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Abstract: The truncated geoid, defined by the so called “Truncated Stokes Integral”,
which is an integral transform of the gravity anomalies in a limited domain of a spherical
cap of specified radius with the Stokes function being the kernel, has been widely used by
geodesists as an approximation to the geoid in a variety of approaches to the (terrestrial)
geoid determination. The possible physical interpretation of the truncated geoid, i.e., its
relation to the density distribution generating the surface gravity has been investigated
by the authors. Preliminary results are being published as the study progresses. This
paper focuses on numerical aspects of the evaluation of the truncated geoid. It can
be computed either in spectral form, providing the geopotential is given in a spectral
form, or directly by numerical integration over mean gravity anomalies. Alternatively,
the truncated geoid may be evaluated analytically from geoidal undulations via another
integral transform, namely the so called “Altimetry Integral”. This becomes particularly
useful when interpreting the truncated geoid on sea, where the geoidal undulations of
global coverage and good quality can be obtained after procesing the readily available
satellite altimetry data. However, the numerical evaluation of the “Altimetry Integral”
poses a challenge. We devote most of the attention, in this paper, to overcoming the
problems encountered in the numerical evaluation of the above integral transform. We
review a couple of numerical techniques used previously and introduce a new, more flexible
numerical technique for the truncated geoid from geoidal undulations evaluation, that was
developed by us recently.
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1. Introduction

The truncated geoid, defined by proper mathematical aparatus in sec-
tion 2, is evaluated by integrating over the gravity anomalies in a spherical
cap of a radius, which is usually referred to as “the truncation radius”. In
the geodetic boundary value problem, the geoid is computed by the Stokes
integral of gravity anomalies over the entire globe [Stokes, 1849]. Here, the
truncated geoid may be encountered in several techniques for the terres-
trial (local, regional) geoid determination, where it is treated purely as a
mathematical object, serving as an approximation to the geoid, while the
“truncation error”, which is the contribution of the integral over the omitted
domain - i.e., the counterpart of the spherical cap to the whole sphere, is
either neglected or modelled (e.g., [Molodenskij, 1962; Vani¢ek and Kleus-
berg, 1987; Vanicek et al., 1995].

The authors, along with Prof. Sjoeberg, Prof. Kleusberg, and Dr. Mar-
tinec, were likely the first ones to consider the physical meaning of the
truncated geoid (in the sequel abbreviated as the TG). They started in-
vestigating the relation of the TG to the density distribution generating
the surface gravity more closely in 1992. The first study was carried out
by means of computer simulation and was limited to density distributions
represented by point mass anomalies. Gravity inversion for one point mass
anomaly using the TG together with its theoretical verification was pre-
sented in [Vajda and Vanicek, 1996]. An inversion algorithm, named the
“truncation technique”, which was designed for sets of point mass anomalies
as a result of multiple computer simulations was presented in [Vajda and
Vanicek, 1997]. The investigation is in progress and now it will concentrate
on continuous density distributions.

This paper focuses on numerical aspects of the evaluation of the TG.
The surface of truncated geoidal undulations (the TG) can be computed
either in spectral form, providing the geopotential is given in a spectral
form, or by direct numerical integration over mean gravity anomalies on a
mesh within the cap. This was the case in the context of our research, where
we were generating synthetic gravity anomalies, in either spectral form or
on a mesh, by sets of point masses. Both these evaluations are ralatively
straight forward and will be presented in section 3.

Eventually we would like to evaluate the TG from geoidal undulations for
the sake of the off-shore geophysical interpretation in terms of the T'G. There
is an integral transform for evaluating the TG analytically from geoidal
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undulations, which was derived by Vanicek et al., [1987]. However, the
numerical evaluation of such integral transform poses a challenge. The
difficulties one has to face include the fact, that the integration needs to
be carried out over the entire globe, which is impractical if not impossible,
and also that there is a singularity, which can be removed analytically,
but numerically causes a problem. Here we mention a couple of numerical
techniques used previously and demonstrate a new, more flexible numerical
technique for its evaluation, that was developed by us recently.

2. Truncated geoid

The truncated geoid is defined by the truncated Stokes integral (e.g.,
[Vanicek et al., 1987])

N¥o(P) = / Ag(Q)Spodo. (1)
§R(¢0

The truncated geoidal height N¥° is evaluated at the computation point
P as a convolution of the gravity anomalies Ag on a spherical cap R(1)o)
of radius v centred at P, with the Stokes function S [Stokes, 1849] being
the kernel. Point @) is the dummy integration point. R is the radius of the
boundary sphere (mean earth) and -« is normal gravity. The increament
do is the surface element. Integral (1) can be expressed in the local polar
coordinates of point P as (cf. Fig.1):

Yo 27

N(P) = / / Ag(, @)S()sin(¥) dv da, (2)

where 1) is the spherical distance between points P and (), and « is azimuth
of point Q.

Radius 1, called the truncation radius, is a free parameter of the TG.
This is why we usually refer to it as the “truncation parameter”. We also
refer to a TG as to a surface of the truncated geoidal heights evaluated for a
particular value of the truncation parameter 1p. The TG (the shape of this
surface) changes when changing the value of ¢y. That is the reason why we
often talk about different T'Gs for different values of 1y. To be complete,
the surface of the TG is shaped by

17



1. the mass distribution generating the surface gravity and therefore the
TG, as well

2. the value of 1.

P ... compuwton point
Q ... dummy integration point

Yo ... tuncaton radivs,
truncation parameter

¥ ... polar distance between P and Q

o ... azimuth of point Q

Fig. 1. The truncated Stokes integration.

The TG may alternatively be evaluated from the geoidal heights (un-
dulations) via the altimetry integral, which expressed already in the polar
coordinates of the computation point reads as follows [Vanicek et al., 1987]:

T 27

N(P) = N(P) - — / / ) sin) duda, (3)

where N is geoidal undulation, the 7" kernel is given by the series

2”“) o (60) Pa(cos ) (4

~—

T% () = Qu(t0) Py (cos ) +Z(

with coefficients

tn0) = "2 Q1) + X D Qs o) -
— (n — 1) cos(o) @n (o), (5)
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where Q,,(1o) are the Molodenskij truncation coefficients [Molodenskij et
al., 1962; Vanicek et al., 1987, eqn.(5.19)]

n(t0) / S(1) Pa(cos 1) sin(1p) d ¢, (6)

with P, being the Legendre polynomials. The integral in eqn. (3) has a
weak singularity at ¢ = 9. This singularity can be removed as follows
[Vanicek et al., 1987]:

N (P)= N(P) - / A o ) sin) 4 @

since due to the orthogonality of the Legendre polynomials

o : _
N(wo) 0/ sl eos(any 1) sin() dy =0, (®)

and where the over-bar represents azimuthal average

(%) = QL/(*) da. (9)

Note, that integral (7) is to be evaluated over the entire globe to compute
the truncated geoidal height in one point of computation.

3. Numerical evaluation of the TG from gravity anomalies

3.1 Computation of the truncated geoid in spectral form

Suppose that we are given the disturbing potential on the boundary
sphere in spectral form, with the zero-th and the first degree spherical har-
monics being absent:

N= STl ) = Y0 3 [AL Ve (0N + BL (e 0], (10)

n=2 m=0
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where Y2 (¢, A) = cos(mA) Py (sing), Y2 (o, A) = sin(mA) P, (sin ) are
spherical harmonic functions with P,,,(sin(¢)) being the associated Leg-
endre polynomials. The truncated geoid can be then evaluated from the
disturbing potential as

1.& n
NP =2 Y (1= TG Qui)) 3 (AT Yin(or Ar)+
n=2 m=0
+ Bng;m((PP? )‘P)) ) (11)

where again Q),,(1g) are the Molodenskij truncation coefficients (cf. eqn.(6))
and can be numerically evaluated by Paul’s algorithm [Paul, 1973]. Having a
spectral representation of the disturbing potential up to a certain preselected
degree is equivalent to having such a spectral representation of the gravity
anomalies or the geoidal undulations, as there is a simple linear relation
between the spectral coefficients of these three quantities (e.g., [Vanicek
and Krakiwsky, 1986, page 518]).

In the context of our computer simulation we were generating synthetic
gravity anomalies on a mesh covering the entire boundary sphere and per-
forming spherical harmonic analysis, using the “SHA routine” [Martinec,
1992], to obtain the spherical harmonic coefficients of the gravity anomalies
up to the desired degree and order n,,x. The disturbing potential harmonic
coefficients were then computed simply as (e.g., Vani¢ek and Krakiwsky,
1986, eqn.(22.8))

R R
I — AAg BI = —BAg n=2...,Nmax, m=0,...,n. (12)
n—

nm n — nm? nm?
The Molodenskij truncation coefficients were computed using the “T'CPAL
subroutine” [Kleusberg, 1992] based on Paul’s algorithm.

When computing a real global TG (based on actual gravity field data),
the spherical harmonic coefficients come from a specific global spectral solu-
tion to the geopotential, such as GFZ93a [Gruber and Anzenhofer, 1993] or
GEM-T3 [Lerch et al., 1992], etc. Naturally, the spectral content of such a
real global TG is only as good as is the spectral content of the geopotential
model used for its computation.
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3.2 Computation of the truncated geoid by numerical integration
over mean gravity anomalies

Suppose that mean gravity anomalies are given on a uniform geographical
grid Ap = A\ = A% (IG stands for “integration grid”), where a value of
Ag(e, A) is assigned to the centre of each grid cell of size RAp X R cos(¢) A.
When expressing the truncated Stokes integral (eqn. (1) or (2)) in geograph-
ical coordinates [p, A,

N¥o(P) = % 34 { | Ag (9, S () cos(ip) d g d A, (13)

where the polar distance is evaluated from the geographic coordinates of
points P and @ (e.g., [Vanic¢ek and Krakiwsky, 1986, eqn.(20.50)])

cos(1) = sin(pp) sin(yp) + cos(¢p) cos(y) cos(A — Ap), (14)
and where the elementary surface element reads as
dp =sin(y)dyda = cos(p)dpd A, (15)

we have to face a weak singularity at @ = P, (¢p = 0). After a proper
treatment of this removable singularity (e.g., [Vajda, 1995, page 135]), the
integration can be performed numerically as

% @Ag(P)NC +
R 16\ 2
e QZZED Ag(Q)S (i) cos(ii) (A7) (16)

N¥Y(P) =

where the first term is the contribution of the cell which is concentric with
the computation point P, and the second term is the contribution of all
the cells whose centres fall inside the spherical cap of radius g excluding
the cell concentric with P (denoted here as domain D). Note that the
gravity anomalies have to be given on an area extending the computation
area in any direction by Ryg*®*, where 1§"®* is the largest desired value of
the truncation parameter of the TG under investigation. The step of the
geographical grid (Ayp) dictates the smallest possible value of g, (PF™),
that can be considered, as well as the smallest possible step in the truncation

parameter AYF® when computing the TGs with systematically decreasing
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the value of the truncation radius from ¢ to F®

our computer simulation.

, which is the case in

In the context of real gravity anomalies given on a mesh in a geographic
area (locally, regionally), the same limitations, imposed upon the values of
the truncation parameter, as above, apply.

4. Numerical evaluation of the truncated geoid from geoidal
undulations

The integration in eqn. (7) has to be carried out over the entire reference
sphere, which is not possible. The problem of a too large integration domain
can be by-passed, following the method of Vanicek et al., [1987], by split-
ting the computation into low-degree and high- degree parts, evaluating the
low—degree part in spectral form, and introducing an approximation in the
numerical integration of the high—degree part by truncating the integration
domain to a manageable size.

First we split the truncated geoid into low- and high—degree parts at a
spheroidal degree ¢

N¥o = NJ° + §NJ". (17)

The low-degree, or long-wavelength, truncated geoid is evaluated in spectral
form

4
NP =23 (1-7

2 n=2
+ Bl Y (p, Ap>) : (18)

(Yo ) i ( nm Yom (PP, AP)+

m=0

Note that disturbing potential, or equivalently the geoidal undulations, in
spectral form up to degree ¢ has/have to be known. In the context of our
computer simulations the spherical harmonic coefficients of the disturbing
potential were obtained by spherical harmonic analysis (cf. section 3.1).
When computing a real TG, these coefficients must come from a specific
solution to the geopotential, such as global models or global satellite models
(cf. section 3.1).

The high-degree or short-wavelength truncated geoid reads as (note here
that again, due to the orthogonality of Legendre polynomials on (0; ), we
removed the low-degree part of the T" kernel)
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v py— sntepy - L [ ON () = ON (o) o o
ING(P) = aN'(P) — 5 [ S BT ) sintw) av, (19)

\V]

where the spheroidal T" kernel is given by

f—i—l{

T} (4) = —5={£Qu11 (o) Pe(cos ) — (£ = 1)Qe(voo) Prsa (cos ) } +

.S (55 ta o) Palcos) (20)

n=~+1

and where

V4 n
IN‘(p,A) = - Zz[Aszgm N+ B YooV, (21)

1
v
Vanicek et al., [1987] have shown, that when the integration domain in eqn.
(19) is truncated from the entire sphere to a cap of radius that of the first
positive maximum of the spheroidal 7" kernel (¢¢), the result approximates
that of eqn. (19) very well. Only spectral band (¢, £+25) of the (high-degree)
truncated geoid gets slightly distorted. This phenomenon has not been
properly explained, yet, thus there is a lot of room for further investigation.
We get

b0 ¢ =t
Yooy - salipy L[ ON (¥) — 6N (tho)
ON{"(P) = ON'(P) 2 0/ cos(¢)) — cos(tp)

T} (1) sin(y) dep. (22)

Compared to the fairly straightforward analytical removal of the weak sin-
gularity at ¢ = 1)g, its removal in the numerical integration remains still
a challenge, due to the discretization. Contrary to Vanicek et al. [1987],
who perform the double numerical integration in the local (¢, «) coordi-
nate system of the computation point P (the “ring integration technique”,
which in fact does not remove the singularity completely), and contrary to
Zhang [1988], who furthermore approximates geoidal undulations by poly-
nomial functions to treat the singularity numerically in a better way (the
“improved ring integration technique”), we have chosen to perform the inte-
gration in geographical coordinates (¢, A) to avoid further approximations.

Suppose the mean (high-degree) geoidal undulations are given on a uni-
form geographical grid. We propose that it be performed by making use of
four sub-integration domains (see Fig. 2) as follows:
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Yo+ 8
} the upper ring

Yo
} the lower ring
Wo'&

- .

Yo- 882
} e singularity ring
Yo+ 512

Fig. 2. The integration domain and the sub-domains for the numerical integration over
the geoidal undulations.

Thus
Yo py _ sard 1 INYQi) = C1 o, NAZ
ON,/°(P)=06N"(P) — ym i;QizeDl cos (i) — cos(wg)Tz (1) cos(p;) A
— T4 () Cp (o), (23)

where the D sub-domain is the spherical cap of radius ¢g with a removed
ring of radius ¢y and thickness d, the singularity ring (domain Ds), and
where

a=L 3 aviQ) (24)

"2 3,Qi€ D2

is the contribution of the singularity ring. The third term in eqn. (23) takes
care of the removable weak singularity and is computed as an azimuthal
average of the slope of the geoid in the ring at ¢ = 9, and the Cp constant
is evaluated by means of the upper and lower rings (cf. Fig.2) as
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L L 3 oy LS saton] L
P = oty [, o V@ B avi@)| 5 09

Numerical testing has lead to choosing § = A’ for the integration.

The above described numerical technique was tested against the TGs
computed from gravity anomalies. It proved reasonably accurate in the
context of our computer simulations in terms of the interpretation of the
TG using the truncation technique. It is difficult to say more about the
discrepancy caused by the approximation due to the auxiliary truncation
(replacing the entire globe by the spherical cap of radius ¢¢). More test-
ing needs to be performed in order to asses the accuracy in a more proper
way. The fact that the integration up to the first positive maximum of the
spheroidal T" kernel (¢¢) gives such a good approximation has not been the-
oretically explained, yet. In comparison to the existing techniques, namely
the ring integration [Vanicek et al., 1987] and the improved ring integration
[Zhang, 1988], our numerical technique seems to be no less accurate, but
more flexible. In fact, those two techniques were specifically tuned-up for a
particular value of the truncation parameter v, which matched the objec-
tive of the investigation, for which they were designed [Vanicek et al., 1987].
Our technique works equally well for any value of ¢y under the limitations
discussed in section 3.2. The mesh, on which the geoidal undulations are
given, must extend the computation area in any direction by R¢g, which
depends on the values of 1y and ¢. The relation between ¢, ¥g, and ¢q is
tabulated in Vajda [1995].

5. Conclusions

Procedures for evaluating the truncated geoid for any value of the trunca-
tion parameter from gravity anomalies, geoidal undulations, and in spectral
form are presented along with the respective numerical techniques for their
performance. Although these techniques were designed, tested and used on
synthetic gravity data, they are equally useful and accurate on the real grav-
ity data. Above mentioned techniques served as the core numerical tools in
our computer simulations, based on which we demonstrated the behaviour
of the truncated geoid and its potential within the frame of geophysical ex-
ploration by gravity inversion. Our aim is to use them in the interpretation
of the real surface gravity in the future.

25



Acknowledgments. The principal author would like to acknowledge the as-
sistantship provided during his stay at the University of New Brunswick. The above
mentioned numerical techniques were developed in the context of his PhD research and
partially served as computational tools for a presentation of the computer simulation re-
sults at the 1994 Annual Meeting of the Canadian Geophysical Union in Banff, Alberta,
Canada. We would also like to particularly acknowledge Dr. Zdenék Martinec and Prof.
Alfred Kleusberg, who contributed their experience and some computer routines related
to this paper.

References

(1

(7l
(8]
(9]

(10]
(11]
(12]

(13]

26

Gruber, T. and Anzenhofer, M.: The GFZ 360 gravity field model. The European
Geoid Determination, Proceedings of session G3, European Geophysical Society
XVIII General Assembly, Wiesbaden, May 3-7, 1993, published by the Geodetic
Division of KMS, Copenhagen, 1993.

Heiskanen, W.A. and Moritz, H.: Physical Geodesy. Freeman and Company, San
Francisco, 1967.

Kleusberg, A.: Personal communications and acquisition of the code. 1992.

Lerch, F. J., Nerem, R. S., Putney, B. H., Felsentreger, T. L., Sanchez, B. V., Klosko,
S. M., Patel, G. B., Williamson, R. G., Chinn, D. S., Chan, J. C., Rachlin, K. E.,
Chandler, N. L., McCarthy, J. J., Marshall, J. A., Luthcke, S. B., Pavlis, D. W.,
Robbins, J. W., Kapoor, S. and Pavlis, E. C.: Geopotential Models of the Earth
from Satellite Tracking, Altimeter and Surface Gravity Observations: GEM-T3 and
GEM-T3S, NASA Technical Memorandum 104 555, Greenbelt, MD, 1992, U.S.A.
Martinec, Z., 1992. Personal communications and acquisition of the code.
Molodenskij, M.S., Eremeev V. F. and M.I. Yurkina: Methods for the Study of the
External Gravitational Field and Figure of the Earth., English translation by the
Israel Program for Scientific Translations, 1962, Jerusalem.

Paul, M.: “A Method of Evaluating the Residual Undulation Coefficients for Geoidal
Heights.”, Bull.Geod., 57, 1973, 413-425.

Stokes, G. G.: “On the Variation of Gravity at the Surface of the Earth.”, Trans.
Cambridge Philosophical Society VIII, 1849, 672—695.

Vajda, P.: Truncated Geoid and the Gravimetric Inverse Problem., Ph.D. disser-
tation. Department of Geodesy and Geomatics Engineering, University of New
Brunswick, Fredericton, Canada, 1995.

Vajda, P. and Vanicek, P.: Truncated Geoid and Gravity Inversion for One Point
Mass Anomaly. Accepted for review in Journal of Geodesy on Oct.1, 1996.

Vajda, P. and P. Vanicek: Gravity Inversion for Point Mass Anomalies by Means
of the Truncated Geoid. Studia Geophysica and Geodaetica, 41, 1997, 329-344.
Vanicek, P. and Krakiwsky, E. J.: Geodesy: The Concepts. 2"¢ rev. ed., North
Holland Pub., Amsterdam, 1986.

Vanicek, P., Kleusberg, A.: The Canadian geoid - Stokesian approach. Manuscripta
Geodaetica, 12(2), 1987, 86-98.



(14]

(15]

(16]

Vanicek, P., Wells, D., Derenyi, E., Kleusberg, A., Yazdani, R., Arsenault, T., Chris-
tou, N., Mantha J. and Pagiatakis, S.: Satellite Altimetry Applications for Marine
Gravity, Technical report No.128, Dept. of Surveying Engineering, University of
New Brunswick, Fredericton, N.B., Canada. 1987.

Vanicek, P., Kleusberg, A., Martinec, Z., Sun, W., Ong, P., Najafi, M., Vajda,
P., Harrie, L., Tomasek and B. ter Horst: Compilation of a Precise Regional Geoid.
Technical Report No.184, Department of Geodesy and Geomatics Engineering, Uni-
versity of New Brunswick, Fredericton, N.B., Canada, 1995.

Zhang, C.: Reducing Numerical Disagreement between Partial Stokes’s Formula and
Truncation Integration., M.Sc.E. thesis, Dept. of Surveying Engineering, University
of New Brunswick, Fredericton, N.B., Canada, 1988.

27



