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FOREWORD

This report was prepared by Dr. D.P. Hajela, Research Associate,
Department of Geodetic Science, The Ohio State University, under NASA
Grant NGR 36-008-161, The Ohio State University Research Foundation Pro-
ject No. 3210. The contract covering this research is administered through
the Goddard Space Flight Center, Greenbelt, Maryland, My, James Marsh,
Technical Officer.

This report has been slightly condensed from a dissertation pre-
sented to the Graduate School of The Ohio State University in partial ful-
fillment of the requirements for the Ph, D. degree.
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ABSTRACT

This study investigates the direct recovery of mean gravity anomalies
from summed range rate (R;) observations, the signal path being ground station
to a geosynchronous relay satellite to a close satellite significantly perturbed by
the short wave features of the earth's gravitational field. To ensure realistic
observations, these were simulated with the nominal orbital elements for the
relay satellite corresponding to ATS-6, and for two different close satellites
one at about 250 km height, and the other at about 900 km height corresponding
to the nominal values for Geos-C. The earth's gravitational field was repre-
sented by a reference set of potential coefficients up to degree and order 12,
considered as known values, and by residual gravity anomalies cohtained by sub-
tracting the anomalies, implied by the potential coefficients, from their ter-
restrial estimates, The Geodyn orbit generation and parameter estim:tion pro-
gram was used after modifying it to accept gravity anomalies as parameters.
The standard deviation (std. devn.} of R, observations was assumed as 0.08
cm/sec. based on an integration interval of 10 seconds.

The recovery of mean gravity anomalies over 10° and §° equal area
blocks from R, observations to close satellites at heights of about 900 and 250 km
respectively were classified as recovery from strong signal. The recovery of
5° and 2% 5 equal area mean anomalies using the same close satellites were
classified as recovery from weak signal. The anomaly recovery was considered
over local or regional areas. The satellite state vectors could not be recovered
from short individual ares of 4 to 20 minutes duration, and were held fixed in
this study to a-priori known values.

It was found that gravity anomalies could be recovered from strong sig-
nal without using any a-priori terrestrial information, i.e., considering their
initial values as zero and also assigning them a zero weight malrix. However,
while recovering them from weak signal, it was necessary to use the a-priori
estimate of the std. devn. of the anomalies to form their a-priori diagonal
weight matrix, Without this a-priori information, the solutions from weak sig-
nal were unstable and not meaningful.

The optimum density of cbservations was achieved by considering
ascending and descending satellite arcs with spacing between adjacent arcs
roughly half the size of anomaly block being recovered. If the observations
along an arc were more closely spaced than the spacing between adjacent arcs,
the std. devn,. of the recovered anomalies was required to be multiplied by a
scaling factor.

The density of observations should be nearly uniform over the area.

If the orbital inclination of the close satellite is about 45°, the area of investi-
gation needs to be located in the form of a rhombus with its diagonals in the
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east-west and the north-sauth directions. A latitudinal extent up to 40° is advis-
able, and the area should lie either in the mid-latitudes or the equatorial region,
The observations should not extend beyond the limits of the area of inves{igation,
and one anomaly block all around the area should be included in the estimation
process. These latter anomalies not covered by observations cannot be recovered
but these ensure the optimum recovery of the gravity anomalies inside the area

of investigation., For small mean anomaly blocks like 2° 5, anomalies in two
bloeks all around the area need to b2 included in the estimation process.

The criteria for examining the 'goodness' of anomaly recovery have been
described. The std, devn. of recovered anomalies from strong signal was found
to be about 2 mgals for 10° and about 6 mgals for 5° equal area mean anomalies,
These results have heen compared with those obtained by Schwarz in 1970.

iv
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1. INTRODUCTION

The concept of a geostationary satellite tracking a close satellite, signifi-
cantly perturbed by the short wave feaiures of the earth's gravitational field, was
discussed at the Williamstown concerence (Kaula, 1969). The measurement of
the range rate of the close satellite from the geostationary satellite, relayed to a
ground tracking station, would then permit the evaluation of those short wave
features of the earth's gravitational field, whose effect is discernible at the alti-
tude of the close satellite, Schwarz (1970) considered the short wave features of
the earth's gravitational field represented by a surface density layer residual to
=pherical harmonic potential coefficients field up to degree 12. He studied the
size of blocks 2°x 2° and 5°x 5° on the earth's surface, over which the density
of surface layer was assumed consiant, which could be resolved in iocul areas
from satellite fo satellite range rate measurements. Kaula (1972) considered
these measurements for determining the local variations in the earth's gravita-
tional field in terms of point masses over various sized blocks, 2°.5x2°.5,
5°x 5° and 10° x 10°, residual to spherical harmonic potential coefficients field
up to degree 12,

Several global solutions for the short wave features of the earth's gravi-
tational field have also been made using other types of satellite data. Koch and
Morrison (1970) determined 48 surface density values in 30°x 30° blocks, resid-
ual to potential coefficients field up to degree 4 using optical satellite observations,
Koch and Witte (1971) extended this determination to 104, 20°x 20° surface donsity
elements, using range rate measurements from ground stations to satellites.
Arnold (1972) describes the solution of 52 gravity anomalies in 20° blocks in
selected areas using optical satellite observations. Obenson (1970) proposed &
method for the recovery of 184 gravity anomalies in 15° blocks from opitcal satel-
lite data.  Rapp (1971a) described another approach for the recovery of gravity
anomalies from such data; and elaborated on the procedures (1971c) for their
determination, and the combination with existing gravity material.

The Geodyn program (Martin, February 1972b) performs numerical inte-
gration of the equations of motion of the satellites; and simultaneously evaluates
the variational partials by the numerical integration of the variational equations.
This program was modified by Karki (1973) to accept gravity anomalies as un-
known parameters. Rapp (1973b) describes the recovery of 184 15° equal area
gravity anomalies, utilizing the modified Geodyn program, from optical satellite
observations, and in combination with terrestrial gravity observations.

Vonbun (1971), Kahn et al (1972) have described the Geos-C/ATS-I" satel-
lite to satellite tracking and gravimetry experiment, With the launch of ATS-8
in May, 1974 and the proposed launch of Geos-C in March, 1975, it was timely to
study the recovery of gravity anomalies from satellite to satellite tracking data.
Similar data may also be available during Apollo-Soyuz-Link flight in July, 1975.



The Geodyn program was enlarged (Martin, February, 1972a) to accept
satellite to satellite range and range rate measurements. This revised version
(November, 1972) of Geodyn program was accordingly modified by Hajela (1974)
to accept gravity anomalies as unknown parameters, generally following Karki
(1973), The purpose of the present study is to investigate the recovery of mean
gravity anomalies over 2°,5, 5° and 10° equal area blocks in regional or local
areas, from 60° by 60° down to 20° by 20° or less. To explorc he capability of
satellite to satellite range rate, and range, observations in recov:ring gravity
anomalies, utilizing close satellites at height of 800 km, or 250 km, combination
solutions were not attempted. No use was thn= made of a-priori information
about gravity anomalies from terresirial observations, except in Sec. 5.2 and
5.3, where the value of a-priori variance of anomalies in 2°.5 and 5° blocks
was utilized to form their weight matrix. The present study otherwise follows
the approach outlined by Rapp (1971a, 1971c).

1.1 Satellite to Satellite Tracking

This term will be used in this study fo indicate a geostationary satellite
of the ATS-6 type, generally referred to as the relay satellite, tracking a satel-
lite close to earth. The close satellite would either be the Geos-C type satellite
at a height of about 900 km, or a lower drag-free type satellite (Lange, DeBra,
Kaula, 1969) or any other satellite, e.g. Apollo-Soyuz-Link flight, at a height
of about 250 km. The case of one close satellite tracking another close satellite
in the same nominal orbit (Comfort, 1973; Schwarz, 1970) will not be considered
in this study.

The cartesian position and velocity coordinates of the relay satellite used
in this study, were kindly supplied by Mr. J.G. Marsh of NASA, and were as
follows:

X~- 18,848.503...km X - 2.905, ..km/sec
Y = -39, 803.422...km ¥=1.006. . .km/sec (1.1)
Z = 380,053...km 7 =17.928...km/sec,

at time 20 Sep. 1969 23 hour 55 min, 0 sec. This however, gave a nominal geo-
stationary longitirde of 63°.2W. The coordinates of the relay satellite in equation
{(1.1) were then assumed to refer to time 21 Sep. 1969 01 hour 33 min. 36.3 sec.,
which gave a nominal geostationary longitude of 93°,.95 W, , which was close to the
planned value of 94° W, for ATS-6. The inertial coordinate system used in this
study was assumed to be the true of date coordinate system at 690921.0 (YYMMDD),
with the Z axis defined by the instantaneous rotation axis of the earth, X axis by
the true equinox of date and Y axis forming a right handed orthogonal system.

The velocity coordinates in the same clirections were defined by Z, X Y. The
inertial position and velocity coordinates of the relay satellite were then defined
to be in this sytem, and expressed by equation (1.1) at the time 690921 (YYMMDD)
01 hour 33 min. 6.3 sec. The coordinates of tho close satellite were then also
referred to this initial epoch (sec Sec. 2.3.1).
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The nominal value of the Keplerian slements for the Geos~C type of satel-
lite was taken from Kahn et al (1972) as:

a=7214km
e=0.006 (1.2)
i=115

The nominal value of the Keplerian elements of the close satellite at height of
about 250 km was taken as:

a=6626km
e=0.0005 (1. 3)
i=115°

The inclination of the 250 km high satellite was kept the same as that of the Geos~-C
type satellite, so that the pattern of satellite arcs would have the same geometry
over the area of investigation. The actual orbital parameters of the close satel-
lites were optimized, as described in Sec. 2.3.1, so that the subsatellite points,
in subsequent passcs of the close satellite, cover the avea of investigation in an
optimum manner. The optimized values of the Keplerian elements for the two
satellites will be given in equations (2.54) and (2. 56).

The satellite to satellite observations considered were the range from the
ground tracking station to the relay satellite, plus the range from the reilay satel-
lite to the close satellite. This will be referred to as the summed range. The
summed range rate would be the time derivative of the summed range, i.e. the
time rate change of the range from the ground station to the relay satellite to the
close satellite. The anticipated standard deviation (NASA, 1974, p. 4-65) of the
summed range rate observations in the proposed Geos-C/ATS-6 tracking experi-
ment is ,07cm/sec. with an integration interval of 10 seconds. This is expected
to improve to .04cm/sec. and .03 cm/sec., if the integration interval for deter-
mining summed range rate is 30 seconds and 1 minute respectively, As the time
interval of observations in most of the investigations in the present study was
kept as 10 seconds, a slightly conservative estimate of .08 cm/sec, was used for
the standard deviation of the summed range rate observations not only for the
close satellite at height of 900km, but also for the close satellite at height of
250km.

1.2 Gravity Anomalies

Mean gravity anomalies were considered in this study over 10° equal area
blocks, according to the generalized division proposed by Rapp (1971b), TFur-
ther subdivision into 5° ecual area blocks was according to Hajela (18973). These,
and the further subdivision into 2°. 5 cqual area blocks, will be described in
Sec. 3.1. The limits of all blocks werc in integer number of degrees, to enable
the determination of mean gravity anuv:nalies over large size blocks from the
available free air gravity anomalies in i°x 1° equiangular blocks, This led to




the 2°, 5 blocks being considerably unequal in area, but the word 'equal area' was
retained to differentiate it from equiangular blocks.

The initial values for the free air mean gravity anomalies over 10° equal
area blocks were taken from Hajela (1973). The gravity formula and the constants
used for the reference ellipsoid will be given in Sec. 3.2, equations (3.7) and
(3.8). The gravity anomalies actually used, however, referred to a set of
spherical harmonic potential coefficients up to degree and order 12, i.e. from
the {ree air terrestrial gravity anomalies, the gravity anomaly implied by the
set of potential coefficients, was subtracted out, as described in Sec. 3.2. The
resulting value will be referred to as the residual gravity anomalies.

The set of potential coefficients used as a reference to describe the earth's
gravitational field were those obtained by least squares collocation by Rapp
(1973a). As their value was considered to be known and held fixed, the anomaly
implied by these potential coefficients was also a fixed constant value, After
the residual anomaly is recovered from the adjustment procedure described in
Chapter 2, the anomaly implied by the potential coefficients may be added to it,
to get the recovered gravity anomaly referred to the specified gravity formula.
We thus concern ourselves in this study with the recovery of residual anomalies.
These will, in general, be referred to as anomalies, unless it is necessary to
specifically distinguish between terrestrial anomalies, anomalies implied by the
potential coefficients, and residual anomalies. The residual anomalies recovered
from the adjustment scheme would be referred to as the 'recovered anomalies';
and the residual anomalies used to simulate satellite to satellite observations
would be referred to as the 'expected anomalies', The difference of recovered
anomaly minus the expected anomaly would be referred to as the 'anomaly dis-
crepancy' and would be used as one of the measures to examine the recovery
model.

The formation of the mean residual anomalies over 2°,5, 5° and 10° equal
area blocks will be described in Chapter 3.

1.3 Brief Description of Study

The investigations in this study have been grouped under four main prob-
lems. These are firstly, the recovery of 10° equal area mean anomalies from
close satellite at height of about 900 km, and the recovery of 5° egual area mean
anomalies from close satellite at height of about 250 km. These two problems
will be discussed in Chapter 4. As the effect of anomalies over 10° blocks would
be felt more strongly on the summed range rate, and range, observations at the
height of close satellite of 900km, as compared to the effect of anomalies over
5° blocks; and similarly, the 5° anomalies would be more discernible at the
height of close satellite of 250 km as compared to 2°, 5 anomalies, the discussion
in Chapter 4 is categorized as the recovery of gravity anomalies from strong
signal. This also enables us to test various considerations, which may then be
applied with preater confidence to the recovery of gravity anomalies from weak
sipnal. The latter category comprises of the investigntions for the recovery
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of 5° egual area mean anomalies from close satellite at height of 900km, and
the recovery of 2°. 5 equal area mean anomalies from close satellite at height
of 250km; and these have been grouped in Chapter 5.

As already mentioned, we will consider in this study only the satellite to
satellite tracking observations. Preliminary investigations showed that summed
range observations were not very sensitive for the recovery of gravity anomalies,
This has been discussed in Sec. 4.1.5. In all subsequent investigations, only the
summed range rate observations were utilized. The gravity anomalies were the
only unknowns considered., The only arc parameters considered were the constants
of integration, i.e. the position and velocity coordinates at the start of integrating
the orbits, which were eliminated from the normals, as the observations in that
arc were processed, according to See. 2.2,1, A gatellite arc consisted of a
single pass of the close satellite, as the trajectory of the subsatellite point of the
close satellite moved over the area of investigation from one edge to the other,
The word 'satellite arc!, or 'arc', has been used to indicate both the trajectory ;
of the subsatellite points, as well as the summed range rate observations along |
that are, and the usage is clear according to the context. As the duration of ‘
individual satellite arcs was short, from 4 to 20 minutes depending upon the area
of investigation, the arc parameters were not recovered in this study, and were
held fixed, as discussed in Sec. 2.2.1,

The geodetic coordinates of the ground tracking station were taken as:

Latitude - 35° - 12 - 7/28N.,
Longitude 277° - 07" - 41°/16E., (1.4)
Height 850 meters.

The ground tracking station was intended to be Rosman, North Carolina, but as
the reference ellipsoid (equation 3.7) used in this study was different from the !
reference ellipsoid on which the coordinates in equation (1.4) were given, these
coordinates now refer {o a hypothetical station in its vicinity.

We begin by discussing in Chapter 2 the mathematical model and th~ pro-
cedure of recovery, The gravity anomalies for data simulation will be described
in Chapter 3. The main investigations of this study will be reported in Chapters
4 and 5. Discussion about the use of real data, a summary of main results, and
suggestions for further study will be presented in Chapter 6. The results ch-
tained by Schwarz (1970) will also be compared with the results of this atudy at
the end of Sec. 6.3.

The standard deviation of range rate observations of . 06 mm/sec. assumed
by Schwarz was about 16 times more optimistic than what is likely to be achieved
in curvently proposed satellite to satellite tracking experiments like ATS-8/Geos-C
and Apollo/Soyuz flight. The results of the present study are more realistic in :
terms of the precision of observations and the height of close satellites. We have ;
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now also the advantage of better orbit generation and parameter estimation
computer programs, including gravity anomalies as parameters. The main con-
tribution of this study, however, lies in the systematic ivestigation of the re-
covery of gravity anomalies in local and regional areas, and in establishing the

optimum design of observations and the optimum mathematical model for the re-
covery. '
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2. MATHEMATICAL MODEI: AND PROCEDURE OF RECOVERY

We will consider the observations during this study to be only the summed
range rate, or the summed range, The unknowns to be vecovered by the usual
least squares procedure would be the residual gravity anomalies and the starting
coordinates of the relay and close satellite at the epoch of starting the integration
of the orbits of these satellites. We later find that the sicrting coordinates could
not be recovered satisfactorily because of using observations over very short
periods of satellite arcs from 4 to 20 minutes, and the star{ing coordinates were
thus considered in this study to be well determined a-priori say, with other track-
ing data, and these values were then held 'fixed' in the estimation process by
assigning them a very low variance. This is described in more detail later in
Sec. 2.3.3. (Also see Sec. 6.1).

The initial or 'approximate' value of the residual gravity anomalies were
considered to be zero. The computed value of the summed range rate or summed
range was then obtained with respect to the position of the relay and close satel-
lites obtained by integrating their orbits in the gravity field described oniy by
the reference set of potential coefficients with the residual anomalies as zero,
Thiy misclosures between the 'observed' values (Sec. 2.3.2) and the computed
values of the summed range rate or swnmed range, along with the maivix of
partial derivatives of these observaticns with respect to the unknowns, were then
used to recover the correction to the 'approximate' value of the residual anomalies,
which was also the ‘solution vector' as the approximate value of residual anom-
alies were zero. Following the notation of Uotila (1867), the solution vector X
is obtained by:

X=-N1U=-(A"PA)" A'PL, (2.1)

where A is the matrix of partial derivatives of the observations with respect to
the unknowns, P is the weight matrix of observations, L. is the vector of mis-
closures, N is the normals matrix and U is the 'constant’ vector of the normal
equations:

NX+U=20 (2.2)

Though the adjustment may essentially be described by equation (2.1), the
actual scheme used allowed the possibility of treating the unknown parameters
also as observations, and constraining their adjusted values to fulfill certain
corditions. The actual scheme also allowed the elimination of arc parameters
after processing observations in each arc, so that the unknowns actually solved
for were the residual gravity anomalies., This scheme is described more fully
in Sec. 2.2,1,




2.1 Compuiation of the Misclosure Vector and the Tartial Derivatives Matrix

2.1.1 The Misclosure Vector

Following the treatment of Chin, Goad and Martin (1972), the geometry for
obtammg the summed range or summed range rate is shown in Figure 2.1, where
Rl, R,3 and Rg are the geocentric radius vectors to the réay and close satellites
and the ground tracking station respectively at a specified time. Denoting the re-
lay and close satellites by subscripts 1 and 2, and the upward and downward range
by the subscripts u and d, we may represent the 4 ranges, i.e,, from the ground
tracking station to the relay satellite, from the relay satellite to the close satel-
lite, and the 2 ranges on the return path to the ground tracking station, by Ry,
Roa s Rgys Ru respectively., Then, representing the summed range from the
ground tracking station to the relay satelliie and then {o the close satellite as R,,
we have:

Ro = % (Ryu+ Rpa + Rau + Ru) (2. 3)

The ranges on the right hand 81de of equatlon (2.3) may be expressed in
terms of the geocentric radius vectors Rl , Rg, Rg, but we have to specify the
times at which these radius vectors are to be so expressed. If we denote the
time at which the signal is received back at the ground tracking station by t, and
the transit time along the 4 ranges by At with appropriate subscripts, we have:

Ry = |B (£~ btaa) = By (t)] | (2 4)

av= |Re(t= Aty - Atgy) - By (£~ Aty | (2.5)
Roq= | By (t-Aty - Abay - Atag ) - Ra(t— Aty — Atny) | | (2. 6)
Ry, = | B, (£~ Atyg — Bty ~ Mgy ~ Bty )~ By (£ - Aty =Bty = Atng) | (2.7)

We have assumed in equations (2. 4) to (2.7) that there are no transponder
delays at the 2 satellites. A comparatively large transponder delay of 4usec,
would affect the summed range of about 78,000 km by only 1cm; but in practice
the actual transponder delays of the satellites could also be taken into account,

The radius vectors at the required times in equations (2.4) to (2.7) can
be computed knowing the inertial coordinates of the satellites and the ground
tracking station at those times, and we may thus compute the summed range R,
at any particular time, say t, from equation (2.3). The summed range rate, R.,
would be its time derivative, to be denoted by a dot on the top, and expressed
in terms of the time derivatives of the 4 ranges, i.e.,

ﬁu = % (ﬁ1u+ I‘{ad + éau + ﬁm) (2' 8)

and, we can readily see from equation (2. 4) that
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Roy = = [Fa (6-t) - R |

- [Fa(t=Ata) - B (6)° (B (b~ M)~ By(t))] 2.9)
(6= Bt ) - e () (R (6Bt )= By )11

with similar expressions for l;im, ﬁad ’ I.%lu from equations (2.5) to (2. 7). The dot
between expressions inside square brackets denotes the scalar dot product.

The summed range rate 15{9 at any particular time, say t, may then be com-
puted knowing the inertial velocities of the satellites and the ground tracking sta-
tion at the required times in eguation (2.4) to (2.7), in addition to their inertial
coordinates at those times. The summed range observations are thus a function
of the inertial coordinates, while the summed range rate ohservations are a
function of both the inertial coordinates and inertial velocities of the relay and
close satellites and the ground tracking station at the required times.

The simulation of 'observations' will be described in Sec. 2.3.2. The
integration of orbits of the relay and close satellites to obtain their inertial
coordinates and velocities, will also be discussed in Sec. 2.3.2, The inertial
coordinates of the ground tracking station are obtained by a rotational transfor-
mation of its cartesian coordinates about the earth's rotation axis by the Green-
wich hour angle of the true equinox of date, and by applying precession and nu-
tation for the period of time from 0.0hr. of the reference day. This has been
described in detail in Volume I Sections 3 to 5 of Geodyn System Description
(1972) and has not been repeated here. The computed value of R; or f{E, at the
time of observation may then be obtained from equations (2.3) and (2. 8), and
the vector of misclosures, I, of equation (2.1), computed. We may ncw discuss
the computation of the partial derivatives matrix A.

2.1.2 The Partial Derivatives Matrix

If we represent the unknown parameters, whose values are to be recovered
from the adjustment process, by £, then we have to form the partial derivatives
of the observations, R, or Ry, with respect to these parameters. I'rom eqguation
(2.3), we have:

3R, 1 ( PRy, 3Raa  ARgy 3Ry ) Xy 4
3R 2

T o\ 3%y, 3Xes % 3%/ A8
% 11 14 1% ! (2.10)

' _1_( 3Rgq +aRBu) 09Xy 4
2\ 8X; Mg/ D8
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where X;;, X ave the inertial ccordinates of the relay and close satellites re~
spectively, and summation over i from 1 to 3 is implied. This summation con-
vention for a repeated subscript would 2lso be understood to apply in subsequent
expressions.

Though the ranges in equations (2.4) to (2.7) refer to coordinates of the
satellites at slightly different times, we may ignore these differences while
computing the partials in equation (2.10). It may then be further simplified by
putting: ‘

B AR ) AR
Ry ARy ; Rpa_, Rau (2.11)
0Xyy Ay AXyp  AXy
We also note that:
dRaa B ARpd ARgy _ ARau
N Xa1 AXyy ~ AXp AXyg (2.12)

)
The expressivn for the partials -ARTB may then he simplified by substituting
equations (2. 11) and (2.12) in equations (2. 10) as:

ARs ARy 08Xy  ARgy (;"Xn ?’Xm)

P Xy AP T AXy, VAR T AR

(2.13)

We may similarly compute the partials of the summed range rate from
equation (2.8), where we note from equation (2,9) that both the inertial coordinates
and the inertial velocities of the satellites are involved, We may again use the
analogous simplification to equation (2,11) that partials of upward range rate with
respect to inertial coordinates and velocities are approximately equal to the
corresponding partials of the downward range rate, when we get:

_a:%m(aff_m . aéau) AXyy N (af.{m N afqp“) Xy

AB \AXy MXy / PR AXy Ay / A8

(2.14)
+aﬁau erl_l_af‘lau a}"(m
Ay AB  PXy A8

It is easy to see from equation (2.9) that analogous relations to equation
(2.12) also hold for the partials of the range rate with respect to inertial coordin-
ates and velocities, which simplifies equation (2.14) as:

PR, - aﬁm Xy, N aﬁau (BXU axsi)

B AKXy B8 A1 \ AR AB (2, 16)

. ARy P‘5‘1114_ Hﬁau(akn_ 35{m)
3%y 98 A%y \ A8 AR
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Finally, it may he verified from equations (2.9) and (2. 4), and similar
expressions, that - :

PRy _ 2Ru , g Bay (2.16)
35{11 8Xyq 3Ky 0%y,
so that equation (2.15) becomes:
3Ry .. ORuy O% 3Rgu (BXH - aXaa)
;! 0¥y 08 Xy \ 9B 3B
- . . (2.17)
, 2R Xy, . ARy, (axl, _ axa,)
%y 0B 3%y \ 08 a8/

where, as before, the summation over i from 1 to 3 is implied.

In equation (2, 17), the value of the partials of range rate and range, with
respect to the inertial coordinates, i.e. expressions of the type

3z 3Ry
O o O
0% 0Ky

are easily computed from geometrical expressions given in equations (2. 9) and
(2.4). We may thus confine our remarks to the evaluation of the variational
partials

0¥y AXy

2.18
a8 3B (2 18)
which are obtained by the integration of the variational equations, as referred
fo either of the two satellites, by:
3%, (av) a(aU BT)
— s | e 15 e | e o — .
38 3B \3x,) B3R, 'A% (2.19)

where V is the earth's gravitational potential comprising of the normal potential
U defined by a set of fully normalized spherical harmonic coefficients, Cp,, S
up to degree Ny,, and the disturbing potentiai T due to a set of residual gravity
anomalies Ag', i.e., :

U=1~‘;—[1+z (a°>n i (Com cosmx+§sinmk)ﬁ;(amm’)] (2. 20)
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and _
=X f f Ag' S(r, i) do ' (2.21)
dat
ag

In equation (2. 20), kM is the gravitational constant times the earth's mass;
a, is the equatorial radius of the reference ellipsoid; r is the geocentrm radius vec-
tor of the satellite of geocentric latitude ¢’ and longitude A, and B, (sing') are the
fully normalized associated Legendre functions. Tn equation (2.21), R is the radius
of the mean earth sphere, S(r, ¥) is the extended Stokes function (Heiskanen and
Moritz, 1967, page 235), ¥ is the spherical distance between the sub-sgatellite
point and the surface avea dg, over which Ag’ is the residual gravity anomaly, and
is given by:

Ag’ = Agr - Agpc (2. 22)
where Agr is the free air gravity anomaly and Agp: is the gravity anomaly implied
by the potential coefficients used in equation (2.20). Equation (2, 22) will be dis-
cussed further in Sec. 3.1 to 3.3.

The first term on the right hand side of equation (2.18) may be put as:

2
%(EU)= SU_ 2%y, 5=1,23 (2. 23)

3%,/ X%, ap 6 !

and as we are taking the reference set of potential coefficients to be known con~
stants, there are no direct partials of U with respect to 8, The expressions for
evaluating 3*U/3X, AX, are given in detail in Volume I Sec. 8.3.1 of the Geodyn
System Description (1972).

While considering the second ferm on the right hand side of equation (2.19)
we need only consider the evaluation of direct partials with respect to a particular
gravity anomaly Agy given by:

d_(AT\ _3 (3T Br 3T 3¢ , 3T ak)
abg, \3%,)” gl \dr aX, | 3@ 8%, A X

! L
=R Z A.g{c 99 dU'k-’r g Y Agy _a_S_,
4t Mgk 3X1 P
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=£(_a_r.. M|, | N 38 )ac (2.24)
drt \ 8Xy, A7 It X F'“‘D" . oX AA i .

In equation (2. 24), we have approximated the integral in equation (2.21) by
a summation and have expressed the derivatives of the anomalous potential T in
terms of the derivatives of the extended Stokes function S(r, ). We then carry out
the differentiation with respect to a particular mean gravity anomaly Ag; given over
a block of area do,. The derivatives of r, @', X with respect to X (X, X5, Xa)
can easily be shown to be given by:

ar _ X

-3—}3;-1 = = (2. 25)
3 _ 1 (H&zg_ﬁﬁﬁ)

3K, B+ X2 P ax, (2.26)
oA __ X oXg X, 2% (2.27)
3, X+ X O\AX, X A%y :

while the derivatives of the extended Stokes function with respect to r, ¥, are
given in Heiskanen and Moritz (1967, pages 234, 235), as:

38 ? [ 1-t° 4
2l =L [ = +2 r1-6D
ar & R ( Dk Dk &

(2. 28)

- tcos i (13 + 60n 1‘“"5‘1’“%))

o8 ASr,Y) 3 _ 38
-, = = - cos ¢ 2.29
i M A T M (8- 29)
d8 | _ 3S(r,y) 3 __ 38 /s ‘
£ = —_ = = 2.3
3 |, >0 = 0 | cosy Sinw, ' (2. 30)
38 a., (2 .6 i-tcosth - D
== =_-{s 4+ - —=-8-3 . L
e e (33 Dy Dy S

(2. 31)

— 30n 1-tcosd, + Dk)
2
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where

t=R/r (2.32)

1 2
E %
D, = 4,/ = (®+R® - 2Rreos ) /r = (1-2tcos &y + t7)° (2. 33)

and £, is the distance of the satellite from the gravity anomaly Ag, of geocentric
latitude ¢}, and longitude Ay ; #), is the spherical distance of the gravity anomaly

Ag; from the subsatellite point (¢, A); and ¢ is the azimuth of the gravity anomaly
g, from the subsatellite point. #,, and oy, are given by:

cos th,= sin¢y’ sing, + cosy cosw,cos(Ay - A), (2. 34)

and
cospy, S Ay~ M)
coso'sing}, -~ sing cosplcos(Ay- A)

tanq, = (2. 3b)

For mean gravity anomalies at a sufficient distance from the subsatellite
point, say > 35°, we may compute the value of 5—}. (AT/AXy) at the center of
the anomaly block, but for gravity anomalies closeglc to the subsatellite point,
we need to subdivide the anomaly block into 4 sub-blocks to minimize quadrature

errors, and compute it as:

A ill)z_R_ ar T8
Ahgr \ AX,/ 4w \AXy i Ar

3 T s
do, + —=— 22 do
RS } 3@'{ )t
4 (2. 36)

LA e s

The anomaly blocks were subdivided into 4, 9, or 16 sub-blocks when
357> 1,>20°, 20°>$,>12°.5 and 12°5>y > 0° respectively, as per Hajela
(1972).

Further discussion regarding the integration of the variativnal equations

(2.19) may be seen in Rapp (1971a) and Geodyn System Description Volume I
(1972),
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2.2 The Adjustment Scheme

2.2.,1 The Correction Vector

In elaboration of the remarks hefore Sec, 2.1, we may in general terms,
describe the mathematical model, as:

F(Lr,» Ly, ) =0, ‘ (2.87)

where Le is the vector of observations of summed range rate, or summed range,
related through the function F to the vector iy of unknown parameters being
estimated, i.e. the arc parameters and the residual gravity anomalies, and the
subscript 'a' represents their adjusted values.

Further, if any constraints are to be imposed on the adjusted values of
parameters to fulfill certain conditions, we may express these in the form:

G(Ly_ ) =0 (2. 38)
The linéarized form of the equations (2.37) and (2, 38) is:
BF VF -+ BFx vX + WF = 0 (2. 39&)
Bc,x Vx +We=10 (2- 39b)
where B represents the partials matrix of the functions F and G with respect to
the observed quantities (B¢) and the unknown parameters (Bgy, Bax); V represents
the correction vectors (Vr, Vy); and W represents the misclosure vectors (We,
We) when the initial or 'approximate' values of the observed quantities and un-
known parameters are substituted in equations (2.37) and (2, 38),
If we represent the weight matrices of the chserved quantities by Pr and
of the unlmown parameters by Py, it may be shown (Mikhail, 1970), that for
the usual least value of the sum of squares of the weighted residuals (or correction
vectors) under the condition that the equations (2. 39) are satisfied, i.e., fora
mir ‘mum value of ¢ givea by:
©= V! PrVe+ Vy! Py Vy= 2K/ (BeVe+Bry Vi + Wi )-2Ka! (Bay Vi +Wa) (2. 40)

where Kr, X; are the Lagrange multipliers, the solution is obtained by:

. -1 -
Vy Beyf PrBey+ Py Bey By’ Pr Wr + Py Wy
(2. 41)

i

~Ka Bey 0 -Ws
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where W, is the vector of difference between the cbserved value of parameters,
and the approximate value used in computing the misclosures Wy and Wz, This
enables the a-priori estimates of residual gravity anomalies from terrestrial

data to be used in a combination solution with satellite to satellite tracking data,

T there were no conditions fo be satisfied by the adjusted values of the
unknown parameters, i.e. if we delete equations (2.38), (2,39b) and the last
term in equation (2,40), the correction vector Vy for the unknown parameters
would be gwen by:

Vi = (Bry’ PeBry+ Py)™" (-Bex’ Pr Wit Py Wy) (2. 42)
The matrices By and Py may be partitioned according to the correction

vector Vy referring fo arc parameters and the residual gravity anomalies, rep-
resented by the subscripts 'a' and 'k' respectively, i.e.,

Vx' = (Va, Vk)

Fx =B,y By)
n 01t P, 0
PK = =
0 T 0 P,
¥ = (W, W,) » (2. 43)

where £, , Z, are the a-priori variance-covariance matrices of the arc parameters
and residual grav1ty anomalies reSpectwely, and we have takken the scalar variance
of unit weight, o&, as unity.

Equation (2.42) may then be represented by:

- - -1
Va B 5 B, + It By 57 By

Vi (Be 7 By)' BITIIBy+n

B It W + 2t A

-B, 57 Wi+ EF W,

N Nl |-w
= (2. 44)
l_ Nl.’k Nk "'Uk
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Equation (2,44) may be solved for V (Uotila, 1867) as:
Vi = My~ N N Ny )™ (U + Nk 37 Ui ) (2. 45)

We may now consider the eéxpressions for the arc parameters in equation
(2.44) to be partitioned according to individual arcs, i.e.

! 4
Nak=(N9“1k, Iq&;k"")

U, =.(U,1 s Up yenss)

T, = e | (2. 46)
0 .. ,

where we have assumed that firsfly, there is no covariance between thearc para-
meters for different arcs; and secondly, that the observations in any given arc
do not depend on the arc parameters of any other arcs. Then it may be shown
(Geodyn Vol. I Sec. 10.2, 1972) that the terms referring to arc parameters in
equation (2.45) are obtained as summations for individual ares. Denoting the
rth arc with subscript r, equation (2.45) may be represented by:

Vs 0 -) NENTNG)T (U ) NG N U, (2. 47)
T r .

which is the form in which individual arc parameters are successively eliminated,
as observations in each arc are processed to give, say for the rih are, N, Negs
U, ; and the contribution to N, U‘c from the observations in the rfh are,

The expressions for the correction vector v, for the arc parameters, and
for its partition according to individual arc V., are given in Geodyn Vol. I
Sec., 10.2 (1972),and have not been given here, as it was found that these could
rot be recovered from short arcs of 4 to 20 minutes duration. Accordingly the
starting values of inertial coordinates and velocities for each arc were fixed by
assigning them very low variances, This resulted in the summation terms for
the arc parameters in equation (2,47) becoming much smaller than the terms for
the residual anomalies, and the correction vector V, could in effect be represented
as:
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Vk= “N;l Uk ]
which is essentially the same as equation (2.1).

Further, as mentioned in Chapter 1, the correction vector V, was re-
covered in all the investigations throughout this study from satellite data only,
i.e, summed range rate, or summed range, observations. Accordingly, the
weight matrix for the residual gravity anomalies, Py in equation (2.43), was
always (except Sec. 5.2, 5.3) kept as 0.

2.2.2 Weight Matrix

The standard deviation of all summed range rate observations was taken
as 0,08 cm/sec. based on an integration interval of 1¢ seconds. All covariances
were assumed to be zero resulting in the variance-covariance matrix of ocbser-
vations, and hence the weight matrix Py, being diagonal (scalar variance of unit
weight o2 was kept as 1), The assumption of zero covariance is reasonable if
all observations, say at 10 seconds interval, are used without converting them
to 'synthetic' observations, say at 1 minute interval. The observations atl
minute interval were used in Sec. 4.1, but these could still he considered as
independent observations, as all intervening observations at 10 seconds inter-
val were ignored. However, the effect of using all independent observations, at
10 seconds interval, has been investigated in Sec. 4.1 and no observations were
'thrown away' in later sections.

The standard deviation of summed range observations was faken as
10 meters (NASA, 1974, p. 4-78), and all observations were considered to be
independent. The summed range observations have been used in one test only
in Sec. 4,1.5., As these gave very poor anomaly recovery, only summed range
rate observations were used in all other investigations.

2.2.3 Constraints for ITarmonic Coefficients

We may now gpecify if any constraints are to he imposed on the adjusied
values of residual gravity anomalies to fulfill any conditions, as in equation (2. 38),
If the set of anomalies being recovered was a global one, then clearly the 6 coef-
ficients of degree 0, 1 and some of degree 2; i.e. 2%, 0} 87,03 81,25 P1,13 2,13
by, should be zero in the spherical harmonic expansion of the adjusted residual
anomalies;

n

A=Y Y (afscosmA+H, sinm)) Py (sing) (2. 48)
7=

~18
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This would correspond to the mean value of the residual gravity anomalies over
the whole earth being zero, the origin of th> coordinate system being at the cen-
ter of gravity of the earth, and the Z axis of the coordinates system coinciding
with the mean rotation axis of the earth. The formation of these 6 condition
equations has been described by Rapp (1971a).

However, while these conditions may be held for anomalies over the
whole earth, there is no clear justification for them to hold over regional
areas, even as large as say 1/8th of the globe, investigated in Sec. 4.1. The
contributions to the fully normalized harmonic coefficients ,., B, given by:

n

a, i . cosmA
—l = If&g‘ P (8in¢g) do (2, 49)
b

o) ,

1o sinm A

from a regional area o, , may be balanced by other regions ¢., 0z,...3; 8o that
if a harmonic coefficient is zero over the whole earth, it is not required to be
zero separately over regional areas.

The effect of imposing the 6 conditions for low degree harmonic coef-
ficients of degree 0, 1 and some degree 2 being zero, was tested in Sec, 4.1.4
over an area of latitudinal extent 70° and longitudinal extent of about 60°, The
anomaly recovery was found to become worse when these conditions were imposed
as compared to the adjustment without imposing any conditions,

Again, if the residual gravity anomalies were recovered over the whole
earth, it could be argued that as the gravity anomaly, Agp, equivalent to the
effect of the potential coefficients up to degree Npnx has been removed in
equation (2.22), the values of Coy's 5pa’ (S€€ equation (2.20)up to degree Npa,
as obtained from the adjusted values of the residual gravity anomalies, Ag’,
should be zero, i.e.,

Cor 1 o cosmA
b Ag) Py, (sing’) do
Snml 1T (n-1) sinmA
g
1 an,’
Y@-1) 2t
=0 form<=n < Nyx, ' (2. 50)
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where v is the average value of gravity over the earth, say 979.8g2ls. Equation
(2. 50) corresponds to the coefficients up to degree Nyp.x in the spherical harmonic
expansion of the adjusted residual gravity anomalies being zero, i.e, cily higher
degree (>N_.,) harmonics are present in the expansion of Ags . Similar constraints
in the case of residual suriface densities are recommended in Geodyn Vol. 1,

Sec. 8.3.2.4 (1972),

However, if we cannot justify constraints for low degree harmonic coef-
ficients in regicuel oreas, in contrast to a global coverage, there is still less
justificaiion for higher degree (2<n <N.,,) constraints. Hence, except for the
test in Sec. 4, 1.4, no constraints were imposed on the adjusted value of the
residual gravity anomalies in regional or local areas in other investigations in
this study.

2,3 Procedure of Computations

2.3.1 Orbital Parameters of the Close Satellite

The generation of resicual mean gravity anomalies over 10°, §° and 255
equal area blocks will be described in Sec, 3.2 and 3.3. After obtaining the value
of the earth's gravitational potential by equations (2. 20) and (2. 21), we would like
to choose the orbital j.arameters of the close satellites at a height of about 900 km
and 250 km respectively, so that the trace of the subsatellite points 'samples’ the
area of investigation in an optimum manner. The choice of the orbital parameters
for the relay satelli‘e has been described in See. 1.1. We will now describe the
choice of the orbital parameters at the same initial epoch, and in the same coord-
inate system, for the close satellite at a height of about 900 km. The orbital para-
meters for the close satelliteata height of about 250 km were chosen similarly.

The initial values used were inclination i= 115°, eccentricity ¢ . 006,
and the nominal vaiue of the semi-major axis 2= 7214km. The argument of
preigee, (v, was obtained so that perigee occurred when the latitude of the sub-
satellite point was the same as the south bounding latitude, ¢, , of the area of
investigation; i.e.,

w=sin"* (sing,/sini), -1/2<w< /2 (2. 51)

The right ascension of the ascending node, £, was obtained so that at the
initial epoch (Greenwich siderial time= 85), the longitude of the subsatellite
point was A, s/2, where A, is the longitude of the weslern limit of the area of
investigatizn and s° is the size of the gravity anomaly blocks, say 10°.
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o' = cos™t (cos w/ cos®, ), -T/2< @' <1/2
2. 52)

Q=As+8/2+05 -

The value of the semi-major axis was optimized so that when the sub~
satellite trace starts again over the area of investigation, after completing its
trajectory in longitude around the earth, it is offset from the initial trace com-
puted in equatmns (2.51) and (2. 52) by s°. This is obtained by first computing,
the ratio k' of the mean motion n of the satellite, to the siderial rotation rate 8
of the earth. The mean motion is corrected for the perturbation in mean motion,
An, and the motion of perigee  due to the second zonal harmonic Ca,0 only. Luni-
solar coutributions are also included, but have not been shown in the equatmns
given below. Tha ratiok’ is rounded off to the nearest integer and s °/om is re-
duced from it, 1t we now mu1t1p1y it by 6 und remove An and terms, we get the
new value of mean motion n, which will ensure the condition of the initial and
next subsatellite fraces starting over the area being offset by 8°. The optimized
value @ of the semi-major axis is then obfained from T by Kepler's third
law. The above algorithm may be represented by the following equations:

n= (kM)% a /2

30 Ca,0 25 a.

T — (3cos8”i-1

4(1-e”y 2 a® ( ‘

. B

W = m (]-—5cosai)
4(1-¢%)% 2®

k'= (a+An+ J))/é (2. 53)
k' = integer part of ’+1/2) - g°/2m

L]

=-'k'é -fn-w

Bi

2 = (kMy% (8) %

The algorithm represented by equations (2,51) to (2.53) has been described
by Kaula (1972, pages 25, 26), and the initial orbital parameters for the close
satellite in this study were computed using a shortened version of the subroutines
kindly supplied by him. The optimized values of the Keplerian elements at the
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initial epoch of 690921 (YYMMDD) 01 hr. 33 min. 36.3sec. were:

a="7T258,48...km M= 0.0
e= 0,006 w= 0.0 (2. 54)
i=115° = 238059...

with the latitude and longitude of the subsatellite point being 0° and 215° E. re-
spectively.

The corresponding inertial coordinates and velocities, in ferms of the
inertial coordinite system defined by the true of date coordinates of the reference
date 690921, 0, were:

X 1= 3759, 56. .. km Xo1= ~2.689...km/sec
Xpyg= -6157,99...km Raz= 1.641...km/sec (2. 55)
X33= 0-0 nuul{m Xza'-: 0- 675...1{11'1/530

The period of orhit of this satellite was 102, 4 minutes, the average alti~
tude for ascending arcs was about 854km and for the descending arcs, it was
about 908km. The obhservations pertaianing to this close satellite have been
used in Sec. 4.1 and Sec. 5. 1.

The inifiai values for the close satellite at & height of about 2560 km were
i=115°, e=,0005, nominal value for a= 6626km, and s° - 255, The optimized
values of the Keplerian elements at the initial epoch were:

a=6632.84,..km M= 0.0
e=  0.0005 w= 0.0 (2. 56)
i=115° £ - 248°88. ..

with the latifude and longitude of the subsatellite point being 0° and 26125 E. re~
spectively.

The corresponding inertial coordinates and velocities were:

Xglﬁ 1702¢ 63. ' I{m }:{31 - "'3| 167. a .km/SBC
Xgp=-06407.16...km Xg,= ~0,841...km/sec (2. 57)
Xpg= 0.0 ...km : X,a= 7.029...km/sec

The period of orbit of this satellite was 89.5 min., and the average altitude
was about 255km. The observations periaining to this arc have been used in
Sec. 4.2 and Sec. 5.2,
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2.3.2 Simulation of Observations

Having obtained the inertial position and velocity vectors at the initial
epoch in equations (2. 55) and (2. 57), the inertial position and velocity vectors of
the satellite at any lafer time could be obtained by integrating the equations of
motion:

£ ¥V _3dU AT '
= m— T m— o ——
Xy X, A%y d%y (2. 58)

where the symbols are the same as in equations (2.19) to (2.21). itially, the
purpose of this infegration was to obtain the inertial position and velocity vectors
over an extended period of time of 8 to 32 days, and to obtain the latitude and
longitude of the subsatellite points at a specified interval, to determine the inci-
dence of satellite trajectories over the area of investigation. After these tra-
jectories were plotted, it was possible to choose the particular trajectories as in
Chapters 4 and 5, and the approximate duration for which the observational data
need to be simulated. As each ascending or descending satellite trajectory in

the area would later be used as an individual arc, and the starting coordinates for
these individual arcs would have no relation to each other, these starting coordinates
need not be computed with full rigor, Accordingly, only the first term on the
right hand side of equation (2.58) was used in this initial integration of the orbits
of the close satellites, and also of the relay satellite, using the Cowell orbit
generator program (Cigarski, Velez, 1967). As the gradient of the anomulous
potential T, due to the residual gravity anomalies, was not used in these compu~
tations, it resulted in a very considerable saving of computer time (Sec. 6. 2).

The Cowell orbit generator program is fully described in the above referenced
publication and does not need any elaboration here. The integration model was kept
ag fixed order and fixed step. The order of integration for all the 3 satellites
was kept as 11 (Velez, 1968, page 9), while the fixed step size was kept as 5, 1 and
% minutes respectively (Robinson, 1970) for the relay satellite, and the close satel-
lites at heights of about 900 and 250 km.

For the simulation of 'observations' for 4 to 20 minutes along the arcs
chosen for investigation in Chapters 4 and 5, the orbits of the satellites werc inte-
grated using the gradients of both the normal and anomalous potentials in
equation (2,58), by the Geodyn program (Nov. 1972), which was modified to accept
residual gravity anomalies. The expressions for d3U/aX; are described in Geodyn
Vol. I, Sec. 8.3.1 (1972). The expression for 3T/aX, from equations (2.24),
(2.29) and (2. 30) is:
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a"‘ = E_ or ‘ éﬁ Z
(2. 59)
- DA cosqo ZAg’ o5 Sino{kdo'k

which may be evaluated using equations (2.25) to (2.28) and (2.31} to (2.35). Fur-
ther, as in equation (2. 36), the value of the derivatives of the Stokes' function in
equation (2, 59) were evaluated by quadrature by dividing the kth anomaly block
into £ sub-blocks (4, 9, or 16 as per limiting values of §, given helow equation
(2.38)):

Bl w=V |4
ar % Z ar %
k % 4 (2. 60)
CcOoS (1, cos ¢
= w, -y 2 i 4 g,

The gradient of the anomalous potential at a particular satellite position
X, in equation (2.59) should ideally be obtained by summation of the index k over
the whole earth. However, the contribution of the distant gravity anomalies
(i, > 30°) is small, and it is optimal (I—hrvouen and Moritz, 1963) to include the
anomalies up to spherical distance Py s 30° from the subsatellite point. Further,
in the present study, the normal potential U in equation (2. 58) includes the coef-
ficients up to degree and order 12, and thus models the global effects. The
summation in equation (2.59) using residual gravity anomalies Ag’ (equation
(2.22)) could then be resiricted to a still smaller value for $,. However, for all
investigations in this study, the residual gravity anomalies were incladed up fo
a spherical distance 30° around the area of investigation. This will be further
explained in Sec. 3.4.

The actual simulation of observations in the modified Geodyn program
was done by first writing on a magnetic tape, in the Geos-2 data center format
(Geodyn Systems Description Vol. Il pages C-22 to C~26, 1972), zero value for
observations of summed range rate, or summed range, for all times for which
observatons were required to be simulated. These zero observations were then
used in the data reduction mode of the Geodyn program, with the earth's gravity
field described by residual gravity atnomalies up to 30° all around the area of
investigation, besides the spherical harmonic potential coefficients up to degree
and order 12 (hereafter referred to as (12, 12) potential covefficients. The
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orbits of the relay and close satellite were then generated in this gravity field
using equations (2. 58) to (2. 60), and the computed values of summed range rate
Re, or summed range R,, were obtained as in equation (2. 8) apd (2. 3) corres-
ponding to the times of the zero observations. The misclosures between the
zero ohservations and the corresponding computed values were then written

out on another tape, which was subsequently reformatied in the Geos-2 data
center format to give the required simulated observations. A subset of the sim-
ulated observations could be prepared by deleting some observations near the
beginning or ending of the 'satellite arc' for the subsatellite points to lie within
specified bounding values.

2.3.3 Reduction and Adjustment of Data

The simulated observations for the desired number of satellite arcs could
then be processed in another Geodyn program in the data reduction mode, with the
earth's gravity field now described only by the (12, 12) potential coefficients. The
computed value of B, or R;, now refers to the approximate value of the residual
gravity anomalies as zero, and the misclosure vector from the simulated obser-
vations is obtained as outlined in Sec. 2,1.1. The variational equations (2. 19) for
the arc parameters, and the desired number of residual gravity anomalies, are
integrated along with the integration of the egquations of motion for the satellite
orbits, The order of integration for the variational equations was kept as 11 as
in the equations of motion, but the step size was increased to 75 and 35 seconds,
from 60 and 30 seconds for the equations of motion, for the close satellites at
heights of about 900 and 250 km respectively,

The normals matrix and the constant vector of equation (2.47), are formed
by a summation process by the contributions of observations from each are, and
the accumulated values are written out on magnetic tape after the processing of
observations of each arc, starting from the first arc. It is therefore possible to
separate out the contributions to the normals matrix and the constant vector for
each arc individually, and then, if so desired, to combine them in any order after
deleting the contributions of the observations of any arc, if required.

After the normals and constant vector are finally formed for the desired
number of ares, we may invert the normals matrix and solve for the unknown
parameters, the residual gravity anomalies in this study, as in equation (2, 47),
We may also like to solve for a smaller subset of anomalies. This is possible
without having to form the normals and constant vector afresh. We may visualize
it with refernce to equation (2. 1), where if the kth parameter is not required to
be included in the solution, we may delete the kth element in the solution and
constant vectors X and U, and the kth row and column of the normals matrix N,
The process may he repeated till all the required number of elements in X and
U, and 31l the rows and columns of N, are deleted for all the parameters not re-
quired to be included in the solution. In actual practice, advantage is taken of
the sy mmetry of the normals matrix in reducing the computer core storage, by
storing column-wise only the lower triangular portion of the normals matrix in
a 'packed' vector form, Careful manipulation is then required to ensure that

20



e i

only the required elements of the rows and columns pertaining to the parameters
being deleted from the snlution, are removed from their respective locations
from the packed vector form of the normals matrix; and after their removal the
normals matrix is 'repacked' correctly.
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-3. GRAVITY ANOMATLIES FOR DATA SIMULATION

3.1 10°, 5° and 2° 5 Equal Area Blocks

The residual gravity anomalies Ag’ used in this study were a set of terres-
trial free air gravity anomalies Agy, from which we have subtracted the value of
gravity anomaly Agp; implied by a set of reference potential coefficients con-
sidered as known constant values, i.e. |

Mg’ = Agr - Dgec ’ : (3.1)

The set of terrestrial gravity anomalies were mean anomalies defined
over equal area blocks, We first consider a 10° equal area block in terms of a .
10°x 10° 'basic' block, as defined by Rapp (1971b). Its latitude limits were de-
fined by the equator and +10° parallel of latitude, and longitudinal extent as 10°
starting from the Greenwich meridian and proceeding east. The latitudinal ex~
tent of all other blocks was everywhere 10° starting from equator, and proceeding
north or south. The longitudinal extent AX of a block was determined to meet
3 requirements, i.e. its area A;will be nearly equai to the area of the basic block
Ag; there will be integer number of blocks n in each latitude zone; and starting
from the Greenwich meridian and proceeding east, its eastern longitude Ay will
be an integer number of degrees. Denoting the north and south limits of a block
by @y and ¢s and its east and west limits by A and Ay, the above requirements
may be expressed as:

On Ag
A, 2f f cos@ do d) = A\ (singy - Sings)
s W

o
= 3&9- sin 10°,

—=> AA = Ag/(sin@y - Sin¢s)
n = integer part of (360°/AX° + 0, 5) | (8.2)
AX® = 360°/n
?x%i = integer part of (AN +0.5), i=1, n-1,
A: = 360°

n

We next consider & 5° equal arca block, This was defined as in Hajela
(1973), to be 4 component blocks of a 10° equal area block, The latitudinal ex-
tent of all 5° equal area blocks was then 5° starting from the equator and pro-
ceeding north or south. The longitudinal extent was however fixed to ensure
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that the extreme limits of the 4 component 5° equal area blocks, on the west and
the east, were the same as that of the 10° equal area block; and the limit in the
center of the 10° egual area block was obfained to be half of its longitudinal extent
rvounded off to the nearest integer degrees. Figure 3.1 clarifies these divisions.
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Figure 3.1 Scheme of Subdivision of 10° Egual Area Blocks Into
5 and 2° 5 Equal Area Blocks,
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This scheme of obtaining 5° equal area blocks as 4 components of a.10°
equal area block does result in the area of several 5° hlocks not closely fulfilling
the equal area condition, as shown in the last column of Table 2B, page 7 of
Hajela (1973). This scheme however, enables the gravity anomaly of 4 5° blocks
to be meaned to give the gravity anomaly of a 10° block, which is very useful.

The 2° 5 equal area blocks were similarly obtained as 4 component blocks
of a 5° equal area block. The 5° equal area blocks had been subdivided into 25
1° equal area blocks for the purpose of prediction of anomalies, as described in
Sec. 3, page 4 of Rapp (1972), These 25 1° equal area blocks were then grouped
into 9 blocks to give the north-west component 2% 5 block, 6 blocks each to give
the north~east and south-west component 2° 5 block, and 4 blocks to give the
south-east component 2% 5 block. This scheme resulted in the 2°5 equal area
blocks being considerably unegual in area, but the basic characteristic of being
able to mean the gravity anomalies, after weighting according to area, from
smaller blocks to successively larger blocks was maintained. Thus the values
in 1°x 1° equiangular blocks could be meaned to give the value in a 1° equal area
block, and latter values could be successively meaned to give the values for
2°.5, 5° and 10° equal area blocks, The scheme of subdivision into component
blocks has been shown in Figure 3.1 illustrating 4 10° equal area blocks, 16
5° equal area blocks and 64 2°% 5 equal area blocks. The word 'equal area'
blocks has been retained to differentiate from equiangular blocks. However, as
we shall be using throughout this study only the equal area blocks as per the
scheme shown in Figure 3.1, we may also refer to them simply as 10°, 5°, and
2% 5 blocks, unless the word 'equal area' adds clarity to the description.

3.2 Reference Potential Coefficients Set and 10° Equal Area Residual
Anomalies

The set of potertial coefficients used as a reference to describe the earth's
gravitational field, were those obtained by least squares collocation by Rapp
(1973a). The mean gravity anomaly Agpe of a block, bounded by geocentric lati-
tudes oy , ©¢ and longitudes Ae, Ay, 28 implied by the potential coefficients up to
degree N,,.., is given by (Desrochers, 1971, page 13):

nax _ Oy —
A : A = A * ot R
Bec= O80T A?L(Smtpu - sings) Z o [ * Cnr“f Pn,o0(8in@)cose dg

4

Qs

n
+ ZT% { —én,u (sinmA¢ -sinmAy) - Sy, (COB M A~ cOS M Ay) }

On
: / B, (s6) cos e o ]
Ps
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where
A) = A-E - A-H’

other symbols have the same meaning as in equation (2.20); Mgy is the average
value of the mean gravity anomaly for the block size over the whole earth, 5::0

are the fully normalized zonal harmonics from which Ca o and T,,o have been sub-
fracted for the reference ellipsoid, whose flattening f, is the same as used in

the gravity formula for th- terrestrial gravity anomalies. These are given by
(Mueller, 1964):

— 1,2, m. 3 1.
C B o = _f""—'*'—fm"—f tenas 3.4
2,0 75 { 2 s 3 ) (3. 4)
g 1 4 4 .2
C = - r— '—'fm-—f +-.| . 3!5
40 @ ( " 5 ) ( )
where
wﬂaa
= kMe s (3. 6)
and w is the rotational velocity of the earth.
The constants used for the reference ellipsoid and the gravity formula
were as used by Rapp (1972):
a, = 6,378,137.8m
f = 1/208.258 .
EM = 3.986,013% 10** m*/sac® (3.7)
w = 7.292,115,146,7x10"° rad/sec
Yo = 974,033.51 mgals
Y = Ya(1+.005,302,43sin"p - ,000,005, 87 sin® 2p) (3.8)

We now consider the maximum degree Nqa, up to which the potential
coefficients should be used. N,., should be large enough so that the R, M.8S.
value of Ag’ in equation (3.1) is as small as possible, so that when its approx-
imate value is taken as zero in the adjustment scheme described in See. 2.2,
the linearized form of equations (2, 39) is adequate fo give a solution vector with-
out requiring iteration. On the other hand, N,,, should not be larger than the
degree of well determined potential coefficients from satellite data, nor larger
than 146/s° (Rapp, 1973b), whore s is the size of the mean gravity anomaly
block. From the above considerations Ng,, should not exceed 14, as we would
be using up to 10° blocks; and preferably not exceed 12, as from Rapp (1973a),
we find that after degree 12, the number of potential coefficients having larger
standard deviations than their magnitude increase rapidly.
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The 10° terrestrial gravity anomalies, Ag:, were those described by

Hajela (1973, Table 8, pages 20 to 23). The mean value Agy for these anomalies

was -1, 4mgals and R. M, S. value was 11,3 mgals (Table 7, ibid). I we sub-
tract from these Agp, the values of Agpe, computed as in eguation (3. 3) with

potential coefficients up to degree and order 12, we get the values of 10° residual

anomalies Ag’ as in equation (3.1). The minimum, maximum, range and the
R.M.S. values of Ag’ were reduced from the corresponding values of Agry as
shown in Table 3.1, but the reduction was not large.

Table 3.1
Statistics for 10° Equal Area Mean Terrestrial

and Residual Gravity Anomalies Using Potential
Coefficients up to Degree and Order 12

Terrestrial gravity anom, Residual gravity anom.

Agr (mgals) Ag'+ Dgr - Agpe (Mg2ls)
Maximum value 34 231
Minimum value -41 =33
Range 75 54
Mean value -1.4 0
R.M.8, value 11.3 8.3

It was then considered if in the formation of 10° terrestrial anomalies,

we should have imposed conditions that the low degree potential coefficienis, as

generated from the terrestrial anomalies, should be the same as the well
determined values from satellite data. This was done according to Snowden
and Rapp (1968), which ensured:

1 . ' cos mA Con
Ty (o-1) f f Bgr Pry (sIn0) sinml} -1, [ 7°
o

form<sn, 2€nS N4, Ca,0 and C4 o reduced for Cg,o and (,4 o 48 in equations
(3.4) and (3.5), and

_ , [cosmA g
f Agr Py (sing) do={ _ =0
sinmA Bya
o

forn=1, m= 0,1,
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ZE Agrdo- Ago=0 (3.11)
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The adjustment of Agy was done for equations (3.9) to S3.11) Afor 3 values of N,x,
i.e. 4, 8 and 12, which we may refer to as Ag, 4, Afs,ss 0813,10 respectively.
The value of residual gravity anomalies Ag) ., n= 4, 8, 12 was then obtained
from equation (3.1), where Agsc was computed from equation (3. 3) using
(12,12) potential coefficients for all the 3 cases, i.e.,

Agh o= 0gh o - Agpc (12,12), 1= 4,8, 12

A
The statistics for Ag, , and Agy,, have been given in Table 3. 2.

Table 3.2

Statistics for 10° Equal Area Mean Residual Gravity
Anomalies and Terrestrial Gravity Anomalies Adjusted
for (4,4), (8,8) and (12,12) Potential Coefficients

A A A Y]
BB4yq Ag;,,,, Agae Agé,a Agrona DBz

Maximum value 35 22 40 19 38 26
Minimum value -42 -32 ~45 -27 ~60 ~25
Range 77 54 85 46 98 51
Mean value -1.4 0 -1.4 0 ~1,4 0
R, M.S. value 12.4 7.8 14,0 7.17 15.4 7.11

Units are mgals.

We note from Table 3.2 that the lowest R.M.S. value of 7. 1 mgals occurs
for Agys1n, i-€. when the terrestrial anomalies have been adjusted to (12,12)
potential coefficients according to equations (3.9) to (3.11), though this is not
very much lower than 8.3 mgals in Table 3.1, when the terrestrial anomalies
were computed as in Hajela (1973) without imposing the conditions in equations
(3.9) to (3.11). The residual anomalies used in Sec. 4,1 were however computed
after imposing these conditions, as described later.

The value of f Pog (sintp") cos¢' de¢ in equation (3.3) was computed using
Gaussian quadrature formulas for 24 points, according to constants given in sub~
routine DQG24 in 1. B, M. Scientific Subroutine Package (Version III, p. 302, 1970).
To get the mean residual gravity anomaly in 10° blocks, say Agio®(I), We may use
bgr , and subtract Agpe & computed for the 10° blocks using equation (3. 3), This
was done in Table 3.1. Alternatively, we may use terrcsirial anomalies in the
4 component 5° blocks of a 10° block, say Agfso ; and subtract from these the
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values of Agp o, computed for 5° blocks using equation (3. 3), to obtain the
residual gravity anomalies in 5° blocks, AgéO. We may then form Ag{e (IT) using
the residual anomalies Agle in the 4 component 5° biocks of area do by:

AgiP (IT) = z (Agso dogd) / ? dog? (3.12)
i=1
The difference Agl (I) - Agi® (IT) has been given in Table 3.3,

Table 3.3

10° Egual Area Mean Residual Gravity Anomalies.
Difference for Direct Computation Over 10° Block Agy (1)
Minus Meaned value Over Compenent 5° Blocks, Agls’ (II)

Maximum value 3.1 mgals
Minimum value -1.2 "
Range 7.3 "
Mean value 0.0 "
R, M.S. value 0.6 "
No. of ' elements 106

No. of 0 elements 183

No. of — elements 127

The differences in Table 3.3 indicate the advisabilify of computing Agee in
equation (3.3) in 5° blocks, in contrast to 10° blocks. Accordingly, the global
set of 1664 5° terrestrial anomalies was first computed as in Hajela (1973, Sec.
4). These 5° anomalies were then adjusted to satisfy equations (3.9) to (3. 11)
for the reference set of (12, 12) potential coefficients. The residual anomalies
in 5° blocks, Agl>, were obtained from these adjusted 5° terrestrial anomalies
by subtracting Agpc oy computed from equation (3. 3) The global set of 416 10°
residual anomahes were finally obtained from Agl, using eguation (3.12). 130
10° residual anomalies from this set will be used in Section 4.1,

3.3 2°.5, 5° and 10° Equal Area Residual Anomalies

The adjustment of terrestrial anomalies by equatmns (3.9) to (3. 11) over
the whole earth requires much computer time for small size blocks like 2°, 5,
when 4x 1664 = 6656 anomalies have to be adjusted. We should then consider the
formation and recovery of residual anomalies over regional areas, Also, as it
is advisable to compute equation (3. 3) over smaller blocks, it would be prefer-
able to compute residual anomalies Ag’ directly over 17 cqual area blocks, by
cons idering Agy over these blocks as in Hajela (1973), and then using oquations
(3.3) and (3.1). As later (Tscherning and Rapp, 1974, p.5) terrestrial gravity
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data was now available than used in Hajela (1973), fresh estimates of 1° equal
area terrestrial gravity anomalies were formed using this later data. If we did
not have terrestrial gravity observations over any 1° equal area block, say p, we
could then predlct the residual anomaly Ags* divectly from other computed residual
anomalies in a 5° equal area block, according to Moritz (1969), Rapp (1972), by:

Ags* = Cp (C+D) "t Ag, (3.13)

where Ag’ is the vector of already computed residual anomalies inside the 5° block.
Ce is the vector of covariances of 1° equal area residual anomalies for the
spherical distances between the ¢ th block, and the location of already computed
residual anomalies inside the 5° block, C is the matrix of covariances of 1° equal
area residual anomalies for spherical distances corresponding to the location of
already computed residual anomalies. D is a diagonal matrix with the square of
estimated standard deviation of already computed residual anomalies on the
diagonal. As Agecin equation (3.1) is computed from known cunstant values of the
potential coefficients, the estimated standard deviation of 1° cqual area residual
anomalies was kept the same as that of the corresponding terrestrial anomalies.

The computation of the res.dual anomalies of 5 and 10° equal area blocks
from the computed/predicted residual anomalies of 1° equal area blocks, was then
done according Lo equations (9) and (12) of Hajela (1973). The computation of
2° 5 equal area residual anomalies, Agie., was done from the 1° equal area re-
sidual anomalies Agi® by:

ZCOS(DM Y Agio
4 t

h|

Aga.s (3' 14)

Y cos {DI\J

P

§

where ¢, was the mean latitude of the j th 40 belt; =2 or 3, was the number of 1°
latitude belts in a 205 equal area block, and i=2 or 8 was the number of 1° equal
area residual anomalies in the ]th 1° belt of the 2°.5 equal area block.

The computation of the covariance function for 1° equal area residual anom-
alies, which was needed in equation (3.13), may now be described. The covariance
function for the 1° equai area terrestrial anomalies was provided by Tscherning
and Rapp (1974, Table 15, p.73). K we represent it by C({), where i) is the
spherical distance, wa have (Heiskanen and Moritz, 1967, p.256):

[>-]

C) =) cuPylcosi, (3.15)

=8

where ¢, are the anomaly degree variances given (ibid, p. 259) by:
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(3. 16)
=y @-n*)  ©&°+ Ba)

n=0Q

where the symbols have been defined earlier in equation (2.20), (3.3) and (3.9).
Finally, P,(cos}) are the Legendre’s polynomials, which may be computed from
the recursion formula (ibid, p.23):

P,(cosP)= - -‘31-1—1 P, 5 (cosih)+ 2n-1 cos P Py, (cos i), (3.17)
with starting values from
Py(cosi) =1, Py(cos)=cosP (3.18)

As the residual anomalies have been obtained from the terrestirial azom-
alies by subtracting the anomaly implied by (12, 12) potential coefficients, the
covarignce function for the residual anomalies C’(¢) is simply obtained by:

o 12
C'th= Y caPyocasd)=Cl) - ), CpPa(cos )
2S1a n=3 (3.19)

a o= 0

12
= C)-7* ) Pucosd) (@-1)° RCEREY

The values of ¢,;, n= 2, 12 computed from the potential coefficients
were 1211;011 directly from Rapp (1973a), The values of the covariance function
for the 1° equal area terrestrial and residual anomalies for spherical distance
up to 8° have been given in Table 3.4,
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Table 3.4

Covariance Function for 1° Ecual Area Terrestrial
and Residual Anomalies Using Poiential Coefficients
up fo Degree and Order 12

Spherical Distance Covariance for Covariance for
Terrcstrial Anomalies  Residual Anomalies
y° C(Y) mgals® c'(¥) mgals®
0.0 919, 7 754.,1
0.5 671.6 506. 2
1.0 493, 4 328.4
1.5 368.2 204.0
2.0 285.4 122.2
2.5 236.1 T4.3
3.0 211.4 51.3
3.5 200.7 42.6
4.0 193.4 37.5
4.5 176.9 23.5
5.0 155.9 5.2
5.5 146.4 ~1.3
6.0 141.4 -3.0
6.6 133.4 ~7.6
7,0 124.9 -12,4
7.5 119.9 -13.6
8.0 117.4 -12.1

The value of f Py (8in0') cos@'dy’ in equation (3. 3) for latitudinal extent
of 1° was now computed using Gaussian quadrature formulas with 4 points,
accordmg to constants given in subroutine DRG4 in I.B. M. Scientific Subroutine
Package (Version Iil, p.300, 1970). The values of residual anomalies for 2.5,
5° and 10° equal area blocks computed in this Section will he used in See. 4.2 and
Chapter 5.

3,4 Extent of Anomalies for Simulation of Ob-ervations -

As mentioned in Sec. 2,3.2, all observations used in Chapters 4 and 5
were simulated using (12, 12) potential coefficients, and residunl gravity anomalies
up to 30° gpherical distance beyond the area of investigation. We may now examins
the utility of subdividing a large size anomaly block into component blocks of
smaller size. Summed range rate observations, with close sailellite a! height of
about 900km, were simulated for 2 satellite arcs, using (12,12) potantial coel-
ficients with 108 5° residual anomalies. In this case (Case 1), 40 5° residual
anomalies covered the area of interest, traversed by subsatellite points of the
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close satellite, and up to 10° spherical distance all around the area of interest.
The balance 68 5° residual anomalies covered an area from 10° to 20° spherical
distance all around the area of interest, In the second case (Case 2), the summed
range rate observations were simulated for the same configuration, with (12,12)
potential coefficients and 40 5° residual anomalies covering the area of interest
and up to 10° spherical distance all around it. However, the 68 5° residual
anomalies, 10° to 20° around the area of interest were replaced in Case 2 by 17
10° residual anomalies, meaned from the 68 5° blocks. The residual anomalies
in Cases 1 and 2 are shown in Figure 3,2. The difference in summed range rate
observations (Case 1- Case 2) is shown in Table 3, 5.

Starting Coordlnates
for Arcl I

40°N
Area of interast
20°N
ﬁL.imif of 40 5% Equal Area Residual Anomuliesw
0°
Starting Coordingfes
f Arc 2
240°E 270°F oot Are 300°E

Figure 3.2 40 5° Equal Area Residual Anomalies Surrounded by
68 5° Equal Area Residual Anomalies (Case 1), or by
17 10° Equal Area Residual Anomalies (Case 2),
Case 2 has been shown in the figure.
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Table 3.5

Effect of Replacing 5° Component Residual Anomalies by
10° Residual Anomalies in Border Around Area of Interest,
Summed Raage Rate Differences, AR,, in cm/sec, for 2 Avcs,
Height of Close Satellite ~ 900 km

ARC1 ARC 2

Time in 15!,, AI:l5 Time in I'L, Afia
Orbit (min.) (cm/Sec.) (cm/sec.) Orbit (min.) (cm/sec.) (cm/sec.)

0.0 -429,601,11 0.008 0.0 242,740,97 -0.067
0.5 ~406,451.67 0.005 0.5 267,327.63 -0,0069
1.0 -382,674.46 0.002 1,0 293,476.90 -0.072
1.5 -358,300.73 -0.001 1.5 319, 147.67 -0.075
2.0 -333,363.75 -0.002 2,0 344, 300,73 -0,079
2.5 -307,898.79 -0.003 2.5 364, 898,84 0,086
3.0 -281,943.08 -0.004 3.0 392, 906,82 ~0,090

As the differences in summed range rate in Table 3,5 are less or about
the same as standard deviation ( =1 level), we may replace the outer-most
component 5° residual anomalies by the 10° residual anomalies. ‘This reduced
computer time from I min, 30.0 sec, to ¢ min. 52.8 8ee., i.c., by about 41%,
in the test reported in Table 3.5. Ior simulating the summed range rate obser-
vations used in Sec. 4.2 and Sce. 5.1, in additien to the (12, 12) potential coof-
ficients, 12 5° residual anomalies covered the arca of intercst, surrounded by
40 5° residual anomalies up to 10° spherical distance around the area of
interest; and these were in turn surrounded by 37 10° residual anomalics from
10° to 30° spherical distance around the arca of intervest. These limits have
been shown later in Figures 4.12 and 4.1t in Sec. 4,2,

The summed range rate observailons used in Sec, 5.2 were vimilarly
simulated using (12, 12) potential coefficicents, and 104 2°, 5 residual anomalies
covering the area of interest, and an area of 5° spherical distance all around

the area of interest. These were surrounded by 26 §° residual anomalies
covering the area from spherical distance §° to 10° alt around the arca of
interest; and finally, 37 10° residual anomalies covered the area from spherical
distance 10° to 30° all around the area of interest. The limils of these 275,

5° and 10° residual anomalies are shown in Figure 3.3,
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Figure 3.3 Extent of 2°5, 5° and 10° Equal Area Residual Anomalies
for §'mulating Observations in Sec, 5.2 Up To 30° Spherical
Radins All Around the Area of Investigation for the Recovery

of 2°5 Equal Area Anomalies,
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4, RECOVERY OF GRAVITY ANOMALIES FROM STRONG SIGNAL

We discuss in this chapter the recovery of 10° and 5° equal area mean anom-
alies using the close satellite at heights of about 900 km and 250 km respectively.
The recovery of 5° aud 2° 5 equal area mean anomalies from the close satellite at
heights of aboutf 900 km and 250 km will be discussed in Chapter 5. The effect of
5° equal aren mean anomalies on summed range rate, and summed range, obser-
vations will be stronger when the close satellite is at a height of 250km, as com-
pared to the case when the close satellite is at a height of about 900km. We may
therefore investigate various considerations and test procedures for anomaly
recovery when the signal is strong, and apply these later to the case when the
signal is comparatively weaker, making further modifications, as necessary.,

We start in Sec. 4.1 with the discussion of recovery of 10° equal area mean
anomalies with the close satellite at a height of about 900km. We will first inves-
tigate the effect on anomaly recovery in regional areas, if we constrain the re-
covered anomalies to give zero value for some low degree harmonic coefficients,
as discussed in Sec., 2.2.3. We will then investigate how effective summed range
observations are in comparison to the summed range rate cbservations for
recovering anomalies. The conclusions with respect to these two points will be
given in the end of Sec. 4.1.5.

We will next consider the design of 'arcs', or the spacing of observations
in an arc, as the close satellite orbits over the area of invesiigation, and also
consider the spacing between arcs; and how these affect the anomaly recovery.
We will then test various cases of anomaly recovery as affected by the relative
location of observations and the anomalies being estimated; and arrive at the
optimum model for recovery of 10° equal area mean anomalies, The conclusions
reached in Sec. 4.1 would then be applied in Sec. 4.2 to the recovery of 5° equal
area mean anomalies with the close satellite at a height of 250 km,

The summed range rate observations were used at 1 minute interval in
Sec. 4.1 for the recovery of 10° anomalies, The standard deviation of these ob-
servations may then have been considered as .03 cm/sec., based on an integration
interval of 1 min., instead of. 08 cm/sec. hased on an integration interval of 10 sec.
This has been later discussed at the end of Sec. 4.1.9, and would simply result in
the standard deviation of all recovered 10°anomalies Leing reduced bya factor of3/8.

4,1 Recovery of 10° Equal Area Mean Anomalies From Close Satellite at
Height of 900km

4,31,1 Area of Investigation

The area chogen for investigation was centered on lati tude 30°N. and
longitude 270°E. (90°W.). Its latitudinal extent was 70° from 10°S. to 60°N.,
and longitudinal extent about 60° from 240° to 300°E. The longitudinal limits
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varied slightly in each 10° latitude zone, according to the actual limits of the 10°
equal area anomaly blocks in accordance with the scheme described in Sec. 3.1.
The total number of 10° anomalies in this area was 37, and these were numbered
from west to east in each latitude zone starting from the north~west of the area,
and proceeding south., The limits of these anomalies, the center of the blocks
and the numbering system have been shown in Figure 4.1, The figure also shows
'satellite arcs' described below.

4.1.2 Batellite Arcs

A total of 14 arcs were selected so that these were positioned symmetrical-

ly in the area. There were 7 ascending arcs, with the subsatellite point moving
from south-east to north-west; and 7 descending arcs with the subsatellite point
moving from north-east to south~west., The number of arcs selected gave a
longitudinal spacing of about 6° between two adjacent ascending {or 2 adjacent
descending) arcs in the center of the area, which was close to half the longitu-
dinal extent of the 10° equal area anomaly blocks. If we consider all 14 arcs,
i,e. summed range riate, or summed range, observations at specified time inter-
vals over all 14 arcs, there would in general be portions of 2 ascending and 2
descending arcs over each anomaly block in the central area, and portions of 2
ascending (or 2 descending) arcs over each anomaly block in the 4 corners. If
we remove alternate ascending and descending arcs, and consider the remaining
8 arcs, the portions of arcs over any specific anomaly bilcew would be halved
when compared to the density obtained with 14 arcs. To enable convenient
numbering of arcs for investigation of anomaly recovery with different arc
spacing, the latter 8 arcs were numbered from 1 to 8, and the balance 6 arcs
out of the total of 14 ares were numbered from 9 to 14.

The 14 ares with their numbers, and the direction of arrow to distinguish
an ascending or descending arc, are shown in Figure 4.1. The inter-se numbsr-
ing in Arcs 1 to 8 and in Ares 9 to 14 was according to the starting time of the
arc. The arcs were chosen to be of 19 minutes duration or more, so that if the
summed range rate, or summed range, observations (hereafter 'observations')
were considered at 1 minute interval, there would be at ieast 20 ohservations
in an arc. No arcs were thus selected west of Arc No. 2 and Arc No. 4, or
east of Arc No. 3 and Arc No. 7. The reason for choosing 1 minute interval
of observations will be clarified in Sec. 4,1.3. The starting time and duration
of each arc, and the latitude and longitude of first and last subsatellite point in
cach arc, are given in Table 4. 1.
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Figure 4.1 Satellite Arcs for Recovery of 10° Equal Area Mean Anomalies.
Height of Close Satellite ~ 900 km.
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Table 4.1

Satellite Arcs Used for Recovery of
10° Equal Area Mean Anomalies

Arc Ascending/ Duration First & Last Subsatel~

Descending Starting Time* of Arcin lite Pts. for Close Sat.
No. Arc Day Hour Min. Sec, Min. o AN o XN
1 Ve 0 09 05 0 21 55 301 -8 251
2 re 0 10 45 0 19 60 MR9 6 233
3 - 0 18 45 0 21 -6 298 57 244
4 » 0 20 25 0 19 -14 277 46 238
5 P'd 4 08 45 0 19 47 302 -11 262
6 rd 4 10 25 0 20 54 286 -6 239
7 > 4 18 286 0 19 7 304 61 246
8 “ 4 20 05 0 19 -5 284 54 239
9 P 2 08 5 0 20 51 301 -10 256
10 r'd 2 10 33 0 19 61 298 8 240
11 ® 2 18 35 0 21 -1 302 &0 242
12 w, 2 20 15 0 19 -9 281 50 239
13 & 6 10 12 0 22 57 300 -8 244
14 LY 6 19 51 0 22 -13 295 55 243

* in elapsed time from 21 Sep. 69 01 hr. 33 min. 36.3 sec. (see Sec. 1.1)

4,1.3 Time Interval of Observations along an Arc

We may also consider along with the question of spacing of arcs roughly
equal or half of the block size of anomaly being recovered, the question of
spacing of observations or the time interval of observations along an arc in re-
lation to the block size of anomaly being recovered. In Figure 4.2 (a) to (d), the
location of subsatellite points at intervals of 1 minute are shown over 4 anomaly
blocks for the arcs selected in Figure 4.1. The longitudinal scale has been re~
duced in Figure 4.2 (a), (b) to achieve equal area rcpresentation. We notice that,
in general, the spacing of observations at 1 minute interval is symmetrical over
all the blocks considering both along the arc as well as across the arc obser-
vations, and this was the reason for choosing 1 minute interval of observitions
along the arc. The spacing of observations across the arc is slightly less than
the spacing of observations along the arc in the north, but the former increases
progressively as we go to the southern portion of area, If we were lo consider
the observations at 30 sec. interval for this case of 10° equal area anomaly re-
covery with arc spacing about half the anomaly block size, the observations would
be closely spaced along the arcs as compared to across the arcs, The reverse
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Figure 4.2¢ Firure 4. 2d

Figure 4,2 Typical Spacing of Ohservations over 10° Equal Area Mean
Anomaly Blocks. Height of Close Satellite ~ 900 km. Arec
Spacing~ 6°, Time Interval Along Arc= 1 Min,

45



would be true if the cbservations were spaced at, say, 2 minutes interval.

To examine the effect of spacing of observations along the arc on anomaly
recovery, summed range rate observations along 2 ares, viz, Arc 13 and Arc 14,
at time intervals of 30 sec., 60 sec., and 120 eec., were used for recovery of §
anomalies in the central area. The anomalies and subsatellite points for the close
satellite at 2 minute intervals are shown in Figure 4. 3.

- B80°
" 40°
i 2 13
16 ird AT
* 20°
22 23 .
/. ’
» \ o°
- prd
-20°
230° 250° 270° 290° 310°

Figure 4.3 Along-Arc Spacing of Observations (Time Interval - 2 Min. )
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From the figure, it is clear that the longitudinal spacing of arcs is much larger
as compared to the spacing of observations along the arcs. Even at 2 minutes
interval of observations along the arc, 2 more descending and 2 more ascending
arcs would be needed fe.g. Arcs 9, 10, 11, 12 with reference to Figurc 4.1) to
achieve symmetry of cbservations. Because of this very sparse spacing of arcs,
i.e. when about, say, 6 arcs (Arcs 9-14) should have been considered, only 2
arcs (Arcs 13, 14) have been considered, no satisfactory anomaly recovery
could be expected, Further, if on a-priori considerations the spacing of arcs

is inadequate for satisfactory anomaly recovery, this inadequate spacing of arcs
cannot be expected to be compensated by increasing along-arc observations.

The above considerations are confirmed by the results shown in Table
4,2, where the discrepancies in recovered anomalies remain about the same
when observations along the arc for Ares 13, 14 are increased from 2 min. to
1 min., and then to 30 sec. The standard deviations however, decrease with
increase in along-arc observations. Here, and in all subsequent discussions,
the standard deviations (std. devn.) quoted are the square root of respective
diagonal elements of the inverse normal matrix, without any modification for
the size of residuals or degrees of freedom, i,e. the scalar variance of unit
weight has been considered to be unity, The decrease in std. devn. may be
explained by the partials for neighboring observations (with respect to itnom-
alies being recovered) not by ing significantly different, when along-arc obser-

‘ vations are arbitrarily increased without regard to adequate spacing of arcs.

The ratio of std. devns., as along-arc observations are increased, are also
shown in Table 4.2, and are nearly 1//2 - 0.71.

Table 4,2

Anomaly Discrepancies and Ratio of Standard Neviation
with mereased Along-Arc Observations

Anom Center of Anomaly Anomaly Discrepancy (mgals) Ratio of Std, Dewn,
Block Time Interval of Obsns,
1 min. obsn,/ 30sec, obsn/
No. o X 2 min. 1 min, 30 sec. 2 min. obsn. 1 min. obsn,
7 45 270 4 4 4 L ___.._2__._
11 35 258 -54 -54 -h4 .70 T2
12 35 270 44 43 42 70 .72
13 35 282 o ~-36 B -35 _ _-_3§ ______ ._?f}_ _______ . 22_ _
16 25  2b56.6 ~10 -14 ~16 .75 .72
17 25  267.5 29 35 37 .75 .73
18 25  278.5 -35 -39 -40 .75 .72
22 15 262 -16 -15 -14 71 .72
23 15  272.5 41 43 43 .71 72
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It is thus advisable to keep the time interval of observations along the are,
or along-arc spacing, roughly same as spacing between arcs considering the
whole area, as was done in Figure 4.2, However, as we do not know a-priori
what spacing between arcs would be adequate for anomaly recovery, we may keep
a relatively close along-arc spacing, and after we have investigated the optimum
spacing between arcs, the std. devns. of recovered anomalies may be muitiplied
by a factor of /n, if n is the average ratio of alorg-arc spacing to across-arc
spacing of observations. This conclusion about std. devns., may be questioned as
it is based on a test where the across-arc spacing was prima facie grossly in-
adequate. It was, however borne out again when 8 arcs were used, across-arc
spacing roughly equal to anomaly block size, and along-arc spacing was varied
from 1 minute to 3¢ sec. This test will be reported later at the end of Sec. 4.1.9.

4,1.4 Constrainis for Low Degree Harmonic Coefficients

We now report the resulis of the effect of impming six conditions to be
satisfied by the recovered anomaljes, as discussed in Sec. 2.2.3. All the 14
arcs in Figure 4.1 were used with summed range-rate observations and all 37
anomalies in Figure 4.1 were solved for. The expected value of anomalies, the
recovered value of anomalies and their std. devns., with and without the con-
ditions being imposed, are given in Table 4,3. The interval of observations for
the case with conditions happened to he 30 sec., while that for the case without
conditions was 1 minute, hence the std., devn. for the case with conditions have
been quoted after multiplying by V2. The std, devn. for the range rate obser-
vations in both cases was kept as .08 cm/sec,

We find that though the std. devn. are about the same in both cases, the
anomaiy discrepancy is much larger when the constraints are imposed than when
these are not imposed, the Root Mean Square (R. M.S.) value of the discrepancies
being 13.1 and 4.9 mgals respectively, The R,M.,S, value of the recovered anom-
alies in both cases may also be compared with the R, M. S, value of the expected
anomalies., We may also calculate the correlation coefficient (@) of the recovered
values (Agl) with the expected values (Agr) from the relation:

\; Agh Agr /n
p = ‘EJ (4‘ 1)
. } T 3
Y ogm * ) agP/n
n

L

n

n being the number of apomalies recovered. These statistics are shown in
Table 4.4, from which it is clear that imposition of constraints for low degree
harmonic coefficients for anomaly recovery in regional areas, as opposed to
global coverage, worsens the solution and is thercfore not justified. Wo will
comment on the 'goodness' of solution withoutconstraints lator in Sec. 4.1.9.
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Table 4,3

Effect of Low Degree Harmonic Coefficient Constraints

on Anomaly Recovery
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(3

4

3

(2)

(1)

0.6
-2.1

-19.0

3.2

-10 6
—201

2.7

-21.2

-2.2

19.3
-21.4

3.2

3.0

19.3

0.0
-8.9
-6.4
-0.6

-1.0
14,5

_6o9 2.7

2.5

"27-3

24.8

1.3

8.1

1.3

18.4

1.0
-103

3.6 20.4

0.4

3.1

19.8

-9.4
16,1
~20,9

2l6

4,4

2.1

-3.7

5.7

4.9
-10,1

2,3

6.2
-4,1

2.1

17.4
"140 9

1.3
6.0
"‘308

2,3

2.1

—lr 1
-4
2

0.9
-11.2

—4‘9 1. 6

1.6

""219
—11- 1

0.7
-0.9

3.9
2.4

—4l6

-4.5

-10.5 2,3

2.3

-6.9

-6.0

12
13
14
156
16
17
i8
19

8.4
—1l 1

1.6
14.8

2.4
2,2

11,5

2.4
2,0

4,7
13.1

3.1
—1u7

-2.8
3.5

0.4
-0.6

4,5
-3.3

4.4

7.6 4.2

9.7

3.1
18.0

12,4 3.3

3.1

1.4
-5n6

7.9
—2.0
-18.8

-4,6 2.9

2.8

1'9

-6,0

2.9

-0,4
-8.8
-12.3

3.0

3|2
-28.6

5.2
-9|8

1.0

3.4

4.4

3.1

—30 2

4,2

-6, 4

4,1
4.1

-7.4
"“11.4

-8,2

-1ln 4

20

21

~2.0

"007

3.0

0.2

1.5 3.0
2,

"50 0

2.2

22
23

0.2

-8.0

2.6

4.2

4,0
-4,7

9.5
-40 0

6.6
24,1

3.4
3.4

4.8

3.3

1.9
19.3

24

-4.8 3.0 -8.8
4.0

25

~2.2

10.2

5.1

2.7

15.1

4.9

26
27
28

1.3
2.1
~-5.3

—111

4.5

3.7
-0.2

4,2

2,4 1.3

"2t3
""200

2.3
-3.0

3.3

3.1

7.0
"5-0

"'7. 3 2.3

2.4

29

-5.5

3.1

~0.5

8.6

11.2
~25.0
~16.9

-5.5

2.6
5.0

5.0

31

1.5
-8.2

6.8
-4.8

-11.6 2.4

5.3
3.4
-6.1

32
33

8.8
-13.8

4,6

4.0

12.2
-190 9

3.4
-0.6

2.7 3.5

3.1
2,3

34
35
36

8.1
-12.3

13.1 4.4 2.5
4,5

5.0
~3.6

8.1

4.0

5.0

11.1

1.9

4,2

1.8
Units of anomalies and standard deviations are mgals.

10.3

~0.8

37
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For convenience of reference, we will call this latter solution in columns 5 and
6 of Table 4.3 as Solution 10-1, 10° being the block size of anomaly recovery
and 1 being the first solution to be considered.

Table 4.4

Statistics for Solutions With and Without Constraints
for Low Degree Harmonic Coefficients

Soln, with Constraints

Yes No
R.M.8S. value of anomaly discrepancy (mgals) 13.1 4.9
R.M.S. value of recovered anomalies (mgals) 13.9 5.9
R.M.S. value of expected anomalies (mgals) 5.4 5.4
Correln, coeff, (0) of recovered anom, with 0.33  0.63

expected anomalies

4.1.5 Summed Range Observations vs. Summed Range Rate Observations

We may also briefly examine if anomaly recovery could be done using
summed range obscrvations. Tor this test, 37 anomalies were solved for using
summer range observations along 14 arcs as in Figure 4,1. The std, devn. of
observations was assumed as 10 meters (NASA, 1974, p. 4-78). The anomaly
discrepancies ranged from -15011gals to 180 mgals, with the R, M. 8, value of
95 mgals. This test was conducted before the conclusions about not imposing
constraints were reached, as desecribed in the previous section, hence these
discrepancies could be compared with column 7 in Table 4.3 for the constrained
solution, and with the R. M.8. value of 13.1 mgals as per Table 4.4. As the
anomaly discrepancies with summed range observations are so large as com-
pared to summed range rate chservations, it was not considered worthwhile to
repeat the solution for the former without constraints.

The std. devn. of the recovered anomalies using summed range observa-
tions vary from 43 mgals {v 475 mgals, with the RMS value of 225 mgals. The
std. devn. of recovered anomalies would be reduced proportionately if the std.
devn. of observations was reduced from 10 meters, However, as the observa-
tions were assumed to be independent with the same std, devn. for each obser-
vation, the weight matrix would be a diagonal matrix with al. elements on the
diagonal being the same number = 1/(std, devn. )2, and hence the solution vector
would be unaltered. With the usual notation of A as the partiuls matrix, P the
weight matrix and I the unit matrix of corresponding size, L as the mizclosure
vector, the solution vector X would be unaffected in the relation:
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X =N ~A'PA) A'PL= —(A —-‘_.5 1A)? A’___LE .
(8.4d.) (8.d.)

(4.2)

1
(s.d. )a

= ~(8.d.)%(A'AY? A'L = ~(A'A)A'L

We may therefore conclude that the design of arcs in Figure 4.1 is unable
to recover anomalies with summed range observations in contrast to summed rangc
rate observations. Further, as per remarks in the end of Sec. 4.1.4, we should
not impose any constraints for low degree harmonic coeificients on the recovered
anomalies in regional or localized areas. Accotrdingly, in all further tests we
will use only summed range rate observations and not impose any constraints.

4.1.8 Spacing of. Arcs

It. is clear that the distribution of observations directly over an anomaly
block will become more dense as the number of arcs is increased over the area,
or in other words, the spacing between arcs is decreased, We may start with
‘some suitable spacing of arcs in relation to the anomaly block size, e.g. same
spacing as Li.e block size, which will result in one ascending (and/or one descend-
ing) arc over each anomaly block. We may then examine the resulting anomaly
recovery as we inerease or decrease the spacing of ares. We have already
reporied the results for arc spacing roughly half the anomaly size, i.e., 14 arcs,
in columns 5,6, and 8 of Table 4.3, without specifying the rationale for this
choice, We may now consider this Solution 10-1 in relation to anomaly recovery
with arce spacing roughly equal to the anomaly size, i.e. Arcs 1 to 8; and we
may contrast it further with a rather unrealistic arc spacing of double the
anomaly size, i.e. Arcs 2,4,5, and 7. These 4 arcs and the 37 anomalies
being recovered are shown in Figure 4. 4.

The statistics described in Sec. 4.1.4 are given in Table 4.5 for these
3 cases. We may mention again that the observations were summed range rate
at 1 min, interval with std. devn. of .34 cm/sec., and 37 anomalies were solved
for without imposing any constraints,

Table 4.5

Statistics for Anomaly Recovery with Arc Spacing of
2, 1 and 1/2 Times Anomaly Block Size

Arc Spacing/Anomaly Block Size 2 1 1/2
No. of Arcs 2,4,5,7 1to8 1tol4
. M. S. value of anomaly discrepancy (mgals) 26.0 7.4 4,9
R. M. S. value of recovered anomalies (mgals) 26.9 8,4 5.9
R. M. S. value of expected anomalies (mgals) 5.4 5,4 5.4
Correln. coeff. (0) of recovered anom. with expected anom. 0.26 0.50 0.83
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it is obvious from Table 4.5 that arc spacing of twice the anomaly size, i.e.
4 Arcs is totally inadequate. Purther, the std. devns. of recovered anomalies
are tabulated in Table 4.6 for this case. With reference to the location of the 4
arcs in Figure 4.4, we find that the std. devns. of anomalies which are not
covered by any of these arces is much greater than for those anomalies which are
covered by the arcs. It therefore appears necessary that each anomaly block
being recovered must be covered by satellite observations directly over it,

Table 4.6

Standard Deviation of Anomalies for Inadequate Arc Spacing
Of 2 Times Anomaly Block Size

Anom Std.|Anom Std.|Anom S5td.| Apom Std.]Anom Std.| Anom Std.| Anom Std.

No. dewn| No. devn| No. devn] No. devn] No. devn| No. devn| No. devn

1 44 5 13 | 10 17 15 28 20 67| 26 366 32 722
2 26 6 41 | 11 50 16 32 ) 21 336] 27 294} 33 226
3 28 7 33 | 12 309 17 431 22 97| 28 85| 34 60
4 33 8 39 13 56 18 341 23 63| 29 741 356 40

9 20 14 24 19 22 24 155} 30 2982 ) 36 111

25 37| 31 116 a7 350

Unit of standard deviation is mgals,

4,1.7 Effect of Aliasing in Anomaly Recovery

From the discussion in the previous section, we now find that arc-spacing
of roughly half the anomaly block size, i.e. Arcs 1 to 14 (or Solution 10-1) is to
be preferred over arc-spacing roughly same as anomaly bilock size, i.e. Arces 1
to 8. Hewever, we also find from columns 6 and 8 of Table 4.3 that there are
several lnrge anomaly discrepancies which are about 3 times or more, of the
std. devn. of the recovered anomalies, e.g. Anomaly No. 4,8,13,24, 36: and
there are several others which are about 2 times the std. devn. As ther: are
no 'observational' errors in the simulated observations, the anomaly discrep-
ancies should have, in general,been smaller,

Though we cannot rule out the possibility at this stage that we have not
yet reached the optimum spacing of arcs in Solution 10-1, and should consider
closer are spacing instead of 1/2 the block size, the slow improvement in going
irom arc spacing roughly same as block size (Arcs 1 to 8) to half of block size
(Arcs 1 to 14) ag shown in Table 4, 5 indicates that we ought to first investigate
other reasons for the still unsitisfactory anomaly recovery. One such reason
could be the inability of the anomalies on the periphery of the area to be re-
covered satisfactorily due to their adjacent anomalies, which are out of the area,
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being ignored in the estimation process; or in other words, the effect of
'aliasing.’

We may then consider this 'aliasing' to have affected the recovery of
peripheral anomalies, which may be the outermost anomalies in the area (see
Figure 4.1), i.e. the anomalies in the north and south latitude zones (Anomaly
No. 1 to 4, 32 to 37) and the anomalies on the west and east edge of other
latitude zones (Anomaly No. 5,9; 10, 14; 15, 19; 20,25; 26,31 ). Though the obser-
vations used were over the whole area covered by 37 anomalies, which were then
solved for, it may beargued that the values obtained for the 20 anomalies on the
periphery may have been vitiated by aliasing, and only the remaining 17 anom-
alies may be recovered satisfactorily. The anomaly discrepancies of these 17
anomalies have been extracted from columns 8 and 6 of Table 4.3 from Solution
10-1 and given in Table 4.7.

Table 4.7

Discrepancies in Recovered Anomalies Unaffected by Aliasing

Anomaly Anomaly Anomaly Anomaly Anomaly
No. Discr. s.d. No. Discr. s.d. No. Discr. s.d. No. Discr. s.d, No. Discr. s.d.
6 -1.3 2.6 11 2.9 2.5 16 -0.6 3.3 21 1.8 4.2 27 1.3 4,5
7 4.9 2.3 12 -4,5 2.3 17 1.4 2.9 22 -2,0 3.0 28 2,1 3,3
8 -10.1 2.3 13 8.4 2.4 18 -5.6 2.9 23 0.2 2.6 29 -5.3 2.3

24 9,5 3.4 '30 -5.5 3.4

Units of anomaly discrepancy and standard deviation are mgals,

In Table 4.7, we still find several large anomaly diserepancies, e.g.
Anomaly No. 8, 13, 24, which are about 3 or more times the std, devn. I it
is argued that not only the outermost but the next set of adjacent anomalies should
also be rejected because of aliasing effect, we are left with Anomaly No, 12, 17,

22 and 23; but the anomaly discrepancy is still large for Anomaly No. 12. Further,

when we consider that the anomaly discrepancies for many peripheral anomalies
which may be supposed to have been affected by aliasing, is quite small (about
1/2 the s.d.) e.g. Anomaly No, 1,3, 5,14,15,19, 20, 27, 32, 35 in Table 4.3, we
have to conclude that aliasing, as defined above, does not appear to be the cause
of the unsatisfactory anomaly recovery in Solution 10-1.

4,1,8 Relative Location of Anomalies and Arcs

Another reason, which may be considered for the unsatisfactory anomaly
recovery in Solution 10-1, could bo some wenkness in anomatly recovery caused
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by sparser distribution of observations in the corners of the area as vompared to
the central area. The anomaly blocks most densely covered by observations are
No. 7, 11, 12, 13 and 17. We may, therefore recover only these 5 ancinalies

from the observations used in Solution 10-1, and compare the anomaly discrepancies
of this solution with the discrepancies for the same 5 anomalies in Solution 10-1,

e gt a7

where all 37 anomalies were estimated together. This has been done in Table 4, 8.

Table 4.8

Effect of Reduction in Number of Recovered Anomalies.
Summed Range Rate Observations at 1 minute Interval for 14 Ares

No. of Anomalies Solved=5 No. of Anomalies Solved- 37

Anom.
No. Apnom. Discr. Std. Devn. Anom. Discr. Std. Devn.
7 -5.4 0.7 4.9 2.3
11 1.5 0.7 2.9 2.5
12 14,2 0.8 -4.5 2.3
13 -15.0 0.4 8.4 2.4
17 12,5 0.7 1,4 2.9

Units of anomaly discrepancy and standard deviation are mgals.

We first note that by including a large number of observations, which are
not over the anomalies being recovered, the std. devns. of anomalies being re-
covered drop to unrealistically low values. The reason for the decrease in std.
devn. in column 3 of Table 4. 8, though the anomaly discrepancies are large in
column 2, when we reduce the number of recovered anomalies, is not clear.
This may be contrasted with increase in std. devns. though the anomaly dis-
crepancies bhecome lower, when a larger number of anomalies are solved for
than what are covered by observations, and is discussed in remarks following
Table 4.9. Tn any case, it is clear from Table 4.8 that the anomaly recovery
has been worsened when we solve for a smaller number of anomalies than what
are covered by observations, even if these were sparse observations. We may
then run another test for the eiffect of relative localion of anomalies and ares by
using all observations along 7 ascending arcs (and a separate test later by using
7 descendingarcs), andsolving for all 37 anomalies. The anomalies covered by
the arcs should be recovered better than those not covered by them, as noted
earlier in Table 4,6, The former anomalies may then be recovered by them-
selves alone using the same 7 arcs, and compared with their values with the
case when all 37 anomalies were solved for. We would thus be interested only
in the subset of anomalies covered by 7 ascending {(or descending) arcs, IFigures
4,5 and 4. 6 respectively; and examining the effect of solving for a larger set of
anomalies. We would have however ensured in this test that not only the density
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of observations was uniform (1/2 anomaly block size both across and along-arc)
over all anomalies of interest, but that there were no extra observations not

over the anomalies of interest.
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Figure 4.5 Relative Location of Anomaly Blocks and

7 Ascending Arcs.
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We first report in Table 4.9 results for all 37 anomalies, using either
all ascending arcs or all descending arcs., The std. devn., has been given for all
anomalies, whether they are coverad by observations or not, to highlight the
fact that the anomalies not covered by observations cannot be recovered. The
anomaly discrepancy has however been shown only when it is not absurdly large,
say when its absolute value is not greater than 10 mgals.

Table 4.9

Comparison of Anomaly Discrepancy and Standard Deviations
for Anomalies Covered or Kot Covered by Observations.
Summed Range Rate Observations at 1 Min. Interval for 7 Ares

Ctr.of Anom 7 Ascending Arcs (Fig.4.5) 7 Descending Arcs (Fig. 4. 6)
Anom Block Anom. Covered Anom. Std. Anom. Covered Anom. Std.
No. ¢ A° by Obsns.  Discrep Devn by Obsns. Discrep Devn
1 55.0 248.5 Yes 5.9 6.8 No 1.3 44,1
2 " 265.5 Partly 2.5 10.2 Partly -2, 2 19.7
3 o 282,56 No 51.8 Yes ~-5.1 6.1
o4 __Ir_soo.0 e e e 160.7_ _ _ __ [ 8.1 _44__
5 45,0 242.0 Yes -2.3 5.7 No 47.6
6 2586.0 " 3.2 6.1 1 18,2
7 no270.0 " -4.7 5.6 Yes 3.2 6.6
8 " 284.0 No 21.6 " -3.5 5,4
9 " 298,00 0™ - __ .3 " -_3_._4__ . é_O _
T 10~ 35.0 246.0 Partly -1.7 8.6 No 20.3
11 1t 258.0 Yes -1.5 6.3 Yes 1.2 7.4
12 mo 270.0 " 4.5 5.5 " -4.0 6.8
13 v 282,0 " -8.5 6.9 n -1.1 6.6
J14 "t _294.0 __No ________._ 18.9  _ _ Partly  __ _ 1.7 _10.0
15 25.0 245.5 No 64.1 Yes -2.2 7.5
16 " 256.5 Yes -0.5 12,1 " -0.7 7.0
17 " 267.5 " -1.7 5.9 " ~-1.8 7.0
18 " 278.5 1 0.7 5.5 " -1.3 10.2
_d9 o "_28,5 ___ o - -5 __86.0_ _ ___ No_ Lo 44.9 _
20 15.0 242.0 No 506,0 Yes -3.7 7.2
21 o 252,90 t 71.5 1 0.6 6.0
22 " 262.0 Yes -0.7 14.4 " -6.4 6.6
23 no 272.5 " -1.0 6.1 " 2,1 10.2
24 " 283.0 " -2.1 5.9 No 77.0
25 ' _2e3,0 " ______ 41 __ 858 Ll ... 351.2
T 26 5.0 245,0 No 912,9 Yes ~2.2 6.1
27 "o 255.0 " 164.3 " 0.3 6.5
23 "o 265.0 Partly 6.0 20.4 " 0.5 8.7
29 v 2%5.0 Yes -1.8 6.9 No 50.1
o " 285.0 " 0.2 6.6 " 5.2+ 275.0
31 o 295.0 B -8.3 3.4 " _2§5_.§ _
~ 3% " Is.0 245.0  No 777 838.9° " Yes -8.1 1.8
33 5”0 %%glg Ni-'() 469. 6 n _502 8-0
34 1 265.,0 " 60.8 Partly -9.5 15.9
35 "o 275.0 Yes -3.3 7.2 No 115.9
36 n 285,0 " -0.9 6.8 " 675, 4
37 o 295.0 " 6.8 3.2 " 791.6
Units of anomaly discrepancy and standard *Unrepresentative Value,
deviation are mgals, Anomaly discrepancy not Close agreement by chance.

tabulated if absurdly large, i.e. if absolute
value greater than 10 mgals
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We first consider the case when all 37 anomalies have been estimated
though observations covered only a subset of these anomalies. Firstly, we find
that the farther the location of anomaly from the observations (along the arcs),
the larger ig the std. devn,, and the anomaly cannot be recovered when there are
no observations directly over the anomaly block. Secondly, considering the std.
devas. of anomalies covered by observations, these are all larger than the corres-
ponding std. devns. in Solution 10-1 given in column 6 of Table 4.3. This appears
to be due to solving for larger number of anomalies than covered by observations,
and may be explained by the Normals matrix becoming ill-conditioned by their
incorporation.

Next, we compare the anomaly recovery with the case when only the
anomalies covered by observations are estimated, or what we may term as the
anomalies of interest. There are 24 anomalies of interest in either .ase of 7
ascending and 7 descvending arcs. The statistics for these 24 anomalies are
given in Table 4, 10.

Table 4. 10

Effect of Solving for More Anomalies than Covered by Observations.
Summed Range Rate Observations at 1 min, Interval for 7 Arcs

7 Ascending Arce 7 Descending Arcs

No. of Anomalies Solved for 24 37 24 37
R. M. S. value of anom, discrepancy
.1 3. . .

for 24 anomalies (mgzals) 5 ° 7.2 4.1
R.M.S, value of 24 recovered 6.2 5.8

anomalies (mgals) ' ' .17 7.0
R. M.S. value of. 24 expected 5.2 5.9 5. 7 5.7

anomalies (mgals)
Correln. coeff. (0) of recovered 0.62 0.75 0. 46 0.81

anom. with expected anom.

The results clearly point out that the anomaly recovery improves for
anomalies covered by observations, if additional anomalies around the former
anomalies of interest, are treated as unknowns and included in the estimation
process. The latter wdditional anomalies are not covered by observations and
camnot be recovered themselves, as evidenced by the very large std. devns. in
Table 4,9, but their inclusion improves the model for recovery of anomalies of
interest.

From Figures 4.5 and 4.6, we see that the acdditional anomalies were one
or two anomaly blocks beyond the anomalies covered by observations, but they
were not in a systematic pattern araund the anomalics of interest, Another 2
solutions were therefore tried, which we shall term as Solutions 10-2 and 10-3.
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These had respectively one and two addifional anomalies on the periphery all
around the 37 anomalies leading to a {otal number of 64 and 92 anomalies re-
spectively, which were then solved for. The details, as reported below, for

37 anomalies were exiracted from these Solutions 10-2 and 10-3 for comparison
with Solution 10-1. The layout of 37,64 and 92 anomalies for these 3 solutions
is shown in Figure 4.7. Some statistics for these solutions are given in Table
4,11,

/ \
\ - 66°N.
é_(_)-_"N.
OO
— \ / 7
2l0°E 240°E 270°E 300°E 330°E

Figure 4.7 ‘Layout of Anomalies for Solutions 10-1, 10-2, 10-3,
No. of Anomalies Solved for were 37, 64, 92 respectively.
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Table 4.11

Statistics for Anomaly Recovery for 37 10° Equal Area Mean Anomalies
Summed Range Rate Observations at 1 Min. Interval for 14 Arcs

Soln., 10-1 Soln. 10-2 Soln, 10-3
No. of anomalies solved for 37 64 92

R, M.S. value of anom. discrepancy
for 37 anomalies (mgals) 4.9 0.3 0.3
Meau value of anom. discrepancy

for 37 anomalies (mgals) 0.0 -0.1 0.3
ot vt o o, Qom0 o1 s
i ot dbowry 1 0p o
o ot s v, GO 1y 0x
R.M.S. value of 37 expected 5.4 5.4 5.4

anomalies (mgals)
Correln. coeif, (p) of recovered anom.

with expected anomalies 0.63 0.9981 0.9988

The improvement in anomaly recovery by including one additiona] anomaly
block 2ll around the periphery, is strikingly illustrated in the results of going
from Solution 10-1 o 10-2. The further improvement in going to Solution 10-3
is very little. In fact, the latter appears fo be an almost perfect anomaly recov-
ery but for a constant anomaly discrepancy of about 0.3 mgals. The 10° equal
area anomalics are however not recovered at all in Solution 10-3, as describad
later, and the close agreement is illusory, for it merely shows the repeatability
of the results. The summed range rate 'ocbservations' were simulated using 130
anomalies, i.e. 3 10° blocks all around the periphery of 37 anomalies of interest;
and now when we use these observations to recover 92 anomalies, i.e, up to 2 10°
blocks all around the anomalies of interest, the process is virtually repeated in
reverse order, The small anomaly discrepancy is due to a smaller subset of
anomaties being recovered that what were used to generate the simulated observa-
tions. The almost constant value with a small magnitude of (.3 mgale does how-
ever show that firstly, partials of cbservations with reupect to the unknown para-
meters (10° anomalies) have been computed accuratoely enough for the anomalies
to be well recoveraed from the initial zero value in & non-linear model, Secondly,
the density of observations with arc spacing of about half anomaly block size is
adequate for the anomaly recovery, Thirdly, we conclude that the effect of re-
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sidual anomalies farther than 2 anomaly blocks, i.e, 20°, is very smali on the
: summed range rate cbservations.

To confirm the above conclusion, a reduced set of observations with lati-
tudinal extent from 10°N, to 50° N were extracted from the previous observations,
covering the latitudinal extent from 10°S. to 60°N.

The longitudinal extent of this reduced set of ocbservations was so kept that
these observations covered only 16 anomalies numbered6io8; 10 to 13; 15to 19; and
21 to24. These anomalies and arcs alongwhich observations were used are shown

in Figure 4.8, '
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Figure 4.8 Reduced Set of Observations - Arcs 1 to 8.
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These extracted observations had thus been generated using anomalies up to 2
spherical distance of at least 40° beyond the limit of this area, and these obzer-
vations were now used to recover 16 anomalies of interest along with 2 anomaly
blocks all around the periphery. Observations were used only along 8 arcs,

Arcs 1 to 8, i.e. at arc spacing roughly same as the size of anomaly block,

and therefore with this sparser density of observations, the anomaly recovery
could not be expected to have as close agreement as reported in the last column
of Table 4, 11 for Solution 10-3. However, the R. M.S. value of anomaly discrep-
ancy for the 16 anomalies of interest was only 0. 9 mgals, and the correlation
coefficient between the recovered value and the expected value of anomalies was
0.988. As these results confirm the conclusion that the effect of residual anom-
alies farther than 2 anomaly blocks is negligibly small on the summed range rate
observations, this test for 16 anomalies of interest was not repeated with 14 arcs.

We may now elaborate on the remark after Table 4.11 that anomalies were
not recovered in Solution 10-3. Firstly, the correlation coefficients between the
37 recovered anomalies, as obtained from the variance covariance matrix of
Solution 10-3, were very high. The average value of this correlation coefficient
for anomalies in the same latitude zone between 2 adjacent anomalies and be-
tween 2 anomalies separated by 1, 2 and 3 anomaly blocks between them was
about 0.9, Its value between two recovered anomalies in 2 adjacent latitude
zones and between 2 anomalies separated by 1 and 2 latitude zones was also about
0.9. In short, the different anomalies were not being recovered individually,
Secondly, the std. devn. of the 37 recovered anomalies werc also large; the
minimum, maximum and R. M.S. value being 41.4, 63.1 and 52. 8 mgals respec-
tively., When we note that minimum, maximum and R, M.S. value of sud. devn,
for the 37 anomalies in Solution 10-2 were 3.4, 23.4 and 7.5 mgals respectively,
we have to conclude that Solution 10-3 has to be rejected, and Solution 10-2
accepted. Solution 10-2 will be examined in greater detail in the following Sec.
4,1.9,

4.1.9 Recovery Model for 10° Equal Area Mean Anomalies

The statistics for Solution 10-2 have been presented in Table 4.11 for the
37 anomalies of interest covered by the observations. We may also record here
the improvement in anomaly recovery, with the increase in density of observa-
tions from arc-spacing of roughly same as anomaly block size (8 Arce) to are
spacing of roughly half of anomaly block size (14 Ares). The number of recevered
anomalies in both cases were 64, i.e. 37 anomalies of interest and an additional
anomaly all around the area covered by observation; and the spacing of observa-
tions along the arc was 1 min. The statistics for the 37 anomalics of intorest
ire given in Table 4,12,
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Table 4.12

Effect of Reduction in Spacing of Arcs for Solution 10-2
for 37 10° Equal Area Mean Anomalies

Soln. 10-2
14 Arcs 8 Arcs

R. M. S. value of anomaly discrepancy

(meads) 0.3 1.3
Mean value of anomaly discrepancy 0.1 0.2
(mgals) :
Minimum value of anomaly discrepancy
(mgals) -0.7 -2.4
Maximum value of anomaly discrepancy 0.8 6.3
(mgals) : .
Sum of Sguares of anomaly discrepancy 4.8 59.9
(mgals)®
R. M. S. value of recovered anomalies 5 5 5.5
(mgals) ) )

R. M., S. value of expected anomalies 5. 4 5.4
(mgals) ) )
Correln. coetf, (p) of recovered anom. 0.998 0.973
with expected anom. ) *

R. M. S, value of std. devn. of recovered 7.5 43.0

anom. (mgals)

The correlation coefficients between the 37 recovered anomalies obtained
from the variance-covariance matrix of Solution 10-2 are shown in Figure 4.9.
The figure shows the correlation coefficients between adjacent anomalies both
in the east-west direction in the same latitude zone, as well as in the north-
south direction between two adjacent anomalies in two adjacent latitude zones.
We first note that the magnitude of the correlation coefficients is low; average
value in the east-west direction is -0.32, and average value in the north-south
direction is ~0,44, which indicates that the individual 10° equal area anomalies
are being recovered. Secondly, the correlation coefficients are lower in the
center, where the density of observations is large because of the presence of
both ascending and descending arcs. Thirdly, in the north half of the area, the
magritude of the east-west correlation coefficient is higher (average -, 40} than
the magnitude of the north-south correlation coefficient (average -, 26); while in
the south-half of area the east-west correlation coefficient is lower faverage -, 28)
than the north~south correlation coefficient (average -0.61), This is due to
larger spacing between arcs in the south as compared to the north, as would be
clear from Figure 4.2. A high correlation coefficient appears as a sign of
weak anomaly recovery.
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Figure 4.9 Correlation Coefficients between Recovered Anomalies
in Solution 10-2.
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We may now consider the std. devns. of the recovered anomalies for the
37 anomalies of interzst in Solution 10-2, These have been tabulated in Table
4.13. We find that the std. devns. are lowest in the center of the area, TFurther,
the std. devns. of anomalies in the north of the area are lower as compared to
the anomalies in the south of the area; and finally, std. devns. of anomalies in
the east ~f area are lower than for the anomalies in the west of area in each lati-
tude’ zone.

Table 4.13

Variation in Standard Deviation of
37 10° Equal Area Mean Anomalies in Solution 16-2

Anomaly Latitude Std. Devn, of Anomalies Sequentially from W, to E.

- FER T

11 s i e a1 i b PR 4 P

No. Zone (mgals)

1-4 50° - 60° N. 9.5, 6.1, 4.6, 6.1

5-9 40” - a0°N 10. 3, 4,86, 3.9, 4.3, 7.8
10-14  30°- 40°N 11.2, 4,0, 3.6, 3.4, 1.3
15-19  20°-~ 30°N. 7.2, 4,4, 3.5, 3.9, 4.8
20-25  10°- 20°N, 7.4, 5. 5, 4,0, 3.5, 4.8, 5.4
26-31 0°- 10°N, 11,38, 6.9, 4,8, 4.3, 6.0, 5.9
32-37 10°8-¢° 23.4, 15.6, 10.4, 5.5, 7.0} 5.2

*perhaps caused by Arc. No. 8 not going up to the edge of the area. See remarks
before Table 4. 1.

The std. d-.ms. decrease in the center of the area clearly because of the
increased density of observations because of the presence of both ascending and
descending ares. 1t may therefore be better to consider the recovery of anom-
alies in an area shaped like a rhombus with the diagonuls roughly easi-west and
north-south so that most of the area is covered by both ascending and descending
arcs. This has been done in Sec. 4.2 and Chapter 5. The increase in std.
devns. in the south of area as compared to the north of area is due fo the increase
in the spacing of arcs as we pgo towards the equator as may be seen from Figure
4.2, It may thereiore be appropriate, if it can be so arranged, to consider re-
covery in equatorial areas separately from mid-latitudes.

The reason for the increase in std. devn. from east to west in a latitude
zone is due to the fixing of starting coordinates of each arc, as observations of
about 20 minutes duration could not solve for the starting coordinates, as dis-
cussed in Sec. 2,3.3. The misclosures of 'observed value' - '‘computed value'
of summed range rate are therefore zero in the north-east for descending arcs
and in the south-east for ascending ures, and increase as we proceed along the
arcs to south-west and north-west respectively. As outlined later in Sce. 6.1,
while working with actual observational data over entire usable portion of the
are, say, 40 minutes, and in conjunction with other tracking data, it may be
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possible to adjust the starting coordinates of the arc (or portions of the arc) to
fit the whole date, and there may not then be any large change in std. devn, of
anomalies in a latitude zone towards one edge.

We may now examine the question of 'goodness' of solution, as we have
already considered this for Solution 10-2, TFor simulated observations, not
burdened with observaticnal errors, the anomaly discrepancies should be small,
ahout 1/2 to 1/3 of the R, M.S. value of the expected anomalies. The R, M,S,
value of the recovered anomalies should be comparable to the R, M.8. value of
the expected anomalies, with a high value, say 0.9, of the correlation coefficient
of recovered with expected anomalies, as definud by p in equation (4.1). These
statistics may be seen for Solufion 10-2 in Table 4.11.

The correlation coefficient hetween the recovered anomalies, as obtained
from the variance-covariance matrix should be small, say about 0.5 or less;
see Figure 4.9. The std. devn. of recovered anomalies should be comparable
to, or less than, the std., devn. of the expected anomalies, which may be ob-
tained as the R, M, 8. value of the @xpectied anomalies. We may note here that
the std. devn. of recovered anomalies would be decreased by a factor by which .
the std. devn. of observations is reduced, as the observations were considered
to be independent, and having the same std. devn. ; see equation (4. 2) in
Sec. 4,1.5. The std. devn. of summed range rate observations in Sec. 4.1 was
taken as .08 ¢e¢m/sec., which is based on an integration interval of 10 sec. How-
ever, as we have used observations at 1 minute interval, we may consider their
std, devn. as .03 cm/sec. based on an integration interval of 1 minute, ‘The
std. devn. of recovered anomalies in Solution 10-2 would thus become 2.8 mgals
instead of 7.5 mgals, We have already discussed the increascd std. devn. of re-
covered anomalies on the south and west edges of the area beciuse of reduced
number of observations. If we then consider the remaining anomalies, i.e.
except Anomaly No. §, 10, 26, 32, 33, 34 on the cdges of the area (see Table
4,13 and Figures 4.1 and 4, 2) having std. devn. larger than 10 mgals, the
R. M. E. value of 31 recovered anomalies in Solution 10-2 would become 5.2
mgals considering std. devn. of summed range rate observations as .08 cm/sec.
This will be reduced to 2. 0mgals, if we consider the std, devn. of summed range
rate observations as .03em/sec. This R, M, S, value of the std. devn. of re-
covered anomalies, 2.0 or 2.8 mgals, may then be compared for judging the
'goodness' of anomaly recovery with the std. devn. of expected anomalies of
5.4mgals, obtained as the R.M.S. value of the 37 expected anomal.es.

We may also recall the discussion in Sec. 4. 1.3 about compuling ihe std.
devn. of recovered anomalies when the spacing of observations along the arc is
about the same as spacing of ohservations between adjacent #ares, We have en-
sured this in Solution 10-2, where the spacing of arcs was ahout haif anomaly block
size by considering ohservations along the arc at 1 minule interval; see Figure
4,2, However, if we had considered observations along the ave at closer time
interval, say n times the spacing of observations between the arcs, then the
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resulting std. devn. of the recovered anomalies need to be multiplied by /n. This
was demonstrated in Table 4.3, but those results were based on a recovery
model which solved only for the anomalies covered by observations, and the oh-
servations were also grossly inadequate, as we considered only 2 arcs. Now

that we have decided on the optimum recovery model by solving for an additional
anomaly all around the border of area covered by observations, we may examine
the change in std. devns. with increased along-arc observations for this model.
We have already reported in Table 4. 12 the resulis of recovering 37 anomalies

of interest, using observations along 8 arcs at 1 minute interval to solve for

64 anomalies, Another solution was then obtained using the same model, but

with observations at 30 sec. interval along 8 arcs. The difference between anom-
aly recovery for the 37 anomalies of interest between these 2 runs was nominal,
the R, M.S. value of the difference being 1. 4 mgals. However, the std. devns. of
recovered anomalies of the two solutions bore an almost constant ratio, whose

mean value was 0.70, which agrees with the factor 1//2=0.71. These results
then confirm the conclusions of Sec, 4.1.3.

We have thus described the criteria for judging the 'goodness' of anomaly
recovery and illustrated it with Solution 10-2 of 37 10° equal area mean anom-
alies, We now describe in Sec. 4.2 the anomaly recovery of 5° equal area mean
anomalies using a close satellite of height 250 km.
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4.2  Recovery of 5° Equal Area Mean Anomalies from Close Satellite at
Height of 250 km

4.2.1 Area of Investigation and Satellite Ares

The area for the recovery of 5° equal area anomalies was also centered
on latitude 30°N. and Iongitude 265°E. Two changes were, however, made in
the shape and the extent of the area as per the discussion before Table 4.13 in
Sec. 4.1.9. First, the shape of the area was changed from a roughly rectangu-~
lar one, as in Figure 4.1 to nearly like 4 rhombus with the diagonals roughly
east-west and north-south. This change resulted in most of the anomalies being
covered by both ascending and descending arcs (see Figure 4.10), thereby in-
creasing the densify of observations and making it more uniform over 2 much
larger portion of the area than what was possible with a rectangular shape of the
area as in Figure 4.1. The second change was to reduce the latitudinal extent
of the area so that the spacing between two adjacent arcs was more nearly the
same over anomalies in the north edge of the area as compared to the spacing
over anomalies in the south edge of the area (see Tigure 4.11 a,b)., The wide
latitudinal extent of 70° for the area for the recovery of 10° anomalies had re-
sulted in the spacing between the arcs to be nearly halved over anomalies in the
south edge as compared to the north edge of the area, as may be seen from
Pigures 4, 2a and 4.2d. However, the present latitudinal extent of 20° for the
area for the recovery of 5° anomalies was merely for the computational con-
venience of having a smaller number of arcs to be simulated. This will be-
come more apparent in Sec. 5.1, where the samc area of investigation was
retained to enable comparison, but we needed to consider up to 28 arcs. From
the consideration of nearly uniform spacing between the arcs from the north
edge to the south edge of the area, we may have as well increased the latitudinal
extent to 40°.

The area of investigation and the satellite arcs have been shown in
Tigure 4.10. As discussed, the anomalies {o be recovered were chosen so
that their location and extent would result in the shape of the area being more
nearly a rhombus, The total number of anomalies with these considerations
came out to be 12. The satellite arcs were selected so that the spacing be-
tween adjacent arcs was roughly half of the longitudinal extent of the 5° anomaly
block; and that all the arcs taken together were positioned symmetrically over
the area of investigation, The total number of arcs selected from these
considerations were 12, The inter-se numbering of arcs was according to the
starting time of the arec. The starting time, the duration ol arc and the coordi-
nates for the first and last sub-satellite point for the close satellite are given
in Table 4,14,
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Figure 4,10 Satellile Ares for Recovery of 5° Equal Area Mean Anomalies,
Height of Close Satellites 250 k.
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Tahle 4. 14

Satellite Arcs Used for Recovery of 5° Equal Area Mean Anomalies
Height of Close Satellite ~ 250km

Arc Ascending/ Starting Time* Duration First & Last Subsatellite Pts.
No. Descending of Arc for Close Sat.
Arc Day Hour Min. Sec. Min. Sec. ¢ A ) XN
i r's 0 12 31 00 4 00 34.4 273.2 20,2 264.2
2 X 0 22 20 40 3 40 27.5 272.8 40.2 262.8
3 & 2 13 42 00 4 10 39.8 265.9 25.3 2b4.8
4 AN 2 23 40 10 4 10 20.1 265.0 34,8 254.9
5 rd 4 13 28 30 4 10 35.1 271.4 20.3 2861,2
6 AN 4 23 24 40 4 20 25.0 271.5 40,1 259.9
7 r'e 6 14 37 40 4 20 39.9 268.0 24.8 251.4
8 AN 7 00 36 50 4 10 19,9 262.0 34.7 252.0
9 » 8 14 21 40 4 20 36.9 269.9 21.6 259.0
10 * 9 00 20 30 3 50 26.5 268.1 388.9 258.0
i1 » 12 15 16 30 4 50 39.8 269.5 22,9 256,8
13 AN 13 01 15 00 4 35.4 258,90

00 21.2 267.8

*in elapsed time from 21 Sept. 69 01 hr, 33 min. 36.3 sec. (see Sec. 1.1)

The observations along each arc were simulated at a time interval of 10
seconds. The observations corresponding to the position of sub-satellite points
of the elose satellite over 4 anomaly blocks have been shown in Figures 4.1la
to d, the longitudinal scale having been reduced to achieve an equal area repre-
sentation. The observations have been shown in Figure 4.11 at time interval of
every 30 seconds only. We notice from Figure 4,11a that the spacing of along-
arc observations at 30 seconds time interval is slightly larger in anomaly block
No. 1 at the north edge of the area, as compared to the spacing of observations
between adjacent arcs. But, as we proceed to the south edge of the area
through anomaly blocks No. 4, 9, 12, the along-arc spacing of observations
becomes slightly smaller than the acrogs-arc spacing of observations. How-
ever, considering the whole area, if we achieve satisfactory anomaly recovery
with 12 arcs piving across-arc spacing of half anomaly block size, we ought to
utilize the corresponding along-arc spacing of observations as 30 sec. And,
in that case, as we have used the observations at time interval of 10 seconds,
we need to multiply the resulting std. devns. of the recovered anomalies by a
factor of /3. The std. devns. in Sec. 4.2 have been quoted throughout as ob-
tained from the observations at 10 seconds time interval without multiplying
by the factor of /3, and this has been done only finally in the ond of Section
4,2, 3.
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Figure 4,11 Typical Spacing of Observations over 5° Equal Area
Mean Anomszly Blocks.
Height of Close Satellite~ 250 km.
Arc Spacing~ 3°, Time Interval Along Arc= 30 sec.



4.2.2 Relative Toocation of Anomalies and Arcs

We have already noticed in Sec. 4.1.8, particularly in the remarks follow-
ing Table 4,11, that the anomaly recovery improves for the anomalies covered by
observa‘ions if additional anomalies all around the anomalics of interest are in-
cluded in the solution. We would thus discuss 3 solutions, Solutions 250-5-1,
250-5-2, 250-5-3 indicating the 8 solutions for 5° anomalies using close satel-
lite at a height of about 250 km, The statistics will Le quoted only for the 12 anom-
alies of interest, as in Figure 4,10, but the number of anomalies solved for in the
3 solutions would be 12, 24 and 40 respectively. The layout of these 12, 24 and
40 anomalies has been shown in Figure 4.12.
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Figure 4,12 Layout of Anomalies for Solutions 250-5-1, 250-5-2, 250-5-3.
No. of Anomalies Solved for Were 12, 24, 40 respectively.
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Summed range rate chservations with std. devn. of .08 em/sec. , and time
interval of 10 seconds along an arc, were used for 12 arcs as in Figure 4,10 for
all the three solutions, 250-5-1, 2, 3.

We will first report the anomaly discrepancies ﬁsiug‘ 6 arcs, i.e. arc

spacing roughly same as anomaly block size, Two different sets of 6 arcs were
used, The location of these two sets of arcs are shown in Figures 4.13a, b

respectively.
. %
ARC 8 ARC 12
3 4 5 / 6
/ 30°N.

?\ 8 9 \10
"ol N2\
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Figure 4.132 Case 1. Arcs 5 to 8, 11, 12,

30°N,

270°E

Figure 4,13b Casec 2. Arcs i to 4, 9, 10.

Figure 4.13 Relative Location of Anomaly Blucks and 6 Ares,
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The spacing of arcs is the same in both cases, but in the first case the peripher:l
anomaly blocks on the west are better covered by observations as compared to
the second case, while the reverse is true for the peripheral anomaly blocks on
the eagst. However, as the misclosures of summed range rate are zero on the
north-east and south-east edges because of fixing of the stariing coordinates of
each arc, as discussed in Sec. 2.3.3, and the misclosures increase as we pro-
ceed towards the west edge of the area, Case 2 is likely to give a worse anomaly
recovery than Case 1. The anomaly discrepancies are given in Table 4.15 for
Cases 1, 2 and also for their combination, i,e. usingall the 12 arcs. To en-
able comparison of these cases, 40 anomalies, i.e. 2 additional ancinalies all
arcund the 12 anomalies of interest, were solved for in 2ll the 3 cases, but
anomaly discrepancies have been tabulated for only the 12 anomalies of interest.

Table 4,15

Relative Location of Anomaly Blocks and Arcs
Summed Range Rale Observations af 10 sec. Time Inlerval

Anomaly Discrepancy in mgals

Anom, Cagse 1.- 6 Arcs Case 2,- 6 Ares 12 Ares
No. Arc No. 5 to 8, 11, 12 Arc No. 1to 4, 9, 10 Solution 250-5-3
1 _005 2.3 0-0
2 -0.1 1.3 -0.2
3 0.9 6.8 0.9
4 0.4 2.1 0.2
5 0.1 0.8 0.0
6 1.8 1.0 -0.5
7 3.6 9.9 2.5
8 1.4 0.3 0.9
9 0.5 0.7 0.4
10 1.0 0.7 0.1
11 1.4 -0.9 0.4
12 0.5 -0.3 0.4
R.M.,S,
Value i.4 3.6 0.8

The largest change in anomaly discrepancies hetween Cases 1 and 2
accurs for Anomaly No. 3 and 7 on the west edge of the area. With reference
to Fipure 4.13, we find that this change is only due to the observations in Case 1
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being positioned centrally over these anomalies as compared o Case 2, The
difference in anomaly discrepancies between Cases 1 and 2 for the other 10
anomalies is only marginal, the ¥, M.S. value for these 10 anomaly discrep-
ancies being 1.0 and 1,2 mgals respectively. If we now compare the anomaly
discrepancies between Case 1 with Solution 250-5-3, we find that the anomaly
discrepancies have been reduced for all anomalies becanse of decreased spacing
of arca. The reduction is noticeable not only for Anomalies No. 6, 10 on the
east edge, but also for Anomalies No., 1, 7, 11 on the west edge. However, the
anomaly discrepancy for Anomaly No. 7 continues to bs large in Solution
250-5-3 as compared to other anomalies, exceeding 3 times the R. M. S, value
of the 12 anomaly discrepancies. In view of the sharp reduction in anomaly
discrepancies for Anomaly No, 3 and 7 in going from Case 2 to Case 1, it
appears likely that we may achieve a still better anomaly recovery if the density
of observations over peripheral anomalies is increased still furither over the
design of arcs in Figure 4,10, which we may recall, was already an improve-
ment over the design of arcs in Figure 4.1 for 10° anomaly recovery. This
aspect will be examined further in See. 5.1.3.

We may, however, emphasize as we discussed for Solution 10-3 in the
end of Sec. 4.1.8, that Solution 250-5-3 does not fit as a suitab’e recovery
model for 5° anomalies. As mentioned in Sec. 3.4 and shown in Fipure 4.14,
the summed range rate 'observations' were simulated using 52 5° anomalies,
i.e. two 5° anomalies all around the area of investigation, and 37 10° anom-
alies, i.e. two 10° anomaly all around the periphery of 52 5° anomalies, thus
taking into account the contribution of residual anomalies up to 30° around the
area of investigation besides the global gravity field defined by potential coef-
ficients up to degree and order i2, In Solution 250-50-3, we have now used
these 'observations' to solve for 40 5° anomalies, i.e. two 5° anomalies all
around the 12 anomalies of interest, thereby virtually repeating the process in
reverse order. In Solution 10-3, we found an almost constant anomaly dis-
crepancy of 0. 3mgals due to the effect of residual anomalies beyond 20° from
the area of investigation being very litfle. The anomaly discrepancies are
slightly larger in Solution 250-5-3, as we have gone up to 10° only from the
area of investigation. Bui, as pointed cut in remarks after Table 4.11 in
Sec. 4.1.8, these discrepancies are small enough to show the adequacy of the
computations of the partials matrix of ohservations with respect ‘o unknown
5° anomalies, and the adequacy of the density of observations.

To elaborate further on Solution 250-5-3, the correlation coefficients
between the 12 recovered anomalies as obtained from the variance-covariance
matrix were very high. The average value of this correlation coefficient for
anomalies in the same latitude zone between 2 adjacent anomalies was 0. 78, and
even between 2 anomalies separated by one ancmaly block between them, it
was 0.61. Its average value between two anomalies in adjacent latitude zones
was 0.72, and between 2 anomalies separated by 2 latitude zones, ift was stiil
0.55, The std. devn. of the 12 recovered anomalies were also large, the
minimum, maximum and R, M.S. value being 6.9, 43.8, 20.5mgals respectively,
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The anomaly discrepancy and std. devns. for 12 anomalies of interest
in Solution 250-5-2 are given in Table 4.16, though, as already mentioned, 24
anomalies were solved for. This solution has been discussed further in Sec.
4. 2= 3.

Table 4. 16

Solution 250~-5-2.
Summed Range Rate Observation at 10 see., Time Interval for 12 Arcs

Anom, Expected Solution 250-5-2 Anom.
No, Anomaly Anomaly  Std. devn. Discrep.

1 -21.8 -24,1 2,7 -2,3

2 -14.8 -12.2 1.5 2.6

3 -1.5 ~4.9 4,3 -3.4

4 -12.9 -12.5 1.7 0.4

5 -9.6 9.7 1.5 -0.1

6 3.2 -1.8 6.0 -5.0

7 16. 8 7.7 5.0 0.9

8 1.0 1.8 2.2 0.8

9 -20.4 -20.6 1.4 -0.2

10 -0.3 3.3 1.7 3.6

11 22.4 22,2 5.2 -0.2

12 9.1 -8.4 2.2 0.1
R.M.S.

Value 13.7 13.9 3.4 2.3

Units are mpgals.

In view of the discussion in Sec. 4.1, we need only mention that the mini-
mum, maximum and the R, M.S. value of anomaly discrepancy in Selution 250-5-1,
when only the 12 anomalies covered by observations were solved for, was -3.5,
13.9 and 6,8 mgals, i.e. the anomaly recovery was worse than Solution 250-5-2,
We will thus examine only the Solution 250-5-2 for how good the anomaly recovery
has been with respect to the criteria discussed in Sec. 4,1,9.

4.2,3 Recovery Model for 5° Equal Area Mean Anomalies

We again note that the std, devns. of the anomalies in Table 4.16, gen-
erally follow the same pattern as discussed before Table 4,13 in Sec. 4.1,9.
The correlation coefficients between the 12 recovered anomalies obtained from
the variance-covariance matrix of Solution 250-5-2 are shown in Figure 4, 15,
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The correlation coefficients are shown between 2 adjacent anomalies both m the
east-west and in the north-south direction, We note that the magnitude of the
correlation coeificients is low; average value in the east-west direction is -. 26,
and average value in the north-south direction is -, 41, which indicates that the
individual 5° anomalies are being recovered.

We may now put together in Table 4. 17 the statistics discussed in the
end of Sec. 4.1.9 to examine the 'goodness’ of anomaly recovery in Solution
250-5-2 for the 12 anomalies of interest.

Table 4.17

Statistics for 5° Anomaly Recovery in Solution 250-5-2
Summed Range Rate Observations at 10 sec. Time Interval for 12 Ares

No. of anomalies recovered ‘ 24
No, of anomalies of interest 12
R.M.S. value of anomaly discrepancy (mgals) 2.3
R. M.S. value of expected anomalies (mgals) 13.7
R, M. S. vajue of recovered anomalies (mgals) 13.9

Correln. coeff. (0} of recovered anom. with

expected anom. 0.986
Mean correl. coeff. of adjacent recovered -0.26

anom. (E,W. direction) :
Mean correin. coeff. of adjacent recovered

anom. (N.S. direction) -0.41
R, M.S, value of std. devn. of recovered 3.4

anom. (mgals)
Along-arc/Across-arc spacing of observations 3
R, M.8S. value of std. devn. of recovered anom.

corrected for spacing of observations (mgals)

We thus find that the anomaly recovery in Solution 250-5-2 is satisfactory,
but the along-arc spacing of observations at 10 sec. time interval is about 3
times the across-arc spacing of observations with 12 ares, as pointed out in
the end of Sec. 4.2.1 after examination of Figure 4.11. The R, M. 8, value of
std. devn. of recovered anomalies should then be increased by a factor of /3
in view of the discussion in the end of Sec 4.1.9, and this has therefore been
done in the last line of Table 4.17,
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4,3  Recovery of Gravity Anomalies from Strong Signal

We will summarize here the recovery of 10° and 5° equal area mean
anomalies, as obtained respectively in Solution 10-2 (Tables 4,11, 4,13,
Figure 4,9) and Solution 250-5-2 (Tables 4.16, 4,17, Figure 4, 15),

We have already summarized the criteria for examining the 'goodness'
of anomaly recovery at the end of Sec. 4.1.9. To recapitulate briefly, for
simulated observations not burdened with observational errors, the R, M. S,
value of the anomaly discrepancy should be small, about 1/2 {o 1/3 of the R, M. S.
value of the expected anomalies. The R.M.S. value of the recovered anomalies
should be comparable to the R. M.S. value of the expected anomalies, with a
high value, say, about 0.2, of the correlation coefficient hetween the recovered
and expected anomalies, The correlation coefficients between adjacent recovered
apomalies, as obtained from their variance-covariance matrix, should be smali,
say less than 0.5, both in the east-west and in the north-south directions.

The R.M.,8, value of the std. devn. of the recovered anomalies should
be comparable to, nr less than, the std. devn. of the expected anomalies,
which may be obtained as the R. M. S. value of the expected anomalies. The
std. devn. of the recovered anomalies should he computed for that spacing of
along-arc observations, which is roughly equal to the spacing of observations
between adjacent ares. The optimum spacing of arcs was found to be half
anomaly block size, i.e. roughly 6° and 3° respectively for the recovery of 10°
and 5° equal area anomalies. The corresponding along-arc spacing is obtained
when the time interval of ob . 1rvations along the arc is 1 minuie and 30 seconds
respectively (Figures 4.2 and 4.11). If the along-arc observations are closer,
e.g. every 10 seconds in Solution 250-5-2, which is 3 times closer than the
desired across-arc spacing of observations, then the resulting std. devwns. of the
recovered anomalies should be multiplied by /3 (Table 4.17 in Sec, 4.2.3).

The time interval of along-a.c observations in Solution 10-2 was 1
minute, which was roughly the same as the across-arc spacing of observations
of half anomaly block size, i.e. about 6°. However, in this case, we should
have used the std. devn. of summed range rate observations as .03 cm/sec
based on an integration interval of 1 minute, instead of .08 em/sec based on an
integration interval of 10 seconds. As all observations were considered to be
independent and with the same std. devn., the resulting std. devn. of recovered
anomalies in Table 4. 13 should then be multiplied by a factor of 3/8, This has
been done in Table 4,18 below, which gives the statistics for the anomaly re-
covery of 10° and 5° equal area mean anomalies for Solutions 10-2 and 250-5-2
respectively,
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Table 4,18

Statistics for Recovery of 10° and 5° Equal Area Mean Anomalies

from Strong Sigmal

Approximate height of close satellite (km)

Size of equal area mean anomaly blocks

Solution No.

Latitudinal extent of the area of investigation

Longitudinal extent of the area of investigation (approx.)

No. of anomalies of interest, covered by observations

No. of anomalies estimated

No. of anomaly blocks all around the area of investigation,
not covered by obsns.

Spacing of Satellite ares in terms of anomaly block size

Longitudinal spacing of satellite ares (approx.)

No. of satellite arcs used in the solution

R. M. 8. value of expected anomalies (mgals)

R. M., S. value of recovered anomalies (mgals)

Correln. coeff. of recovered anom. with expected anom.

R. M., S, value of anomaly discrepancy (mgals)

Mean n n "

Mmiﬂrum 1 11" 1]

Maximum 1" it 1t

Time interval of observations along an are

R. M, 8. value of std. dewn. of recovered anomalies (mgals)

" ' " , corrected for integration interval

of observations

Ratio of along-arc to across-arc spacing of observations

R. M.S, value of std. devn. of recovered anomalies, cor-
rected for integration interval and along-arc spacing
of observations

Average correln. coeff. between adjacent recovered anom.
(E.W, direction) ‘

Average correln, coeff. between adjacent recovered anom.

(N.8. direction)
Results tabulated in Chapter 4

900 250
10° 5°
10-2 250-5-2

70°  20°
60° 25°

37 12
64 24

1 1
/2 1/2
6° 3°

14 12
5.4 18.7
5.5 13.9
0.998 0.986
0.3 2.3
-0.1 -0.2
0.7 -5.0
0.8 3.6

1 min. 10sec.

5.2% 3.4
2.0 3.4

1 3

2.6 5.9
-0.82 -0.26
"01 44: "0 -4!1

Tables 4.11, 4.13  4.16, 4,17

Figure 4.9 4,15

*R,M,S. value for 31 anomalies, after leaving out 6 anomalies on the south and
west edges of the area, not well covered with observations (see remarks after

Table 4.13 in Sec. 4.1.9).
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5. RECOVERY OF GRAVITY ANOMALIES FROM WEAK SIGNAL

We discuss in this Chapter the recovery of 5° equal area mean residual
anomalies from the close satellitc at a height of about 900 km, and the recoevery
of 2% 5 equal area mean residual anomalies from the close satellite at a height
of about 250km, The effect of anomalies in 5° blocks will obviously be felt less
than the effect of anomalies in 10° blocks, on the close satellite at height of
900km, and similarly, the effect of 2° 5 anomalies will be weaker than that of
5° anomalies on the close satellite at height of 250 km. The signal to bo re-
covered from the summed range rate measurements is then weaker than the
cases discussed in Sec. 4.1 and Sec. 4.2,

5.1 Recovery of 5° Equal Area Mean Anomalies from Clot.e Satellite at
Height of 900km

5.1.1 Area of Investigation and Satellite Arcs

The area of investigation for the recovery of 5° anomalies from close
satellite at height of 900km, was retained to be the same as in Sec. 4.2, The
location of the area, its shape, and the numbering of 5° anomalies to be re-
covered were also the same as in Sec. 4.2. The satellite arcs were selected
to achieve symmetrical positioning over the area, and to achieve spacing of
roughly 1/2 the anomaly block size. 13 arcs were chosen initinlly as compared
to 12 arcs in Sec, 4.2 (see Figure 4.10). However, as discussed in Sec. 4.2.2,
4 more arcs were also selected, one in each corner of the arca, to examine the

effect of progressively increasing the density of observations directly over the
peripheral anomaly blocks.

Tha location of the a»cs with respect to the anomalies to be recovered
is shown in Figure 5.1. The numbering of arcs from 1 to 13 was according to
the starting time of the arc., The numbering of the corner ares was in accor-
dance with the examination of the effect on the anomaly recovery made from 13
arcs, as the additional arcs were added to the solufion one at a time; and this
order was arcs 14, 15, 14A and 15A respectively. Later, in Sec. 5.1.4, we
will further investigate the effect of increasing the density of ares from 1/2
anomaly block size to 1/4 anomaly block size. These ares would be numbered
16 to 28, The particulars for Arcs 1 to 13, and for Arcs 14, 15, 14A, 154,
have been given in Table 5.1,
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Figure 5.1 Satlellite Ares for Recovery of 5" Equal Area Mean Anomalies.
Arc Spacing =~ % Anomaly Block Size.
Height of Close Satellite ~ 900km,
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Table 5.1

Satellite Ares Used for Recovery of 5° Equal Area Mean Anomalies.
Height of Close Satellite~ 900 km

Arc Ascending/ Starting Time* Duration TIirst & Last Subsatellite Pts.

No. Descending of Arc - {or Close Sat.
Arc Day Hour Min. See. Min. Sec. o 2x° ol 2°
1 LN 1 20 29 580 4 30 20,0 261.4 34,1 251.7
2 's 2 10 41 20 4 20 40.5 262.6 27.0 251.8
3 ® 2 20 24 00 5] 00 19.7 264.7 35.3 2563.8
4 & 3 10 35 40 5 10 40.3 265.5 24.7 253.4
5 w 3 20 18 20 4 50 20.0 267.7 35.1 257.2
8 ¥ 4 10 30 00 5 10 40,1 46B.5 24,5 256.4
7 w 4 20 13 50 4 40 23.9 268.3 38.3 2p7.6
g8 r's 5 10 24 = 40 6 10 38,9 270.5 20.2 256.8
9 w, 5 20 08 20 5 00 24.7 271.0 40.0 2R9.1
10 ¥ 6 10 2 00 5 10 35,7 270.8 19.9 259.8
11 LY 6 20 03 00 4 40 26.0 273.3 40.2 262.0
12 4 7 10 14 20 5 10 35.6 273.8 19.6 262.7
13 ®, 7 19 58 30 3 20 29.8 273.7 40.0 265.4
14 ¥ 0 09 12 40 4 30 33.7 275.9 19.9 266.5
15 - 0 20 35 30 3 10 15.8 258.4 29.8 251.9
14A ' i 10 47 00 3 20 40.7 259,7 30.8 251.4
15A * 0 3 20 30.6 276.7 40.7 268.3

18 56 30

* in elapsed time from 21 Sept, 69 01hr. 33min. 36.3 sec. (Hee Sec. 1.1)

The Lime interval between observations along an are in Sec, 5.1 was kept
as 10 sec., as in Sec. 4.2. Hence, we would need to multiply the std. devns. of
the recovered ancmalies by /3, when we finally obtain a solution using satellite
arcs shown in Figure 5.1. This has thus been taken into account only in Table
5.6 at the end of Sec. 5.1.3.

5.1.2 Relative Location of Anomalies and Arcs

We have already seen in Chapter 4 that the anomaly rccovery in the area
of investigation covered by satellite ares, is 'good', when we include in the
estimation process an additional anomaly all around the anomalies of interest,
If we include in the estimation process two additional anomalies all around the
anomalies of interest, the solution get worse as evidenced by large std. devns.
and high correlation coefficients of the recovered anomalies. However, in this
case, the anomaly discrepancies are much reduced due to a much larger sub-
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set of anomalies being solved for, out of the fotal anomalie v ad in the simulation
of 'observations'.

Hence, before we examine in detuil the 'goodness' of anomaly recovery
with a particular design of arcs, by the statistics discussed in the end of Sec.
4,1,9, it will be adequate, as an initial test, to examine the anomaly discrepan-
cies for the 12 anomalies of interest in a solution, where 40 anomalies have been
solved for. We will adopt this procedure in testing the improvement in anomaly
recovery, as we consider the increase in density of observations over the area
of investigation, and, in particular, over the peripheral anomalies., The std.
devns. and anomaly discrepancies of the 12 anomalies of inierest, will also be
examined for the solutions, in which 24 anomalies, i.e. after inclusion of an
additional anomaly all around the anomalies of interest, have been estimated.
These two criferia of anomaly discrepancy, and std. devns. of the recovered
anomalies, would be clarified when the resulis are presented.

We first present in Table 5.2 the anomaly discrepancies for the 12 anom-
alies of interest, both when 40 and 24 anomalies were solved for respectively, using
Arcs 1 to 13 giving arc spacing of roughly half of anomaly block size. We may call
these solutions as Solution 900-5-3 and Solution 900-5-2, 900 km being the height
of close satellite, 5° being the anomaly block size, and suffixes 3 and 2 denote,
as in Chapter 4, that respectively 2 or 1 additional anomualies all around the area
of investigation have been included in he solution. The last column in Table 5.2
gives the std. devns. of the recovered anomalies in Soluiion 900-5-2,

Table 5.2

Anomaly Discrepancies and Std. Devns. for 12 5° Equal Area Mean Anomalies
for Arc Spacing Roughly Half Anomaly Block Size.
Summed Range Rate Observations at 10 sec. Time Interval for 13 Arcc(Arcs 1to13).
Height of Close Satellite ~ 900km

Anom, Anomaly Discrepancy in mgals Std. Devn. (mgals)
No. Soln. 900-5-3 Soln. 900-5-2 Soln. 900-5-2
1 6.0 -3 72
________ 2_ L 0.2 -21 79
3 3.4 T T 86
4 -1.5 5 65
5 -1.8 12 69
6 3.4 -34 90
7 0.8 10 88
8 ~0.6 2 80
9 3.0 ~16 63
1w -5.8 18 63
11 -4.8 0 121
12 2.5 18 o8
R\;al\]frdes 3.4 15.6 83
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'The anomaly discrepancy in column 2 of Table 5,2 ig much higher than the
values in the last column of Table 4,15, in See. 4.2, whon 5° recovery was being
attempted with close satellite at height of 250 km. We have thus not been able to
recover the 5° anomalics with close satellite at height of 800 ki even when the
spacing of arcs was roughly half of anomaly block size, This is still more evident
from columns 3 and 4 of Table 5, 2.

5.1.3 Satellite Ares Over Peripheral Anomalies

Before we consider increasing the density of ares further to roughly 1/4th
of the anomaly block size, we would investigate the effect of considering greater
density of observations over the peripheral anomalies. The arc spacing is still
retained at roughly half anomaly block size, but we progressively add to the sol-
ution obtained with 13 arcs the observations of Ares 14, 15, 14A and 15A. The
number of anomalies solved for was 40 in all these 4 solutions. We report in
Table 5, 3 the anomaly discrepancies, as we add the observations in Arc 14 and
Arc 15. The improvement or worsening of anomaly recovery, denoted by + and
- gigne respectively, has also been shown. The effect on the std. devns. of the
recovered anomalies, 2s more arcs are included in the solution, will be examined
later.

Table 5.3

Effect of mcreasing the Density of Observations Over Peripheral Anomalies,
Summed Range Rate Observations with Arc Spacing Roughly Half Anomaly Block Size,
Height of Close Satellite~900 km

Anom, Anom. Discrep, inmgals Improvement(+) or Worsening(-) of Anom. Discrep. (mgals)

No, Arcs1-14 Arcsg 1-15 13 to 14 Ares 14 to 15 Ares 13 to 15 Ares

1 2,9 2.0 3.1 0.9 4.0
2 1.9 2.2 -7 0.8 _ __ -2,0_ _ _
3 4.7 4.0 -1.3 0.7 -0, 6
4 ""2-0 _lg‘il' _0-5 OQG 0-1
b -1.0 ~1.4 0.8 -0.4 0.4
6 1.0 1.4 2.4 -0.4 2,0
B A 3.8 0.5 -2.8 3.1 0.3
8 0-6 -1-0 0-0 "'0-4 _0.4
9 1.7 2.2 1.3 -0.5 0.8
10 -2.4 -2.8 3.4 -0, 4 3.0 L
11 -2.9 -0.9 1.9 2.0 2.9
12 1.6 0.8 ~-0.9 0.8 1.7
R, M.S.
value of 2.5 2.0 0.5 0.5 1,1
col (2),(3)
Mean value
of col, (4)to (6)
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¥ we now examine the location of the arc added to the solution, with re-
spect to the improvement in anomaly discrepancies, we find that the pronounced
changes are in the peripheral anomalies; those below the are show improvement,
while those away from the arc get worse, but the latter's magnitude is slighly
less than the improvement in the anomalies below the arc. When we consider the
effect of additing both Arcs 14 and 15 to the solution obtained from 13 ares, we
find that almost all anomaly discrepancies improve with a mean value of 1.1
mgals. The single noticeable worscning by Z.0 mgals of anomaly No. 2 can per-
haps be also overlocked as we find that the final anomaly discrepancy is still only
2.2 mgals compared to the R. M.S. value of 2,0 mgals.

It therefore appears that the increase in density of observations over the peri-
pheral anomaly blocks improves the solution, even though small portions of Arcs 14
and 15 lie outside the area of investigation. It also appears that il is better to have

symmetrical positioning of the Arcs i.e. with both Ares 14 and 15 added to the 13arcs.

We now present in Table 5.4 the effect on anomaly discrepancies of the 12
anomalies of interest, as we add Ares 14A and 15A fo the solution obtained by 15arcs.
Thelayout of Table 5. 4 follows that of ‘['able 5. 3, and 40 anomalies were solved for, as
before.

Table 5.4

Effect of Anom. Discrep. by lncreasing the Density of Obsns. Over Peripheral Anomalies,
Summed Range Rate Obsns, Using 16and17 Arcs. Height of Close Satellite~ 900 km,

Anom, Anom. Discrep.inmgals Improvement(+) or Worsening(-) of Anom. Discrep. (mngals)

No, 16 Arcs 17 Arcs 15to 16 Ares 16 to 17 Ares 15 to 17 Arcs

1 0.3 0.1 1.7 0.2 1.9
2 2.0 2.3 -0.3 0.2 0.1
3 305 600 0-5 "‘2.5 "2.0
4 -0.9 -2.0 0.5 -1.1 -0.6
5 -1.3 0.4 0.1 0.9 1.0
6 1.4 -1.4 0.0 0.0 0.0
7 0.3 _0¢5 0.2 “0.2 0.0
8 -1.0 ~0.8 0.0 0.2 0.2
9 1,9 1.5 0.3 0.4 0.7
10 -2.6 -2.0 0.2 0.6 0.8
11 -0,9 ~0.2 0.0 0.7 0.7
12 1.0 0.6 -0.2 0.4 0.2

R.IM.S

value o 3 92

cols (2),(3) 1.7 2.1 ' 0,: 0.0 0.1

Mean value

ofecols, (4)

to (6)
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From the lagt row in columns 4 to 6 of Table 5,4, we notice that the mean
value of improvement of 0.2, 0.0, 0.1 mgals, by the addition of Arcs 14A and 15A
is nearly zero; and is in any case less than the corresponding values of 0.5, 0,5
and 1.1 mgals in Table 5.3, when Arcs 14 and 15 were added to the solution ob~
tained from 13 ares, This may be explained by the geometry of the ares in rela-
tion to the area of investigation, as may be geen from Figuve 5.1. A much larger
portion of Arcs 14 and 15 lie over the area, while only 2 smaller portion of arcs
14A and 15A lie over the area.

The reduction of std, devns. of the 12 anomalies of interest, with the
addition of Ares 14, 15, 14A and i5A was also examined, It was found that the
reduction primarily occurs for the anomalies direcily covered by the observations.
This is, however, 2lso accompanied by a slight reduction in the std, devns, of all
other anomalies, We will designate the solution using 15 (Arcs 1 to 15) and 17
arcs (Ares 1 to 15, 14A and 15A), and solving for 24 anomalics, @8 Solution
900-5-2A and Solution 900-5-2B respectively, The apomaly discrepancies and the
std. devns. of the 12 anomalies of interest in these solutions are given in Table 5. 5.

Table 5.5

Anom, Discrep. and Std. Devn. for 12 5° Equal Area Mean Anomalies, for
Are Spacing Roughly Half Anomaly Block Size
Summed Range Rate Obsns at 10 sec, Time Interval for 15 and 17 Ares.
Height of Close Satellite ~ 900km

Anom, Solution 900-5-2A Solution 900-5-2B
No. Anom, Discrep. Std. Devn. Anom, Discrep. td. Devn.
1 -2,3 69 0.6 49
2 ~-24.7 73 -31.3 60
K] ~13.3 T -9.8 63
4 T.7 515) 7.8 45
5 11.2 57 13.8 52
6 -29.6 46 -34.5 35
7 7.8 77 6.5 67
8 2.7 5 1.4 70
9 -19,5 57 -20,9 53
10 22,6 55 22,9 50
11 -8.9 93 -12,4 86
12 28,0 T 23,9 85
R, M,S. 17.5 68 18,8 59
value

Units are mgals.
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The resulis of Solutions 900-5-2A and 900-5-2B in Table 5. 5 may be com-
pared with the results of Solution 900-5-2 (13 Arcs) in Table 5.2, The R,M.S.
value of the std. devn. decreases as we consider the solution with 13, 15 and 17
arcs to 83, 68 and 59 mgals respectively, We expect this to occur, as the density
of nbservations over peripheral anomalies is increased to be nearly the same as
over the anomalies in the center of the area. The reduction is more pronounced
as we go from 13 to 15 arcs, but becomus less pronounced as we go from 15 to 17
arcs, which is als, what we expect, as a smaller portion of the Ares 14A and 16A
lies over the area of investigation as compared to Arcs 14 and 15 (sce Figrnre 5.1).
However, when we consider the R, M. S, value of the anomaly discrepancies, it
rises from 15,6 to 17.5, and then to 18,8 mgals, as we consider the solution with

' 13, 15 and 17 arcs, respectively. It is not clear why this should occur, except

perhaps to indicate that 5° anomalies are not being recovered from the close satel-
lite at height of 900 km. A greater density of observations increases the relia-
bility, as evidenced from the reduction in std. devns. of the recovered anomalies.
But as the R, M, S, value of the std. devns. is still so large, the anomaly discrep-
ancies cannot be very meaningful,

We may now put together the statistics for examining the 'goodness' of
recovery of the 5° ancmalies, as discussed at the end of Sec. 4.1.9. This has
been done in Table 5.6 for Solution 900-5-2A, using 15 arcs, which appears to
be the optimum solution obtainable from arc spacing of half anomaly block size.

Table 5.6

Statistics for 5° Anomaly Recovery in Solution 900-5-2A.,
Summed Range Rate Observations at 10 sec, Time Interval for 15 Ares

No. of anomalies recovered 24
No. of anomalies of interest 12
R. M.S. value of anomaly discrepancy (mgals) 17.5
R, M.S. value of expected anomalies (mgals) 13.7
R. M. 8. value of recovered anomalies ({mgals) 23.0
Correln. coeff, () of recovered anom. with

expected anom. 0.65

Mean correln. coeff. of adjacent recovered

) -0.54

anom. (E.W. direction)

Mean correln. coeff. of adjacent recovered 0. 60
anom, (N.S. direction) )

R.M.S. value of std, devn, of recovered 68
anom, (mgals)

Along-arc/Across-arc spacing of observa- 5
tions

R, M.S. value of std. devn, of recovered 118

anom. corrected for spacing of obser-
vations (mgals)
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When we compare Table 5.6 with Table 4.17 of Sce¢. 4.2.3 for the re-
covery of 5° anomalies from close satcilite at height of 250km. , it is cbvious
that we are not able to recover 5° anomalies from close satellite at height of
900 km with arc spacing of roughly half anomaly block size. In fact, all the
criterin discussed at the ond of See. 4.1,9 for examining the 'goodness' of anom-
aly recovery fail for Solution 900-5-2A in Table 5.6, We may now only check
whether the anomaly recovery could he significantly improved by making the
density of arc-spacing to 1/4th anoraaly block size. This will be examined in
Sec. 5.1.4.

5.1.4 Increascd Density of Satellite Arcs

Thirteen additional satellite arcs were used in this investigation, which
together with the 15 arcs in Sec. 5.1.1, gave the arc spacing as 1/4th anomaly
block size, i.e. the longitudinal spacing of roughly 12°. These 13 additional
arcs have becn shown by a dashed line in Figure 5.2, along with 15 arcs of
Figure 5.1 which have been shown by a continuous line.

40°N

20°N

250°E 270°E

Iigure 5.2 Satellite Arcs for Recovery of 5° Equal Area Mean Anomalies, .
Arc Spacing - 1/4 Anomaly Block Size,
Height of Close Satellite ~ 900 km.
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The numbering of the additional arcs was from 16 fo 28 according} to the starting
time of the arc. The particulars of these ares have been given in Table 5.7.

Table 5.7

Additional Satellite Arcs Used for Recovery of 5° Equal Area Mean Anomalies.
Height of Close Satellite~ 900 km

Arec  Ascending/ Starting Time'! Duration  First & Last Subsatellite Pts.

No. Descending of Arc for Close Sat.
Arc Day Hour Min. Sec. Min. Sec. ¢° x° oy X

16 ® 25 23 19 20 3 50 19.7 260.2 31.7 252.2
17 AN 26 23 13 40 4 o0 19.9 263,2 35.0 2b2,7
i3 & 27 13 25 20 5 00 40,3 264.1 25,2 252,3
19 AN 27 23 08 00 4 50 20.1 266.2 35.2 255,7
20 r's 28 13 19 40 5 00 40,1 267.0 25,0 255.3
21 w, 28 23 02 &0 4 40 22.0 268.2 36.4 257.8
22 r's 29 13 14 00 5 40 39.9 270.0 22.7 257.0
23 *, 29 22 58 00 4 50 24,8 269.5 39.7 258,1
24 4 30 13 09 30 5 20 36.2 269.9 18,9 258.3
25 A 30 22 52 20 4 50 25.1 272.5 39.9 261.0
26 # 31 13 04 10 4 50 35.0 272.0 20.2 261,6
27 = 31 22 47 50 3 40 28.9 273.0 40.1 263.9
28 ¥ 32 12 58 30 4 50 34,8 274.9 20.0 264.4

* in elapsed time from 21 Sep. 69 01 hr. 33 min, 36.3 sec. (see Sec, 1,1)

The time interval between observations along an arc was again kept as
10 seconds. The arc spacing of 1/4th anomaly block size is now very nearly
equal to the along-arc spacing of observations, or at most 1.5 times. We thus
need not change the std. devns. of the recovered anomalies with 10 seconds
time interval between observations, or if we wish to take a conservative view,
multiply them by a factor of /1, 5=1.2. '

We first present in Table 5.8 the anomaly discrepancies for the 12 anom-
alies of interest using the 13 additional arcs, both when 40 and 24 anomalies
were solved for, and the std, devns for the laiter case. ‘The information in
Table 5.8 for Ares 16-28, may then be compared to that given in Table 5.2
for Arcs 1-13.
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Table 5.8

Anom, Discrep. and Std, Devns. for 12 5° Equal Area Mean Anomalies for
Are Spacing Roughly Half Anomaly Block Size.
Summed Range Rate Observations at 10 sec. Time Interval
Using 13 Additional Arcs (Arcs 16-28)
Height of Close Satellite ~2900km

Anom, Anom, Discrep, in mgals . Std, Devn. inmgals
No. # Anom, Sclved —40 24 24
1 1.0 2 ' 107
2 -3.7 -28 87
3 3.1 ~-14 109
4 -2,3 -3 80
n 3.6 18 65
6 ~5.4 ~35 61
7 1.8 16 115
8 0.1 9 97
9 -0.9 ~14 78
10 1.3 12 82
11 ~0.8 -13 109
12 1.1 20 100
R. M. 8.
value 2,6 17.4 92

The purpose of Table 5. 8 was to assure ourselves that the normals and
constant vector for the 13 additional arcs have been computed correctly, before
we combine them with those obtained earlier to get a final solution with are
spacing of 1/4th anomaly block size, instead of the are spacing of 1/2 anomaly
block size attempted so far. This purpose is roughly met as may be seen by
comparing the last rows of Tables 5.8 and 5.2,

We now present in Table 5.9 the anomaly discrepancies and std. devas.
for the 12 anomalies of interest, for arc spacing of 1/4th anomaly block size
for both 28 and 26 arcs (i.e. without arcs 14 and 15). In both cases, the anom-
aly discrepancy has first been given for the solution in which 40 anomalies have
been estimated. This is then followed by Lhe anomaly r.hsc repancy and std. devn,
when 24 anomalies have been estimated,
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Table 5,9

Anom. Discrep. and Std. Devns, for 12 5° Equal Area Mean Anomalies
for Arc Spacing 1/4 Anomaly Block Size.
Summed Range Rate Obsus. at 10 sec. Time Iterval for 28 and 26 Ares.
Height of Close Satellite ~900 ki

_ Arcs 1 o 28 Arecs 1 to 13, 16 to 28
# Anom. Solved 40 24 24 40 24 24
Anom. Anom, Anom. Std. Anom., Anom. Std.

No. Discrep. Discrep. Devi. Discrep, Discrep. Devn.

1 -3.0 1.1 54 -4, 2 2.9 55

2 ~2.9 28,2 52 -2.7 24.4 56

3 -3.5 14.9 56 -3.0 11.3 60

4 1.8 -6.1 43 1.7 -2,3 46

5 1.6 -13.5 42 1.9 ~16.4 44

] -1.5 30.1 35 -2.3 35,7 44

7 0.0 =7.0 58 0.4 -8, 7 67

8 0.8 -6.3 56 0.5 -4, 1 58

9 2.1 21,2 42 -2.3 17.3 46

10 2.9 -21.9 41 3.7 ~-17.0 47

1l 1.7 11.3 67 2.5 8.8 T4

12 -1.1 -28. 7 54 -1.6 ~-23.7 63

R, M.S. 2.1 18.5 51 2.5 17.3 56

value

 Units are mgals,

The effect of incorporating the 13 additional ares in the solution obtained
from Arcs 1 to 15 or in the solution obtained from Arcs 1 to 13 may now he ex-
amined by comparing Table 5.9 with Tables 5.5 and 5. 2 respectively. In going
from the solution with 156 arcs to the solution with 28 ares, the R, M,S, value of
the std. deva. falls from 68+/3 =118 mgals to 51/1, 5= 62mgals, but the R, M. S.
value of anomaly discrepancy goes up slightly from 17, 5mgals to 18, 5 mgals.

In the case of going from the solution with 13 Arcs to the solution with 26 Ares,
the R.M.S. value of std. devn. falls from 83/3 = 144 mguls to 56/1, 5 = 69 mgals,
but the R. M. S. value of anomaly discrepancy shows a slight rise from 15.6
mgals to 17,3 mgals. It may also be noticed that {he difference between the
solutions with 28 and 26 aves in Table 5.9 i8 loss marked than the difforonce be-
tweon the solutions with 15 and 13 ares in ‘Tables 5.5 and 5,2,
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it is however, clear that even by increasing the density of ares to 1/4th
anomaly block size, the R.M.S,. value of the anomaly discrepancy remains about
15 to 20 mgals and R, M,S. value of the std., devn, of the recovered anomalies re-
mains about 50 to 70 mgals. These appear to be the limiting values obiainable in
the recovery of 5° anomalies using a close satellite at height of about 900 km,
without using any a-priori information from terrestrial gravity data,

The recbve:cy model for 5° anomalies has therefore to be re-examined.

’I_‘-hi.é will k= done in Sec. 5.3, after investigating the recovery model for 2_°. 5
anomalies from close satellite at height of 250 km. :
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5.2 Recovery of 2% 5 Equal Area Mean Anomalies from Close Satellite at
Height of 250km '

5.2,1 Area of Investigation and Satellite Arcs

The area of investigation for the recovery of 2° 5 anomalies from close
satellite at height of 250 km, comprised of a total of 20 2° 5 equal avea hlocks,
A total of 20 satellite arcs were selected to achieve symmefric pbsitioning‘ over
the area, adequate coverage of the peripheral anomalies, and to achieve an are
spacing of about half anomaly block size, i,e. a longitudinal spacing of about 13°.
The limits of the 2° 5 anomaly blocks, and the satellite ares, have been shown
in Figure 5, 3.

264°E

35°N

30°N

25°N

Figure 5.3 Satellite Ares for Rocovery of 205 Fqual Aren
Mesn Anomalies, Are Spacing - % Anomaly Block Hize.
Height of Close Satellite . 260 km,
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as anomaly block size, we may either take 9 arcs shown by continuous lines in
Tigure 5.3, or else, we may take the 11 arcs shown by dashed lines, These 11
arcs cover some of the peripheral anomalies better, but have comparatively a
small number of observations over the area of investigation. If we wish to con-
sider the arc spacing of half anomaly block size, we may consider 16 arcs, i.e.
excluding the 4 corner ares. Or else, we may consider 18 ares including the
ares No, 13 and 1, which have slightly larger number of observations over the
area than ares No. 8 and 15; finally we may consider all the 20 ares shown in
Figure 5.3. We will refer to the groups of arcs deseribed above as 9,11,16,18
and 20 arcs,

The number of 2°% 5 anomalies, which we are considering for recovery, is
20. If we consider 1 or 2 additional anomalies all around them during the estim-
ation process, the total number of anomalies becomes 36 and 56 respectively.
The limits of these 20, 36 and 56 2°, 5 anomalies have been shown in Fipure 5. 4,
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!
|Limit of 36 Anom.
20°N — LA *

Limit of 56 Anomaollas

Figure 5.4 Limits of 20, 36 and 56 2.5 Equal Arca Mean Anomalies,
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Alternate arcs have heen shown by a dashed line for convenience of reference,
The numbering of the satellite ares from 1 to 20 was again according to the
starting time of the arc. The particulars for these arcs have been given in
Table 5.10. The time interval between observations along an arc was kept as

10

seconds, The along-arc spacing of observations was then roughly equal to

the across-arc spacing, when we consider it to be about half anomaly block size.

Table 5. 10

Satellite Ares Used for Recovery of 2°%5 Equal Area Mean Anomalies,

Height of Close Satellite = 250 km

Arc Ascending'/ Starting Time* Duration TFirst & Last Subsatellite Pts,
No. Descending of Are for Close Sat.
Arc Day Hour Min. See. Min. Sec. A° o  A°

1 AN 0 22 30 50 1 30 31,6 269.9 36.8 265.8
2 g 2 13 42 50 2 30 37.0 263.4 28.2 256.8
3 AN 2 23 40 40 2 30 21.9 263.9 30.8 258.0
4 e 3 13 34 30 3 20 36.6 267.9% 24,9 259.3
5 Y 3 23 33 10 2 a0 25.2 266.5 35.2 259.4
6 P 4 13 27 Q0 3 10 33.3 270.0 22.1 262.4
7 LY 4 23 26 00 2 10 29.8 268.3 37.3 262,4
8 * 7 00 36 20 1 40 21,7 260.9 27.7 257.1
9 & 7T 14 30 00 3 10 37.3 2654 26.2 257,2
10 *, 8 00 28 00 3 10 22,1 2655 33.4 257.8
i1 & 8 14 22 10 3 20 35,2 268.5 23.4 269.2
12 “ 9 00 20 30 2 40 25.5 268.1 34,9 261.4
13 ¥ 9 14 15 00 2 30 30.7 269.9 21.8 264,0
14 w, 10 00 13 20 2 00 30.0 269.8 37.0 264.5
15 & 11 15 25 50 1 30 36.8 262.0 31.6 257.9
16 X 12 01 23 40 2 20 22,0 262.6 30.3 257,0
17 & 12 15 17 20 3 30 37,0 267.0 24,7 258.0
18 w 13 01 15 50 3 00 24,2 266.0 34,8 258,4
19 V4 13 15 09 30 3 40 384.9 270.0 21,9 261.0
20 v, 14 01 08 30 2 20 28.2 268,1 36.3 262.0

* in elapsed time from 21 Sep. 69 01 hr. 33 min. 36.3 sec. (see Sec. 1.1)

5.2.2 Relative Location of Anomalies and Arcs

We will first describe the groups of arcs that may be considered for
examining the anomaly recovery. If we consider arc spacing roughly the same
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As per the discussion in Sec. 5.1.2, we will first examine the anomaly discrep-
ancies for the 20 anomalies of interest when we have solved for 56 anomaiies.
This has been given in Table 5,11, when 9, 131, 16, 18 and 20 arcs were used in
the solution. We will later consider the recovery of 20 anomalies from solution
in which 36 anomalies have been solved for, We will use throughout Sec, 5,2
summed range rate observations with uniform std. devn. of .08 cm/sec,, based
on an integration interval of 10 seconds.

Table 5.11

Anom. Discrep. for 20 2% 5 Equal Area Mean Anomalies
for 9, 11, 16, 18 and 20 Arcs.
2 Additional! Anomalies All Around the Area Included in the Solution.
Height of Close Satellite ~ 250 km

Anom. Expected Anomaly Discrepancy in mgals
No. Anomaly 9 Ares 11 Arcs 16 Ares 18 Ares 20 Ares

1 -9.7  22.6 4,2 21.0 30.8 4.4
2 ~10.0  -3.8 9.8 -1.9 -2.4 20, 8
3 "'31-0 -1I1 16.1 4'8 5.3 3-9
4 1\:4 '-914 1-3 —0-6 "'3.1 4:.8
5 -9.2 7.6 4.2 -0.3 -2,06 -5,0
6 3.8 -30.3 ~3. 5 7.8 11,7 18,0
7 2.1 ~1. 8 14.2 -0.3 -1.2 7.6
8 -11.3 14,2 7.0 3.4 6.8 4.7
9 "21:.2 "0.9 9-8 4-1 3.2 701
10 -’7-4 9-7 "0;1 6-1 0-9 1-6
11 4.4 "16-6 "26 5 6.9 804 "0.7
12 “"17.3 12.2 11;7 1.2 5'6 11.2
13 "21-9 -2.2 Gn? 3.5 0.8 1.7
14 5.1 1¢8 5.8 -7- 5 :}-9 4.4
15 28.1 20.5 85,9 10,4 3.2 2.5
16 -20.5 ~18.0 -3.9 9.0 7.4 11.4
17 -38.0 10.4 10.8 5.1 11.6 11,56
18 -28.6 -28.3 -24,9 ~-19.9 ~29.2 -24,8
15 10.6 -5.6 85,1 20.6 17.0 20.5
20 27.3 -9, 6 -15.4 -4, 8 -2.9 -5.4
R, M.S. 18.38 14,2 24, 4 9,4 11.8 11,1
value
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We notice that the anomaly discrepancies are large in all cases, and the
solutions are unstable., The R. M.S. value of anomaly discrepancies for the 20
anomalies, would only get worse in the solutions when we solve for 36 anom-
alies, This was discussed in Sec. 5.1.2, and is again found in Table 5. 12,

Table 5,12

R,M.S. Value of Anomaly Discrepancies for 20 2° 5 Equal Area Mean Anomalies
for 9, 11, 16, 18 and 20 Arcs.
1 Additional Anomaly All Around the Area Included in the Solution.
Height of Close Satellite ~ 250km

R.M.,8. Value of

9 17.8
11 28,3
16 32.3
18 34.0
20 26.17

We notice, in particular, the small increase in the R, M. S. value of
anomaly discrepancy in the solution using 9 arcs, when we solve for 56 anomales
and 36 anomalies, the value being 14.2 and 17, 8 mgals respectively. However,
the instability of the solution is apparent, when we compare the values in the
lagt line of Table 5. 11 with the corresponding values in Table 5.12, To ex~
amine this in greater detail, the anomaly discrepancies and std, devns. using
9 arcs and 20 arcs, and solving for 36 anomalies in each case, has been
shown in Table 5,13,
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 Table 5.13

Anom. Diserep, and Std. Devns. for 20 2% 5 Equal Area Mean Anomalies.
Are Spacing Roughly Same and Half Anomaly Block Size (9 & 20 Arcs respectively)
Height of Close Satellite~ 250 km -

Anom, 9 Arcs 20 Arcs

No. Anom. Discrep. Std, Devn. ° Anom, Discrep, Std. Dewn.

1 25.5 120.7 -38.3 31,1

2 -21.4 29.3 3.4 14,1

3 7.8 38.7 6.3 15.3

4 -10.6 7.7 ~T.0° 21,9

5 9.8 11.8 7.8 9.8

6 -36.0 112.4 -50.58 13.9

7 12,6 58,9 ~-13.1 19,2

8 -9.3 88.7 18.3 29.8

9 0.7 34.3 1.4 14,2
10 -1.2 80,4 ~-15.0 29.7
11 9.2 §59.9 4,3 23.17
12 -11.5 50,6 0.1 21.3
13 7.9 25.3 -5, 7 10.8
14 -35.06 85,5 4,2 16.4
15 24,7 128,7 2.1 39,2
17 14.6 49,5 25.9 15.7
18 -11.6 100.2 -75.7 7.7
19 7.8 112.2 -53. 3 20.6
20 ~13.0 28.3 ~T.7 12,0
R.M.B. 17.8 79.5 26. 7 21,8

value

Units are mgals,

The solution with 9 ares, i.e. with arc spacing roughly same as anomaly
block size is obviously unaceeptable because of very large std. devns, of the
recovered anomalies. The solution with 20 ares, i.e. with are spacing roughly
1/2 anomaly block size is also unacceptable beeause ol large anomaly discrep-
ancies, particularly for anomalies No. 6, 18 and 18. The large anomaly discrep-
ancies could be caused by the increasing non-lincarity of the mathematical model
for the 2° 5 anomaly reccvery, making it difficult to recover the anomalics from
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the initial value of zero according to the procedure described in Chapter 2, We
may then consider iterating the solution, and this will be discussed in Sec.
5,2.4., We may also consider using in the solufion, the a-priori information
about the variance of 2° 5 residual anomalies. In all solutions considered so
far, we had taken the weight matrix for the anomalies, P, in eguation (2.-13), to
be zero. This will now be re-examined in Sec. 5.2, 3.

We may also remark on the relative magnitude of the sid. devns. of the
rezovered anomalies in the last column of Table 5.13. The acheme of subdivision
of a 5° equal area block info 4 component 2° 5 blocks shown in Figure 3.1, re-
sults in the latter hlocks being considerably unequal in area. From Figure 5.3,
we then see that, for example, a larger number of observations fall over anomaly
block No. 3 ascanpared to block No. 4 or 7. The number of chservations over
block No. 1 and 8 are still less. The std. devns. of anomalies No. 3,4,7,1 and

8 reflect this variation in the number of observations, values being 15, 3; 21,9, 19.2;

31.1, 29.8 mgals respectively. The same pattern of variation in std. devn. is no-
ticed in the last column of Table 5.13 for other 2° 5 blocks. It would be advisable,
in future, to consider ether #chemes of formation of 2° 5 blocks to reduce thig in-
homogeneity of cheervations over neighboring blocks, but this has not been done
during this study.

5.2.3 Solution Using A-Priori Variance of Residual Anomalies

The purpose of this study was to investigate the recovery of gravity anom-
alies from satellite to satellite tracking data alone, without using any terrestrial
data. No a-priori information about terrestrial gravity anomalies and their std.
devns. was thus used in any investigations reporied so far. It would, however,
be valid to use the a~priori information about the variance of the residual anom-
alies so long as it is kept the same for all anomalies being considered for re-
covery. We have discussed in Sec. 8.3 the formation of 2° 5 equal area residual
anomaiies. The variance for these 2% 5 anomalies, considering 104 anomalies
in the area shown in Figure 3.4, was found to be 308 mga.lsa. We may thus take
the weight matrix of the 2°5 residual anomalies to be a diagonal matrix with all
elements on the diagonal being 1/308, instead of zero as considered so far. The
initial value of all 2° 5 anomalies was still kept as zero in the adjustme .t scheme
described in See. 2,2, This is therefore slightly different from a combination
solution, where the a-priori estimates of the value of all terrestrial gravity
anomalies, and their std. devns., may be used along with satellite to satelliie
summed range rate observations, to get a revised estimate of the gravity anom-
alies to Fit all available data. We may, however, call the present procedure of
using the variance of residual anomalies to form their weight matrix, also as
a 'combination' solution, to differentiate it from the solutions already reported
in Sec. 5.2.2, The anomaly discrepancies and std. devns. of the 20 anomalies
of intercst, from these 'combination' solutions using 8, 16, and 20 ares, and
solving for 36 anomalies is given in Table 5.14.
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Table 5. 14

Anom, Dis'crep. and Std. Devns. of 20 2°%5 Equal Area Mean Anomalies
Using A~Priori Variance of Anomalies.
Height of Close Satellite ~ 250 km

Anom 9 Arcs 16 Ares : 20 Ares
No. Anom Diser 8Std Devn Anom Diser 8Std Devn Anom Discr Std Devn

1 "13. 5 10' 5 _30. 1 13.9 ""22. 7 13| 1
2 5.0 10,6 13.6 9,3 9.2 9.0
3 2.6 9.2 -0.1 8.4 2.1 7.9
4 _6;8 ’ 12. 1 -12. 8 100 6 "'12| 8 10. 5
5 -2.8 #.4 0.9 6.8 3.4 6.6
6 _3. 6 14. 2 "16- 3 11. 2 "’33.9 8. 4
7 -7.4 11,3 ~-5.5 9.9 -3.8 9.6
8 12,2 14.2 17.8 12.5 10,8 12,4
9 7.0 10.3 3.9 8.8 9.8 B.6
10 4,1 15.0 T.7 14,4 ~-G.9 13.4
11 9.6 10,7 3.0 5,4 -3.9 g,1
12 8,2 11,9 9.1 10,2 14,7 10.1
13 -3.3 7.2 -5.2 6.3 -6.4 6.2
14 -18.8 11.2 -16.7 5.6 ~-18.3 9,3
15 -9,1 13.9 -1.7 13.3 ~11.5 12. 4
16 23.1 14,7 1,5 13.1 -6.5 12,7
17 ~9.6 11.4 4.7 9.4 15,7 9.1
18 8.3 14,4 18.3 11.6 -26,1 10,7
19 3.1 12,1 3.1 11,6 ~-25,4 10.1
20 10.2 8.6 1.4 .0 -9,8 7.0
R, M.8, 9.9 12,1 11,6 10.6 15.2 10.0
value

Units are mgals.

As the R, M., S, value of anomaly discrepancy in Table 5. 14, using
20 arcs was larger than for both 16 arcs and 9 arcs, another '‘combination'
solution was tried for 20 ares, in which the initial value for all 36 anomalics
was retained as zero, The weight matrix was also kept as dingonal, with
weights for the 20 anomalies of inicrest also retained as 1/308, to correspond
to their std. devn, of 17.5 ( =/308) mgals. However, for the remaining 16
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anomalies outside the area of investigation, the weights were reduced to 1/900,
corresponding fo their std. devn. as 30,0 mgals. The choice of 30 mgals was
arbitrary, but we do know from the resuits of the previous investigations, that
the std. dewns. of the recovered anomalies is considerably higher for the anom-
alies not covered by observations, as compared to hose lying inside the area of
investigation, and covered by observations. It may therefore be appropriate to
reduce the weight in the 'combination' solution for the ancmalies outside the
area of investigation. IHowever, the anomaly discrepancies in this test with 20
arcs remained large, with a R, M. S. value of 16, 7mgals. It may perhaps be ar-
gued that a 'combination' solution using 9 ares gives lower anomaly discrepan-
cies, as the std. devn. of 17.5 mgals i8 much lower than the std, dewn. of the
recovered anomalies, without using a-priori variance of the anomalies (see
column 3 of Table 5.13)., The effect of a~priori variance in the weight matrix
of anomalies, is thus strongly felt in the combination solution with 9 arcs as
compared to 20 arcs, as in the latter case the std. devn. of the recovered
anomalies with zero weight matrix of anomalies, is already close to the value
of 17.5 mgais ({see last ~olumn of Table 5.13),

We cannot however justify using 9 arcs giving arc spacing roughly same
as anomaly block size, in preference to 20 arcs giving arc spacing roughly half
anomaly block size, in view of the experience gained so far from investigations
in Chapter 4 and Sec. 5.1. We may therefore now consider a scecond iteration
for the recovery of anomalies, in which we may use the initial value of anom-
alies different rrom zero. Tor the purpose of this iteration only, we may use
the recovered anomalies as obtained from the combination soluiion using 9 arcs,
as initial values instead of a zero vector. This will be investig:ited in Sec,
5.2.4,

5.2,4 TIteration Solution

The misclosures between 'cbserved' summed range rate value and the
computed value was so far obtained by gencrating the orbits of the satellites
using (12, 12) potential coefficients only, and treating the residual gravity anom-
alies as zero. Tor obiaining the iteration solution, the initial value of the 20
residual gravity anomalies was taken to be as obtained from the combination
solution using 9 arcs; and these were used for generating the orbits of the satel-
lites besides the (12, 12) potential coefficients. The R.M,S, value of the mis-
closures of the summed range rate for the 20 arcs, when no residual gravity
anomalied were used and when £0 residual gravity anomalies were used, are
given in Table 5. 15,
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Table 5. 15

R, M.S. Value of Misclosure Between Observed and Computed Value of
Summed Range Rate () With & Without 20 275 Equal Area Residual Gravity Anoms,
Height of Close Satellite~ 250 km

L)
Misclosure in Rg in em/sec

Arc No. No Anomalies 20 Anomalies
1 0.434 0.714
2 1.007 0.710
3 0, 459 0,237
4 0.717 0. 207
5 1,330 0.077
6 0.501 0. 416
7 0,331 0.491
8 0, 871 1.090
9 1.029 0,641

10 0.971 0,229
11 0.724 0.025
12 0.815 0,106
13 0,387 0. 797
14 0. 206 0.519
15 0,791 0. 690
16 0.041 | 0. 382
17 0. 336 0. 395
18 1.321 0,175
19 0.643 0,246

20 0. 556 0._'332

We find that the misclosures were reduced in 14 out of 20 arcs. How-
ever, the reduction in the miselosure for 4 out of 14 ares is not large., 1t is
also marginal for arce No, 20 and 3. The values of gravity anomalies in the
iteration solution are therefore perhaps not much better as initial values, to
ensure linearization of the mathematical model, as compared to the zero values
used in the previous solutions in Seec, 5.2,2, The R.M.S. value of the anomaly
discrepancy of 9,9 mgals (Table 5.14) for the anomalies used as initial values
in the iteration solutmn is, in fact, slightly larger than half of the R, M. S, value
of 17.5 mgals for the 2% 5 residual anomalies,

After obtaining the misclosure vector and the partial derivatives matrix
as in See. 2.1, with initial values of gravity anomalies from 9 arcs combination
solution, the correction vector to these initial values was obtained with the
weight matrix of the gravity anomalies kept as zero. The anomaly discrepancy
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for 20 anomalies of interest, using 9 arcs, in this iteration solution is given in i
Table 5.16, which may be compared witk column 2 of Table 5.13, The std. i
devns. of the recovered anomalies were the same as in column 3 of Table 5.13.

Table 5.16

Anom, Discrep. for 20 2° 5 Equal Area Mean Anomalies for 9 Arcs Iteration Soln,
Height of Close Satellite~250km

Anom., Anom, Discrep  Anom. Anom. Diserep.

No. (mgals) No. (mgals)
1 29.3 11 10.8
2 -21.9 12 -12,0
3 8.0 13 7.4
4 -10.9 14 -34.8
5 9.3 i5 25,0
6 ~34.7 16 -30.2
7 12.2 17 16.6
8 -8.0 18 -13.8
9 0.9 19 6.3

10 -2.6 20 -13.9

On comparing Tables 5,16 and 5.13, we find that the anomaly discrepancies
are almost the same in the original solution as in the iteration solution. We do not
achieve any convergence from the iteration solution, as perhaps the initial values
used in the iteration solution did not secure an improvement in the linearization
of the mathematical model, over the zero values used in Sec. 5.2.2,

5,2.5 Recovery Model for 2° 5 Equal Area Mean Anomalies

The improvement in anomaly recovery by estimating an additional anom-
aly all around the area of investigation, which was first discussed in Sec. 4.1.8 8
and confirmed in later investigations, may perhaps be explained because of sig-
nificant correlation between adjacent anomalies, The correlation between two
anomalies, separated by one anomaly block between them, is weaker; and it is
thus adequate to consider only 1 additiunal anomaly all around the area of inves-
tigation. This is so for 10° and 5° equal area anomalies as seen in Chapler 4.
However, as the size of anomaly block is reduced to 2° 5 equal area, the correl-
ation between two 2° 5 anomalies, separated by one anomaly block between them,
may become significant. If we then allow two additional anomalies all around the
area of investigation to be estimated, this correlation between every third anom-
aly is also taken into account. We have, in fact, already reported such solution
in Table 5.11, ir which 56 anomalies were estimated, i.e. 20 anomalies of
interest with 2 additional anomalies all arcund them. These solutions were,
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however not stable. We could then incorporate the information of a-priori
variance of 2° 5 anomalies in a diagonal weight matrix, as in Sec. 5.2.3 instead
of considering a zero weight matrix; and this 'combination' solution may make
the solutions more stable. Again, as discussed aiter Table 5. 14, the 36 anoma-
lies outside the area of investigation may be given a lower weight as compared fo
the 20 anomalies of interest, lying inside the area of investigation.

The anomaly discrepancies and std. devas. determined on the ahove con-
siderations, have been given for the 20 anomalies of interest in Table 5.17.

Table 5.17

Anom, Discrep, and Std. Devns. of 20 255 Equal Area Nean Anomalies
Using A~Priori Variance of Anomalies, '
2 Additional Anomalies All Around the Area Included in the Soln.
Are Spacing Roughly Half Anomaly Block Size (20 Arcs)
Height of Close Satellite~ 250 km

Anom, Expected Casel. Uniform Weights Case 2. Varying Weights
No.  Anomaly Anom Discr Std Devn Recov Anom Anom Discr Std Devn
1 _917 4.2 9-9 -402 5-5 14.9 V
2 -10.9 12,9 13.3 -1.4 8.6 10.5
3 "‘31.0 22.3 10-’? “‘20.9 10-1 9.4
4 1.4 "'8.7 6-8 "7.4‘. "‘8.8 1152
5 -9.2 -8, 7 9.9 -9,.8 ~0.6 7.0
LA 3.8 __ - 28.7__ ___ 9.6 ___-14.2 _ _-180 _ LI _ _
7 2.1 -5.8 12,7 -4.6 -6, 17 10.2
8 -11.3 -0.6 8.7 -6.9 4.4 12,9
9 ~-21.2 9.0 13.5 -10.9 10.3 8.8
10 ~7.4 . 3_5.8__ _11._.'? _____ —}3_.52____:(1.%___}%_%__
11 4:-4 "'1701 1012 6-1 107 10.8
12 -17.3 ~7.6 6.3 -13.1 4,2 10.5
13 -21.9 11.9 10.0 -23.9 -2.0 6.4
14 5.1 7.1 8.7 -9.3 _ -14.4 _10.7
15 28.1 -42,0 12,9 13.7 ~14.4 13.8
16 -20,5 ~T.2 9.3 ~-11.0 9.5 13,1
17 ~33.0 -2.6 11.9 -28,7 4.3 9.6
18 -28.6 31.2 11.4 -27.2 1,4 13.0
TR T S ¥ A v S L37777617 7 T 150
20 ~27.3 11.9 11.5 -29,8 ~-2,5 8.1
R.M.S. 18.3 20.3 10.5 15.5 8.5 11.1
value

Units are mgals,

The details of the solutions given in Table 5,17, were as [ollows:
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All the 20 arcs were used in the solution, The initial value of all the 56 anom-
alies was taken as zero. The weight matrix of the anomalies was kept diagonal
and two solutions were tried. In the first case, the weights for all the 56 anom-
alies was kept as 1/(17.5)°, In the second case, this weight was retained for

the 20 anomalies of interest, but for the 36 anomalies outside the arca of investi-
gation, and thus not covered by observations, the weights wevre reduced to 1/30%,

The expected value and the recovered value of anomalies in Case 2 hive also

heen shown in Table 5. 17.

The improvement in anomaly discrepancies for the 20 anomalies of
interest, by assigning a low weight in Case 2 for the outside anomalies not
covered by observations, is apparent from columns 3 and 6 of Table 5.17. This
is particularly so for the peripheral anomalies, e.g., anomalies No. 3, 6, 10,
15, 18 and 19. We also notice by comparing column 3 of Table 5. 17 with the
last bul one column of Table 5.14, that there is no improvement in the combin-
ation solution using 56 anomalies over the combination solution using 36 anom-
alies, if the weights of all anomalies are kept the same; the R, M.S. value of the
anomaly discrepancy being 20.3 and 15. 2 mgals respectively. The combination
solution with uniform weights for 56 anomalies in column 3 of Table 5.17, also
does not show any improvement over the original solution with zero weights for
the 56 anomalies, in the last column of Table 5.11; the R. M.S. value of the
anomaly dlscrepancy in the latter solution being 11.1 mgals. The optimum re-
covery model for 2° 5 equal area anomalies is therefore obtained by solving for 2
additional 2° 5 anomalies all around the area of investigation, and assigning low-
er weights fo these outside anomalies not covered by observations. We will
desipgnate this solution as 2, 5-3C; 2.5 for the size of anomaly block, 3 to indi-
cate the inclusion of 2 additional anomalies in the solution, and C for the 'com-
bination' solution obtained by assigning non-zero weights to the anomalies,

The statistics for examining the 'goodness' of anomaly recovery for the

2°. 5 anomalies in the Solution 2,5-3C are given in Table 5.18.

Table 5.18
Statistics for 2% 5 Anomaly Recovery in Solution 2. 5-3C.

Summed Runge Rate Obsns. at 10 sec. Time Interval for 20 Arcs

No. of anomalies recovered 56
No. of anomalies of interest 20
A-priori std, devn. of anomalies of interest (mgals) 17.5
A-priori std. devn. of anomalies not covered by obsns, (mgals) 30
R.M.S. value of anomaly discrepancy (mgals) 8.5
R. M. S, value of expected anomalies (mgals) 18.3
R.M.S. value of recovered anomalies (mgals) 15.5
Correln, coeff. (p) of recovered anom. with oxpected anom. 0.92
Mean correln, coeff, of adjacent rocovered anom. (E,W. direction) -0, 23
Mean correln, coefl. of adjacont recovered anom, (N, S, direction) -0, 39
R.M.S, value of std. devn. of recovered anom. (mgals) 11.1
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5.3  Recovery Model for 5° Equal Area Mean Anomalies

We found in Sec, 5.1, with reference to the closing remarks in Sec.
5.1.4, that we could not recover 5° anomalies from close satellite at height
of about 900 km, without using any a-priori information from terrestrial gravity
data, i.e. when both the initial value and the weight matrix of the anomalies
were considered to be zero. This was inspite of ensuring suificient observations
over the peripheral anomalies in Sec. 5.1.3, and inspite of increasing the den-
sity of satellite ares from roughly 1/2 anomaly block size to 1/4 anomaly block -
size in Sec. 5.1.4.

We may therefore utilize the a-priori variance of 5° residual anomalies
to form their weirht matrix, as has been done in the case of the recovery of
2°. 5 anomalies in the previous section. The investigations for the recovery of
5° anomalies from close satellite at height of 250 km in Sec. 4,2, show the op-
timum recovery with the inclusion of one additional anomaly all around the area
of investigation in the estimation process. We may, however, also try the
recovery with 2 additional anomalies all around the area of investigation, in
view of the results of See. 5.2.5. Similarly, we may also experiment with the
weights of anomalies outside the area of investigation, and thus not covered
with observations, being lower than the weights for the anomalies covered by
observations.

The variance of 52 5° equal area residual anomalies used in the sim-
ulation of observations in Sec. 3.4, was found to be 108 mgals®. We may thus
form the weight matrix of the anomalies as a diagonal matrix, with all elements
on the diagonal being 1/108, i.e. uniform weights corresponding to the std.
devn. of 10.4 mgals., We may also obtain another solution using a similar
weight matrix, but where the weights for the anomalies ontside the area of in-
vestigation correspond to the std. devn., of 20 mpals, i.e, varying weights.

We report in Table 5.19, 3 solution using 15 arcs, and solving for 24 anomalies,
i.e. one additional anomaly all around, with uniform weights (Case 1), and vary-
ing weights (Case 2). In Case 3, we siill use 15 arces, but solve for 40 anom-
alies, i.e. 2 additional anomalies all around, with varying weights, The

initial value of all anomalies in all the 3 cases was keptas zero.
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Table 5.19

Anom. Discrep, and Std, Devns. of 12 5° Equal Area Mean Anomalies
Using A-Priori Variance of Anomalies.
Summed Range Rate Obsns. at 10 sec. Time Interval for 15 Arcs
With Arc Spacing Roughly Half Anomaly Block Size.
Height of Close Satellite~ 900 km

Case 1. Case 2, Case 3,

Anom, 24 Anom Uniform Weight 24 Anom VaryingWeight 40 Anom Varying Weight
No. Anom Diser Sitd Devn  Anom Discr Std Devn  Anom Discr Std Devn

1 7.2 8.4 10.0 9.1 10.8 9,1

2 9.8 8.1 6.0 8.9 6.0 9.0

3 2.2 8.2 2.1 9.0 1.7 9.1

4 -3.8 7.5 -2,4 7.7 -2.5 7.8

5 -11,0 7.3 -9.58 7.6 -7.0 7.7

8 13.6 7.9 0.2 8.8 -0.7 8.9

7 -0, 3 8.2 -10.7 9.1 -10.9 9,2

8 2.9 8.2 1.3 8.3 -0.8 8.3

9 4,5 7.3 7.7 7.5 7.6 7.6

10 -3.1 8.2 -3. 8 8.9 -2,8 9,0

11 -13.1 8.2 -16.1 9.0 -16.1 9.1

12 6.8 7.4 7.7 8.5 8.1 8.7

R. M.S. 8.0 7.9 7.9 8.6 7.8 8.6

value

Units are mgals,

The solutions in Cases 1 and 2 are comparable to Solution 900-5-2A re~
ported in Tables 5.5 and 5.6, where the K. M. S, value of anomaly discrepancy
was 17.5 mgals. We therefore notice the improvement in anomaly recovery,
when we use the a-priori variance of anomalies to form their weight matrix,
Secondly, we find from Table 5.19 that there is no noticeable difference in the
solutions in the 3 cases. The improvement in anomaly recovery thus results
from the diagonal weight matrix not being zero, but it is not material if the
weights are uniform, or are lower for the anomalies not covered with observi-
tions. Also, unlike Sec. 5.2.5, it is adequate to consider one additional anom-
aly all around the ares of investigation, This was also found when two other
solutions were tried analogous to Cases 2 and 3, but using 28 arcs, i.e. with
arc spacing of 1/4th anomaly block size, the R.M.S, value of the anomaly dis-
crepancy being 7.5 and 7.4 mgals respectively.
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We may thus consider the optimum model for the recovery of 5° anom-
alies from close satellife at a height < about 900 km, being Case 2 of Table 5. 19,
where we utilize the a-priori variance of the anomalies, The arc spacing is then
1/2 anomaly block size, as more arcs to give a spacing of 1/4 anomaly block
size do not cause a proportionately large improvement, Only one additional
anomaly all around the area of investigation is included in view of the investi-
gations in Sec. 4. 2; but lower weights are assigned to anomalies not covered by

observations, in view of the investigations in Sec. 5.2.5.

We have to now recall that the along-arc observations being at time inter-
val of 10 seconds, were 3 times more closely spaced than the spacing between
the arcs, which was about half anomaly block size, If we were not considering
combination solution, we would have multiplied the std. devns of the recovered
anomalies by /3. We could have also got the same results if we rad multiplied
the weight matrix of observations by 1/3, and then we do not scale the std,
devns. of recovered anomulies, Accordingly, when considering the combina-
tion solution, we may muliiply the first term of the normals in equation (2, 42)
by 1/8 before adding the weight mairix P, based on the a-priori variance of
anomalies. Case 2 of Table 5. 22 was then run again with this modification,

We will call this as Solution 900-5-2C, 900 km heing the height of the
cloge satellite, 5 for size of anomaly blocks being recovered, 2 for including
one additionnl anomaly all around the area of investigation, and suffix C to in-
dicate a 'combination' solution. The statistics for examining the 'goodness!

of anomaly recovery in Solution 900-5-2C are given in Table 5. 20.

Table 5.20

Statistics for 5° Anomaly Recovery in Solution 900-5-2C,

Summed Range Rate Obsns. at 10sec. Time Interval for 15 Arcs

No. of anomalies recovered

No. ol anomalies of interest

A-priori std, devn. of anomalies of interest (mguls)

A-priori std. devn. of anomalies not covered by obsns (mgals)
R.M.,S, value of anomaly discrepancy (mgals)

R.M.S. value of expected anomalies (mgals)

R.M.S. value of recovered anomalies (mgals)

Correln. coeff. () of recovered anom. with expected anom.

Mean correln. coeff, of adjacent recovered anom. (E.W. direction)
Mean correln. coeff, of adjacent recoverad anom,. (N.S, direction)
R.M.S. value of std. devn, of recovered anom, (mgals)

24
12
10.4
20
B.5
13.7
8.5
0.81
-0.18
-0.18
9.0
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6. USE OF REAL DATA AND CONCLUSIONS

6.1 Use of Real Data

An effort was made throughout this study to use data, which would be
similar to the real data, likely to be available later. This is particularly true
for the data in Sec. 4.1 and 5.1, with the close satellite at height of about
900km, which is likely to correspond closely to the Geos-C/ATS-6 confipuration.
The geomsetry, and the density of the across-are and along-arc observations,
and the nominal satellite Keplerian elements used in this siudy correspond
closely to the proposed values.

The use of real data would obviously bypass the discussion in Sec. 3.4 :
about the extent of anomalies for simulation of observations, as it would sense :
the global effect of the gravity anomalies at the satellite altifude. The summed
range rate measurements would, however, require preprocessing, primarily |
for the refraction effects for the ground ATS-6 tracking station to the AT'8-6
relay satellite, As the relay satellitc is nominally geostationary, and the sig-
nal path through the ionosphere and troposphere remains nearly the same for
various observations in a satellite arc, the refraction corrections are likely to
be well determined. The transponder delays of the satellites are not likely to
cause any significant errors within the range of their calibration uncertainties
of a few microseconds.

The initial state vector of the satellites for stariing integration for
individual arcs could not be detcrmined in this study, as the observations
were simulated for periods of 5 to 20 minuies only, ‘The starting coordinates
have thus to be obtained for each arc from an optimum combination of various
tracking data (Martin, 1969; Martin, 1971; Kahn el al; 1972). it may be possible
to refine these estimates further, by considering the summed range rate data
over the entire usable period of the arc, over which the close salellitec may be
tracked by the relay satellite, say, over a 40 minules arc, These final estim-
ates may then be held fixed, as in this study, for the portion of the arc used
over the area of investigation. This approach needs further investigation.

The subdivision of a 10° equal area block into component blocks of
various sizes has been described in Sec. 3.1. In this study, the residual
mean anomalies over a block of o given size, were estimated as a correction
vector to an initial zero value veetior, After obtaining these estimates of re-
sidual anomalies from the satellite to sateilite tracking data, it may be desired
to combine these with the estimates obtained from the terrestrial gravity data,
The combined estimate may be obtained directly as indicated in equation (2. 41)
in Soc. 2.2,1. 7The terrestrial estimates of the residunl anomalios may bo
obtained according lo the schome doseribod in Soe. 3.3, IMinally (o convert
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the residual anomalies, Ag; into gravity anomalies, Agr, with respect to 2
given reference ellipsoid through a specified gravity formula as in equations
(3.7) and (3.8) in Sec. 8.2, we may compute the gravity anomaly Agpe, implied
by the accepted set of potential coefficients as in equation (3. 3), and then ob-
tain Agy from equation (3.1).

6.2 Computer Run Timings

The main computer program used in this sfudy was the November, 1972
version of the Geodyn program (Chin, Goad and Martin, 1972), which was modi-
fied to accept gravity anomalies. These modifications have been described
separately (Karki, 1973; Hajela, 1974). The Geodyn program was primarily
used in data simulation mode for obtaining normals, and for the computntion of
the solution vector. A few supporting programs were also written separately,
as described in Sec. 2.3,3. All information in this Section pertains fo the
IBM 360/175 Computer.

The computer runs, which took the most time, were for simulating ob-
servations using gravity anomalies, in addition tc the (12, 12) potential coeffi-
cients, TFor the close satellite at height of 900 km, with integration step size
of 1 minute, it took about 54 seconds per arc of about 20 minutes duration, with
data interval as 30 seconds, TFor the same satellite, it still took about 43 sec-
onds per arc of about 5 minutes duration, with data interval as 10 seconds. Tor
the close satellite at height of 250 km, with integration step size of 30 seconds,
it took about 47 seconds per arc of about 5 minutes duration, with data interval
as 10 seconds. If we were to simulate observations without using gravity anom-
alies, it took only about 8 seconds per arc of about 20 minutes duration for the
close satellite at height of 900 km, in contrastto 54 seconds per are, when
gravity anomalies were also used.

The computer runs for obtaining the normal equations depended primarily
on the number of anomalies to be estimated. For 92 and 40 anomalies to be es-
timated, it was respectively about 32 and 22 seconds per arc, Other computer
runs for obtaiaing individual arc normals from summed normals for several arcs;
or tc combine normals for several arcs from individual arc normals, would
talre little time, about 5 seconds or less for the whole run, It would take similar
time to reduce the number of unknowns from the summed normals. The inversion
of normals and the computation of solution vector, were likewise about 5 seconds
or iess, oncc the normals and constant vector were nvailable on the magnetic
tape.
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The core storage requirement for the Geodyn program in the data
reduction mode is about 360K, when no gravity anomalies are input to the pro-
gram, Additional storage of about 1.5 K is required for each gravity anomaly

input to the program. Further information may be seen in the Geodyn program
documentation (1972).

6.3 Summary of Results

The rusults of anomaly recovery for the preferred solutions in Chapters
4 and 5, have been summarized in Tables 6.1 and 6.2 respectively. The
solutions for anomaly recovery exiracted from Chapter 4, did not use any a-
priori information about gravity anomalies, i.e. their initial value was taken
as a zero vector, and their weight matrix was also taken as zero. The solu-
tions for anomaly recovery extracled from Chapter 5, assumed the initial
value of gravity anomalies as a zero vector, but the weight matrix was t{aken
as a diaponal matrix, with weights as the reciprocal of a-priori variance of the
gravity anomalics, The weights were the same for all anomalies covered with
observations, and a lower weight for all anomalies not covered with observations.
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Table 6.1

Summazry of Results for Anomaly Recovery from Strong Signal
Summed Range Rate Obsns. withStd, Devn. 0. 08 cm/sec. for ntegration Interval of 10 Sec.
Simulated Obsns. without Observational Errors. Zero Weight Matrix for Anomalies,

Approximate height of close satellite (km) 900 250

Size of equal area mean anomaly block 10° 5°
Latitudinal extent of the area of 70° 20°
investigation - 10°8-60°N  20°N-40°N
Longitudinal extent of the area of , 60° 25°
investigation (approx.) 240°-300°E 250°-275° L
No. of anomalies of interest, covered by obsns. 37 12
No. of anomalies estimated 64 24
No. of anomaly blocks all around the area of investigation, 1 1
not covered by obsns,
Spacing of satellite arcs in terms of anomaly Llock size 1/2 1/2
Longitudinal spacing of satellite ares (approx.) 6° 3¢ 3
No. of satellite arcs used in the solution 14 12
R.M.S. value of expected anomalies (mgals) 5.4 18.7
R, M.,S. value of recovered anomalies (mpals) 5.5 13.9
Correln. coeff, of recovered anom. with expected anom. 0.998 0.986
R. M,S. value of anomuly discrepancy (mgals) 0.3 : 2.8
Mean value of anomaly discrepancy (mgals) -0.1 ~0,2
Minimurm value of anomaly discrepancy (mgals) 0.7 -5,0
Maximum value of anomaly discrepancy (mgals) 0.8 1.6
Time interval of observations along an arc 1 min. 10 sec.
R.M.S. vziue of std, devn. of recovered anomalies (mgals) 5, 2% 3.4
R.M.S, value of std. devn., corrected for integrafion interval 2.0 3.4
of observations
Ratio of along-arc to across-arc spacing of obhservations 1 3
R.M.,S. value of std. devn. of recovered anoms., corrected for 2.0 5.9
integration interval and along-arc spacing of obsns
Average correln, coeff, between adjacent recovered anom. -0,32 ~-0,26
(E.W, direction)
Average correln. coeff, between adjacent recovered anom, -0, 44 ~0.41
(N.8. direction)
Results tabulated in Chapter 4 Soin. 10-2  Soln. 250-5-2
Tables 4,11,4.13; 4,16, 4,17
Fipurc4,9 Figure 4,15

Als0 see Table 4,18

*R, M.S. value for 31 anomalies, after leaving out 6 anomalies on the south and
west edges of the area, not well coverced with observations (see remarks after
Table 4,13 in Sec. 4.1.9).
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Table 6.2

Summary of Results for Anomaly Recovery from Weak Signal
Summed Range Rate Obsns. with Std. Devn. 0, 08cm/sec for Integration nterval of 10 Sec,
Simulated Observations without Observational Errors.
Diagonal Weight Matrix for Anomalies Using A-Priori Variance

Approximate height of close satellite (km) 250 900

Size of equal area mean anomaly block 2°5 5

Latitudinal extent of the area of 15° 20°
investigation 22°-37°N 20° -40° N

Longitudinal extent of the area of 13° 25°
investigation (approx.) 257°-270°E  260°-275°F

No. of anomalies of interest, covered by 20 12
obsns.

No. of anomalies estimated 56 24

No. of anomaly hlocks all around the area 2 1
of investigation, not covered by obsns.

A-priori std. devn. for weight matrix, for 17.5 10.4
anomaljes covered with obsns. (mgals)

A-priori std. devn. for weight matrix, for 30 20
anomalies not covered with obsns. (mgals)

Spacing of satellite arcs in terms ol unomaly 1/2 1/2
block size _

Longitudinal spacing of satellite arcs 14° 3°
{2pprox. )

No. of satellite arcs used in the solution 20 15

R.M.S. value of expected anomalies (mgals) 18.3 13.7

R.M.S. value of recovered anomalics (mgals) 15. 5 B.5

Correln. coeff. of recovered anom. with 0.92 0.81
expected anom.

R,M.S. value of anomaly discrepancy (mgals) 8.5 8.5

Mean value of anomaly discrepancy (mgals) -1.0 -0.4

Minimum value of anomaly discrepancy (mgals) ~18.0 ~-17.9

Max.mum value of anomaly discrepancy (mgals) 10.3 12.1

Time interval of observations along an arc 10 sec. 10 sce,

Ratio of along-arc to across-arc spacing i 3
of observations

R, M.S. value of std. devn. of recovered anom, 11.1 9.0
corrected for spacing of observations*

Average correin. coeff, between adjacent re- -0.23 -0.18
covered anom, (E, W, direction)

Average correln. cocff, between adjacent -0.39 -0,18
recovered anom. (N.S. dircction)

Results tabulaled in Chapter 6 Soln. 2., 5-3C Soln, 900-5-2C

Tables 5.16,5.17 Table 5,20

* See discussion before Table 5. 20 in Sce. 5. 3.
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We may recall here the criteria used for judging the 'goodness' of anomaly re-
covery. TFor simulated observations, not burdened with observational errors, the
R.M.S. value of anomaly discrepancy should be small, say 1/2 to 1/3 times the
R.M.S, value of the expected anomalies, The R.M. S.value of recovered anomalies
should be comparable to the R. M.S, value of the expected anomalies, with a high
value, say, about 0.9, of the correlation coefficient between the recovered and ex-
pected anomalies, The R.M.S, value of the std, devns, of the recovered anomalies
should be comparable o, or less than, the std. devn. of the expected anomalies,
which may be obtained as the R, M.S. value of the expected anomalies. The cor-
relation coefficients between adjacent recovered anomalies, both in {he east-west
and in the north-south directions, should be small, say less than 0,5.

We may also mention, in brief, the main conclusions about the observational
data. The optimum number of satellite arcs to be used in the solution, are those,
which achieve a spacing of about half of the anomaly block size desired to be re-
covered. This spacing refers to adjacent ascending, or descending, arcs. The
satellite arcs should be uniformly spaced, and located symmetrically with respect
to the area of investigation, considering both the ascending and descending ares.

It is necessary that the peripheral anomaly blocks are aearly as well covered with
observations, as the central anomalies. The optimvem shape of the area of investi-
gation would thus depend on the inclination of the satellite. Tor sateilites with
inclination between 30°- 60°, the shape of the area of investigation should be near-
ly a rhombus, with its diagonals in the east-west and in the north-south direction,
The latitudinal extent of the area should not exceed about 40°, and should preferably
lie wholly over either the equatorinl region, or the mid-latitude region.

The observations should not extend beyond the area of investigation. If the
spacing of cbservations along an arc is more dense than the spacing of observations
between adjacent arcs, say n times, then the std. devns, of the recovered anomalies
should be multiplied by a factor of /n. Alternatively, the scaling of the std. devns.
of the recovered anomalies may also be achieved by multiplying the weight matrix
of the observations by a factor of 1/n.

An additional anomaly all around the area of imvestigation should be estimated
along with the anomalies covered by observations. However these anomalies not
covered with observations, would not be recovered; and information should be ex-
fracted from the solution for only those anomalies covered by the observations.
Only one additional anomaly all around the area of investigation is to be included
in the solution for the recovery of 10° and 5° anomalies; but for smaller blocks
like 2° 5, 2 additional anomalies all around the area of investigation, are to be
included in the solution.

The anomaly recovery improves, if instead of taking the weight matrix of
anomalies to be zero, we use a diagonal weight matrix with the same weight for all
anomalies covered by observations, as the reciprocal of a-priosri variance of the
gravity anomalies, The weight for all anomalies not covered with observations,
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is also same, but is lower than the weight for the anomalies covered by cbser-
vations. The anomalies could not be recovered with weak signal, as discussed
in Chapter 5, without using this information about the a~priori variance of the
gravity anomalies.

Summed range observations are not sensitive enough, as compared to
the summed range rate observations, for the recovery of gravity anomalies.
For the recovery of residual anomalies in regional, or local, areas, no con-
straints should be imposed on the recovered anomalies to satisfy any specified
values of the spherical harmonic coefficients,

Finally, we may compare the resulis of Schwarz (1970) with those ob-
tained in the present siudy. These results cannot be compared rigorously be-
cause of the differences in the configuration of satellites, in the recovered
parameters and in the size of blocks. The 'uncertainties' in the recovered
values of density parameters by Schwarz may however, be related to the std.
devns. of the recovered anomalies in this study, by first multiplying by a fac-
tor of 2m; and then by a factor of 16 to account for the std. devn, of summed
range rate observations used by Schwarz being . 005 cm/sec as compared to
.08 em/'sec in this study for the integration interval of 10 seconds.

Schwarz (Solution 8.1) obtained an uncertainty of 0.6 to 1.8 mgals in
the recovered vilues of 2°x 2° density parameters, with the close satellite
at height of 200km tracked by a geosynchronous relay satellite. This is then
equivalent to 60 to 180 mgals (= 0.6 to 1,8x 2w x16) for comparison with the
std. devns. of recovered 2°. 5 equal area anomalies in this study from close
gatellite at height of 250km. In Solution 5.1, using 2 low satellites in nearly
same orbit at height of about 200km, his uncertainty is equivalent fo 80 to 240
mgals, The correlation coefficients in these 2 solutions were about -0.8 in
the east-west direction and about -0. 6 in the north-south direction. As the
spacing befween arcs used by Schwarz was roughly the same as block size,
instead of 1/2 nlock size, his results can be perhaps compared with the solution
for 9 arcs in Table 5.13 in this study, with the R. M.S. value of std. dcvns. of
recovered anomalies being 80/2 ~ 112mgals. The final results obtained in
Solution 2, 5-3C in this study have been summarized in Table 6, 2, which gives
the R.M.S, value of std. devn. of recovered anomalies as 11 mgals, and the
correlation coufficients in the east-west direction as -0.2, and in the north-
south direction as -0.4. The spacing of ares in this solution was 1/2 anomaly
bluck size and the a-priori variance of anomalies was used in forming their
weight matrix.

TFor 5°x 5° density parameters, using 2 low satellites at height of
about 300 km, Schwarz's uncertainty (Solution 3.1) is equivalent {o 10 to 30
mgals. The correlation coefficients were ahout -0, 6 in the east-west
direction and 0.4 in the north-south direction. Thoese results can be perhaps
compared with the solution for 6 arcs in Sec. 4.2.2 for the recovery of 5°
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equal area mean anomalies using a closc sutellite with height of 250 sm, As
this was considered madequate spacing of nres, the R. M, S, value of the std,
dovne. was not given but it was 7.9/6 19 mgals. For 12 arcs, i,e, with arc
spieing of about 1/2 anomaly block size, the particulars for Solution 250-5-2
have been summarized in Table 6.1, which gives the R, M.8, value of std.
devn. of recovered anomalies as 6 mgals, and the correlation coefficients in the
east~west direction as -0, 3, and in the north-south direction as -0, 4.

Again, for 5°x 5° density parameters, using 2 low satellites at height of
about 700km, Schwarz's uncertainty (Solution 1.4) is equivalent to 60 to 400
mgals, The correluation coefficients were about -0, 8 in the east-west Jirection,
and -0, 2 to 0.2 in the north~south direction. These results are comparable
with the solution for 8 arcs in Sec. 5.1.2 for the recovery of 5° anomalies
using a cluse satellite with height of about 300km. The R.M,S, value of the
std, devns. was 100/6= 465 mgals, The final results obtained in Solution
900-5-2C in this study have been summarized in Table 6,2, which gives the
R, M.S. valuc of std, deva. of recovered anomalies as 9 mgals, dnd the correla-
tion coefficients in the east-west and in the north-south directions as -0.2
mgals, The spacing of arcs in this solution was 1/2 anomaly block size and the
a-priori variance of anomalies was used in forming their weight matrix,

We thus find that there are 2 noticeable differences in this study and
that of Schwarz. The spacing between the arcs considered by Schwarz was
roughly the same as the size of block in which density parameters were being
estimated, while the optimum spacing of arcs was found to be 1/2 block size
in this study. Secondly, Schwarz does not allow for the possibility of using ~-
priori knowledge of the variance of the parameters being recovered, to form
a weight mairix for them, It vvas found in this study that there was a remark-
able improvement in the anomaly recovery of 25 5 anomalies from close satel-
lite at height of 250 km, and of 5° anomalies from close satellite at height of
900km, i.,e. when the signal was weak, if the knowledge of the a-priori variance
of anomalies was used to form their weight matrix,

6.4 Suggestions for Fuither Study

During the recovery of anomalies discussed in Chapter 4, no use was
made of any a-priori information from the terrestri-l data for these gravity
anomalies. The recovery of anomalies was entireiy ;rom the information in
the signal from satellite data, i.e. the summed range rate observationsi. In
Chapter 5, the signal from satellite data alone was not sufficient to recover
the anomalies. We then utilized the a-priori information about variance of
these anomalies to assign a2 non-zero weight matrix for them, This weight
matrix was diagonal and the weights assigned were the same for a set of
anomalies, The initial value of all the anomalies was still kept as a zero
vector. We thus did not utilize the a-priori estimates of these gravity anom-
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alies from terrestrial observations, nor did we assign different weights to the
anomaly estimates. Further study should be made for the optimum utilization
of these terrestrial estimates of anomalies, and their std. devns., for getting a
revised estimate, incorporating all available information from satellite and
terrestrial observations. Rapp (1973b) has already reported the results of re-
covering 15° anomalies using optical satellite data, and a-priori terrestrial
estimates of 15° anomalies and their std. devns. A study may now be made for
the recovery of anomalies in smaller size, say 10° and 5° equal area blocks, hy
utilizing summed range rate ohservations from the Geos C/ATS-6 traukmg,

and a-priori terrestrial estimates of these 10° and 5° anomalies.

Further study is also needed to obtain the starting coordinates of the
close and realy satellites, for a short arc of the close satellite of less than
one revolution, to fit the observations over a short time span of 5 to 20 minutes,
This has already been indicated in Sec. 6.1. The accuracy with which these
starting coordinates can be determined, and the effect of the uncertainty in this
determination on the computed value of t ‘2 summed range rate, needs to be
investigated. The uncertainty in this computed value would affect the mis~
closure from the observed value, and this erroneous value would be propogated
into the correction vector of the parameters of interest.

We have considercd in this study the residual gravity anomalies referred
to a set of potential coefficients complete up to degree and order 12. The pur-
pose of using a potential field of higher order was to reduce the magnitude of
the residual anomalies. However, as noted in Sec. 3.2 (Tables 3.1 and 3. 2),
this reduction was not substantial. It may be investigated if it would be better
to define the earth's normal gravitational potential by utilizing 2 still larger
set of potential coefficients, or some other representation, which would still
retain the computational convenience of potential coefficients in generating the
orbits (Kaula, 1970; Lundquist and Giacaglia, 1972), and the residual anum-
alies are then defined with respect to this new representation.

The shape of the area of investigation was discussed in Sec. 4.2. How-
ever, the extent of the area of investigation for the recovery of 5° and 2°5
anomalies in Sec. 4.2 and Chapter 5, was chosen rather arbilrarily for the
computational convenience of being covered by a limited number of satellite
arcs, We did discuss in Sec. 4.1.9, the desirability of the area of investiga-
tion being separate for equatorial regions and mid-latitude regions, and
accordingly limited to about 40° in latitudinal extent. It may further be inves-
tigated if there is any optimum extent of the area, which would yield a balance
between computational effort and accuracy of anomaly recovery, for the case of
summed range rate observations. This investigation may follow the report of
Argentiero, Kahn and Garza~Robles (1974), where the discussion periains to
the recovery of gravily anomalies from altimeter data.

120



The formaticn of 25 5 and 5° equal area blocks, as component blocks of
10° equal area blocks, has beéen discussed in Sec, 8.1, and the estimation of
residual gravity anomalies in these blocks from terrestrial data in Sec. 8.8.
We, however, note that this scheme results in the 2°5 blocks being considerably
unequal in area. This then leads to a non-homogeneous distribution of the
number of observations over neighboring 2% 5 blocks, as discussed in the end of
Sec. 5.2.2. The variation in the area of 2° 5 blocks was a result of these being
meaned from the 25 1° equal area blocks, which were the smallest blocks in
which the gravity anomaly was estimated or predicted within a 5° block, as dis~
cussed in Sec. 3.3. A new subdivision scheme of 5° bloeks into 25 5 and 1°
blocks may be investigated, which would retain the advantages of the present
scheme, but reduce the large variation in the area of neighboring 2° 5 blocks,
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