630 0.0 4933550.635354
ADJUS TMENTS 0.198181 ~0. 407657 0.673034
ADJUSTED POSIVION 4022035.965312 0407657 4933551,308392
STATION NOe t 7914 X Y 2

APRIORI ESTINATE 4074613304579 931963.4676222 4801492.271034
ADJUS TMENTS 0.301524 -0.373080 0068018
ADJUSTED POSITION 4074613.606103 931963.305142 4801492.939149
STATION NOo t 7933 , X Y z

APRIOR!I ESTIMATE ~4121437.799507 2220176.370484 3637871.319704
ADJUSTMENTS 0«044690 0500912 0.490394
ADJUSTED POSITION =4121637.7540897 3220176.951396 34617871.810098
STATION NOw & 7940 X _ Y ]

APRIORI ESTINATE 4728837.250678 1910493481725 3817397.791492
ADJUSTMENTS 0« 444574 ~0¢387945 0619332
ADJUSTED POSIVION $728637.695252 1910493.073790 ILT73V0.410824
STATION NO« i 7942 X Y 2

APRIOR! ESTIMATE 4350759.250444 639587.504T11 4408096.973499
ADJUSTNENTS 0.296323 -0.433382 04643499
ADJUSTED POSITION 4550759554768 639567.071329 4408097.621998
STATION ' NO« 1 7943 X Y ]

APRIORI ESTINATE —42458164453287 15453504891948 -A488060.975056
ADJUSTMENTS “0e 249457 0494039 0.067337
ADJUSTED POSITION ~4245816.902774 1545351375987 ~4483060.907719
STATION NO. 2 7999 X Y 2

APRIORI ESTIMATE A120031.489874 11065630.602427 4716882.074950
ADJUSTMENTS 04324886 -04372003 0668722
ADJUSTED POSITION 4130031.8147%9 1106438230422 A716882.743680
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SRD mode will in all likelihood provide more meaningful results
in the presence of unmodeled orkital biases than the range mode,
and it will also yive more rsliable accuracy estimates for those
results., Comparing the batch (global) solution to that of
individual adjustments, the latter seems to be by far a better
approach in the case of SRD observations, although the opposite
is true for the range observations. Compare for instance the

level of recovery srrors between Takles 4 and S.

2.212 Prelininary Results from lageos Data Analysis.

Lageos ranging data collected from ten stations over the
period August 14-29,1980 (during the shor’ MERIT campaign) were
used in GECSPP81 for baseline recovery. A total of 28240 ranges
vere selected with effort to balance the distritution among
stations whose observability performance shows wild variatioas
(cf. station 7090 with over 60000 ranges during August, and
station 7092 with hardly over 3000 in the same period of time).
The summary of thaz data distritution per pass per station is
given in Table 6 { (a)=-(3j) ]}« The ill-conditioning of the normal
equations du= to the lack of origin of longitudes definition is
overcone by applying a small weight in all three coordinates of
all stations, corresponding to a @'=+50 m. This way the origia
of longitudes does not depend on a single station but rather the
ansemble of them. The separation of the X and Y coordinates is
thus not as good as it would be if one longitude w2re fixed
absolutely, but that has no effect on the kasslines. This high

correlation between X and Y is also raoflected in the estimated
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formal accuracies for these coordinates, Table 7. The orbital
model and the constants used in the solution are shown in

Table 8. Baseline results of the adjustment atre given in

Table 9, and an analytical breakdown of the residuals after the
adjustment are given in Table 10 [ (a)=-(j) ]« WNotice that the fact’
that station 7907 (ARELAS) is the one with the fewest
observations (only 489) shows very clearly in the estimation of
baselines which =manate from thatl station (Table 9).

Care should be taken in comparing these results with other
solutions for the fact that these baselines are reckoned between
the optical cz2nters of the corresponding laser instruments and
not the stations' validation points.

This ;nvescigation is now being completed, and the final report is in
preparation by E. Pavlis, to appear in the report series of the Department

of Geodetic Science and Surveying, The Ohio State University.
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Table 10 Residual Summaries by Station

(a) CONSOLIDATED STATISTICS FOR STATION : 7063

ammasSaan Y B D A eamne st s DS LAY, LSRG TY, BN BESD, AR RESD MEAN CLOS,
1 . -0.9208 5,383 6.123  1292.00  =8.493 5,007  =0.93
2 411 041070 0.237 0:212  1641.00  =2.066 0398 0. 11
3 202 0.1237 0. 642 04632 1494a00  =6.840 5,480 0.12
s 6 -2.0976 3459 3.012  1689.00  =5.403 1,408  =-2.10
5 859 0.1262 0.225 0,187  2358.00  =2.436  0.473 0.12
6 1 0.0458 0.046 0.0 0.0 0,046 04066 0.05
7 1550 0.0139 . 0,322 0.321 2810400  =4.383 8,987 0.01
. ‘ 404022 5.62% 40063 1503400  =9.052  ~1.045  -4.40
9 14 -0.4982 2.473 2.516 255000  =4.545 5,946  =0.50
10 167 -0.1706 00464 0,432 2484.00  =6.6%  T.126 =017

R ———

(b)

CONSOLIDATED STATISVICS FOR STATION : 7090
L0 1 Y31 RS SO £ 1. ' SO 3 O 15 R -1

i 97 0.0882 0.130 0.095 2156.00 =0.221 Neldbé 0.09
2 167 -0.0325 0,104 0.099 2182.00 ~0.337 0.177 -0.03
3 182 =0,0892 0,131 0.096 2519.00 ~Ue513 0.131 ~0.09
L 207 0.0322 0,109 0.105 2471.00 ~C.282 0.264 0.03
L 196 © 040335 0.140 0.137 2631.00 “0a433 Qe448 0.03
6 L4l =0.0832 0.142 0.116 1810.00 ~Q.386 O.192 =0.08
7 263 =0.0704 0.119 0.091 2853400 ~0.427 0.177 -0.08
-] 119 0.,0891 Oe138 0.106 2037.0% =0.153 0,384 0.09
9 617 =0.0531 0093 0.074 1040.00 =0.235 0.145 -0.08
to (R4 =040780 0.122 0.094 2787.00 ~0.471 0.181 -0408
11 136 =0.0981 0,138 0.097 2036400 ~0.451 g.101 -0.10
12 203 «0.,0640 04112 0.092 2481.00 =0.526 Qe 145 =0.06
13 50 0.01234 0.080 0.079 574.00 =0.157 0.216 0.01
14 29 0.0674 0d 143 0.128 1287.00 -0.219 0.286 0.07
15 136 ~0.0940 0.124 Q.081 2339.00 =0.347 0.092 -0.09
16 104 0.1106 0a435 0.422 2645.00 ~3,.875 0.378 Olk1
17 55 0.1305 0.233 0.19% 1318.01 ~0.282 0.690 0.13
i8 ! 162 ~0a1606 0.204 0.126 2471.00 ~0.472 0.071 =0.l6
19 173 0.0735 0.136 Oul14 2491.00 -0.272 04326 0.07
20 136 -0.1598 0.212 Gul140 2409.00 -0.567 O0.111 -Ualb
21 135 0.0943 0.185 0.159 2421.00 -04323 0.378 0.09 .
22 4l 0.0313 0.069 0.062 1090.,00 =0.413 G.143 0.03 i\
23 88 0.1992 0.218 0.088 1438.00 =0.102 0.348 0.20
2% 233 ~0.0433 Oell2 . Qel04 ¢842.00 “0.597 04195 ~0.04
25 15 0.1264 0.156 0.092 1947.00 ~0.168 0.345 0.13
26 6 0.1585 04172 0.073 93.00 0.071 0.280 0.16
27 v 189 0.0197 0.128 0.126 2638.00 =0.289 0.294 0.02
28 154 0.0887 0. 123 0.085 2109.00 -0.164% 0. 328 0.09
29 154 =0.0249 0223 0.223 2088.00 -0.5017 0.398 =0.02
30 214 0.0%98 0.128 O.llé 2700.00 ~0.379 . 0,292 0.06
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Table 10 (cont'd)
(c) CONSOLIDATED STATISTICS FOR STATION : 7091
et DO A L A e mmmamn S e DEVIATION | LENGTH _MIN RESD MAX RESD MEAN CLOS
. 137 0.0824 0.271 0.259  L143.00 -04750 0.683 0.08
2 352 ~0.0646 0.182 0e171 1718.00 ~1.040 0e346 =0.06
3 240 00505 0.169 0.162 1879,00 -0e545 04450 0.05
4 439 -0.0202 0314 0.313 1965.01 ~l.142 4o T42 ~0.02
(d)
CONSQLIDATED STATISTICS FOR STATION t 7092
el Y R D A n RS e o DEVIALION | LENGIH  MIN RESD MAX RESD KEAN CLOS
i 322 0.2185 04263 0.156 1761.01 ~0.258 0.527 0.22
2 286 -0e1712 0.268 04206 1153.00 -0.845 0.666 =0e17
k} 1273 =-0.0004 0.239 0.239 2380,00 ~le234 0.586 =0.00
4 363 -0.0324 04306 0.303 2271.00 ~1l.293 0. 734 ~0403
5 9 0.0926 0.331 0.337 174.00 -0.367 0,526 0.09
(e)
CONSOL IDATED STATISTICS FOR STATION : 7096
B e SRy RS L A namamnnt S amannun Y SATION L LLENGIH MIN RESD _MAX RESD _MEAN CLCS.
1 969 0.0078 0.189 0.189 2389.00 -0.583 0546 G.01
2 461 0.0359 G.150 Ue l46 2008499 =-0a4731 0.331 004
3 268 -0e1355 0e257 0.219 1109.01 =0e931 0.313 =0elé
4 91 ~0.3075 0.2391 Qes244 652.00 -0e953 0.122 =031
5 45 00567 0.l166 N.158 924.J0 =0.451 04356 0.06 '
6 616 00351 0.213 0.210 ' 1368401 -1.019 0.531 0.04
(f)
CONSOLIDATED STATISTICS FUR STATION : Tllé
S e Y RS AN eesuennl  nnannan D P ATION, LLENGTH _NIN AESD MAX RESD _NMEAM CLOS,
1 182 =0.0405 0.176 0.172 1181.99 -0e458 1.003 =004
2 17 =0.1346 le4?7% 1.514 1136.00 -4.979 2.632 ~0e13
3 855 0.0155 0263 0.262 2535.00 =365 1.966 0.02
4 9 le1201 2490 2358 1367.00 ~1e729 5392 1.12
H 161 00939 04155 0.124 1009.99 -0.310 0.465 0.09
6, 390 -0.0036 0.129 0.129 2102.99 -0.387 0.968 =-0400
7 6 «-0.7358 3.655 3.922 887.00 ~4.838 6.072 =0T
8 228 -0.0292 0.350 04349 1045.00 -0.384% 4.296 =003
9 7 0.0771 0.111 0.086 676400 0.001 0e236 0.08
10 7 Qe4243 0.703 0.606 1080.00 0099 1.779 Deh2
11 ~4,5052 5.795 4,208 400.00 -8.096 0651 =451
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Table 10 (cont'd)
(g) CONSOLIDATED STATISTICS FOR STATION ¢ 7115
PASS  0BSERV _ RESID MEAN .G DEVIATICH  LENGTH
.-."“ﬂ..-..I---.----.‘.'.u....‘ull ‘-.....-...‘l.l'..‘........l-..l...'....l......I-I-..II-.-.'.I
1 264 0.0850 04131 0.099 122401
2 29 0.2660 0.280 0.088  711.00
3 384 -0.0730 1.057 1.056  2001.00
4 27 ~647929 6.793 0,090  1021.00
' 500 0.0934 0.151 0.119 227,00
. 38 0.3169 0.328 0.088  1313.00
1 172 043589 0.511 0.366 1346400
8 63 ~0.0468 04145 0.138 889,00
9 19 -0.2538 0.312 0.181  1913.00
10 584 0.1708 0.213 0.128  2727.00
1 3 0.1308 0.165 0.102  1608,00
12 4 0.2436 0.286 0.151 652,00
(h) .
CONSOLIDATED STATISTICS FUR STATION ¢ 7120
.-:258_l-ggisﬁgﬂilgsile-rszi‘!‘---I.ﬂ‘....I.I.-igsxlﬂigﬁlllllkseslrﬂ‘II'-.‘I..K.'IJI..-..’...-.‘.'-l
1 225 -0.1213 0,182 0,073 1964.00
2 44 -0.0037 0.157 0.159  329.00
3 160 0.0996 0.140 0.098  1297.00
4 42 =0.0489 0.108 02084 614,00
5 187 0.0268 04133 0.131  2614.00
[} 346 =0.0766 Oell4 0.085 2759.00
7 401 0.0931 0.138 0.102  2573.00
8 50 -0.2583 0.29% 0.141  865.00
) 121 -0.1879 0.216 04107  1655.00
10 328 0.1102 0.163 0.120  2417.00
(1) _
CONSOLIDATED STATISTICS FOR STATION & 7907
..:22.-.925522-lﬂﬁgéig.:ggﬁﬂﬂﬂ5"-.-.‘....I'l"'ggxliisgﬁﬂaﬂﬂﬂEEEEIEI!'Hll“'ailﬂﬂllﬂ‘Il.-IlllI.I-I.I!R
l 12 0.1231 0. 366 0.360 292,40
2 o -0.0135 04604 0.611  1132.95
3 51 0.0917 0.509 V.505  B62.51
4 19 ~0.0486 0335 0.341 1027.76
5 5 -0.0084 0459 0.666  360.15
6 52 0.1667 0.521 0.498  892.90
7 24 040601 0.401 04405 660.27
8 19 =0.,2028 0.393 0.346 607, 6%
9 35 0.0493 0.288 0.287 1162.58
10 53 =0s0061% 0.408 0.408 914,95
1 3 -0.0226 0.398 0.403  967.53
12 5 0.2501 0.257 0.065  360.10
13 24 -0.5918 1.00s 0.830  1l10.02
e 17 0.0004 0.813 0.838  589.98
15 8 0.2n7 0. 528 0.484  420.00
1& 9 ~0ab124 0.568 0.590 465,05
17 22 -0.1859 0.744 0.737  847.96
18 28 0.2387 0,408 0.333 1012,50
19 2 -0.3987 0.425 04207 90.00
20 29 0.0272 0.411 0417 779.97
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MIN RESO MAX RESD MEAN CLUS

~0.178
0.077
~6.%960
~6e969
~Ue4d2
0.120
=049525
~e346
=0 739
~0.255
=0.075
=0.040

MIN RESD MAX RESD MEAN CLOS

=0.380
~0.1712
“0e225
~0.218
~0.337
~0.348
=0.259
-0.511
-0.380
~0.221

MIN RESD MAX RESD MEAN CLUS

=0a.408
~1.520
~1e241
=0e7067
~l.164%
~0.951
~0.925
=0.868
-0.648
-1.0038
~1.199

0.169
“2¢063
~le.536
=Q.434
=t.312
=1.970
“Qibbo
=0s545
-0.855

04379
De4l0
0.595
-ba6l?
lelo7?
0.488
4824
0e257
0.504
Le8L1
0.363
0.949

0.120
U.180
0.31)
Q0.0698
0.857
04247
0.298
0.034
0104
0.409

Ve 939
D.761
0.803
0.561
0.446
2.032
0.724
Q. 360
0.640
0.881
0.697
0.303
0.962
1.569
1.126
0.452
1.363
0e796
=0.252
0.6%8

0.08
0.217
-0007
=679
0.09
0.32
0.36
~0.05
=0.25
Vel?
0.13
024

-0.12
-0.00
0.10
~0.07
0.03
=0.08
0.09
~0e26
=0.19
0.11

0.12
-0.01
0.09
-0.05
-0.01
0.17
0.06
-0.20
0.05
-0.06
-0.02
0425
~0.59
0.00
0.27
-0.l1
-U.19
Ue24
=0+40
0.03
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Table 10 (cont'd)
(J) CONSOLIOATED STAT(STICS FOR STATION t 7943 L
..:2&5..-92EEE!..'%EELg-:sﬁg...-.--.-srz-.----.QEYA:ILEE.----HEEQEIL‘I‘-gl&.&sie..ﬁﬂf‘ﬁsigl.ﬁsﬁ‘:lstl.j&-
1 56 0.0012 0.433 0,437  1154.92 -1.089  9.959 0.00
2 122 0.0426 0.338 0.336  2325.29 ~1.432 34815 0.04 A
3 a2 -0.0668 0439 0.437 1905.10 ~le252 1.074 =-0.07
¢ 98 -0,0301 0408 0.409 2272434 =0.970 04715 ~0.03
5 83 0.0633 0.426 00426 1484475 -1.229 le222 0.06
. 85 0.0516 0.337 04335  1567.79 ~0.917 0.872 0.0%
? 90 0.1375 0.292 0,259  1424.99  =0.489  0.991 .14
s 212 -0.0796 0.318 0309  2744.95 04864 00679  -0.08
9 159 0.0963 00364 0,330 2910.00  =0.720 0.861 0.10
10 47 =0e0243 04511 0.%51% 1934. 86 -1.052 Lo 1948 =402
1} 54 0.,0337 0e429 Qa432 1514, 065 ~1+193 1.35) 0.03
12 15 041024 " 0e552 Q4346 1605.00 ~1s306 0.974 =0410
13 139 040414 04239 0.236 L822.48 =0.681L 0.594 0,06
14 100 -0.0034 0375 0317 1897.49 ~0.8%) Le041L ~-0.00
15 170 ~0e0420 Oablé : Q.41 29%5.00 =1e0%7 L.295 =0+04
16 106 -0.0837 04347 0.338  1890.00 -l 137 0.715  =0.08
17 90 -0.0132 0.280 0:281 1919492  =0.878  0.702  =0.01
18 b -0.0889 0470 0.467 2167.47 -1.129 04643 -0.09
19 79 041667 [V Y YL} 04392 2287.55 =0.943 0.899 O.l7
20 178 0.0212 0.282 0,282 2489.80 0,607 1.253 0.02
21 18 -0.1376 0,625 0,617  1492.55 ~1.638 1a460  =D.1%
22 88 ~-0.0665 0.485 04483 2092.56 ~lel&¥ 1e2649 =0.07
23 172 -0.0355 0,263 0.261  2827.32 ~0.071 0e61L -0.06
26 73 -0.3053 0399 U.259 629.94 -0,896 PR ) -0,31
25 67 0.0351 O«%48 0450 lé6l9.87 -lel24 D.798 0,064
26 96 ~0.0945 0.596 0592 1619.069 =-1+609 le349 =0.09
27 163 01419 0279 Ge241 1919.90 -0.771 04511 =0l
28 191 0.110% 0.330 0.312 1994.97 =Qas727 Net898 0.1l
29 262 0.1799 0365 0.318 2999.78 -Ue.819 0.837 V.48
30 97 0.l4)7 Q.2082 VeldS 19642.65 “Qs013 0.70) Nelé
n 6l 0.1398 Ceb06 0448 2171%.10 “0e95) 0. 4875 Qela
32 4l ~0e0865 0.489% [ LY k] L5074 -1ladS1 0.607 = .09
45
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2.221 Geometric Adjustment of Simultaneous Doppler-Derived
Range Differences

2.22 Doppler Experiments

The results of work on this topic are described in a paper presented
at the Third Internationl Symposium on the Use of Artificial Satellites
for Geodesy and Geodynamics, Ermioni, Greece, September 20-25, 1982. It
appears on the following pages and will be published in the proceedings
of the symposium obtainable from the National Technical University, Athens.
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Third International Symposium on the Use of Amtxg4c4a£ Satellites for
Geodesy and Geodynamics, Enmioni, Ghreece, September 20-25, 1982

GEOMETRIC ADJUSTMENT OF SIMULTANEOUS DOPPLER-DERIVED
RANGE DIFFERENCES

‘/Chengze Zhang* and Ivan I. Mueller
Department of Geodetic Science and Surveying
The Ohio State University, Columbus, QOhio 4321G USA

ABSTRACT. A mathematical model for the use of simultaneous Doppler-
derived correlated ranges in the geometric mode is presented. The model is
tested with data taken during the EDOC-2 campaign with different integration
intervals. The results of this adJustment are compared with the EDOC-2
adopted solution and those from an uncorrelated model [Schneeberger et al.
1982] used earlier to provide more economical calculations,

‘The analysis of the comparison shows that the correlated mode is
superior to the uncorrelated one when the optimum integration interval of
23 seconds is used.

1. INTRODUCTION

The geometric purpose of satellite geodesy is to tie remote stations
together in the same geometric system. Its ultimate aim is to determine
the coordinates of unknown ground stations [Mueller 1984].

Satellite geodesy with Doppler techniques is based on the principle
that a frequency transmitted from a satellite-borne transmitter moving
relative to a ground receiver is observed shifted by the Doppler effect.
The observations are Doppler counts which are measures of the range change
batween the satellite and the receiver during the integration interval
[Wells 1974].

In the geometric mode for Doppler observations, the satellite is
regarded as a benchmark in space and jts coordinates at the observation
instants are unknowns which are solved in an adjustment with the unknown
coordinates of ground stations. Such solutions are based on geometric
rather than dynamic pr1nc1p1es, therefore the calculations are relat1ve1y
simple and do not require extensive computer programs.

*On leave from the Institute of Geodesy and Geophysics, Chinese Academy of
Sciences. Wuhan. People's Republic of China,
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In a previous study [Schneeberger et al. 1982], the Doppler~-derived
ranges were regarded as uncorrelated pseudo-observations as a further
simplification (to save computer t1meg. In fact, since the Doppley-derived
ranges are calculated from Doppler counts, it is obvious that there exijst
correlations between them in a given pass. The purpose of this study is
todinvestigate the use of Doppler-derived correlated ranges in the geometric
mode. :

This method is then tested against a data set from which a dynamic
solution is available. The results are compared with both the dynamic
solutions and the uncorrelated geometric one,

2. SUMMARY OF THE PREVIOUS STUDY BASED ON UNCORRELATED OBSERVATIONS
[SCHNEEBERGER ET AL. 1982]

2.1 Definitions

The coondinate system in which the computations are performed js an
earth-fixed Cartesian system. It is defined by the assigned six coordinates
distributed among at least three ground stations. A satellite point is the
position of a satellite at a certain epoch. An event is the set of all obser~
vations to a satellite point. A pass is a set of satellite points between two'
epochs which are observed without interruption from at Jeast siX ground sta-
tions. A Doppler-derived range 1is a pseudo-observation derived by adding the
range differences computed from Doppler counts to an estimated initial range.

2.2 Doppler-Derived Ranges

The basic equation which related the ratio between the received frequen-
cy f and the transmitted frequency fo, to the range rate hetween transmitter
and receiver (&) is accredited to Doppler (1803-1853):

o (59 (-9

where ¢ is the velocity of propagation for electromagnetic waves in a vacuum.
This equation has to be integrated to find a relation between the shifted fre-
quency and the range difference during a _time interval t. A detailed derivation
can be found in [Brown and Trotter 1969] resulting in

S

4

l”j.- f‘j_l = Ao(Nj - Afoo tj) + S \ (1)
where
rj = range between receiver and transmitter at epoch Tj
rj-1 = range at epoch Tj-l
N. = the integrated Doppler shift over time interval t‘j = Tj - Tj_1
J (referred to as the Doppler count)
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Afgq = the difference between the transmitted frequency and the reference
frequency generated in the receiver

Ao = %?-- wavelength corresponding to the frequency of transmission f,

S = correction term representiﬁg all systematic errors such as bias in
‘the difference between the adopted transmitted and reference fre-
quencies, and/or the drift rates of transmitter and receiver frequen-
cies, .

ﬁubstitutfng the range difference computed from the Doppler count

Arj = XQ(NJ + Afgo tj)

into equation (1), the range at epoch Tj is

If the range ro at an initial epoch Ty is known, the range for an epoch Tk can
then be calculated from (taking into account that most instruments reset ™ the
Doppler count for each interval)

k
'y = To +j§ Arj + sk (2)

This equation is correct only in a vaGuum. Since the signal is passing through
the jonosphere and the troposphere, the range has to be corrected for refrac- -
tive effects. The ionospheric refraction is automatically compensated (to
first order) by measuring the Doppler shift of the two different frequencies
(400 and 150 MHz) [Krakiwsky and Wells 1971]. Each range has to be corrected
therefore only for the tropospheric refraction aT. The tropospheric refrac-
tion model used in this study is the one outlined in [Brown and Trotter, 1973],
gggng the Smith-Weintraub model for the index of refraction [Jordan et al.

6 .

Since the initial range in equation (2) is not known, we must use:an
approximate initial range r§ and add a correction term a, to be estimated from
the adjustment,

re = ro + ag

3, is considered part of the systematic error term S, in equation (2). The
modeliing of the other systematic effects in Sig is 7 given in great detail in
[Brown and Trotter 1969; Kouba and Boal 1976]. In this study only two major
terms are used: a + bt. The main cause of the constant term a is the possible
bias in the adopted frequency f,, and the initial range error a, above. The
time dependent term bt is caused mainly by the difference in the adopted val-
ues for the transmitter and receiver frequencies (frequency offset) Afgo.
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Other terms in the systematic error model mentioned by Brownand Trotter [1969]
but not considered in this study are range dependency, a function of the
second power of time, and a function of the elevation angle (for residual
refraction errors). An explanation of why only the above two terms are used
here may be found in [Schneeberger 1982].

Substituting all terms for S and the correction for tropospheric refrac-
tion equaticn (2) can be written as

3
r‘k = rﬂ + le APJ + ATf + ai + bitk

where the subscript i refers to ground station i. Defining the Doppler-derived
hange as

k
o To * 32:-1 ary + aTp (2')

and recalling that
?ik = /(xk - Xi)‘ 3+ (Yk = Yi)z + (zk = zi)‘

——

and changing the signs of a and b, we arrive at the mathematical model

rD.'k = /(Xk - X1)2 + (Yk - Yi)z + (Zk - Zi)T+ a“ + biztk (3)

where "Dik is the Doppler-derived pseudo-range (derived from the measured
Doppler counts and currected for tropospheric refraction), and the unknown
parameters to be solved for in a least squares adjustment are
' Xi, Yi’ Zi the' unknown station (i) cooridinates
Xk' Yk, Zy the unknown satellite (k) coordinates

LIPS b’z the unknown coefficients used to model systematic errors
' for each station (i) and pass (&)

tk is the time elapsed from the epoch of the initial range r,.

2.3 Least Squares Adjustment

The mathematical model developed above has the form of an observation
equation: )

L, = F(X,) (4)
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where L, is the adjusted Doppler-derived range, and X

is the vector of the
unknown

parameters which can be divided into three 2 subvectors:

XGa = XGo + XG containing the coordinates of the ground stations
xca 2 XCo + XC containing the errar coefficients a, b
XSa a XSo + XS containing the satellite coordinates

Equation (3) can be written in linearized form
= FO oF | .ya 4 8F |, aF | .
rD-n(z + v‘ikl F'ik& + m'xoxei + mlxoxcﬂ + XS Xo xsk + ... .(5)

or, after neglecting higher-order terms

Yike = Pika X8y ¥ Cqpp XCyp * Sy XSy = Wiy
where
oF XO-KS  YO-Y?  70.720
Aiks = 3G |ypo ypo ~o’("k"’""i"k1>
XGj XCjg XSk N Tojkg  Togkg . Togig
oF
Copy = = (1, t.)
jke ~ ?XC 0 0 ° i
X6$ XC3, Xsp
Siks = 3%S = Ak
KL 3 0 0 L
XGJ X3, XS?
Wike = TDike = (Poqg * 304y * bogyty)
Fog = YRR+ (Te-T) = +7(Z3-2)7

~ In this study all pseudo-range observations are assumed to have equal
weight. For reason of convenience in programming, the a priori variance of
unit weight is chosen to be equal to the variance of a range observation

Therefore all observations have the weight one. Further details of this
least squares adjustment as used in the Geometric Doppler (GEODOR) computer
program may be found in [Schneeberger 1982].

51




TR N Sk i s e =

ORIGINAL PAGE 1S

OR QUALITY
3. ADJUSTMENT WITH CORRELATIONS CONSIDERED OF PO

3.1 Mathematical Model

The correlation existing in the'Doppler-derived ranges are considered
in this study by assuming that the range differences (computed from the
Doppler counts) are independent observations.

Under this consideration, substituting eg. (2') into (3) and moving
all the terms to the left side, we obtain )

- 2 - 2 - m -
»/(xk-xi)2 + (Yk Yi) + (zk Zi> tag, + biztk ro jzl L\rJ. AT,

0
(6)

Thus the model becomes the form of a condition equation with parameters:
F(La, Xa) =0 (7)

Eq. (6) can be written in a linearized form, using the same notation as
before, ’

X, +C. XC, ot Sikz XSk + & B

A, - W
ika™i ik "Tik j=1

ike V3 " Wiy = O (8)

where Bikz stands for the derivatives of F with respect to Arj, i.e.,

- oF = §-1 if j =<k
Bika BT { 0 if 3>k (9)
A1l the observations are assumed to have equal weight. For convenience

in programming, the a priori variance of unit weight is chosen to be equal to
the variance of a range difference observation
2 - 2
g9 OAP

Therefore, all the observations have unit weight. For the detail of the
derivations of the mathematical model and the method of solving this prob-
lem, see [Zhang 1982].

3.2 Construction of Normal Equations
The solution of the normal equation system for the least squares
model of condition equations with parameters has the following form
[Uotila 1976]:
X = -(aTmta)"L AT mly o (10)
where

M-l = (B P-l BT)-l
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Therefore, before constructing the normal equation system, M'1 has to be
found first. Fortunafely, the matrix B has a regular configuration, and

so does the matrix M~! [Ashkenazi et al. 1980]. For the sake of simplicity,
we investigate a matrix B for one station and one pass. From eqs. (8) and
(9) it is evident that the matrix B has the form

-1 0 0 0 ... O
-1 <1 0 0 ... O

B = -1 -1 -1 0 ... O (12)

-1 "1 "1 "1 s "1

If one assumes uniform weight and no correlations between the range differ-
ences, and chooses the variance of unit weight equal to the variance of
range difference observation, the matrix P will become an identity matrix.
Then the matrix M can be written as

1 1 1 cen
1 2 2 2 ...
m=8pPlBl=| 1 2 3 3 (13)
1 2 3 4 ... n
where n is the number of observations in this pass. M'1 is found by
inverting M:
2 -1 0 0 0 0 0
-1 2 =1 0 0 0 0
wl | 0 -1 2 -T ? 0 0 (14)
0 0 0 o0 -1 2 -1
0 0 0 0 0 -1 1

Since M'l is a regular diagonal matrix, it will not invite much difficulty
when constructing normal equations. For_fhe case of more than one station
and more than one pass, matrices B and M ! can easily be found by using the
same method [Zhang 1982].

After the matrix M} is found, all the coefficients of the normal
equation system can be calculated. Since this normal equation system is
still of the sparsity pattern, a method called second-order partitioned
regression can be used to eliminate the unknowns to save storage and
computing time [Brown and Trotter 1969].
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4. NUMERICAL TEST
4.1 Solutions and Their Comparisons
The data taken during EDOC-2 was used for testing the uncorrelated

and correlated modes. Fig. 1 shows the network used which is chosen from
EDOC-2. There were many solutions for each mode, but only the best .

TRA

B
0]
v ¢
©

Fig. 1 EDOC-2 network [Boucher et al. 1981]

At i
e g b i 4 el e
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one of each mode can be presented here., Table 1 is a summary of these
two solutions. Solution F4-5 is in the uncorrelated mode; solution C-5
in the correlated mode. The integration intervals of both solutions are
5 x 4.6 = 23 seconds.

The information of solutions using different integration intervals
from the correlated mode is collectes in Table 2, In the designation
C-i, i indicates the integration {:t2rvals used, e.g., in case of | = 2,
the range change is over 2 x 4.6 = 9,2 s. Fig. 2 gives a visual comparison
gf Ehese solutions. It is obvious that the solution with i = § is the
est.

4.2 Test of the Systematic Error Model

In this study as in the earlier one only the two major terms are
used for modeling the systematic effects: a + bt. The residuals of the
observations of randomly selected passes from the total of 193 passes were
plotted for each station. Fig. 3 is one example. Investigating the distri-
butions of the residuals of the observations at each station, no signifi-
cant remaining systematic effect 7s found, which indicates that the two
major terms used for modeling the systematic effects are reasonable.

4.3 Test of the Residuals

From Table 1 we can find that the correlated mode is superior to the
uncorrelated one. In spite of that, there are still significant differ-
ences between solutions C-5 and EDOC-2. In order to find the reason, the
residuals of all observations were investigated., Table 3 lists the
statistics of the residuals of the observations over the ten worst passes.

Checking this table, one can see that the maximum residual is as
large as 160 m, and the ratic of the number of the observations whose
absolute residuals are lager than three times the standard deviation,
to the total number of the observations for each one of the worst passes
is high. The worst one is as high as 11.2%. This indicates that there
may be biunders in the data set.

4.4 Problem of Weights

As stated earlier, all observations are assumed to have equal weight
and the a priori variance of unit weight is chosen to be equal to the
variance of a range difference observation

of = cir = 1.0
In Table 2 one can see that the a posteriori standard deviations of unit
weight for all the solutions are much larger than the chosen a priori one.

For instance the a posteriori standard deviation of unit weight of the
best solution, C-5, is as large as 3.4.
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Table 1 Summary of Solutions F4-5 and C-5

Solution No.: ‘ F4-5 C-5
" Total No. of Passes.Processed 193 193
Total No. of Events 3,430 3,430
No. of Unknowns ,
Station Coordinates 30 30
Error Coefficients 3,312 3,312
Satellite Coordinates ' 10,290 10,290
Total No. of Unknowns 13,632 13,632
Total No. of Observations 27,531 27,531
Degrees of Freedom 13,899 13,899
A Priori Weight Information:
Range (or Range Difference) im 1m
Error Coefficient o, 50 m 50 m
Error Coefficient oy 38m/ 2min 38 m/ 2 min
Fixed Station Coordinates oy, oy, oz 1 mm 1 mm
Other Station Coordinates oy, oy, oz 100 m 100 m
3 Satellite Events/Pass oy, oy, o7 10m 10m
A Posteriori Standard Deviation
of Unit Weight 3.5m 34m
Coordinate Differenceé with Respect
to EDOC-2 Solution (all units in m) a¢ & AH 8¢ 4 &H
Station No. 220* 0.0 0.0 0.0 0.0 0.0 0.0
(* indicates fixed station) 221 3.5 16.2 -4.4 3.0 7.0 -4.6
222 3.4 -4,3 -1.2 1.9 =-3.0 -1.4
223 1.5 8.8 -7.1 1.7 5.2 -4.2
224 5.6 27.1 -=12.6 5.3 13.2 13.1
225 -4.8 -10.9 6.7 -0.2 18.4 3.0
226* 0.0 0.0 0.0 0.0 0.0 0.0
230 1.0 -4.5 13.6 4.6 3.2 9.9
231* 0.0 0.0 0.0 0.0 0.0 0.0
232 4,5 =-3.1 15.7 2.1 =-4.6 20.5
233 0.8 8.7 =-2.0 1.6 2.0 -0.9
234 0.1 =1.7 5.3 -1.0 1.1 7.5
235 1.0 44.2 70.0 8.2 -0.4 1.9
Average absolute difference (m) 2.6 13.0 14.0 2.2 5.8 6.7
(10 stations) 2.8 #5,2 4.6 +4,7 8.9 7.9
Average absolute difference
Average absolute station-to-station _
chord distance difference (m) 10.2 £10.5 5.5 #4.5

e e — s e e
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Table 2 Comparison of the Different Integration Intervals Used in

Adjustment

Name of Solution: ' c-2 C-5 c-10 C-15
Integration interval (seconds) 9.2 23 46 69
Computing time (minutes)* 25.20 8.83 5.96 2.79
A posteriori standard deviation

of unit weight 2.4 3.4 4.5 5.9
Average total absolute difference 10.9 10.9 22.0 33.8

in position (m) (10 statijons) +7.3 +6.6 +19.3  #37.1
Average absolute station-to-station 6.4 5.5 8.9 17.1

chord distance difference (m) 5.6 4.4 +8.2 +19.,2

*using an Amdahl 470
AB T_. (min) Tc: computing time used

m| ©

---=- AB: average of absolute difference
of baselines

| 9.2 23 46 69
s integration interval (s)

Fig. 2 Computing time used and average of absolute differences of
baselines plotted against the length of integration interval
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Table 3 Statistics of the Residuals of the Observations of the
Ten Worst Passes

Pass Number of Observations
No. No.
Tota] lv] > 30 vl > 20 vl > 10.0m |v| . (m)
Number %  Number % Number %
1 49 207 20 9.7 27 13.0 17 8.2 160.8
2 46 187 18 9.6 38 20.3 13 7.0 126.1
3 187 143 16 11.2 27 18.9 12 8.4 41.4
4 21 262 19 7.3 32 11.8 10 3.8 53.0
5 43 181 9 5.0 17 9.4 8 4.4 39.5
6 180 142 9 6.3 15 10.6 8 5.6 25.6
7 51 221 10 4.5 15 6.8 7 3.2 17.2
8 26 186 10 5.4 12 6.5 5 2.7 26.0
9 25 105 6 5.7 7 6.7 5 4.8 31.6
10 16 195 7 3.6 10 5.1 4 2.1 37.4

Table 4 presents the comparison of the weights of each station
calculated from the residuals over all passes. The weights of the stations
differ from each other for solutions C-5; the largest one is ninefold as
large as the smallest one. When the ten worst passes are taken out, the
weights are close to each other, and the a posteriori standard deviation
of unit weight is decreased from 3.4 to 2.0. It is seen that the exist-
en?e of blunders is probably the most important detrimental factor in the
solution.

Unfortunately, neither taking out the ten worst passes nor repeating .

the computation with the different weights for each station improved the
result. It is likely that although taking out the ten worst passes removed
the major blunders, it also resulted in losing many useful observations.

pGE 18
RIGINAL P/
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Table 4 Comparisons of the Weights of Each Station

Station A1l Passes Used W/o 10 Worst Passes
No, No. of Obs. 8 p No. of Obs. g p
220 1579 2.08 2.7 1473 1.73 1.3
221 1668 1.72 4.0 1606 1.56 1.6
222 2912 3.30 1.1 2711 1.33 2.2
223 1862 1.30 6.9 1777 1.27 2.4
224 2821 1.77 3.7 2631 1.49 1.7
225 1893 2.19 2.4 1757 1.33 2.2
226 845 2.56 1.8 763 1.26 2.4
230 2505 2.26 2.3 2435 1.21 2.7
231 2789 3.85 0.8 2609 1.87 1.1
232 2391 2.42 2.0 2205 1.30 2.3
233 2760 1.67 4.2 2575 1.30 2.3
234 2641 2.36 2.1 2444 0.99 4.0
235 865 1.25 7.5 809 1.01 3.8

pegrea of 13,899 12,910

o 3.4 2.0

5. CONCLUSIONS

On the basis of the comparisons, the folloiwng conclusions can be
drawn:

(1) The geometric mode of solving the problem of simultaneous Doppler-
derived ranges without considering the correlation is a weak one.

(2) The correlated geometric mode leads to better results. Comparing
with the uncorrelated solution, the correlated mode reduced the average
total absolute differences (with respect to EDOC-2) in position from 20.8
+21.7 m to 10.9 +6.6 m; and the average absolute station-to-station chord
distance differences from 10.2 +x10.5 m to 5.5 x4.5 m.

(3) The choice of the optimuii integration interval is very important
for the use of simultaneous Doopler-derived ranges in the geometric mode.
The examples of this study dewonstrate that the optimum integration inter-
val is 23 s, which agrees with that suggested by [Ashkenazi et al. 1980].
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2,222 Doppler Interccmpariscn fExperiment

In the previous sewmi~-annual report, prelimipary results
of the 1979 C50 compacison test of Coppler «receivers are
given., Since that time a final report on the cosparison has
been completed [ Archinal, 1982] as a Mastsr's thesis (and
soon as a report of the Degartment of Geodetic Science and
Surveying) .

In this ceport, scme of the pesults presented in ths pre-
vious report are revised, and scme additional final results
are presanted as well. For a more detailed discussicn of
the followiny, refsr to [Archinal, 1982], and {Archiaal and
Mueller, 1982].

FINAL RESULIS CE_DAIA BEDUCTION

As mentioned abovs, some of the results presented here
ar2 slightly different than those given in the last regcrte.
This is primarily due to:

a) The determination and wuse of ceceiver time delays in
the GEODOP processing. .

b) The modificaticn of GEUDGE to¢ allow the input of a
“"common sStaticn noise" estimate, and use of tbkis cp-
tion, along with the use of a variance estiraticn pro-
cess in GEODCE as well.

Therefore revised versions of the tracking statistics and
chord difference results are given nexe, alcng with pew ia-
formatior concerning the estimation of the receivers' ckser-
vational (ramnge rate) error and oscillator statility.

62




IR S L SR T R R T e e BT T L

ORIGINAL PAZGE IS
OF POOR QUALITY

Tracking Statistics

The statistics on the number of passes tracked, wused in
PREDOP, and two types of GEODOP runs are presented in tacle
1. Although several numkers have changed sukstantially frow
those given in the last report, wost of the rssults given
there are still valid. In addition to thcse results, it
should be noted that if these =statistics are Lbroken down by
antenna setup (as in [Archinal, 1982, pp. b1-703), it te-
comes clear that:

a) The CHA-751 and the J¥R-1As generally tracked atout
the same numbter of passes, and slightly mcre thnan the
MX1502 (when operating corrsctly and tracking continu-
cusly).

b) There is no btias due to antenna location, at least
when PREDOE rejecticns are considerced. The relative
percentages c¢f rejections stdyed fairly constant for
all setups for the JMR=-1A #2 and MX1502. Ne cenclu-
sions can ke drawn fcr ths CHA=751 dus to its faulty
antenna cakle {cn all but cne site), ¢r for the JNR-1A
#1, since it only occupied one site.

The GEODCP statistics (for a amulti-statict Lroaucast
ephemeris soluticn and & sangle station (recise ephemeris
solution) show a fairly consistant ckserpvations 'ass value
tor all instruments, exgept for the ¥X1502, which Lkas a
higher value in both soluticns. This higher value is due to
the fact that the MX1502 Wwas recordinyg cnly (the tetter)
passes which Z¢ached over 15 degrees altitude c¢n the first
setup, which gtrongly affects the grand totals showu here.
The observations/gdss for the CMA-751 are not regresentative
hare either, since it was operating propsrly cnly during the
first and last setug.

chord Difference Results

Table 2 shows absolute differences obtained in the chkord
distance Lstween all pairs of instrugents fer each antenna
setup for omulti-station and [frecise epheweris soluticnse.
Many of these values are different from those given in the
previous report, with generally smaller standdrd deviaticns
and chord differences than previcusly regorted. This is
protably due to the changes in weighting and the tetter de -
termined delays respectively, and pcints out the value cf the
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more rigorus weighting and Letter determination of delay for
thes2 solutions.

Even with the differess:s, the [previcus result still
holds, that most of the ditierences (all execegt twc) lieg
within their three sigma value. A new result is that the A
single baseline determined between instruments of the saume
type (between the two JMNE-1As on setup #1) did nct shkow sig-
nificantly better results than pairings Lbetween any cther
instrument comsination. In conclusion, it appeaxrs that
there is no evidence that any of these instruments are ti-
ased agaiust one ancther for chord determinations (cver
short distances).

Another additional result shown by this takble is that the
precise ephemeris two satellite scluticns for chord distanc-
es do not appear to have necessarily higher accuracy cr gre-
cision than the corresponding kroadcast ephemeris five s=at-
ellite solutions, and in fact the precision cf the troadcast
ephemeris solution is better in all cases. This simply in-
dicates that the greater onumker of ckservations in ‘the
broadcast ephemeris soluticn improves the results mcre than
the corresponding iuncrease in sphemeris accuracy of the fre-
Cise ephemeris sclution. This wculd imply that 1f cnly
chord distances were nseded from Dcppler ckservaticus, then
generally broadcast ephemeris solutions wculd be preferatle
to precise e&phenmeris solutions, since the former usvally
have more data available.

Using procedures described in detail in [Archinal, 1982, i
pp. 70-79], estimates of the common station noise and each :
instrument's range rate standard deviation were mades for
each setup and precise ephemeris satellite. The results are
shown in taple 3 and discussed here.

First of all, the comuwon station ncise wsas estimated Ly
processing only simultanecus otkservatins and precise ephem-
eris orkbits. The common station (cr "interstation" cr "sat-
ellite" poise) estimates were made using the ccxmon station
estimated variance-covariance matrix output £ty GECLGE tc ck-
tain the values shown in cclumn three of takle 3. The re-
sults vary with satellite and time during the entire test,
with an amount between 3.4 and 7.5 cey/3C seccnds. 1be ove-
rall average value (weighted mean of all cbservation pairs)
1s 4.9 cm/30 seconds. Since the range was not tcc great,
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and rather than change the value for each setup/satellite
(pechaps based on too few cbservations), the GECLOP default
of 5.0 cn/30 seéconds was then used for all subsequent pro-
cessing.

Secondly, the estimated receiver range rate standard de-
viations were computed for each setup and sateliite, using
the 'weighted mean of the diagonal elsments cf the estimated
variance~covariance patrix of the residuals. The results
for all three instrument types are shown in the last fcur
columns of taile 3. These values were obtained froc GEQDOE
single station precise ephemeris sclutions, ir which the ob-
servations were approximately (the rejections du¢ to statis-
tical testing cause some excsptions) simultanecus. Although
some of the individual solutions did not have encugb Jdata te
bes considered significant, using at least 600 ctservations
in each case (but only 350 for the JME-1A #1), the astimated
range rate standard deviations were found toc be Y.7, 11.9,
10.4, and 12.5 cmy3u seconds for the CMA-751, Jiun #1,
JMR-¢2, and the #4X1502 respectively, over the entire peracd
of the tast. The variatious shown during the +fest may he
partially instrument related, Lut they dre prclaily due
mostly to the satellite noise just discussed. The rslative
precision of the three 1astruments continucusly otserving
also stays approximately the same fcr all time psriocds and
satellites, which also indicates that ths vdriaticns are
non-receiver related. It is also significant that the vari-
ation bstwesn instrumeats is usuvally less than 3 cun/30 sec=-
onds, showing that these instgunpents ate generally very &i-
milar, and that the variatiom in the corxmon station noise is
generally greater than this. The conclusicn can therefore
te drawn that the variation of W€ umeasurement preécision
betveen these instruments is potr_siynificant. 1Ths even xcre
important conclusion which can ke drawn is that the raage
rate accuracy obtainable depends in many cases nore on the
time and the satellite chan it dces on the receiver itself.

Lastly, to oktain the Lest pcssihle estizmates c¢f the fi-
nal variance-covariance matrices in GECDGE, the GECDCE op-
tion was usad to allow an interuwal estimate of +the range
rate standard deviation and adjacent observation ccrrelation
for each pass to Le made, with the previously estimat.d
range rate standard deviation value (given in the last para-
graph) used as an input appocximate valus. Aalthough increas-
ing the conmputational time by over 50% (all of the passes
are processed twice), this wmethod takes intc acccunt the
variation of the satellite noise and possicle variations in
the receiver noise during the pericd wunder consideraticn.
It is felt that this grocedure, in ccnjuncticn with the
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tirst two above would result in the wecst rigorus precessing
of the data, to provide the best sclutions.

Brequency Drift Results

The fraguency drift of an instrument's oscillator is an
important guantity which can be detarwined to tairly high
accuracy during data reduction. In general, the uwore statle
an oscillator (over the period of a satellite pass) the bLet-
ter the timing and Coppler count measurewents can ke wmade.
If a drift i1s occurring, and rewains fairly ccanstant in
time, 1t can be taken into account i1n the adjustwpent cf the
data (as in GEODCE), although it must still Le assumed tc be
lingar over 4 pass, and should act bLe very laryge in magoa-
tude. If the drift is erratic, either changang during a
pass or over just a few passes, the data will ke very ncasy
due to thesu unmodasled changes a1n the oscillator. It is
thercfore impertant to check the frequency drift varaaticas
of thess instruments. Ideally, one would like to check the
short term Jdrift which corresponds to the lsngth of a4 satel-
lits pass (over 100 seconds to abcut 15 minutes), but this
is ygenerally not possible unless an atceic standard is
available Eor comparison. Instead, the long term drift of
these instruments can be checked for variaticns (which ray
provide an indicaticn of the shert term statility), or at
least checked against the wmanufacturer's spscificaticns.

In the case of the dJata cocllected herve, the treguency
drift for gach instrument for each setup and precise ephenm-
eris satellite has bLkeen determined. The values have Lesen
obtained from the dJdifferencs Letwsen the first and last
(reasonable) freguency otfssts ccmputed fcou each instrument
during a sstup. I1he frequency offsets were deterwined frou
two satellite (one satellite at a time) precise ephereris,
single station solutioas, and ths antenna setup periods
which ranged from about five +to fifteen days iu length.
Nota that to owtain the per day values given here, thy as-
sumption has teen made that the frequency drift is ccustant
during <each setup. Examination of the GBUCOQF freguency
plots supports this assumpticn.

The results for frequeucy Jdrift are shown in rakle 4, and
have been graphed in figure 1. They can Lke sumparized as
followss

a) The CMA-751 had a faicrly uniform value <fcor trsguency
drift, using either satellite, and szasily uwet its sge-
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TABLE 4  LONG-TERM OSCILLATOR FREQUENCY DRIFT !

SETUP  SATELLJTE

NO. NO. CMA-751 JMR-1A #1 JMR-1A #2  MX-1502
1 14 0.45 1,65 3,15 0,41 2
19 0.23 1,78 3,22 0.11 2
2 14 0.14 2.50 2 - 2
19 -0.32 2,66 ° - 3
3 14 0.50 2,57 2 -2.,88
19 0.33 2,87 ° 2,72 2
4 14 0.39 2,27 ¢ 0.47
19 0,10 2.68 2 1.11
5 14 0.27 2,06 0.78 2
19 0.50 2.47 0.74 2
SPECIFICATION:
/DAY 1,00 +0.50 £0.50 ?
/100 s $0.01 0,05 £0,05 £0,08
1 10-10 PARTS PER DAY. DETERMINED FROM FREQUENCY OFFSET OF FIRST

AND LAST PASS OF SINGLE STATION, PRECISE EPHEMERIS SOLUTION.

2 SOLUTION SHOWS FREQUENCY JUMP AFTER FIRST OR SECOND PASS.

3 TOO FEW PASSES IN SOLUTION, WITH TWO FREQUENCY JUMPS

(OSCILLATOR DISTURBED DUE TO MAINTENANCE)
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cified 10-10 partss/day precision. 1The frequency drift
was usually from one half to cne tenth of that value,
and even aprroached its 100 sscond specitication.

b) The JMR-1A #2 also had a fairly uniform value fcr fre-
quency drift, using sither satellicte. However, koth
it and the JXK-1A #1 failed to meet their 0.5 x 10—10
partsyday specified precision. (Note that this speci-
fication is actually fcr the JME-1. It is assumed
that the JME-1A would have the sam2 or a Lketter speci-
fication.)

c) The MX1502 did not have a consistent value for its
frequency drift, which shcws cscillaticns during the
second through fourth setups. Since the values for
the first, fourth and last setups ar¢ at least sinmi-
lar, one would suspect that the frequency drift chang-
es are mostly due to the varicus times that the in-
strument was op2ned (amd its oscillatcr turned cff)
for cepairs. No specification tor the ¥X1502 drift
per day is available for ccmparison purgcses.

FINAL_CGMMENTS

The results presented here should ke ccnsidered as the
final ones of this comparison, arthough if time permits,
some additional material will possikly be added %o the re-
port version of [Archinal, 1982] and the <final version of
(Acchinal and Mueller, 1982]7. Werk is also continuing on
the documentation and further testing of the IEM version of
the GECDGP Program Systen.

As to the furthesr use of the data cotained, the recocmmen—-
dation is made here that the data from both this ccoparison
and the Gttawa <comparison ke fipally processed tecgether in
multi-station solutions, to prcvide a ccmparisco c¢f hcw well
the various possitle instrument pairs can zeasure the lcng
Columbus-Ottawa baselines invclved. Furtoer, it 1is alsc
suggested that a similar raducticn be made (if the data can
b2 obtained) wusing the "Cuekec" data descritked in [Mcceau,
1981], which was also ottained during the operational fphase
of this ccmpariscn.

Other investigations are alsc pcssible, including extend-

ing the ressults givsa akbtove Lty wmaking further ccegarisons of
the chords, comparing the vertical aad horizontal pcsiticas
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of the stations through their coordinates, and ccmpariuny the
computed ccordinates with the availarle ccntrcl cocrdanatss.
Thase items were not done in this study mainly because they
are considerad to be of lessar inportance than the cther ca-
sults presented, and due to a general lack of time ter these
langthy investigaticns. Other work «ccncerning grcegrag Cp-
tions or «cowparisons of programs cculd alsc te dcne with
this data.
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2.3 Earth Deformation Considerations for the Maintenance of a
Conventional Terrestrial Reference System

The role of deformation analysis in the maintenance of a new Conven-
tional Terrestrial Reference Frame has been outiined in previous semiannual
reports and in [Bock and Zhu, 1982]. Basically, a set of fundamental
coordinates X, of a global network of stations adopted at an initial epoch
define the reference frame. The initial size and shape of this network
is defined by the corresponding baseline lengths, D,. By comparing che
estimated baseline lengths at a later epoch to Dy, the deformations of
the network can be estimated. This information is then used to improve
the global estimates of variations in polar motion and earth rotation,
with respect to the conventional axes defined by Xo+

Mathematical Model and Preliminary Estimation Model

The mathematical model for the deformatios analysis is simply the
chord length of baseline i-j

Dij = [(Xj'xi)z + (.Yj'yi)z + (Zj‘zi)zji

This model is linearized about X, to yield

L =AX +V

th

where the observatijon vector L for the k™' baseline is

Lk = (D D

15 7 Digolk
and the parameter vector X represents the deformations, i.e., the change in
coordinates between the initial epoch and a later one. V denotes the noise

vector.

Since the design matrix A is rank deficient by 6, we are restricted
to a Generalized Gauss-Markoff (GGM) model (L, AX, ¢¢2P™") where

o m
—~ o~
—
—
[} n
Q >
o >
~n
-0
[}
P
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If there is no a priori information for the deformations, the minimum
bias P-lTeast squares estimate for X is given by

X=NU=ab Ly N=ATPA, U=aThL

using the notation of [Rao and Mitra, 1971], where P is the weight matrix
of the observations. This estimate can be shown to be equivalent to that
obtained from augmenting the normal matrix N by a set of constraints C
such that [Blaha, 1971]

act = 0

cXx =0

and
X = (N+cle)t -cliccTee)™ ¢

This means that we constrain the origin and orientation defined by the
coordinates at some later epoch t to be equivalent to that defined by X,.

Extended Models for A Priori Deformation Information

In the case of the availability of a priori information on the
deformations of the network, e.g., as provided by absolute plate motion
models, four possible estimators have been outlined and analyzed in
[Bock, in preparation]. We briefly outline here the corresponding estimates
and their respective properties.

Consider an expanded GGM model (L, AX, Qy» Q) where

X
E(L) = AX ,
D(L) = Qy = ECW'} = og2P™
E(XTT) = 0

= Iyt ux'uyI (ug = E{X} = X)

where X is an independent estimate of the parameter vector. The resulting
minimum M-norm P-least squares minimum variance estimate for X

~

X1

H

QN (NQyN)F U
M7 N(NMTE N)T U
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where M = QX'JL (positive definite). X, has the property of minimum bias.
Therefore, this estimate is termed the BLIMBE (Best Linear Minimum Bias
Estimate). In this case, it can be shown that this estimate is equivalent
to that obtained from augmenting the normal equations by CM such that

acT = 0
CMX,= 0
and
Xy = [(N +mMcTom)™ = cTeemeT emcTy™ ¢172 U

Therefore, we can say that the reference frame is maintained in a minimum
M-norm P-least squares sense by a specified number of CTS stations.

For positive semidefinite Qy, which would be the case for any plate
model

K= (N + M™% NIN(Y + M) 1T U

with M = QX+‘ In this case, the estimate is minimum M-seminorm P-least
squares but is no longer minimum bias.

For the BLIMBE we assume that the parameter vector X 1is deterministic
and define a weighted norm in the parameter space on the basis of a priori
information on X. Another possible biased estimator can be obtained by
considering X as a random variable. Our estimation model is (L, AX, Qv, QX)
where

E(X} = X ,

O[X] = EC(X-K) (XK} 1) = g,
which gives

0 = BT} =5, + X T

The vector X includes the deformations computed from, say, a plate motion
model and Zy is its covariance matrix. The distribution of L is given by
E{L} = AX
DLL] = A zy AT 4 go2p72
from which
Q = EQLLTY = A Qg AT + g,2P"
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ECNLT) = gy AT

QL
and we assume
Qqy = 0

By the Gauss-Markoff theorem [Liebelt, 1967]

Ko Qg Q70 L
= Qy AT(A QX AT +0p?P )7 L

Which, for positive definite Q>
e = (N#M)™ U  M=q

This estimate has been referred to as the Best (or Bayes) Linear Estimate
or BLE for short [Rao, 1973, 1976]. While the BLIMBE has the minimum bias
property, the BLE has minimum mean square error, i.e., it minimizes the
sum of covariance and biased squares

MSE(K) = g + [X - E(R)ICX - £(R)1T

in the class of biased estimators. Note that the BLE requires some
knowledge of the deformations in order to compute Qx. Furthermore, Yhi1e
the BLIMBE reference system is maintained through the constraints CMX,= 0,
the deformations estimated by the BLE are with respect to an underlying
reference frame of the deformation model from which QX is computed.

The previous two estimates are drawn from the class of biased esti-
mators. If Qx can be constructed, that is, if there exists a priori defor-
mation information, then the origin and orientation singularities are
essentially eliminated. We then are led to investigate whether an unbiased
estimate exists and we find the Bayesian estimate. Consider the estimation
model (L, AX, Q> X, 27) where X is deterministic, X randomand the set of
observation equations

L] [a] [y’
X + 5 LX
LX I VX
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E(X} = X

DIX] = EC(R - X)(X - X)T) = o¢
E{L} = AX

D[L] = A 5g AT + 0027t = g

The least squares solution for this model yields

A

Ko = sp AT(A 2 AT+ 5)72 L
+ [I - Iy AT(A Iy AT + »:l_)'1 Al X

for Iy positive semidefinite. For positive definite Iy, thic reduces to

A~

X3

1]

(N+M)72 U + [I - (N+M)72 NIX ; M= 27-1

X + (N+M)"2 ATP(L - AX)
(H+M)™2 (U + MX)

It is easiliy seen that given this estimation model, particularly

E(X} = X, E{Xs} = X, so that X is unbiased. This estimate has the minimum
mean square error property which implies minimum varjance since the bias

is equal to zero. Note that in the BLE, the a priori information is incor-
porated iito the moment matrix QX’ while for is, X is applied direct]x, and
a residual deformation is estimated. Thus, we can consider the BLE (X:)

as a "weak" Bayesian estimate and ia a "strong" Bayesian estimate.

Assume again that some a priori deformations are available. In this
case, the model may indicate that CX=LX where Lx # 0 which leads to an
alternative approach to the constraints CMX,= 0 of BLIMBE. Consider the
following set of observation equations

L A v _
= X + ) LX = CX
LX C Vx
J
We assume the estimation model (L,AX | CX = cX, Iy QV) where
E{CX} = CX
DICK] = C zg €T
E{L} = AX
DIL] = A 33 AT + gy2P™
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For this model, the least squares estimate is

Xy = N+ cThy C U+ cT P CX
where
Py = (C Iy ¢yt

From [Chipman, 1964]
+ . T =1 T

+ - T -1 AT

so that
A + +
Xy = Apy L +C X
4 PI PXI
-yt +

Therefore, iq can be viewed as a correction term to the minimum I-norm
P-least squares estimate X, or a combination of the BLIMBE and Bayesian
approaches.

The propertius of the four estimators are summarized in Table 1.

Addition and Temporary Deletion of CTS Stations

The reference frame is defined by'a particular number of CTS stations.
[t is quite possible that from time to time one or more of the stations will
not be able to participate in a particular deformation analysis observing
session which should involve all stations. Furthermore, it must be anti-
cipated that new stations will be added to the frame periodically. Both
of these occurrences must be dealt with in order to maintain continuity
and avoid ambiguity in the reference frame definition. For the addition
of CTS stations we use the filtering and estimation capabilities of least
squares collocation. The model becomes

L =AX +BS +V

Where X is deterministic and represents the coordinates of the new stations
to be estimated. The vector S, the signal, is random and includes the
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filteréd deformations. The L and V vectors are as before. From
[Moritz, 1980),

X = [AT(BQSBT +q,)7Al* A(BQSBT £ Q)7 L
§ = QSBT(BQSBT Q)7 (L - AR)
where QS is the same as the previous QX.

If a station cannot observe, we can use the prediction capabilities
of least squares collocation to precict tne deformation via

S QSBT(BQtBT +Q)P L

W

t includes the deformation of the observing station, and u the predicted
deformations of the missing stations.

where

w
{1}

Conclusions

In order to test the properties of the four estimators and their
suitability in estimating deformations, a series of simulations were run
as described in [Bock, in preparation]. A 20-station, 8-plate network was
chosen for the simulations as depicted in Fig. 1 and Table 2. The AM1-2
absolute plate motion model of [Minster and Jordan, 1978] was "adopted"
(see Table 3).

The following conclusions were arrived at based on the simuiations.
Assuming that the absolute motion models available today are good to within
their stated noise levels (this is reasonable considering that [Bender,
1981] indicates that their predicted deformations differ at the centimeter
Tevel), it is found that it is advisable to adopt a deformation model than
not at all. This was seen from comparing the deformation estimates obtained

with a deformation model and those obiained when M = I (no model) is assumed.

If a model is adopted, then the BLE appears to be the best candidate for
deformation analysis. This conclusion follows from several considerations.
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20-Station, 8-Plate Simulation Network and
AM1-2 Velocities

Table 2
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First, the BLE provides the best estimates (in the sense of minimizing

the root mean square error between true and estimated deformations) at

the same level as the Bayesian estimate, in the case when the deformation
model is correct (and then the deformation is just being filtered from the
baseline noise). Second, and most important, it is markedly less sensitive
to errors in the adopted deformation model. This is particularly

apparent in the case that in reality there is no deformation but we assume
some deformation model. These results are due to the minimum mean square
error and minimum norm properties of the BLE and its "weak" Bayesian inter-
pretation.

Finally, we should stress that the reference system is dependent on
the choice of estimation models including the choice of M (as well as P,
but to a lesser extent). This leads to the need for investigations
concerning how sensitive the reference system is to changes in M and P.
For example, what measures should be taken as M and P improve_with time.

The algorithms presented here are general enough to incorporate geo-
physical as well as geodetic evidence of deformations. In [Bock, ¥#n prep-
aration] only models for deformations of interplate type have been con-
sidered, to be monitored by periodic re-observations of the baseline lengths.
Other aspects to be considered include intraplate and local motions (the
site stability problem). Local effects can possibly be modeled on the
basis of on-site observations such as by tidal gravimeters and local
geodetic nets. It is necessary to investigate how to incorporate these
and other types of observations (and their corresponding reference frames)
into CTS operations.

This investigation is now being completed, and the final report is
in preparation by Y. Bock, te appear in the report series of the Depart-
ment of Geodetic Science and Surveying, The Ohio State University.
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2.4 Development of Models for Studying Ice Sheet and Crustal
Deformations

The observed locations of survey markers change with time. When !
random and systematic errors are accounted for, what remains is actual §
movement. The movements of a network of stations can be described as the
translation and rotation of the stations as a group and the deformation
occurring within the network. Thus when a network of stations is resurveyed, s
it should be possible to obtain the geophysical parameters of velocity, -
rotation rate and strain rate [Dermanis, 1981; Livieratos, 1980; Reilly,

1979]. If the same network is resurveyed more than once, either the
derivatives of these quantities or averaged values may be calculated. §

As most stations are on the surface of the earth, it is natural to
assume that all movements and deformations are two-dimensjonal. This may
pe adequate in many cases. However, vertical movement and deformation may
occur because of irregularities in the surface, faulting, or from being
buried under new material. Also, for networks covering relatively large
areas, the surface of the earth cannot be well approximated by a plane.

In this case, it may be better to determine the movements in an arbitrary
(earth-centered) coordinate system and then transform these results to a
latitude, longitude and elevation coordinate system.

A model is being developed to determine these geophysical parameters
from the coordinates of a network that has been resurveyed at Teast once.
Several methods have been proposed for obtaining sufficiently accurate
coordinates [Brunner et al., 1981, Niemeier, 1979]. One technique that
has been proposed for studying tectonic deformation is to use positicns
determined by Doppler satellite receivers [Malyevac and Anderle, 1979].
The precision of the receivers used individually (point positioning) is
meters to tens of meters. But by using translocation between two or more
receivers, the relative positions can be determined to within decimeters
[Brown, 1976]. However, the moveiments and deformations of the crust are
slow even in tectonically active areas [Savage, 1978; Minster and Jordan,
1978]; thus the time span between resurveying must be of the order of
decades. Because the time period between reobservations is so long, it
may be difficult to guarantee that the coordinate systems are identical.
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For example, the coordinate system defining the broadcast ephemeris of
the Navy Navigational Satellite System slowly varies with time. This

problem cuuld be overcome by using relative rather than absolute coordinates.

Thus the velocities and rotation rates wouid be relative to some "fixed"
stations. However, the deformation within the network can still be obtained
by calculating the strains from the changes in the chord lengths between

the stations. The only assumption needed for this 1is that the scale of the
coordinate system has not changed. Because the strains obtained this way
are theoretically identical to the strains obtained from coordinate differ-
ences, any differences can be attributed to rotations and/or translations

of the coordinate system.

For the purposes of testing the model, the data set being used is
from survey stations placed on the Greenland ice sheet. Seven Magnavox
1502 satellite recaivers were used during the summers of 1980 and 1981 to
obtain the movement of 22 stations on the ice sheet of Greenland. Using
the data reduction program GEODOP [Kouba and Boal, 1976], the coordinates
of the stations have been obtained relative to the positions of two
stationary stations {which were located on the west coast of Greenland).
The formal accuracy of the coordinates is under 20 cm. These stations
are moving at velocities of up to 45 m per year, and the magnitude of the
maximum strain rates are over 100 ppm.
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