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Abstract

The aim of this thesis is to present an alternative for the solution of a fundamental problem of geodesy. This
problem, the so-called classical geodetic boundary value problem, comprises the determination of the figure of the
Earth as well as the recovery of the Earth’s gravity field in the exterior of the terrestrial masses. Already in 1849,
G.G. Stokes addressed the problem of finding the Earth’s gravity potential together with the physical shape of the
Earth, i.e. the geoid. Later on in 1962, M.S. Molodensky proposed his famous theory for the direct gravimetric
determination of the Earth’s topographical surface along with the external gravity potential. Both approaches
solve the initially nonlinear free boundary value problem, which implies considerable mathematical difficulties in
the investigation of its existence and uniqueness properties, by means of a twofold linearization strategy. For this
purpose, adequate approximations for the solution of the physical problem component, i.e. the determination of
the gravity field, and for the geometrical part, i.e. the determination of the shape of the Earth’s body, must be
assumed. In detail, a normal potential to approximate the true potential as well as a reference surface for the geoid
or the topography is required.

In 1977, F. Sanso found an elegant approach to solve the geodetic boundary value problem by transforming it from
the ordinary or geometry space into a dual space. This auxiliary space is generally referred to as gravity space.
F. Sanso’s break-through idea is based on the application of Legendre’s transformation, a member of the family
of contact transformations, to obtain the corresponding boundary value problem in the newly introduced gravity
space. In contrast to the conventionally treated problem, the boundary value problem in gravity space relies on a
fixed boundary. Naturally, such a situation is preferable from the mathematical point of view. Remaining only is
the necessity to find a suitable linearization procedure for the gravity potential determination.

Nevertheless, F. Sanso’s transformed problem still suffered from a distinct singularity at the origin. Due to this
reason, W. Keller encouraged the use of a modified contact transformation in 1987, which provided a fixed bound-
ary value problem in gravity space free of any singularities. Moreover, W. Keller’s revised theory succeeded to also
overcome several other shortcomings of F. Sanso’s gravity space transformation. Thus, in the framework of this
work the terminology regular gravity space formulations is applied for the newly elaborated class of gravity space
approaches related to the methodology pioneered by W. Keller. Indeed, W. Keller’s concept additionally benefits
from the fact that in its linearized version the resulting boundary value problem in dual space is analogous to the
one of the simple Molodensky problem, which results within the scope of the classical solution procedure. This
agreement clearly allows for making further use of all computing tools currently available for the well-established
procedure of solving the classical Molodensky problem. It remains an open question why the regular gravity space
concept has not yet been implemented numerically despite its obvious conceptual advantages.

Hence, after setting the classical theory, F. Sano’s approach and the two new regular formulations in contrast with
each other, thereby introducing the basic theoretical principles and discussing the benefits and drawbacks of the
particular methods, this work aims for the first time at the systematic numerical implementation still outstanding
for the latest two regular approaches. Leadoff numerical experiments within a specially drafted closed-loop study
based on a global simulation scenario indicate that the determination of the Earth’s surface and of the terrestrial
gravity field can also successfully be carried out in regular gravity space. However, the respective initial results
suggest that the linearization of the geodetic boundary value problem in regular gravity space with respect to an
isotropic linearization point, as is commonly assumed in the contributions of F. Sanso and W. Keller, is insufficient.
In this context, typical closed-loop errors for the geometrical problem part, i.e. the determination of the Earth’s
surface, in the range of several meters apply. Theoretical as well as computational deficiencies must be made
responsible for this inaccuracy as will be outlined in detail.

Consequently, this dissertation further aims to examine the suitability of using a more sophisticated linearization
process. Following the familiar example of the Somigliana-Pizzetti type of normal potential, the application of
an ellipsoidal normal potential or, more precisely, spheroidal normal potential is intended for the linearization
procedure. The key questions to be answered are whether the overall formulae work and, in particular, the
mathematical structure of a simple Molodensky problem can be preserved and whether introducing a spheroidal
linearization point is also numerically advantageous.



As a matter of fact, giving up the demand to represent the transformation formulae between ordinary and auxiliary
space in a closed form, which is indeed possible for the approaches according to F. Sanso and W. Keller, and adopt-
ing a series expansion representation for the underlying transformation relations instead, allows for maintaining
the general formalism. That is, the designated conformity with the simple Molodensky problem continues to exist.
In addition, the numerical outcome improves as expected. In short, the error level scales from several meters down
to the decimeter level in case of employing the revised linearization concept. Actually, the remaining error of less
than half a meter still partly results as a consequence of the necessity to truncate the series representation adopted
for the transformation relations. On this account, at least theoretically, the associated error could be minimized
by further expanding the corresponding series.

In summary it can be stated that the present work not only attends at length to the central issues of solving the
well-known geodetic boundary value problem analytically but also provides a set of applicable numerical methods.
The conducted numerical experiments document the successful accomplishment of the intended proof of concept
for the approaches devised in regular gravity space. Consequently, the general applicability of the regular gravity
space formulations proposed here is verified. All the same, it should be pointed out that the focus of the thesis has
been rather on the expansion of the theory of the geodetic boundary value problem together with the elimination
of various theoretical weak points than on the refinement of the already existing computational tools.



Zusammenfassung

Ziel dieser Dissertation ist es einen alternativen Losungsweg fiir eines der grundlegendsten Probleme der Geodésie zu
erarbeiten. Dieses Problem, auch bezeichnet als klassische geodédtische Randwertaufgabe, besteht darin, die Gestalt
der Erde sowie das Erdschwerefeld im massefreien Aulenraum der Erde zu bestimmen. Bereits um 1849 widmete
sich G.G. Stokes der Bestimmung des Schwerepotentials im Erdauflenraum sowie der Festlegung einer physikalisch
bedeutsamen Approximation der Erdfigur, dem so genannten Geoid. Im Jahre 1962, und somit einige Zeit spater,
stellte M.S. Molodensky seine mittlerweile beriithmt gewordene Theorie zur direkten gravimetrischen Bestimmung
der Erdoberfliche und des duleren Schwerepotentials vor. Beide Ansétze 16sen das urspriingliche nichtlineare
freie Randwertproblem, welches hinsichtlich der Untersuchung von Existenz- und Eindeutigkeitseigenschaften eine
besonders hohe mathematische Komplexitit aufweist, mittels einer zweifachen Linearisierungsstrategie. Zu diesem
Zweck miissen geeignete Naherungslosungen fiir die physikalische Problemkomponente, d.h. fiir die Bestimm-
ung des Schwerefeldes, wie auch fiir den geometrischen Problemteil, also fiir die Bestimmung der Gestalt des
Erdkorpers, angenommen werden. Im Einzelnen bedeutet dies, dass sowohl ein Normalpotential zur Approxima-
tion des tatsdchlichen Potentials als auch eine Referenzflache fiir das Geoid beziehungsweise fiir die Topographie
bendtigt wird.

F. Sanso fand 1977 einen eleganten Ansatz, die geodéatische Randwertaufgabe durch Transformation aus dem
gewOhnlichen Anschauungs- oder Geometrieraum in einen Dualraum zu lésen. Ublicherweise wird dieser Raum
als Schwereraum bezeichnet. Die bahnbrechende Idee F. Sanso’s basiert auf der Verwendung der Legendre-
Transformation, einer Transformation aus der Klasse der Kontakttransformationen, um das zugehorige Rand-
wertproblem beziiglich des neu eingefithrten Schwereraum zu erhalten. Im Gegensatz zum herkémmlich be-
trachteten Problem beruht das Randwertproblem im Schwereraum allerdings auf einer bekannten Randfliche.
Selbstverstandlich ist ein solcher Sachverhalt aus mathematischer Sicht der Dinge wiinschenswert. Somit verbleibt
ausschliefllich die Notwendigkeit, eine passende Methode zur Linearisierung des Problems der Bestimmung des
Schwerepotentials zu finden.

Dessen ungeachtet leidet das nach F. Sanso transformierte Problem aber nach wie vor unter einer ausgepriagten Sin-
gularitdt im Ursprung. Aus diesem Grund regte W. Keller im Jahre 1987 den Einsatz einer modifizierten Kontakt-
transformation an, die zu einem Randwertproblem des Schwereraums ohne jegliche Singularitaten fithrt. Dariiber
hinaus gelang es mit der iiberarbeiteten Theorie nach W. Keller auch einige andere Méngel der F. Sanso’schen
Schwereraumtransformation zu iiberwinden. Folglich wird im Rahmen dieser Arbeit die Terminologie reguldre
Schwereraumformulierungen fir die erstmals ausfithrlich ausgearbeiteten Schwereraumansétze, die auf der von
W. Keller bereiteten Methodik begriindet sind, verwendet. Tatséchlich profitiert W. Keller’s Konzept zusétzlich
von dem Umstand, dass das in linearisierter Form resultierende Randwertproblem des Dualraumes mit dem Rand-
wertproblem iibereinstimmt, das dem einfachen Molodensky-Problem im Rahmen der klassischen Losung zu Grunde
liegt. Dieser Ubereinstimmung ist es zu verdanken, dass alle fiir die géingige Vorgehensweise zur Losung des klass-
ischen Molodensky’schen Problems zur Verfiigung stehenden rechentechnischen Werkzeuge weiter verwendet werden
kénnen. Die Frage, warum das regulidre Schwereraumkonzept trotz dessen offensichtlicher Vorteile zuvor noch nicht
numerisch implementiert wurde, bleibt unbeantwortet.

Nach einer vergleichenden Gegeniiberstellung der klassischen Theorie, des F. Sanso’schen Ansatzes und der beiden
neuen regularen Formulierungen, wobei ferner die grundlegenden theoretischen Zusammenhénge vorgestellt und
die Vor- und Nachteile der jeweiligen Ansitze diskutiert werden, ist es folglich das Ziel dieser Arbeit, erstmals
eine systematische numerische Umsetzung, die fir die neu hinzugekommenen reguldren Ansétze noch aussteht,
vorzunehmen. Erste numerische Experimente im Rahmen einer eigens dafiir entworfenen globalen Studie mit
geschlossenem Simulationskreislauf lassen vermuten, dass die Bestimmung der Erdoberflache und des Erdschwere-
feldes auch im regularen Schwereraum erfolgreich durchgefithrt werden kann. Allerdings deuten diese einfiihren-
den Ergebnisse auch darauf hin, dass fiir die Linearisierung des geodétischen Randwertproblems in der regularen
Schwereraumformulierung ein isotroper Linearisierungspunkt, wie er in den Arbeiten von F. Sanso und W. Keller in
der Regel angenommen wird, nicht ausreichend ist. In diesem Zusammenhang sind typische Schleifenschlussfehler
fiir den geometrischen Problemteil, d.h. fiir die Bestimmung der Erdoberfliche, in der Groflenordnung von einigen
Metern zu nennen. Unzulénglichkeiten theoretischer wie auch rechentechnischer Natur sind fiir diese Ungenauigkeit
verantwortlich, worauf ausfiihrlich eingegangen wird.
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Dementsprechend ist es ein weiteres Anliegen dieser Dissertation die Verwendung eines verfeinerten Linearisierungs-
ansatzes auf seine Eignung hin zu untersuchen. Dem Beispiel des bekannten Normalpotentials nach Somigliana-
Pizzetti folgend ist der Einsatz eines ellipsoidischen, genauer gesagt eines sphéroidischen Normalpotentials, fiir den
Linearisierungsschritt vorgesehen. Die zu klarende Schliisselfrage wird sein, ob in diesem Fall der Formelapparat in
seiner Gesamtheit und insbesondere die Struktur des einfachen Molodenky’schen Problems erhalten werden kann,
und ob sich die Einfiihrung eines sphéroidischen Linearisierungspunktes iiberhaupt numerisch vorteilhaft auswirkt.

Wird die Forderung aufgegeben, die Transformationsbeziehungen zwischen Geometrie- und Dualraum in geschloss-
ener Form darzustellen, was fiir die Ansétze von F. Sanso und W. Keller gelingt, ist es in der Tat mdglich durch
den Ubergang zu einer Reihendarstellung den generellen Formalismus beizubehalten. Das heifit, die gewiinschte
Ubereinstimmung mit dem einfachen Problem nach Molodensky existiert weiter. Hinzu kommt, dass sich auch die
numerischen Ergebnisse verbessern. Kurzum, mit der Nutzung der iiberarbeiteten Linearisierungsmethode sinkt
das Fehlerniveau von einigen Metern auf Groflenordnungen im Dezimeterbereich ab. Tatséchlich resultiert der
unter einem halben Meter liegende Restfehler auch teilweise aus dem Umstand, dass die fiir die Transformations-
beziehung gewahlte Reihendarstellung abgebrochen wird. Aus diesem Grund kann der zugehdrige Fehler, zumindest
rein theoretisch, durch eine Ausweitung der Reihenentwicklung noch verringert werden.

Zusammenfassend lasst sich sagen, dass die vorliegende Arbeit nicht nur umfassend die zentralen Gesichtspunkte
zur analytischen Losung der wohlbekannten geodéatischen Randwertaufgabe behandelt, sondern auch eine Zu-
sammenstellung geeigneter numerischer Methoden mit an die Hand gibt. Die durchgefiihrten numerischen Versuche
belegen die erfolgreiche Umsetzung der angestrebten Machbarkeitsstudie fiir die im reguléren Schwereraum gelten-
den Ansétze. Somit ist die generelle Anwendbarkeit der hier angeregten reguldren Schwereraumformulierungen
nachgewiesen. Gleichwohl sollte darauf hingewiesen werden, dass der Schwerpunkt dieser Arbeit eher auf der
Erweiterung und dem Schliefen einer Liicke im theoretischen Fundament des geodétischen Randwertproblems liegt
als auf einer Weiterentwicklung bereits existierender rechentechnischer Werkzeuge.



Chapter 1

Introduction

1-1 Geodetic research in historical perspective

The controversy about the figure of the Earth in the time from about 1660 until 1750 may be considered as the
foundation of modern geodesy, see e.g. [3],[4] BIALAS 1972,1982. Prior to this, the accomplishment of ancient and
medieval geodesy can be briefly summarized as follows. The knowledge about the spherical shape of the Earth is
to the merits of the Greeks. Pythagoras and Kleomedes derived a spherical Earth figure from the observation of
circumpolar stars. Afterwards, Eratosthenes used shadow measurements to establish north-south distances from
which he deduced for the first time the approximate radius of the Earth. Beyond it, the task of geodesy was
reduced to sharpen this picture for a long time. However, with the advent of modern geodesy it was not only left
to the geodesists but also to the physicists to develop new procedures for the determination of the figure of the
Earth. It was due to the wide range of new theories that doubts about the spherical shape of the Earth arose.
Eventually two expeditions were started to the northern polar circle and to the equator. The aim was to answer
the question whether the Earth is a prolate or oblate ellipsoid and what are its dimensions. The familiar result of
an oblate ellipsoid confirmed Newton’s mechanics. Consequently, the physical and mathematical sciences became
more and more important for modern geodesy. Overall, this led to a reorganization and segmentation of geodesy
into separate branches. For example the emergence of physical geodesy was accompanied by the recovery of the
gravitational law and the development of potential theory. In this way, scientists became aware of the significance
of the knowledge of the Earth’s gravity field for the geometrical shape of the Earth’s body. This intuition must
be seen as the date of birth of the geodetic boundary value problem (GBVP), i.e. the problem of the combined
determination of the Earth’s figure and gravity field.

According to H. Moritz, see [66] MORITZ 1980, from a theoretical point of view the GBVP represents an especially
interesting and significant problem, whose importance for the conceptual structure of geodesy, from the time of
Clairaut to the present day, can hardly be overestimated. In fact, the consecutive stages in the development of the
GBVP - Clairaut, Stokes, Molodensky — always served as measures of perfection for geodetic theory and set new
standards. The well-known formula of A.C. Clairaut from 1743, e.g. [28] HEISKANEN&MORITZ 1967, provided for
the first time a relation between gravity and the geometric form of a level surface. In 1849, G.G. Stokes presented
with his theory the first genuine solution of the GBVP. In a manner of speaking, the work of M.S. Molodensky
from 1962 eventually completed the classical research on approaching the GBVP. In a sense, A.C. Clairaut was a
predecessor of G.G. Stokes and M.S. Molodensky.

It can be claimed that until the advent of space techniques with the launch of the satellite Sputnik 1 in 1957,
the theory was always far ahead of the data available at the time. So far, the solution of the GBVP according
to Stokes and Molodensky relied on the use of terrestrial data. However, based on the sparsely available data
it was simply impossible to determine the geometry of the Earth’s surface as a whole or the gravity field of the
Earth with high enough precision. This situation soon changed with now rapidly upcoming new satellite missions.
Special missions, such as Echo 1, Explorer 19, Geos 1 or Lageos 1, provided data sets that were essentially dense
enough, almost globally distributed and to a certain extent continuous. Thus, they allowed for the first time to pro-
duce reliable solutions for the gravity field of the Earth and the geoid as the physical equivalent of geometrical Earth.

11



12 CHAPTER 1. INTRODUCTION

In addition, the start of the global positioning system (GPS) led to the definition of a new category of boundary
value problems (BVPs). Whereas the classical GBVP represents a so-called free boundary value problem (BVP),
since the boundary surface itself, i.e. the Earth’s surface or the geoid, needs to be determined as well, the new BVP
category is based on a fized type of problem. That means, the surface of the Earth is considered to be known from
GPS measurements. Moreover, dedicated geoscientific satellite missions in the recent years created a real wealth
of new BVPs. Among others, altimetry and gradiometry type of BVPs as well as mized and overdetermined BVPs
nowadays furnish the geodetic community with a detailed knowledge of the Earth’s gravity field and topography.

As a result of these new techniques and the wealth of suddenly available information, the previous statement, that
theory is always ahead of the available data, is probably no longer true. Hence, every once in a while a return to
basic research seems advisable in order to ensure that also from a theoretical point of view the highest quality is
achieved for geodetic results.

1-2 Geopotential recovery in the context of gravity space

As was mentioned above, M.S. Molodensky proposed in the early 1960s his theory to solve the GBVP. He approached
the original nonlinear free problem by means of introducing suitable approximates for the Earth’s topography and
for Earth’s gravity potential and by linearizing the problem in terms of these approximates. In the first place,
adopting a reference surface, the so-called telluroid, for the Earth’s topography changed the originally free problem
into a fixed problem. In addition, the application of a normal potential simplified the initial nonlinear problem into
a linear type of BVP. It is easily understandable that this twofold linearization procedure, which is also applied
similarly within the scope of Stokes’ theory, is quite demanding.

On this account, F. Sanso pioneered almost 30 years ago a completely new concept for solving the GBVP. His
method, which has become known as the gravity space approach, solves the GBVP by mapping it into a dual space.
Interestingly enough, this so-called gravity space is built upon quite specific coordinates. Since for the treatment
of the GBVP the gravity vector is assumed to be known throughout the Earth’s surface, its three Cartesian com-
ponents are chosen to form the new independent coordinates of gravity space. This can be accomplished by using
a Legendre transformation, the simplest form of a contact transformation. The outstanding achievement of F.
Sanso’s approach is the fact that the resulting BVP in gravity space directly constitutes a fized problem. That is,
the boundary surface in gravity space is actually known, which results in direct consequence of the above stated
prerequisite that the gravity vector must be known throughout the surface of the Earth to solve the GBVP. The
knowledge of the boundary surface is clearly in contrast to the classical free problem and a tremendous advantage
of the gravity space methodology. However, the other side of the coin is the fact that F. Sanso’s approach suffers
from a singularity at the origin. Moreover, F. Sanso’s methodology is physically more abstract. In contrast to
the classical geodetic boundary value problem where the potential is required in the Earth’s exterior domain, the
resulting BVP in gravity space represents an interior problem in terms of the so-called adjoint potential. Naturally,
such a situation is somewhat unusual. In addition, instead of coordinates that exhibit metric units, gravity space
coordinates are given in the dimension of accelerations. And at last, within the linearized form of the classical
GBVP the disturbing potential must satisfy Laplace’s equation, whereas for the corresponding problem in gravity
space the adjoint disturbing potential must solve the more complex Poisson’s equation.

In conclusion, neither the classical solution approaches according to G.G. Stokes and M.S. Molodensky, Chapter 3,
nor the idea of F. Sanso, Chapter 4, are without theoretical and practical deficiencies. This is in fact the starting
point both for the work of W. Keller, Chapter 5, and for the research presented in Chapter 6 of this study to
establish a revised theory.

1-3 Background for the intended research and dissertation objectives

For this reason, the present work resumes a twenty years old idea of W. Keller and enhances it. The basic principle
of W. Keller’s approach is to replace F. Sanso’s Legendre type of gravity space formulation with a formulation
based on a more sophisticated type of contact transformation. This serves the purpose of eliminating most of
the shortcomings of F. Sanso’s methodology. First of all, the modified gravity space approach according to W.
Keller is free of any singularities. As a result, the new approach operates in the so-called singularity-free or reqular
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gravity space. Furthermore, after linearization with respect to a spherical or rather isotropic normal potential, the
resulting BVP in regular gravity space rests upon the problem of solving Laplace’s equation under a linear boundary
condition. In fact, this problem can be regarded as the gravity space counterpart of the simple Molodensky’s
problem, since it is of the same mathematical structure. These are the two major achievements compared to
F. Sanso’s methodology. Consequently, all known and commonly used algorithms and procedures developed for
the solution of the traditional Molodensky’s problem can be used further on. From this, the following tasks and
objectives result for the first part of the thesis:

e Review of the classical theory related to the GBVP,

e summary of F. Sanso’s gravity space concept,

e introduction of W. Keller’s regular gravity space approach, thereby

e claborating the resemblance to the simple Molodensky’s problem.

e First numerical implementation of the regular gravity space approach in order to

e assess the suitability of the method.

In addition, since it will turn out during the first numerical investigations that the initial linearization procedure,
despite the particularized conceptual advantages, results in computational deficiencies, the second part of the
presented work is devoted to establish a modified theory based on a different gravity space mapping scheme. In
fact, remedy is sought-after in adopting an ellipsoidal or rather spheroidal normal potential as linearization point and
by tayloring the gravity space mapping in such a way that the linearized problem again has the same mathematical
structure as the simple Molodensky’s problem. Consequently, the underlying set of tasks and objectives listed
already above is extended as follows:

e Introduction of a new advanced theory based on an improved linearization point along with

e a revised numerical implementation, in order to address the fundamental questions

whether the mathematical structure of the simple Molodensky’s problem can be preserved and

e whether introducing an ellipsoidal normal potential is numerically advantageous and, finally,

whether the GBVP can also be successfully solved in regular gravity space.

Altogether, the content of this doctoral thesis has to be considered as a fundamental research work. The aim is
to prove the general feasibility of the regular gravity space approaches by means of a numerical proof of concept
study. At the same time, the research closes a gap in the existing theoretical foundation of the GBVP that
requires attention. All in all, the present work shall contribute to a better understanding of the familiar GBVP. A
methodologically sound completion of the underlying theory is intended rather than to address a scientific issue at
the forefront of geodetic research.

1-4 Thesis outline

The outline of this work is as follows. Subsequent to the present introductory chapter, a compilation of selected
fundamental subjects shall provide the scientific background required throughout this work. Among other things,
a brief overview of several important geopotential concepts, the relevant BVPs in potential theory, the Stokes
problem and the theory of contact transformations will be given in the next chapter. Thereafter, Chapters 3 to 6
present the basic theoretical principles for solving the GBVP by means of the various aforementioned approaches.
Starting from Chapter 3, the classical Molodensky’s theory is recapitulated. The first gravity space concept
originating from F. Sanso is reviewed in Chapter 4. In Chapter 5, W. Keller’s regular gravity space approach,
which exploits a simple isotropic linearization procedure, is introduced in detail. Chapter 6 deals with the revised
regular gravity space approach, which is based on the more advanced spheroidal linearization principle. This
completes the theoretical considerations. It is worth mentioning that the material presented in Chapters 3 to 6 is
organized in an analogous manner. Apart from Chapter 3, which only operates in geometry space, the mapping
relations between ordinary and gravity space as well as the fundamental properties of the particular transformation
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Figure 1.1: Diagram of the formal structure of Chapters 3 to 6 in line with the analytical GBVP solution procedure

are discussed at the beginning of each chapter. The further formal structure is illustrated in Fig. 1.1. If applicable,
the rectangular boxes specify the individual sections of each chapter. At the same time, the figure provides an
overview of the analytical procedure to achieve a representation of the GBVP finally appropriate for numerical
evaluation as addressed in Chapter 7. According to Fig. 1.1, the respective nonlinear BVPs are established at
first. The nonlinear BVPs differ from each other depending on the choice of the gravity space formulation. Next,
the corresponding linear BVPs based on the particular linearization procedure are derived. As far as the classical
solution of the GBVP is concerned, this involves, as mentioned before, the adoption of suitable approximations for
the surface of the Earth and for the Earth’s potential field. As far as the gravity space approaches are concerned,
merely the introduction of suitable normal potential relations have to be considered. In a next step, the boundary
operators associated with the linear BVPs are simplified. For each approach, the assumptions are slightly different
in order to come up with the so-called BVPs in spherical representation. Subsequent to the boundary operator
simplifications, the boundary surfaces themselves can be approximated as well. This implies the substitution of
the actual boundary surface with a mathematically simpler surface, e.g. with a sphere. Typically, the last two
modifications in common constitute the approximation of the boundary condition, which finally leads to the BVPs
in constant radius approximation. Hence, after having supplied the respective BVP representations suitable for the
intended computational implementation, the numerical proof of concept for both regular gravity space approaches
is presented in Chapter 7. The first part has its focus on the results accomplished with W. Keller’s method and
the second part is devoted to the results based on the revised method with the new linearization concept. At
last, Chapter 8 concludes the thesis with a final summary, a discussion of the general result and a short outlook
providing several recommendations for further research.



Chapter 2

General background

This chapter is meant to provide several selected fundamental concepts, which form the basis for the further
investigations. The predominantly theoretical aspects presented in the following, recur throughout this thesis and
are therefore introduced in advance. In detail, the starting point is to take a glance at the two coordinate sets
most commonly applied in the present work. Subsequent to this, a more general look at the subject-matter of
coordinate transformations is given. The next section yields the basic relations required in dealing with the Earth’s
gravity field. For this purpose, three consecutive paragraphs attend to the crucial relationships in the context of
the true, the normal and the anomalous geopotential field. A forth paragraph is devoted to the representation of
the geopotential field in terms of spherical harmonics. Thereafter, with regard to the intended research on the
GBVP, the relevant BVPs of potential theory are outlined, which leads to a classification of the BVPs in general.
The focus of the subsequent section is on Stokes’ problem, which represents one possibility to address the GBVP.
The last section of this chapter introduces a particularly interesting family of transformations, the so-called contact
transformations. It shows that these transformations establish the foundation for the gravity space formulations.
Thus, they form a main issue for the current research.

2-1 Coordinate systems and related coordinate transformations

Naturally, the interrelationship of Cartesian and spherical coordinates is of utmost importance. On this account,
the equations for forward and backward transformation of Cartesian and spherical coordinates are worth mentioning
here.

2-1.1 Cartesian and spherical coordinates

As for an explicit definition of Cartesian or spherical coordinates the interested reader is asked to consult any stan-
dard textbook on mathematics, e.g. [8] BURG 1990. In the first place, the transformation of spherical coordinates
(A, &,7) to Cartesian coordinates (z1,x2,x3) is given by

T COs \ cOs ¢
x= |z | =7 | sinAcos¢d | . (2.1)
T3 sin ¢

In reverse, the formulas to transform Cartesian coordinates (z1, 22, x3) to spherical coordinates (X, ¢, r) are

1 1
A = arctan T2 + (—=sgnxy — —sgnxo sgn x1 + 1)7 := atan2 2 (2.2)
T 2 2 T1
arctan —(—2— ;11 #0Vay #0
o = z1+T3 (2.3)
sgnwzy 5 (11 =0A22=0)AN23#0
ro= |x| =+\/23+ 23+ 23, (2.4)
subject to
-1 forx <0
sgna = 0 ; forz =0 (2.5)
1 forz > 0.

15
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Moreover, for some applications the following relations are of particular interest

€2 Z1
COS\ =

VT o

r

sin A\ =
x

sing = =3 7 Ccos¢g =
r

2-1.2 Jacobian matrix and Jacobian determinant

A set of rectangular Cartesian coordinates, expressed by
-
], (2.8)

X = [ Ir1 X2 I3
is related to a second set of coordinates .
p=[pm p2 ps] , (2.9)

such as e.g. the curvilinear triple (\, ¢, 7) as introduced in the last paragraph, by equations of the following form

p1=p1 (21, 22,23) 5 p2=p2(21,22,23) ; p3=p3(T1,22,23), (2.10)

see (2.2), (2.3) and (2.4), or in a more compact notation

The Jacobian matrix J, i.e. the matrix of first-order partial derivatives, related to the coordinate transformation

(2.11) is explicitly given as
Op1  Op1  Op1
. ox ox ox
J= apz — 617; 6?3 6?3 (2 12)
- ax . - o1 Oxo O3 )
J Ops Ops  Ops
611 612 613

and since (2.11) is assumed to represent an uniquely defined and invertible transformation, the condition

_ Opi
1= Ha%}

holds. Thus, since the determinant of the Jacobian matrix |J| is unequal to zero, the transformation

£0 4,j=1,2,3 (2.13)

zj=xj(pk)  J k=123 (2.14)

exists, cf. (2.1). Analogously, the Jacobian matrix J of the inverse transformation (2.14) is

611 611 611

. Op op. Op
RG] - Op1  Op2  Ops ’
Pk Ox3 Oxs Oz

Op1  Op2  Ops

and the corresponding determinant of the Jacobian matrix |J| is also unequal to zero

IJIH%H#O Jik=1,2,3. (2.16)

Furthermore, the following statement for the relationship of the Jacobian matrices J and J can be made:

Lemma 1 The Jacobi matriz J of the coordinate transformation in (2.11) is related to the Jacobi Matriz J of the
corresponding inverse coordinate transformation (2.14) by

J=J"1.
Proof. 5 5 90 8 5
3 Di Lj Di O%; Di
[3%} [3PJ [895]- 3}%] [3PJ i (217)
Hence, it follows directly
J=J1 9

In other words, it follows from Lemma 1 that the inverse of the Jacobian matrix J is simply the Jacobian matrix
of the inverse transformation — a relation, which will be of importance several times in the context of this work.
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2-2 Geopotential concepts

This section deals with the basic principles and definitions needed in the discipline of gravity field research. In
the first place, all involved quantities and deduced functionals that are required throughout, will be introduced
and their physical properties pointed out. In detail, the first paragraph discusses briefly the difference of the true
gravity potential and the true gravitational potential of the Earth as well as the subject of actual Earth’s gravity
and gravitation. In a similar manner, the corresponding normal quantities are recalled in the second paragraph.
Consistently, the third paragraph summarizes the resulting anomalous quantities. At last, the task of modeling
the geopotential and its deduced functionals in terms of spherical harmonics series expansions is investigated.

To begin with, some agreements on the formal character of the underlying notation shall be reached. In the sequel,
following the example given in [50] KELLOGG 1967, use of the symbolic vector

-
V=| 2 2 2Z (2.18)

dx1 Oz2 Ozs
is made, which is given in the coordinates (z1,x2,x3) of a three-dimensional Cartesian coordinate system and
represented by the so-called nabla symbol V. Eq. (2.18) is a vector differential operator, meaningless when
standing alone, but frequently used in vector calculus to define quantities such as the gradient of a scalar function

#(x) : R3 — R}

grad¢ = Vo (2.19)
or divergence and curl of a vector field f(x) : R® — R? and f(x) = [ fi(x) fa(x) f3(x) ]T
. Ofr | 0fa  Ofs
divf=V -f=——+4——4 — 2.2
v v axl + 6902 6303 ( 0>
-
— — | oaf ofs  Of ofs  Of af

cwrlf =V xf=| 2L 0L 0oh 0 67—87} , (2.21)

as will be done throughout this work. Furthermore, the Laplacian A (or V?) of a scalar field ¢(x) : R?* — R! is
the divergence of the field’s gradient V¢, i.e.
Po 0 7

+ 55+

Ab=V -V = :
$=V-V¢ oz?  0z% O3

(2.22)

2-2.1 True geopotential fields

As mentioned before, the short revision of the fundamental geopotential concepts begins with a review on the
actual field parameters. As is known, the true gravity potential of the Earth W is composed of the true terrestrial
gravitational potential V', which is according to Newton generated by the integrated attraction of mass elements
on a test particle, and the centrifugal potential Z

W(x)=V(x)+ Z(x). (2.23)

The gravity vector I'(x) is related to the gravity potential W (x) by taking the gradient

ow
I'x) = VW(x) = . 2.24
o) =W = | 5| (2:24)
Comparable with (2.1), the vector I' = [I;] can be expressed in terms of measured gravity I = ||I'||, astronomical
latitude ® and longitude A as follows
T cos @ cos A
F'=VW=| Ty | =-T| cos®sinA | . (2.25)
Ty sin

Accordingly, the Hessian matrix M is composed of the second-order partial derivatives of the gravity potential W

M = [M;;] = [V(VW)] = [%} = VI = [gﬂ . (2.26)
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Similarly to (2.24), application of the gradient operator relates the gravitational potential V' (x) to the gravitational
acceleration vector g(x). Consequently,

8‘/} (2.27)

g [gz] |:a$Z
holds true. Furthermore, the second-order partial derivatives of the gravitational potential V form again the
corresponding Hessian matrix denoted by V. Hence, it applies

V= V] = VOV = | 5| = ve = |2 (2.28)

As far as the two potential functions W and V are concerned, two relationships of fundamental significance must
be emphasized. That is, in the mass-free exterior of the Earth, the gravity potential W satisfies Poisson’s equation

AW =V - VW =2w? #0, (2.29)
whereas the gravitational potential V' satisfies Laplace’s equation
AV =V -VV =0, (2.30)

which is, instead of the former inhomogeneous relationship, a homogeneous linear partial differential equation of
second order. Since a function is by definition called harmonic in a region if it satisfies Laplace’s equation at every
point of this region, it follows that in contrast to W only V represents a harmonic function. Moreover, if the region
is the exterior of a certain closed surface, e.g. the exterior of the Earth’s surface, then the potential V' must in
addition vanish like 1/r and is regular at infinity. As a result, it can be shown that every harmonic function is
analytic in the region where it satisfies Laplace’s equation, i.e. it is continuous and has continuous derivatives of
any order, [28] HEISKANEN&MORITZ 1967.

At last, the following two relations are worth mentioning here. In the first place, (2.30) can also be written in the
form given below by taking (2.22) and (2.28) into account
AV =trV=0. (2.31)

Secondly, the condition
VxI'=VxVW=0 (2.32)

manifests an important property of the gravity field. Namely, that I" is irrotational, which follows of course from
the fact that W represents a potential function and, accordingly, that the gravity field of the Earth represents a
conservative force field.

2-2.2 Normal geopotential fields

Similarly to the actual gravity potential W in (2.23), the normal gravity potential W is composed of the normal
gravitational potential V{ and the normal centrifugal potential Zj

Wo(x) = Vo(x) + Zo(x). (2.33)
Usually, the normal centrifugal potential Z is defined in such a way that it equals the true normal potential Z, i.e.
Zo(x) = Z(x). (2.34)

Furthermore, the normal gravity vector I'g(x) is deduced from the normal gravity potential Wy (x) in the same
way as the gravity vector is computed from the gravity potential, that is by applying the gradient operator

To(x) = VIW5(x) . (2.35)
In the same way as the gravity vector has been expressed by the coordinates (T, @, A), cf. (2.25), the normal gravity
vector 'y = [I'Y] can be given in terms of normal gravity I'y = ||Tg||, normal latitude ¢ and normal longitude A
o cos ¢ cos A
To=VWo=| T9 | =—T¢ | cosdsin\ | . (2.36)

s sin ¢E
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In an analogous manner to (2.26), the matrix M is composed of the second-order partial derivatives of the normal
gravity potential Wy

oWy orY
M, = [M}] = [V(VWy)] = =VIl= || . 2.37
0= [M] = [V(VWy)] 0:01, "= |5s, (2.37)
Note, in particular in connection with the Hessian matrix My, but also for the Hessian matrix M, see (2.26), the
terms Eotvdos or Marussi tensor are also commonly used to refer to the matrices of second-order partial derivatives.
In this special context, the matrix elements Mioj, and M;; respectively, are denoted by gravity gradients. In many
cases, the naming Eotvos or Marussi tensor is also applied to the gravitational counterparts.

Analogously to (2.35), the normal gravitational acceleration vector go(x) is obtained from the normal gravitational
potential V5 (x) by taking the gradient, that is

(2.38)

g =[] =VW = PVO} :

al'i

In addition, the second-order partial derivatives of the normal gravitational potential V constitute the Hessian
matrix Vg as follows

Vo= V3] = (99w = [ 20| = v = [S£]. (2.39)

Usually, the potential of simple bodies, such as the sphere or the ellipsoid of revolution with specifically structured
density distribution, is used to define a reference potential Vj. E.g. the gravitational potential of a sphere with
homogeneous or radially symmetric mass distribution reads as

GM
Vo(x) = —. (2.40)
x|l
Due to the evident symmetry properties, the above normal potential represents an isotropic normal field, the
simplest imaginable possibility. The corresponding normal gravitational acceleration vector is found by

0
91 COS ¢ cos \
GM GM
go=VVo=| 49 | =- HXHSX = P cosgsin\ | . (2.41)
93 sin ¢

As for the use of a higher order reference potential, such as the potential of a level ellipsoid, it must for now be
referred to Chapter 6 and standard literature, e.g. [66] MoRrITZ 1980.

2-2.3 Anomalous geopotential fields

The disturbing gravity potential 6W (x) is taken as the difference of the actual gravity potential W(x) and the
normal gravity potential Wp(x)
W (x) = W(x) — Wo(x). (2.42)

Analogously, the disturbing gravitational potential 6V (x) is taken as the difference of the actual gravitational
potential V(x) and the normal gravitational potential Vj(x)

SV (x) = V(x) — Vo(x). (2.43)

In fact, since throughout this work the normal centrifugal potential Zy(x) is considered to be identical to the actual
centrifugal potential Z(x), the following relation is true

SW (x) = 6V (x). (2.44)

Hence, due to Zy(x) = Z(x) the centrifugal potential terms involved on the right-hand side of (2.42) cancel out
and the disturbing gravity potential equals the disturbing gravitational potential. Thus, in contrast to the gravity
potential W (x), which satisfies Poisson’s equation, cf. (2.29), the disturbing gravity potential dW (x) satisfies
Laplace’s equation in the mass-free domain outside the boundary surface

ASW (x) =0. (2.45)
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Within the framework of the afore given definitions, none of the quantities introduced so far has been associated
with any specific boundary or reference surface. In the following, several quantities are to be considered, where
restrictions to certain surfaces apply. For example, the difference of the actual potential at the Earth’s surface o
and the reference potential at the reference surface ¥ is denoted by gravity potential anomaly

Aw=W|_ — (2.46)

O‘Ea

whereas the gravity potential disturbance is, in contrast to (2.46), the difference of the true and the reference
potential at the same point, e.g. at the Earth’s surface

dw=0W| =W| — (2.47)

O|o"

In accordance to (2.46), the difference of the true gravity vector and the normal gravity vector, where the former
is given at the Earth’s surface o and the latter at the reference surface X, defines the gravity anomaly vector

AT =T| —Ty (2.48)

s

Consequently, if in view of (2.47) the difference is taken at the same point, e.g. at the Earth’s surface, the gravity
disturbance vector is obtained
0T =oT|, =T| —Tyf,. (2.49)

Moreover, the corresponding scalar quantities are referred to as gravity anomaly
AT =T|_ —Tol, (2.50)

and, respectively, as gravity disturbance
6T =T|_ —Tol_ . (2.51)

Finally, the following universal relationship between the general gravity disturbance vector éI' and the general
disturbing gravity potential W is of importance for later considerations

6T = (T —Ty) = (VW — VW) = V(W — Wp) = VW . (2.52)

Thus, the gravity disturbance vector éI" equals the gradient of the disturbing gravity potential VdW. Hence, T
represents the first order functional of the disturbing gravity potential JW.

2-2.4 Representing the terrestrial gravitational potential

In Section 2-2.1, the geopotential V' has been found to satisfy Laplace’s equation, cf. (2.30) or (2.31), and con-
sequently to hold the property of harmonicity outside the masses of the Earth. Probably the most prominent
representative of the family of harmonic functions are the so-called spherical harmonics, see e.g. [30] HoBsoN 1931,
which serve as orthogonal base functions on the unit sphere. Furthermore, spherical harmonics, as well as a series
expansion of spherical harmonics, represent a solution of Laplace’s equation. On this account, they are well suited
to characterize a model for the potential V. Thus, the usual representation of the Earth’s gravitational potential
V' in terms of an infinite spherical harmonic series expansion reads as follows

V(A ¢,r) = — lim ZZ ( ) Py (sin @) [cf; cos(IN) + si; sin(IN)] . (2.53)

K—oo
k=0 1=0

In (2.53), c;, sy, denote the normalized spherical harmonic coefficients, which are also commonly addressed by
Stokes coefficients, and P}, (sin ¢) are referred to as Ferrer’s fully normalized associated Legendre functions of degree
k and order I. The aspect of deriving the functions P} (sin ¢) via recurrence formulae is treated in Appendix A. As
before, (A, ¢, ) are spherical coordinates, GM denotes the product of gravitational constant G and the Earth’s mass
M and R refers to the equatorial radius of the Earth, which is a specific constant for each individual geopotential
model. However, instead of utilizing the infinite series representation according to (2.53), the gravitational potential
V' is approximated in terms of the following limited series expansion

K k
V(A ¢,r) = ( +) <—> P,:l(sin@[c,’;lcos(l/\)+szlsin(l)\)]>. (2.54)

k=2 1=0
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In (2.54), the parameter K has to be understood as maximum degree K., which reflects the degree of resolution
of the spherical harmonics series expansion. The value K4, is thereby dependent on a variety of factors related to
the underlying data used to determine the Stokes coefficients. In this context criteria such as spatial data density,
data sensitivity, data quality or the involved measurement principle are noteworthy. Moreover, representing the
gravitational potential of the Earth in the form given by (2.54) directly implies ¢, = 1 and ¢f, = ¢f; = s7; =0,
which accounts for the fact that the origin of the underlying coordinate system is assumed to coincide with the
center of mass of the Earth. At last, the forward computation should be commented on. That is, in view of (2.54),
the determination of potential values from known Stokes coefficients, a procedure which is usually referred to as
spherical harmonic synthesis.

For reasons of compactness, two alternative representations of (2.54) are widely used. On the one hand the potential
V' can be expanded into a series of spherical harmonics by making use of Laplace’s surface spherical harmonics
Yii(A, ¢). In that case, for the potential V holds the following expression

K k k+1
V6 =S <1 Y e <§> T\, ¢>> , (2.55)

k=21=—k
which is based on a combination of the Stokes coefficients according to

_ Cr ; 0<I<k
Ckl { Sy 3 —k<1<0 (2.56)

and the product of the attenuation factor (%)ICJrl and the surface spherical harmonics Y;(\, ¢). The functions
Yii(\, ¢) are specified as follows

Py (sin @) cos(IN) ; 0<I<Ek

Yu(X9) = { Py (sing)sin(|l] \)  —k <1<0. (2.57)

On the other hand, the potential V' can be developed into a series of spherical harmonics by making direct use of
the so-called solid spherical harmonics Tii(\, ¢, 7). That is, V is given by

Kk
V(A ¢,r) = G?M (1 + Z Z ek Tu(X, 0, 7”)) : (2.58)

k=21=—k
with the relationship
k+1
_ R _
Tkl()‘7 ¢a 7“) = (?) Ykl()‘7 ¢) (259)

explicitly defining the solid spherical harmonics in terms of the previously mentioned product of the attenuation
term and the surface spherical harmonics. Note that only the solid spherical harmonics (), ¢, 7) constitute
harmonic functions. Consequently, every harmonic function can be expressed as a product-sum in terms of solid
spherical harmonics.

Remark 1 Most notable is the importance of the following identity

o o dr 5 (h=m)A(l=
/ Ykl ()\, ¢)Ymn ()‘a ¢) Cos ¢d)\d¢ = { Oﬂ- 7 gtherzzsg ( n)

-z Jo

(2.60)

which constitutes the orthonormality relation of the surface spherical harmonics in case of a unit sphere. Eq. (2.60)
becomes important for the realization of a spherical harmonic analysis, a procedure for the determination of Stokes
coefficients from data, e.g. potential values, given all-over the sphere. See Appendix C-2 for more details.

At last, it will prove useful to provide the representation of the gravitational acceleration vector g in spherical
coordinates (A, ¢, ). Hence, comparable to(2.27), i.e.

g/\,¢,r(>\a d)a T) = v)\,d),TV(A7 ¢7 T) ) (261)
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the nabla operator, see (2.18), in spherical coordinates

.
Z 2] (2.62)

S

— 1 fé)
V/\@ﬂ” - [ T cos ¢ OX

>

has to be specified at first. Then (2.61) explicitly reads as follows

T

gror(A0.7) = Vag, VA 6,r) = | 80 Con) y (60 | (2.63)
subject to the first order partial derivatives of the potential V'
K k k
A M
Va(h, ¢, 1) = W _ ¢ ZZ <—> Py (sin @) [—cf, L sin(IN) + s§;1 cos(IN)] (2.64)
k=2 1=0
VN b7 GMKkRk*, . .
V(A p,7) = % = = Z <—> P/ (sin ¢)[ci; cos(IN) + s5; sin(IN)] (2.65)
k=2 1=0
V(A GM - R\"
Vi é,1) = % = — (1 + Z (k+1) < ) Py (sin ¢)[cr; cos(IN) + sjy sin(b\)]) ,(2.66)
k=2 1=0
and, in (2.65),
P/ (sin¢) = 4L (sin 0) (2.67)

do
denotes the derivative of the Legendre function P}, (sin ¢) with respect to ¢. Formulae for the recursive computation
of the first order functionals P}’ (sin ¢) are compiled in Appendix A.

Remark 2 On the basis of the above relations, establishing the gradient of the gravitational potential V', the
direction of the greatest rate of increase of V' can be identified. Hence, a well-known property of the gravitational
potential V| i.e. being predominantly radially dependent, can be directly understood and to some extent quantified.
In fact, a comparison of the magnitudes of the components g; of the gravitational acceleration vector g, when
represented in spherical coordinates, reveals that the last component of (2.63), based on the radial derivative
(2.66), is larger by a factor of roughly 10% than the first two components of (2.63), based on the derivatives (2.64)
and (2.65).

2-3 Boundary value problems in potential theory

In general, a BVP is a differential equation together with a set of additional constraints, called the boundary
conditions. A solution to the BVP is a solution to the differential equation which also satisfies the boundary
conditions. A boundary condition represents a set of values assigned on the physical boundary of the solution
domain, i.e. the region in which the problem is specified. Two cases are usually considered. First, within the
scope of a so-called internal BVP the boundary curve, respectively the boundary surface, encloses the solution
domain. As for the so-called external BVP, the situation is reversed. The boundary surface is bounded by the
region where the differential equation applies. In the present context of gravity field determination predominantly
external BVPs are treated. That is, the solution domain of Laplace’s partial differential equation corresponds to
the space outside the Earth’s surface o, which is considered as a closed, sufficiently smooth surface.

2-3.1 General remarks

Naturally, the first question that arises in this respect is whether a function V' harmonic outside a surface o is
uniquely determined by its values on ¢ provided that ¢ is a closed and sufficiently smooth surface. The answer
provides Stokes’ theorem, which states that there is only one harmonic function V that assumes given boundary
values on the surface o, cf. e.g. [28] HEISKANEN&MORITZ 1967. Of course this directly leads to the second ques-
tion, which attends to the problem whether such a harmonic function always exists. The clue to the puzzle is called
Dirichlet’s principle, which constitutes the assertion that for arbitrarily prescribed boundary values there always ex-
ists a harmonic function V that assumes on o the given boundary values, see again [28] HEISKANEN&MORITZ 1967.
Hence, that sets the stage for the discussion of the different types of BVPs.
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2-3.2 Problems of Dirichlet, Neumann and Robin

It is common practice to distinguish BVPs of potential theory by the type of the associated boundary condition.
Among the earliest boundary value problems to be studied is Dirichlet’s problem, which is the solution of the
previously outlined problem of computing the harmonic function V' outside o from its boundary values v on o.
This BVP is addressed next. Thereafter, some other significant types of BVPs will be shortly reviewed, see e.g.
[61] MARTENSEN&RITTER 1997.

Dirichlet’s problem. Dirichlet’s problem or the first BVP of potential theory is the problem of finding the
connection between a continuous function v on the boundary surface o = 9 of a region 2 with a harmonic
function V' taking on the values of the prescribed function v on ¢. In case the boundary surface ¢ is a sphere, the
first BVP of potential theory can be directly solved, i.e. the harmonic function V can be determined, either by
Poisson’s integral or by means of the application of spherical harmonics.

Neumann’s problem. Neumann’s problem or the second BVP of potential theory differs in so far from the
previous BVP that normal derivative values 0V/0n are given on the surface o instead of values v of the function
V' itself. Usually, the normal derivative is the derivative along the outward-directed surface normal n to o. In
case the boundary surface o is again a sphere, the second BVP of potential theory can also be solved by means of
spherical harmonics or via the use of the so-called Neumann’s function, in many cases also referred to as Hotine’s
function.

Robin’s problem. In Robin’s problem, also referred to as Poincaré’s problem, or the third BVP of potential
theory a linear combination of values v of V' and of its normal derivative values 9V/9n is given on S. Hence, this
type of BVP represents a combination of the Dirichlet boundary condition and the Neumann boundary condition.
In case the boundary surface o is once more the sphere, the third BVP of potential theory can be again solved by
spherical harmonics or by means of Stokes’ integral.

Oblique-derivative problems. Oblique-derivative problems occur whenever the derivative of the function V'
has to be taken in a direction other than the direction of the surface normal. As will be seen, this is in fact the
more usual case in geodesy.

In conclusion, all BVPs described above share the same requirements. The demanded function V must fulfill a
certain field equation, which is usually Laplace’s partial differential equation. In addition, for the determination
of the function V' a boundary condition needs to be satisfied. The associated boundary operator represents any
combination of the considered harmonic function V itself and/or of corresponding first-order functionals of V.
This implies a restriction of the boundary operator onto a certain boundary surface o, which in turn has to meet
certain mathematical requirements. Within the scope of the BVPs in potential theory this boundary surface is
generally required to be known. This is in contrast to the GBVP, the central BVP of physical geodesy, where also
the boundary surface must be determined. Apart from that, the problem of determining the figure of the Earth
from measurements taken at the Earth’s surface constitutes in its linearized form a third BVP of potential theory.
Therefore the third BVP of potential theory is also referred to as BVP of physical geodesy. Moreover, the GBVP
in its general form belongs to the category of oblique-derivative problems. It will be discussed in detail starting
from the next chapter.

2-4 Stokes problem

According to H. Moritz, see [66] MORITZ 1980, Stokes’s problem is the GBVP in its simplest form. Provided
that the data, i.e. gravity anomalies AT', are given on the sphere S, the disturbing gravity potential §W must be
determined on and outside S, thereby assuming §W to be harmonic outside S. That is,

AW (x) =0, x€ceatS (2.68)

holds. The corresponding boundary condition, e.g. [28] HEISKANEN&MORITZ 1967, reads as

(270 25

= —AT. (2.69)
S

or R
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4), and the constant R denotes the radius of
is normal to the bounding sphere S. Hence,

In (2.69), the free parameter r represents the norm of x, cf. (2.
the mean or reference sphere. Moreover, the radial direction %
the oblique-derivative problem that is generally involved in the case when dealing with the GBVP, cf. Section
2-3.2, is reduced to the above BVP, which is subject to the normal derivative boundary condition (2.69). As a
consequence thereof, the BVP established by means of (2.68), (2.69) essentially represents a third BVP of potential
theory. Solving such a normal derivative problem is of course much simpler than an oblique-derivative problem.
This will become clear in the further investigations presented in this work. After having determined the disturbing
gravity potential §TV as the solution of the BVP constituted by (2.68) and (2.69), the geoidal height or the geoidal
undulation N, thus the geoid, is obtained from Bruns’ formula
ow

N = Ty (2.70)
which relates the geoidal undulation NV to the disturbing gravity potential 6. In good approximation, instead of
applying the true normal gravity I'g in (2.70), a global mean gravity value I can be substituted for I'g.
In short, the problem of Stokes considers the gravimetric determination of the geoid. Its solution, that is Stokes
formula or Stokes’ integral, see [94] STOKES 1849, is considered one of the most important formulas of physical

)

geodesy and is given as follows
N =2 ([ arsw)as. (2.71)
4nl S

In (2.71), S(¢)) denotes the famous Stokes function, which can be expressed in a closed form as given, e.g., in [28]
HEISKANEN&MORITZ 1967

S(y) = — 1¢ — 6sin id +1—5cost) —3cosyIn (simﬁ + sin? f) . (2.72)
sin 5 2 2 2

The argument of Stokes’ function, i.e. the angle v, is the spherical distance between two points on the sphere S.
See, e.g., [28] HEISKANEN&MORITZ 1967 or [57] KUHN 2000 for the numerical evaluation of the integral formula
(2.71) and for the properties of the function (2.72).

In view of the practical solution, one is confronted with the necessity to have the gravity anomaly data available
on the sphere S, cf. (2.69), or rather on the geoid. Note, that the geoid in fact corresponds to the sphere S in
the spherically approximated case considered above. However, observations are actually not made directly on the
geoid but on the physical surface of the Earth. Hence, the measurements have to be reduced in order to obtain
boundary values for the geoid. For that purpose, external masses outside the geoid have to be taken into account
before the gravity data can be downward continued from the Earth’s surface to the geoid. For a complete survey of
all possible reductions, that is e.g. the Bouger reduction, the terrain correction, the Poincaré-Prey reduction, the
free-air reduction, the isostatic compensation, the Rudzki reduction, the condensation reduction, etc., the interested
reader is again referred to, e.g., [28] HEISKANEN&MORITZ 1967. As is known, most of these reductions involve
certain assumptions, e.g., on the density of the masses outside the geoid or on value of the free-air gravity gra-
dient. Not so much from the practical influence but rather from a theoretical point of view this is fairly unsatisfying.

On this account, M.S. Molodensky introduced in 1945 a completely new idea by abandoning the concept of the
geoid, see [63],[64] MOLODENSKY 1945,1962. His work has ever since been a starting point for further advances in
the theory of the GBVP, see e.g. [68] MoORITZ 2000 for a valuable compilation of literature references. To name
but a few, his research attracted the attention of [55] KRARUP 1969, [31] HORMANDER 1975, [80] SANSO 1978 and,
vicariously, [6] BORRE 2006.

M.S. Molodensky’s theory is essentially free of any assumptions. However, the mathematical formulation becomes
more abstract and more difficult. In short, the problem of Molodensky can be summarized as follows. The aim
is the direct gravimetric determination of the physical Earth’s surface instead of the geoid. By this means, the
corresponding boundary data does not anymore refer to the geoid but to the actual physical surface of the Earth.
Consequently, there is no mass density information required. In the following, the focus of this thesis is on Molo-
densky’s problem.

Remark 3 For the sake of completeness it must be pointed out that besides the above mentioned strategy to
enforce an exterior BVP in the context of Stokes’ problem by means of a sophisticated reductions and compen-
sations measures, an alternative solution strategy is possible. In that case, the problem to determine the geoid is
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regarded as an interior BVP since the geoid, especially in the continental regions, lies partially inside the masses.
Consequently, the effect of the masses outside the geoid must not be removed by computation. In fact, the ac-
tual surface gravity data together with the effect of the external masses enter into the solution process. Thus,
Poisson’s rather than Laplace’s equation governs the solution of Stokes problem. Among others, this point of
view is shared in the following contributions [16] GRAFAREND 1989; [11],[12] ENGELS 1991,1993 and [34],[35],[36]
HoroTa 1994,1997,2003. Often, for instance within [36] HOLOTA 2003, advantage is taken of the fact that the
general solution of Poissons’s equation can be split up. That is, it can be expressed as the sum of the general
solution of Laplace’s equation and of the particular solution of Poisson’s equation.

2-5 Contact transformations — introductory remarks

This section is meant to provide an introduction to the subject of contact transformations. A condensed presentation
of the theory on contact transformations is of vital importance for the treatment of the GBVP in the framework
of the three different gravity space approaches, which will be presented in this work. The underlying theory was
already founded in 1868 by the Norwegian mathematician S. Lie. He addressed contact transformations in his
famous work about transformation groups, which form the basis of what is today referred to as Lie algebra. Lie
algebra is often employed for the investigation of geometrical structures and for the solution of differential equation
systems. In connection with the latter, it should be pointed out that Lie’s numerical integration method based
on the well known Lie series is of practical importance in the field of celestial mechanics for the computation
of planetary orbits, see e.g. [96] STUMPFF 1974; [87] SCHNEIDER 1979. Due to the outstanding impact of Lie’s
contributions, the material as presented in the following on contact transformations, is arranged according to his
work, e.g. given in [60] LIE 1970. Additionally, the chapter on contact transformations in [9) CARATHEODORY 1956
can be recommended as worthwhile secondary literature.

It is customary in mathematics to use suitable transformations to simplify the problem at hand. Of particular
interest is the family of the so-called contact transformations, which form a special transformation class for differ-
ential equations. Especially, a close relationship to the theory of first order partial differential equations can be
constituted, which will also be the focus here. The basic idea of utilizing contact transformations is that the solu-
tion set of the primary differential equations changes into the solution set of the transformed differential equations.
Thereby, the specific characteristics of contact transformations are such that the derivatives u’ of the sought-after
functions v = u(z) usually form independent variables after transformation. This peculiarity is motivated by the
fact that the original differential equation, formally given by

f(x)u’ul) = 07
is complicated in terms of the derivative u’, whereas the transformed differential equation, formally written as
F(X,U,U") =0,

is simple with regard to the derivative U’ of the new unknown function U = U(X). The reason is that the deriva-
tives v’ are, in a manner of speaking, absorbed in the new independent variable X. Now, in the context of the next
paragraph, which initially focuses on a planar scenario, the background for the theory of contact transformations
shall be provided. Based on the plausible findings in the two-dimensional case, the subsequent paragraph gives
the general definition of contact transformations as will be required for the formulation of regular gravity space
transformations. Finally, a special contact transformation, i.e. the Legendre transformation, is discussed. As will
be seen later on, the Legendre transformation forms the foundation of F. Sanso’s gravity space transformation.

2-5.1 Contact transformations in the plane
A transformation in two dimensions in terms of the two independent variables (z,y) is formally given by
Ty = X(ZE, y) ) Y1 = Y(:L'ay) . (273)

The planar transformation (2.73) can be understood as an operation that transfers a point with coordinates (z,y)
into a new point with coordinates (x1,y1). The points (z,y) and (z1,y1) are located in the same plane and refer
to the same orthogonal coordinate system. Supposing that not a single point transformation is of interest, but the
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transformation of a set of points constituting an arbitrary curve C, then each point (x,y) of C, which is formally
given by
y— (@) =0, (2.74)

can be associated with a particular value vy’ for the differential quotient

dy ’
— =y . 2.75
=Y (2.75)
It is commonly known that the derivative 3’ represents the slope of the corresponding tangent line of C at (z,y)
with respect to the z-axis and at the same time determines the common direction of the tangent line and of C
in (x,y). Moreover, according to [60] LIE 1970, it follows that the point transformation (2.73) involves not only

a transformation of (z,y) into (z1,y1), but also at the same time a transformation of the derivative 3’ into the

derivative J Iy
/ Y1
_ 4 _ 21 2.76
U1 diy dX ( )
Furthermore, S. Lie shows that the transformed derivative g is in fact uniquely determined as a function of (x, y,y’)
y1 =v1(z,9,9), (2.77)

when X (z,y), Y(z,y) and y" are known. Consequently, (2.73) does not only establish the relationship of (z,y) and
(x1,y1), but also the relationship between y’ and y}. Strictly speaking, there exists a one-to-one correspondence
between the quantities (x,y,y’) and the quantities (21, y1,¥y]), which motivated S. Lie to propose the following new
transformation with respect to the three independent variables (z,y,y’):

Definition 1 A contact transformation in the x,y-plane is given by
rv=Xryy) , wn=Y@yy) ., vi=Pyy), (2.78)
so that an identity in the following form
dY — PdX = p(dy — y'dx) (2.79)
is satisfied and that, in addition, the quantity p = p(x,y,y’) is determined to be non-zero.

Now, by reconsidering (2.73) for the time being, geometrical considerations, particularly with regard to the trans-
formation of the derivative y’, shall provide a better understanding of the idea of contact transformations. On this
account, the tangent line to the curve y — p(x) = 0 at a fixed point is considered. With known values for (z,y,y’)
at this point, the corresponding equation, which all points (), x) constituting the tangent line have to satisfy, reads

n—y=vy(x—x). (2.80)

Similarly, the tangent line of the transformed curve y; — 1 (x1) = 0 at the related point (1 = X,y1 =Y) is given
by

n—y1=yi(x —21), (2.81)
where (x1,y1) is related to (x,y) by means of (2.73) and, as stated above, y; = y}(z,y,y’) also results as a
consequence of (2.73). Now, it directly follows from (2.80) and (2.81) that all curves, which have with the curve
y—@(x) =0 a point (x,y) and the corresponding tangent line (2.80) in common, transform by means of (2.73) into
such curves that have with the curve y; — ¢1(21) = 0 the point (x; = X,y1 =Y) and the corresponding tangent
line (2.81) in common. In short, by means of the transformation (2.73), all curves that are mutually tangent at
a common point are transformed into such curves that are also mutually tangent at a common point, Fig. 2.1.
Moreover, besides transforming curves with common tangent lines into curves with common tangent lines, (2.73)
transforms all tangent lines related to a common intersection point of different curves into tangent lines related
again to a common point, which represents the transformed intersection point of the transformed curves, Fig. 2.2.

Due to the fact that the point transformation (2.73) apparently involves not only the transformation of points
(z,y) to points (z1,y1), but also the transformation of the corresponding tangent lines, it makes sense to treat the
geometrical figure of a point (z,y), and the corresponding tangent line going through it, as compound element.
Henceforth, this configuration is referred to as line element and its associated coordinates are (z,y,y’). Conse-
quently, it can be stated that each planar point transformation of type (2.73) is connected with a transformation of
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X

Figure 2.1: Transformation of curves with common tangent lines.

Vi y1 A

X X1

Figure 2.2: Transformation of tangent lines at intersection points of different curves.

such line elements (z,y,y’) in the same plane, and that the analytical expression for the transformed line element
results due to (2.73) only, as indicated by (2.77). Therefore, (2.73) can be characterized as a point transformation,
and also at the same time as a line element transformation, when the direction of the tangent line is additionally
transformed.

In [60] LIE 1970 it is shown that the line element transformation related to (2.73) is in agreement with (2.78) and
satisfies the constituting condition (2.79). Hence, a line element transformation is always a contact transformation
also , and therefore from a certain point of view, a descriptive interpretation for (2.78) has been found. That is, in
short, contact transformations transform line elements, i.e. positions and directions, rather than points.
Nevertheless, it must be admitted that the class of contact transformations generally comprises a much broader
spectrum of transformations. This is since an unlimited number of transformations can be established, which are
in accordance with (2.78) and satisfy the condition (2.79). However, only such contact transformations that are
also line element transformations, and exhibit the transformation properties as illustrated in Fig. 2.1 and Fig. 2.2,
are of importance in the course of this work.

2-5.2 Contact transformations in n - dimensional space

In the general case, that is by abandoning the planar approach, a contact transformation, according to LIE 1970,
is given as follows:

Definition 2 Letbex =[xy x2 ... =, Jandp=[p1 p2 ... pn]. Moreover, X =[] X; Xo ... X, |
andP=[ P, P, ... P, ] holds, then a contact transformation

X = X(X7u’ p) ) U = U(X’ u? p) Y P = P(X’ u? p) (2'82)



28 CHAPTER 2. GENERAL BACKGROUND

constitutes a diffeomorphism, which maps an open domain G C R*"*! to an open domain Q C R*"*!, so that an
identity of the following form

dU =Y PdX; = p(du - ijdxj) (2.83)

j=1 j=1

is satisfied in G, and that in addition the smooth quantity p = p(x,u,p) is determined to be non-zero in G.

In Definition 2, x denotes the primary coordinate vector and X the transformed coordinated vector. Similarly, u
refers to a scalar function before transformation and U to the same function after transformation. Consequently,
the same holds for the quantities p and P. The meaning of p and P is addressed below in more detail.

As already indicated in the beginning of this section, the benefit of such a transformation is that solutions of
differential equations are invariant with respect to contact transformations. That is, if u = u(x) represents a
solution of the differential equation

f(x,u,Vu) =0, (2.84)

then U = U(X) represents a solution of the differential equation

F(X,U,VU) =0, (2.85)
which results from (2.84) by means of (2.82) and in compliance with the condition (2.83), thereby putting

ou

D=, ji=1...,n. (2.86)
J &rj
Hence, p = Vu holds. Analogously,
ou
P =— i=1,...,n. 2.87
N an 9 J ’ ,n ( )

is obtained. Concerning (2.86) and (2.87), it should be noted that according to the nomenclature conventionally
used in classical mechanics, p; and Pj, respectively, are denoted as generalized momentum variables. As expected,
p in (2.86) is related to the function u before the transformation, whereas P in (2.87) is associated with U after
the transformation, according to (2.82) and (2.83).

2-5.3 Legendre transformation

This paragraph considers a particular contact transformation, which will be of substantial interest in the course of
this work, namely the so-called Legendre transformation:

Definition 3 A Legendre transformation is given by
n
Xj=p; , U=>pwj—-u , P=xz;, j=1...n. (2.88)
j=1

Hence, by means of (2.88) the primary or old momentum variables p; become the transformed or new coordinates
X; and the old coordinates z; transform into the new momenta P;. Moreover, the assumption that the Legendre
transformation (2.88) indeed constitutes a contact transformation is confirmed by the following reasoning, based
on differentiation of (2.88):

du = d(ij:cju>
j=1
= Y dpjz;) —du
j=1

= ijdzj + ijdpj —du (2.89)
j=1 j=1

Now, according to (2.88),

> wjdp; = PidX; (2.90)
j=1 j=1
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holds true. Consequently, by using this relation in (2.89)
dU - PjdX; = <du2pjd1'j> (2.91)
j=1 j=1
is derived. Finally, by comparing (2.91) to (2.83), thereby assuming p = —1, it can be concluded that (2.88), as a

matter of fact, does represent a contact transformation.

Furthermore, due to the striking symmetry of (2.88), the backward transformation can be simply defined as follows:

Definition 4 The inverse transformation of (2.88) reads as
;=P w=>» PX;-U , pj=X;, j=1..n. (2.92)
j=1

Next, a geometrical interpretation of the Legendre transformation is possible by getting back to the planar approach
once more. The basic idea is that a curve C : u = u(x), Fig. 2.3 a, is not interpreted as the sum of its constituting
points (x,u), but as the envelope of the corresponding tangent lines as illustrated in Fig. 2.3b. These tangent lines
are thereby uniquely defined in terms of associated tangent coordinates (£, 7). See Fig. 2.3 a, where the slope and
the u-intercept are formally denoted by 7 and —&, respectively. Then, from the equation for the family of these
tangent lines, follows the equation of C' in terms of tangent coordinates, i.e. C': & = &(7), Fig. 2.3c.

b)

>§:,
x

X ™ T

Figure 2.3: Legendre transformation in two dimensions.

An analytical formulation is obtained by starting from the equation
u=u(z), (2.93)

given for the curve C in position coordinates (z,u). Next, the relation for a corresponding tangent line at a fixed
point (a*, u(z*)) is

u=71r—¢, (2.94)
subject to
T = d(z%)
¢ = ad(x%) —u(z¥), (2.95)

where the first relation is directly conceivable and where the second relation results from the point-slope equation
for straight lines, cf. Fig. 2.3 a.

The family of tangent lines that belong to C, is obtained in terms of the free parameter z*. The corresponding
envelope results from the elimination of z* in (2.95) by solving the first expression for z* = z*(7) and substituting
it into the second expression to obtain C' : £ = &(7).

On the other hand, considering the problem in a reverse manner, starting from the known representations C : £ =
&(7), the family of tangent lines is defined as

u="7z—&(17). (2.96)
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In (2.96), 7* now denotes the free parameter, and consequently by its elimination from (2.96), thereby considering
the side condition £'(7) = x, C : u = u(x) is derived.

It should be pointed out that the transition from position coordinates (x,u) to tangent coordinates (7,&), (2.94),
is formally identical to the Legendre transformation, as specified in (2.88). This becomes obvious by rearranging
(2.94) as follows

=1 —u=vzr—u, (2.97)

thereby substituting 7 = v/, according to (2.95). Subsequently, applying the relation p = v/, (2.86), and using U
instead of £ in (2.97), directly yields (2.88) for n = 1. By comparing Fig. 2.3 a) and c¢), it is observed that the
Legendre transformation indeed transforms line elements (x, u, u’) into line elements (7, &, £’). Thus, the Legendre
transformation belongs to the family of contact transformations.

In conclusion it can be stated that the benefit of contact transformations, specifically Legendre transformations, is
the property to transform first order partial differential equations, see (2.84), (2.85). It is worth also mentioning that
the Legendre transformation is commonly used in other fields such as classical mechanics, celestial mechanics and
thermodynamics. A prominent example in mechanics is that the Hamiltonian represents the Legendre transform
of the Lagrangian, replacing generalized velocity variables with generalized momentum variables, see e.g. [72]
PASLER 1968.



Chapter 3

Vectorial free GBVP in geometry space

The task of physical geodesy can be summarized as follows: determination of the external gravity field of the Earth
and the geoid. Before the availability of modern observational methods such as airborne or spaceborne techniques
this task has mainly been pursued by boundary value approaches enabling the determination of the gravity field,
on and outside the Earth’s surface, from ground gravity data. Such BVPs aiming at the determination of the
physical shape of the Earth and the terrestrial gravity field are referred to as geodetic BVPs. They are different
from the classical BVPs in potential theory, cf. Section 2-3, in two ways. Firstly, the boundary surface of the
BVPs in potential theory is assumed to be known, which is in contrast to the BVPs in physical geodesy where
the boundary surface is usually to be determined. Secondly, the boundary data type is different. Whereas the
BVPs discussed in Section 2-3 refer to functions of the gravitational potential, the BVP introduced in this chapter
is based on functions of the gravity potential.

3-1 Classification of the boundary value problems of physical geodesy

Nowadays, the term geodetic boundary value problem (GBVP), which was originally restricted to Molodensky’s and
Stokes’ problems, comprises a still increasing class of boundary value problems connected with the Laplace-Poisson
partial differential equation. Depending on the type of boundary data, and on the type and number of unknown
functions to be solved from geodetic observational data, it is important to distinguish between several formulations
of the GBVP. Based on terrestrial geodetic observables such as potential data or potential differences, modulus of the
gravity vector and astronomical latitude and longitude, three classical versions of the GBVP can be formulated:
first of all, the fized or gravimetric GBVP, involving the assumption of a completely known boundary surface,
secondly, the scalar free and, thirdly, the vectorial free GBVP, where either only the vertical component or the full
three dimensional boundary position vector has to be determined from the given boundary data simultaneously
with the gravity potential, e.g. [22] HECK 1991.

In recent years new observational techniques have created non-classical types of boundary data. As a consequence,
new BVP versions such as the gradiometric, e.g. [17] HECK 1979; [14] VAN GELDEREN 2001; [62] MARTINEC 2003,
mized or altimetry-gravimetry, e.g. [32],[33] HOLOTA 1983; [49] KELLER 1996 and overdetermined BVP, e.g. [75]
SACERDOTE 1985; [74] RUMMEL 1989; [29] HirsCH 1996, have to be considered. However, these new BVP types
will not be discussed in this work.

In general, all GBVPs are nonlinear problems since the observables depend on the unknown functions in a nonlinear
way. Therefore, investigation of existence and uniqueness properties of the corresponding GBVP solution, in
addition to its numerical evaluation, implies considerable mathematical and computational difficulties, e.g. [31]
HORMANDER 1975; [66] MORITZ 1980; [85] SANSO 1981; [105],[106] WiTscH 1985,1986; [48] KELLER 1987.

For practical purposes, nonlinear GBVPs are linearized with respect to a reference or normal potential, see e.g. [31]
HORMANDER 1975. Additionally, the vectorial free and the scalar free GBVPs require the choice of a mathematical
reference surface approximating the physical surface of the Earth. Depending on the choice of reference surface,
the associated BVP is referred to as Molodensky’s or Stokes’ problem. Naturally, the linearized GBVPs represent
oblique derivative problems, since the potential gradient is known along the plumb lines, which are usually not
orthogonal to the physical Earth’s surface or the reference surface. Thus, the process of BVP linearization is
generally followed by further approximations in order to modify the corresponding boundary condition. To begin
with, by means of the so-called spherical approximation, the boundary operator is simplified. This step basically

31
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involves the use of spherical coordinates and adoption of an isotropic normal potential, cf. (2.40), in order to revise
the form of the boundary operator. The last two steps in the hierarchy of approximations address the problem
of reducing the complexity of the underlying boundary surface. The planar approrimation and the constant
radius approximation formally transfer the boundary data onto a sphere. Hence, it can be noted that the oblique
derivative problem has been transformed into a simple normal derivative problem. A comprehensive overview of
the classification of the above approximations can be found, e.g., in [26] HECK 2003.

Despite the fact that due to deficiencies concerning availability and accuracy of astronomic observations, the prac-
tical significance of the vectorial free GBVP is questioned, e.g. in [19],[25] HECK 1988,1997, a closer investigation
of this BVP type shall first be conducted in Section 3-3. The reason is that the vectorial free GBVP represents
the most general form of the classical geodetic BVP types. Basic findings made for this BVP type can be carried
over to the fixed and scalar free problem. Therefore the aspect of linearization is treated in the context of the
vectorial free GBVP in Section 3-4. Accordingly, spherical and constant radius approximation are elaborated for
the vectorial free GBVP in Section 3-6 and Section 3-7.

For the sake of completeness it should be pointed out that detailed descriptions of the scalar free GBVP and the
fixed GBVP can be found in the following contributions. Theoretical aspects and investigations on existence and
uniqueness of the scalar free GBVP, which is also referred to as the geodetic variant of Molodensky’s problem, have
been evaluated, e.g., in [76] SACERDOTE 1986; [70],[71] OTERO 1987,1999 and [21] HECK 1989. The proof con-
cerning existence and uniqueness of the fixed gravimetric BVP can be found, for example in [54] KocH 1972 and [5]
BJERHAMMAR 1983. Solutions to the problem are given in [53] KocH 1971; [92] STOCK 1983 or [20] HECK 1989.
Numerical solutions via the boundary element method can be found e.g. in [51],[52] KLEES 1992,1997 and [58]
LEHMANN 1997.

Prior to the discussion of the vectorial free GBVP in more detail, some simplifying assumptions for the Earth
system have to be made.

3-2 Idealized Earth model assumptions

The respective physical-mathematical Earth model when dealing with GBVPs can be formulated as follows, e.g.
[66] MORITZ 1980. The Earth is assumed to behave like a rigid, non-deformable body, uniformly rotating with
known angular velocity w about a space- and body-fixed axis, passing through the Earth’s center of mass (CoM).
This CoM represents the origin 0 of a Cartesian coordinate system, the xs-axis coinciding with the axis of rotation.
This work deals with a gravity field produced solely by the Earth’s inner masses, i.e. all attracting mass elements
are located in the interior of the closed boundary surface o, which represents the Earth’s surface. The gravity
potential and the gravity vector must be corrected for the direct gravitational effect of other bodies, i.e. mainly
moon and sun, and for the attraction of the atmosphere. Furthermore, indirect tidal effects of celestial bodies as
well as geodynamic phenomena are considered to be accounted for since we want to deal with a rigid Earth. In
short, a steady field of a steady state Earth is considered henceforth.

3-3 The vectorial free GBVP

As mentioned above, the treatment of a particular BVP, namely the vectorial free GBVP, which, from now on, is
always meant if simply addressed by GBVP, is the main focus of this work. First, it shall be formally specified:

Definition 5 The geodetic boundary value problem is identified as follows: let o be a closed orientable and suffi-
ciently smooth boundary surface of a simply connected region with unknown embedding and metric. Astronomical
latitude ® and longitude A serve as the corresponding surface parameters on o. The data, i.e. gravity potential
values and gravity vectors, are given on o

w:oc — R
o — RS
and to be found are: (i) a real function W (x) : ext 0 — R, such that

AW(x) = 2w?, xcexto (3.1)
W‘ = w

o
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vw| =T (3.3)

g

holds, and (ii) the surface o that represents the physical Earth surface.

The nonlinear BVP introduced by Definition 5 is sometimes referred to as the astronomical variant of the free
GBVP, see [22] HECK 1991. The total number of unknown quantities related to this BVP is four: the (external)
gravity potential W(x) : ext 0 — R of the Earth, and the three components of a position vector x|a describing
the unknown geometry of the Earth’s boundary o. This setup of four unknowns has to be counterbalanced by
the observation of (at least) four different observables, namely the modulus of the gravity vector T' = ||T|| from
gravimetric observations, astronomical latitude ® and longitude A from astro-geodetic measurements and ground
gravity potential values w from leveling.

Remark 4 It must be pointed out that the potential values w are practically deduced in terms of differences
between the potential at the geoid and the potential at the respective points. These potential differences, also
referred to as geopotential numbers, are derived from spirit leveling combined with gravity measurements. Hence,
potential values w can only be determined up to an unknown constant, i.e. the potential value at the geoid.
According to [28] HEISKANEN&MORITZ 1967, the geoidal potential can be scaled with respect to the adopted
normal potential by measuring at least one distance and also the astronomical coordinates of its end points. In
fact, it is state-of-the-art that nowadays an unknown constant is determined for each continent, see e.g. [10]
CoLoMBO 1980 or [27] HECK 2004. For the sake of simplicity, this peculiarity in determining absolute potential
values from relative potential values is disregarded. Henceforth, the assumption is that absolute potential values
are directly observable.

3-4 Linearization of the vectorial free GBVP

Linearization, as already indicated, is generally the first step in the process of solving BVPs and involves intro-
ducing suitable known approximate quantities and applying Taylor’s theorem. Pending further notice, the way
of presenting the subject of linearizing the vectorial free GBVP follows the works of [64] MOLODENSKY 1962 and
[65] MORITZ 1977. On this account it should be pointed out that the term Molodensky’s problem is often used
synonymously for GBVP in literature. The material devoted to the aspect of linearizing the GBVP or rather Molo-
densky’s problem is organized as follows. To begin with, a first Lemma establishes a linearized relation between
potential disturbances and potential anomalies. A second Lemma addresses the problem of finding a linearized
relationship of the gravity disturbance vector and the gravity anomaly vector. A theorem based on these findings
presents the fundamental boundary condition of the linearized Molodensky problem, which is explicitly stated in
a final definition.

In order to get started, the true gravity potential W is approximated by the normal gravity potential Wy. In
general, a Somigliana-Pizzetti type of normal gravity potential is chosen for Wy. Furthermore, the real Earth
surface is approximated by a known surface, the so-called telluroid. In order to serve as a suitable reference for the
Earth’s surface o, the telluroid surface ¥ has to be introduced in such a way that points P of ¢ and points @ of X
are uniquely related, see Fig. 3.1. This relationship, more precisely the vector ¢ pointing from @ to P, referred to
as vectorial height anomaly or position correction vector, is unknown and must be determined in the course of the
BVP solution.

P

Earth’s surface

telluroid>

Figure 3.1: A mathematical reference surface approximating the physical surface of the Earth.
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For reasons that will become clear in a later section, the telluroid surface ¥ is defined in a rigorous way as follows:

Definition 6 Assume the true gravity potential and the direction of the true gravity vector to be given, i.e. W, ®
and A are known at P, then the points Q forming the telluroid ¥ must satisfy the following three conditions

Wo(Q) =Wol, =W(P)=W|_ : dg=0p ; Ag=Ap. (3.4)

That is, the normal potential Wy, the normal latitude qb and the normal longitude A at Q equal the true potential W,
the astronomical latitude ® and the astronomical longitude A at P, respectively. Note that gb and \ determine the
direction of the normal gravity vector T'g, cf. (2.36), whereas ® and A fix the direction of the actual gravity vector
T, see (2.25). In other words, the normal vertical on the telluroid and the local astronomical zenith on the Earth
coincide. Hence, (3.4) represents an isoparametric, more specifically isozenithal, telluroid mapping, see e.g. [15]
GRAFAREND 1978. Since the triplet latitude, longitude and potential is usually referred to as Marussi coordinates,
the resulting telluroid is also called the Marussi telluroid. A comparison of several other telluroid realizations, such
as the gravimetric telluroid mapping, which will be applied later on (Definition 18), is given, e.g., in [18] HECK 1986.

Thus the necessary preparations are met to linearize the BVP given according to Definition 5 starting from the
following lemma:

Lemma 2 Given that ¢, 6W and VOW are small enough quantities, and given that in accordance with the concept
of linear approximation the terms of second and higher order are neglected, then the relationship

W, + T ¢ = Aw, (3.5)

s

between gravity potential disturbances and gravity potential anomalies holds.
Proof. Starting from the definition given for the gravity potential anomaly in (2.46)

W[ —Wol, = Aw (3.6)
and rearranging the expression for the gravity potential disturbance (2.47) into

Wi, =oW|, + W, (3.7)

leads immediately to

SW|_ +Wo| —Wol, =Auw (3.8)

s
by substituting (3.7) in (3.6). Denoting the separation of a point P at the topography o from a directly related

into a Taylor series, thereby

point @ on the telluroid ¥ as vectorial height anomaly ¢, and expanding WO‘O_ at Wy |Z

omitting higher order terms, results in

Wol|, = Woly, + VIV |, = Woly, + T | € - (3.9)

s

Inserting (3.9) in (3.8) gives
SW| +Tg | ¢=Aw. (3.10)

Similarly to (3.9), the Taylor expansion of 6W‘G at 6W‘2 is given by
SW| =0W|y, + VoW T| ¢ =6W|,+0TT|C. (3.11)
From (3.11), according to standard textbooks, e.g. [66] MORITZ 1980, it follows
SW| =W, (3.12)

since both VIW , or rather 6T, and ¢ represent small quantities of first order and therefore their product is of order
two and thus negligible in the linear case. Furthermore, consistent with the linear approximation,

VoW | =0oT| = VéW|, =dr|, (3.13)

can be deduced directly from (3.12) with (2.52). Using the equality (3.12) and substituting it in (3.10) finally leads
to
W, +Tg | ¢=Aw. &
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Remark 5 It should be pointed out that the assertion of Lemma 2 must be regarded against the background of
the question whether the deviation of the disturbing gravity potential at the telluroid from the same quantity at
the surface of the Earth can be considered sufficiently small, so that the above linearization is feasible. The answer
is connected in turn with the underlying quality of the normal gravity potential, as well as with the adequacy of
the defined telluroid surface. As far as these matters are concerned, it can be stated that adequate approximations
in both cases are indeed available. E.g. in [18] HECK 1986, it is shown for a Somigliana-Pizzetti type of normal
gravity potential and for several telluroid mappings that typical separations between the telluroid surfaces and the
Earth’s surface are about 100 m.

Lemma 3 Under the same assumptions as in Lemma 2, that is {, OW and V6W are small enough quantities and
higher order terms are neglected, the following relationship

OT|, + Mo|,,¢ = AT (3.14)

B
between the gravity disturbance and gravity anomaly vector is true.

Proof. In an analogous manner to the modus operandi in the line of argument for Lemma 2, re-ordering (2.48),
defining the gravity anomaly vector, results in

1“|U—1“0\E:A1“. (3.15)

Next, solving the expression for the gravity disturbance vector (2.49) for I‘}G

I| =oT| +Tol,, (3.16)
and inserting (3.16) into (3.15) gives
ST| +To|, —To|, = AT. (3.17)
Following (3.9) using Ty instead of Wy, the Taylor expansion of 1"0’0 at 1"0’E is deduced
Ty| =To|,+ VIo|C. (3.18)

By means of the matrix My of the second-order partial derivatives of the normal gravity potential Wy, cf. (2.37),

oW, ory
M, = [M0] = [V(VWp)] = [ax_afc_] = Vo = [ax-] ’
1 J J

the relationship (3.18) transforms into
To| =Tl + Mol ¢. (3.19)

Using (3.19) together with (3.17),
6T| +Mo|¢ = AT (3.20)

can be determined. Finally, from (3.20) follows with the identity in (3.13)

0T, 4+ M| ¢ = AT. o

Lemma 2 and Lemma 3 form the basic relations for the considerations made in the following theorem:

Theorem 1 By means of Lemma 2 and Lemma 3, and under the same assumptions as before, the fundamental
boundary condition of the linearized Molodensky problem is derived as

(4W +m"oT) | = Aw+mT| AT, (3.21)

with the vector mis, given by

m| = —-M;"' | Tl - (3.22)



36 CHAPTER 3. VECTORIAL FREE GBVP IN GEOMETRY SPACE

Proof. At first, (3.14) is solved for ¢ under the assumption that My is invertible
¢=M;'|, (AT —oT|y) , (3.23)

and is substituted into (3.5)
Taf—1 T -1
(6W —T§ Mg 'oT) | = Aw— T | M|, AT

Finally, defining the vector m|Z

_ T _
m|2 == (F0T|ZMO 1}2) =—-M; 1}21-‘0}2

leads with (3.13) to
(oW +mTor) | = Aw+mT| A0 O
b

Note that (3.21) is a generalization of the fundamental equation of physical geodesy derived in the context of the
Stokes’ problem. Eq. (3.21), which holds on the telluroid 3, constitutes the fundamental boundary condition of
the linearized Molodensky problem. It is usually assumed that the gravity potential anomaly Aw and the gravity
anomaly vector AT are given. Thus, by means of the linear combination

fi=Aw+ mT‘ZAI‘
of the two observables Aw and AT, and the identity VoW = ¢T, (3.21) takes the form
(oW +m" VW) | =, (3.24)

so that (3.24) can be identified as an oblique-derivative problem, see Section 2-3.2.

Consequently, the linear variant of the GBVP, also denoted as the linearized Molodensky’s problem, is summarized
in the following definition:

Definition 7 The vector-valued linear geodetic boundary value problem is concerned with the following problem:
gravity potential anomalies and gravity anomaly vectors are given on the telluroid 3

Aw:Y — R
AT:Y — R?

and needed to be found is a real function 6W(x) : ext ¥ — R, such that

AW (x) = 0, x€extd (3.25)
(W +m VW) | = (3.26)
f=Aw+m'| AT (3.27)

1s satisfied.

After having solved Laplace’s equation AW (x) = 0 under the boundary condition (3.26) for the disturbing gravity
potential 6W (x), the vectorial height anomaly ¢ must be determined next. In fact, ¢, which relates the unknown

Earth surface o to its known approximation, that is to the telluroid ¥ as illustrated in Fig. 3.1, is derived from
(3.23), i.e.
¢=My'|, (AT — VeW|,) . (3.28)

In general, e.g. [66] MORITZ 1980, (3.28) is considered as the generalization of Bruns’ formula, cf. (2.70).

3-5 Preliminaries for the spherical approximation of the vectorial free
GBVP

In order to solve the BVP given in Definition 7, some simplifications regarding the underlying boundary condition
are made. For convenience, the label |, indicating that the corresponding boundary surface is established by the
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telluroid surface ¥, is omitted throughout this section. Evaluation of the boundary condition, as presented so far
according to (3.26), involves matrix-vector operations to compute the vector m, cf. (3.22). A first lemma, in which
the Cartesian components of the normal gravity vector are introduced as new coordinates, reduces the complexity
of generating the boundary condition. Instead of matrix-vector products necessary so far, only vector-vector cal-
culations appear henceforth. Furthermore, this modification allows, in the context of the next lemma, to achieve
a formulation for the boundary condition, which only makes use of simple scalar-valued operations by introducing
so-called quasi-spherical coordinates. A third lemma, in which the arc length of an isozenithal line is adopted as
a main variable, together with the fourth and last lemma, which modifies the expression of the observational side
(3.27), yields the final form of the boundary condition. In its final form, which is still rigorously valid, the basic
boundary condition of the linearized Molodensky problem is well suited for geometrical interpretations and the
intended further approximations. In addition, it should be pointed out that all modifications applied are based on
the contributions of [64] MOLODENSKY 1962 and [65] MORITZ 1977 and leave the boundary condition unaltered
in a rigorous sense, i.e. no further approximation is involved.

To begin with, new coordinates are introduced:

Definition 8 Let the new coordinates p; be defined by the Cartesian components of the normal gravity vector
p=[p]:=To=[I7] i=123. (3.29)

Remark 6 At this point, attention should already be drawn to the later Section 4-3, where, in the context of
Definition 14, the idea of utilizing the force vector of the Earth’s gravity field to define new coordinates is resumed.

Lemma 4 Reformulation of the boundary condition (3.26) in terms of the new coordinates p yields

)
SW —p VoW =W — pi%TW =f. (3.30)

Proof. Since the coordinates p; are introduced in such a way that p; = I'? holds, it follows directly that

Opi
al'j

M, = [M0)] = { ] i,j=1,2,3

is true for the matrix M declared in (2.26). Hence, the matrix My represents the Jacobian matrix of the coordinate
transformation (3.29). Consequently, the vector m (keeping |z: in mind), introduced in (3.22), becomes

- op; 1" .
m=[m;]=-M;'p=— {35} [p;] 1,j=1,2,3, (3.31)
j

using index notation. According to Lemma 1, the inverse of the Jacobian matrix My is simply the Jacobian matrix

api 1! | Oz

aiCj N 8pj ’
_Gaci )
apjpj

Next, the vector product mT‘EV(SW in (3.26) is evaluated. Insertion of (3.32) in (3.26) and applying the chain
rule of differential calculus, again using index notation and omitting ‘27 yields

of the inverse transformation

(3.31) can be written as

m; = i,j=1,2,3. (3.32)

DOW OOW Oz OoW
T i
SW =m0 L, O _
m 'V m oz, oz, apjp] p; Dj (3.33)
Hence, with (3.33), (3.26) becomes

DOW

oW Py~ = f- ¢
Pi

A comparison of this representation of the boundary condition to the one in (3.26) shows that the explicit setup of
the vector m, which involves a matrix-vector product, see (3.22) or rather (3.31), and its application to the gravity
disturbance vector VW, is substituted by a simple scalar product of two vectors, the new coordinate vector p and
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the gradient of the disturbing gravity potential with respect to p.

Next, by introducing so-called quasi-spherical coordinates, further simplification of the boundary condition (3.30)
is achieved:

Definition 9 Ezpressing the curvilinear coordinates (p1,p2,ps) given according to Definition 8 in terms of quasi-
spherical coordinates (p, , \) reads as

1 1 1
P1=——75C08SPCOSA ; p=——cosgsinA ; p3=——sing, (3.34)
P P P

Lemma 5 In quasi-spherical coordinates the fundamental boundary condition of the linearized Molodensky problem

reduces to
oW

Proof. The partial derivative 6(69_?/ can be formally expanded into

dSW _ OSW dp,

= 3.36
dp dpi Op (3.36)
by application of the chain rule. A closer look at the partial derivatives %I;j yields
Ipi 2p;
a—’; - f% : (3.37)
Insertion of (3.37) into (3.36)
oW 72p_ oW
dp p Op;
and rearranging the resulting expression leads to
AW AW
: U (3.38)

P op T 2 0p
Hence, substitution of (3.38) into (3.30) proves that the assertion of Lemma 5 is true

25W+p66—W:2f. &
dp

Now, the resulting boundary condition (3.35) exhibits the favorable property of being a purely scalar-valued re-
lation. Furthermore, expressing the gravity coordinates p; in terms quasi-spherical coordinates (p, ¢, \) allows for
the following considerations. Since the vector p = [p;] represents nothing else than the normal gravity vector,
its modulus is ||p|| = To and the identity Ty = p% can be deduced immediately from the definition of the quasi-
spherical coordinates (3.34) by comparison. Thus, the factor = simply equals the modulus of the normal gravity
vector I'g. Since the normal gravity vector is pointing towards the geocenter, the negative sign is mandatory since
p% is always positive. If the reference ellipsoid is degraded to a reference sphere, the magnitude of the gravity
vector 'y is only radially dependent and p% becomes proportional to the radius. In a sense, (p, ¢, \) represent
spherical coordinates, hence the name quasi-spherical coordinates in the general case. Furthermore, the partial
derivative ag_zv in (3.35) means differentiation of the disturbing gravity potential with respect to the coordinate
p, while the coordinates (¢, A) remain constant. This means, since by definition (3.34), (¢, \) determine the di-
rection of the normal gravity vector I'y, differentiation takes place along a line where all normal gravity vectors
are parallel. Such a line is referred to as isozenithal. An important property of isozenithals is that they coincide
with the plumb lines when those are straight lines. This situation exists when the underlying mass distribution
of a body is considered radially symmetric, e.g. in case of a homogeneous non-rotating sphere. However, as the

normal plumb line curvature is quite small, isozenithals and plumb lines are not very different, cf. [97] SUNKEL 1978.

The use of isozenithals provides the opportunity to simplify (3.35) yet another time by:
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Lemma 6 Let 7 denote the arc length of an isozenithal line with respect to the normal gravity field, then the
boundary condition (8.35) takes the form
oW 1 0Ty 1 0T

0y = 0 .
or Ty or W Iy O / (3.39)

Proof. The new variable 7 stands for the arc length of an isozenithal line. Therefore, a% is a derivative along
the isozenithal of the normal gravity field in the same way as 6%. Hence, the two partial derivatives can only differ
by a scalar factor C

0 0
—=C=. 3.40
or ap ( )
The proportionality factor C' is obtained by applying (3.40) to the modulus of the normal gravity vector I'y
dl'y dl'y
—=C——. 3.41
or ap ( )
As already discussed above, the following relationship
1
Ipll =To = E
follows directly from (3.29) and (3.34). Thus, the derivative aa—l;f’ can be evaluated
or 0 1 2 2T
Fo_ 9 (_2) =-== _Z0 (3.42)
dp Op \p p p
Solving (3.41) for the proportionality factor C' and utilizing (3.42) yields
_ 2T0 jorg _ _L% 4
C=%"/5%¢ TN (3.43)
Upon substituting (3.43) into (3.40), i.e.
d 100\ ' 9
— =2 =— — 3.44
pap (Fo or ) or’ (3.44)
the boundary condition (3.35) becomes
00w 1 9y 1 9Ty
———— W=—=—F.
or Ty O7 Ty O7 ! ©

By definition the arc length 7 of an isozenithal line is measured from the reference surface positively upwards. For
example, 7 represents the height above the ellipsoid measured along the isozenithal. This is comparable to the
orthometric height concept. The difference is that orthometric heights are measured starting from the geoid and
along plumb lines. For a more thorough discussion of isozenithals and the quantities (p, a%’ %), the interested
reader is asked to consult, e.g., [65] MORITZ 1977 or [97] SUNKEL 1978.

In order to obtain, at least for the time being, a final version of the linearized Molodensky problem, the right hand
side of the boundary condition (3.39) is reconsidered in view of a parameterization in terms of the arc length 7 of
an isozenithal line. More precisely, the linear combination of the observables used to define the right hand sides of
the various boundary conditions presented so far, see (3.26), (3.30), (3.35) and (3.39), i.e. the term f, is revised:

Lemma 7 Let x = x(7) be the equation of an isozenithal line of the normal gravity field, then f = Aw +mT AT,
(8.27), transforms into the following expression

-1
f=Aw+ (Fio %) AT, (3.45)

where the quantity AT is the component of the gravity anomaly vector AT in the downward direction of the
isozenithal.
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Proof. A parameterization of the isozenithal line using the arc length 7 of the isozenithal as main variable is
given by

x =x(71).
Then the vector
dx
e=—
dr

represents a unit tangent vector of this curve. The scalar product of the vector e and the gravity disturbance
vector VOW yields, by means of the chain rule,

O6W dx;  O6W

-
e VoW Ox; dr or (3.46)
According to (3.33),
oW
m'VoW = ——p, 3.47
apj J ( )

holds. Substituting (3.38) into (3.47) leads to
1 96W

-
W =—p——. A4
m VW = 5p— (3.48)
Following the identity given for the partial derivatives 6% and % in (3.44), (3.48) transforms, together with (3.46),
into
1 90\ " 96w
T 0
5 (=20
m- Vol <1"0 07) or
100\ "
= —|=— SW . A4
(FoaT) e VoW (3.49)
From (3.49),
100\ "

can be seen immediately. Hence the vector m is tangential to the isozenithal and its magnitude amounts to

-1
(FiU %) . Since 7 is designed positively upwards, the minus sign implies that m is directed downwards. Now,

using (3.50), the second term m " AT of (3.27) can be specified by

-1
m' AT = — <Fi %) e AT. (3.51)
0

Here, the scalar product e AT shall define a new quantity
e AT = —ATY, (3.52)

which constitutes the projection of the gravity anomaly vector AT into the downward direction (hence the minus
sign) of the isozenithal. Finally, by substituting (3.52) together with (3.51) into (3.27), the right hand side term of
the boundary condition (3.26) becomes

1 aTy

-1

Now, (3.45), instead of (3.27), is used in (3.39). Consequently, the final form of the fundamental boundary condition
of the linearized Molodensky problem reads as follows

oW 1 0Ty 1 0Ty
— — W =-Al'— ———Aw. )
or Ty Or W Ty Or v (3.53)

It should be emphasized that the fundamental boundary condition in its representation in (3.53), which holds on
the telluroid ¥, is theoretically exact (in the framework of the linear approximation) and rigorously equivalent to
the preceding formulation (3.26). No further approximations are involved.

Hence, the new variant of the linearized Molodensky problem, which is based on the revised boundary condition
given above, can be formally introduced as follows:
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Definition 10 The scalar-valued or fundamental linear geodetic boundary value problem implicates the following
task: the data

Aw:Y — R
AT: Y — R

are given on the telluroid ¥ and to be found is a real-valued function SW(x) : ext ¥ — R, such that

AW (x) = 0, x€extX (3.54)
osW 1 9T B , 14T,
< 97 T or 5W) = —AT To o7 Aw (3.55)

1s satisfied under the condition that T is never tangential at the boundary surface 3.

It follows directly from (3.55) that the linearized Molodensky problem can be categorized as an oblique derivative
problem, since the partial derivative 6% is taken along an isozenithal line and isozenithals are (apart from the spher-
ical case) not normal to the telluroid ¥. Obviously, oblique derivative problems are considerably more difficult
than a BVP implying normal derivatives. Therefore the usual procedure to obtain a sufficiently simple BVP is to
adopt certain further approximation steps. This aspect is addressed in the next section.

Again, the vectorial height anomaly ¢, which relates the unknown Earth surface ¢ to its known approximation,
i.e. to the telluroid ¥, is determined according to (3.28) after having solved the problem described by Definition 10.

Remark 7 A simplified representation for the boundary condition of the linearized Molodensky problem, which
is also found in textbooks, e.g. [28] HEISKANEN&MORITZ 1967, is given by

1 90
(a&w - —Qaw)

However, this form of the boundary condition already comprises certain approximations such as: (i) instead of the
partial derivative 6% taken along an isozenithal, the partial derivative % taken along the normal plumb line is
applied. This is practical, since as discussed before isozenithals and plumb lines are not very different. Next, (ii)
AT, the component of the gravity anomaly vector AT in the direction of the isozenithal, is replaced by the gravity
anomaly AT, defined according to (2.50). Again, this assumption has an approximative character even though

the effect is practically negligible, due to the fact that AT” is almost equal to AT, since the isozenithal is directed

= —-ATl.
b

nearly vertical. Furthermore, (iii) in comparison to (3.55) the second term is missing on the right hand side. The
reason is that the telluroid ¥ is in fact defined by means of Definition 6 in such a way that Aw = W’G - Wy ’2 =0
is true. Hence, the corresponding term vanishes.

3-6 Spherical approximation of the vectorial free GBVP

After having elaborated on various representations of the boundary condition of the linearized Molodensky problem
in the last section, the aim of this section is to finally achieve a suitable form for the boundary condition, which
satisfies the practical needs. For that purpose, an isotropic normal potential is adopted and spherical coordinates
are introduced within the scope of the succeeding lemma in order to further simplify (3.55):

Lemma 8 Using the isotropic potential (2.40) as the normal potential and employing spherical coordinates (A, é,1)
according to (2.1), reduces the boundary condition (8.55) to
osw 2 2
(— + —(WV) =-Al" + -Aw. (3.56)
or r r

Proof. Equating the normal gravity vector I'g to the gradient of the isotropic normal field (2.40), that is to the
normal gravitational acceleration vector given by (2.41), leads to

COS ¢ cos \
GM
Fop=—7—5 | cosgsinA | . (3.57)
P | e
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For the magnitude of (3.57) holds
GM GM
To=I|Tyll = — = ——. 3.58
0 || OH HXH2 72 ( )
On the other hand, representing the normal gravity vector Iy in quasi-spherical coordinates, cf. (3.34), thereby
taking (3.29) into account, results in
1
02

To = |p[ = (3.59)

for the modulus of (3.57). Consequently,

=T (3.60)

results by comparing (3.58) and (3.59). Thus, p and r differ by a constant scale factor.
As discussed before, plumb lines and isozenithals become straight lines for a homogeneous non-rotating sphere and,
as a result, coincide with the spherical radii. Hence,

0 0

— = = 3.61

or Or (3.61)
can be deduced for the relationship between the partial derivative taken along the isozenithal and the partial

derivative with respect to the radial direction. Furthermore, the term F—lo %, present on both sides of the boundary

condition (3.55), transforms to

1 0l'y 72 0 GMY\ r2 GM 2
ﬂ?(w)%( ) 2 - (3.62)

r2

T °GM 3 r

Finally, using (3.61) and (3.62) in (3.55) yields

(25 2
or r

= -Al" + gAw. &
r
=

The problem to solve Laplace’s equation A§W = 0 outside the telluroid ¥, which is considered to be a known
surface, with the above boundary condition (3.56) is generally referred to in literature as the simple Molodensky
problem. However, before formally introducing the simple Molodensky problem in the context of a new definition,
a further simplification is considered next.

As already indicated at the end of Remark 7, the surface X, approximating the Earth’s surface o, has been
introduced at the beginning of this chapter in a quite specific manner. According to Definition 6, the Marussi
telluroid ¥ results from the requirement Aw = W‘U — I/V0|E = 0. As a result, specification of the telluroid in such
a way allows for an additional modification of the boundary condition representation (3.56). Hence, the following
theorem is formulated:

Theorem 2 The boundary condition of the simple Molodensky problem becomes

oW 2
(— + —5W) = —AT, (3.63)
or r
b
if the points Q establishing the telluroid ¥ are selected such that Aw = 0.
Proof. From (3.4) and (2.46), it follows directly that the gravity potential anomaly equals zero
Aw=0. (3.64)
As discussed in the framework of Remark 7 at the end of the last section, the identity
Al = AT (3.65)

represents a permissible approximation. Finally, using (3.64) together with (3.65) in (3.56), the boundary condition
of the simple Molodensky problem changes to

(25 25
or r

= —-ATl. &

P
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Remark 8 This representation of the boundary condition holds on the telluroid and is considered in nearly all
practical solutions of the GBVP. It is further worth mentioning that in the context of assuming an isotropic normal
potential, only the boundary operator has been approximated. That is, the influence of geometrical flattening,
centrifugal potential and Js is neglected in the coefficients of the boundary condition (3.55) so that the spherically
approximated relations of Lemma 8 or Theorem 2 are formally obtained. The telluroid ¥ and the corresponding
boundary data AI' remain unaltered, still referring to the Somigliana-Pizzetti type of gravity potential of an
equipotential ellipsoid. In conclusion, the described spherical approximation of the boundary condition seems
feasible since it only relates quantities of the anomalous gravity field and therefore an error to the order of the
flattening (0.3%, difference of the semi-major and the semi-minor axis of the reference ellipsoid divided by the
radius of the reference sphere) is tolerable, cf. [66] MORITZ 1980.

Thus, on the basis of the boundary condition given according to Theorem 2, the following BVP, from now on also
designated as simple Molodensky’s problem, can be defined at last:

Definition 11 The geodetic boundary value problem, in spherical approzimation, stands for the following problem:
the data, i.e. gravity anomalies
Al': Y —= R

are given on the telluroid ¥ and needed to be found is a real function SW (x) : ext ¥ — R, such that
AW (x) = 0, x€ext (3.66)

(ag_w + z(sw) = —AD (3.67)
T T

z

is satisfied.

Assuming for the moment that the GBVP as given above has already been solved, i.e. dW (x) has been determined,
then the only task left is to obtain the Earth’s surface. To this end, the vectorial height anomaly ¢, which relates
o to its approximation ¥, is obtained according to (3.28). Alternatively, similar approximations as discussed in the
previous sections can be introduced to simplify (3.28).

3-7 Constant radius approximation of the vectorial free GBVP

At last, this paragraph aims at finding a representation of the GBVP, which can be utilized to finally achieve a
numerical solution. For that purpose, the simple Molodensky problem, see Definition 11, has to be elaborated on
further. More precisely, application of the so-called constant radius approximation step is considered next. Con-
stant radius approximation can be regarded simply as a one-to-one mapping of the given boundary values AT" from
the telluroid ¥ onto the sphere S.

Consequently, the BVP (3.66)-(3.67) transforms into a new BVP defined as follows:

Definition 12 The geodetic boundary value problem, in spherical and constant radius approximation, addresses
the following problem: gravity anomalies

AT': S —R

are now given on the sphere S and to be found is a real function SW(x) : ext S — R, such that
AW (x) = 0, x€extS (3.68)

oow 2
<W i §5W>

—AT (3.69)

S

holds.

The underlying procedure of constant radius approximation can be interpreted geometrically as follows. In the
first instance, a point P given at the telluroid X in terms of geodetic coordinates (h, ¢, \), is replaced by a point
P’ given in spherical coordinates (r, ¢, A), see also Fig. 3.2. The two coordinate sets are related to each other by
means of
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o

Figure 3.2: Constant radius approximation as a spherical mapping.

r=R+h ; h=h ; ¢=¢ ; A=A. (3.70)
Thus, according to (3.70), it applies that the spherical coordinates (¢, A) of P’ simply equal the geodetic coordinates

(6, A) of P and that the height h of P’ above the sphere is made equal to the height h of P above the ellipsoid.
Hence, the approximation consists of calculating with P’ formally as if it were P.

In addition, based on the following reformulation of the polar coordinate r

h
=R+h=R|1+ =
T + <+R>’

it follows that r differs from R by only a factor of about

h ~ 8 km
R~ 6371km

In fact, since an approximation error of 0.3% has already been tolerated by using spherical instead of geodetic co-

=~ (.001. (3.71)

ordinates, see Remark 9, the additional error of 0.1% when assuming a topography-free Earth, i.e. approximating
r by R, can be neglected. This modification is generally also referred to as planar approzimation.

Consequently, (3.70) becomes

r=R ; ¢=¢ ; A=M\. (3.72)
Altogether, the name constant radius approximation is used when the simplified problem (3.68) and (3.69) is treated
instead of the BVP specified by (3.66) and (3.67).

Remark 9 Depending on the choice of the radius R of the reference sphere, the true ellipsoidal height h can differ
from the true spherical height h for P by as much as 20km. Usually, the radius R is set equal to the radius of a
mean sphere, which is suitable to best approximate the ellipsoid. In that case, R is related to the ellipsoidal axes
a,b by

R = Va?. (3.73)

It is worth mentioning that a sphere defined in compliance with (3.73) lies partly above the telluroid X, which seems
in contrast to the requirement that Laplace’s equation, cf. (3.68), holds true everywhere outside the telluroid. But,
since the boundary data are projected at this stage only formally from the telluroid ¥ to an arbitrary sphere S,
(3.68) is valid and no additional error is introduced here. Note, the sphere S could also theoretically be chosen to
lie completely inside the telluroid.

However, the situation changes when comparing the boundary conditions (3.67) and (3.69). A properly defined
telluroid, such as the Marussi-telluroid, deviates from the Earth’s surface only by about 100m, e.g., [19] HECK 1988.
Hence, the ellipsoid adopted as a reference to represent the telluroid features the same flattening as an equipotential
ellipsoid approximating the figure of the Earth. Since the transition from geodetic to spherical coordinates is
equivalent to the substitution of the reference ellipsoid by a reference sphere, Fig. 3.2, the corresponding error
level for the representation of the telluroid boundary surface in terms of spherical instead of geodetic coordinates
is, as seen before, in the range of 0.3%. Again, this is only permissible for quantities and equations related to the
anomalous field such as the boundary conditions (3.67) and (3.69).
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The reason for mapping the boundary data from the telluroid to the sphere is that the sphere, as opposed to the
telluroid, represents an appropriate, i.e. mathematically simple, boundary surface. This is important to solve the
BVP given in Definition 12 for the disturbing gravity potential 6W (x) by means of a spherical harmonic analysis
procedure.

Thus, completion of the physical part of Molodensky’s problem provides the solution for the disturbing potential
0W. The geometrical part, i.e. determination of the Earth’s surface o, follows from dW at last. Note that the
sphere S, considered above within the scope of the constant radius approximation, serves only as an auxiliary
surface. It provides a mathematical reference for the boundary data in view of the intended numerical examination
of the problem. The approximation to the unknown surface ¢ remains the reference surface ¥, i.e. the Marussi
telluroid specified in Definition 6. That means the vectorial height anomaly {, to correct for the discrepancy
between o and X, is still obtained according to (3.28). Again, it is worth mentioning that simplifications related
to the same degree of approximation are still possible.

Remark 10 Instead of simply mapping the boundary values from the telluroid onto the sphere, two alternatives
shall shortly be addressed here. Firstly, explicit analytical data continuation (ADC) strategies to generate boundary
values on a spherically shaped boundary surface can be applied, see e.g. [66], [67] MORITZ 1980,1990 or [88]
SEITZ 1997. This implies, stability provided, that ADC techniques perform with a relative error of below 0.3%.
This is feasible as is shown in the quoted work of K. Seitz. Secondly, instead of using a sphere as mathematical
reference surface for the harmonic analysis, the ellipsoid can be considered as a computation surface. As mentioned
before, the telluroid is close to the surface of the Earth and therefore exhibits the same flattening. Thus, the ellipsoid
represents a better approximation than the sphere and its use as a boundary surface theoretically eliminates the
0.3% approximation error, which arose from the spherical mapping. In order to obtain boundary values on the
ellipsoid, it is sufficient (keeping in mind that the boundary data is related to the anomalous field and is therefore
considered small of first order) to assume the data to be given simply at the ellipsoid, i.e. to apply ellipsoidal
mapping so to speak. According to (3.71), this induces an approximation error of about 0.1%. However, a more
sophisticated approach would be to actually compute the boundary data for the ellipsoid by means of ADC, see
again [88] SEITZ 1997. Note, next to the numerical solution discussed for the problem according to Definition 12,
see Section 2-4 for the analytical solution of the problem, i.e. by means of Stokes integral.

At last, a comment should be made on the resemblance of the alternatives quoted here and the classical solution of
the problem (3.68) and (3.69) in terms of the Molodensky’s series, see e.g. [66] MORITZ 1980. In fact, putting more
effort into the generation of the boundary surface and the corresponding boundary data is equivalent to accounting
for higher order terms in the Molodensky’s series.



Chapter 4

A boundary value approach in gravity
space

In the late 1970s F. Sanso pioneered a brand-new methodology for solving the vectorial free GBVP as specified in
Definition 5. He transformed the overall problem, defined in the ordinary space, into a fired BVP given in what
is known as the gravity space. A wealth of literature is devoted to this so-called gravity space approach, see e.g.
[77],[78],[79],[80] SANSO 1976-1978. Moreover, valuable secondary references are e.g. [65],[66] MORITZ 1977,1980,
providing an excellent overview of the subject. With his gravity space approach, F. Sanso managed to reduce the
mathematical complexity of the problem considerably. This will be recapitulated starting from Section 4-3. Prior
to this principal part, Section 4-1 elaborates the benefit of a gravity space formulation in general and Section 4-2
provides a modified definition of the vectorial free GBVP appropriate for an investigation in gravity space.

4-1 Ordinary space versus gravity space

To get started with the theory of treating the GBVP in gravity space, first of all, what has to be understood under
the term gravity space shall be clarified. According to Section 3-3, the magnitude and the direction of the actual
gravity vector I' = [[';], together with the true gravity potential W, have to be given throughout the surface of
the Earth ¢ in order to solve the vectorial free GBVP. Indeed, the required knowledge of I' gave rise to the idea
to use its three Cartesian components (I'1,T'2,T's) as new curvilinear coordinates, instead of using the Cartesian
coordinates (1, z2, x3) themselves. Attention is called to the fact that a similar modus operandi has already been
adopted in Definition 8 and Definition 9, where the force vector of the Earth’s normal gravity field has been used to
define quasi spherical coordinates. These new coordinates I'; can be seen in two ways. On the one hand, they form
curvilinear coordinates in ordinary space, and on the other hand, they can be considered as Cartesian coordinates
in an auxiliary space, referred to as gravity space. More precisely, the gravity vector I" forms the position vector in
gravity space and its components I'; represent rectangular coordinates of the point at which they are computed.
This is illustrated in Fig. 4.1.
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Figure 4.1: Ordinary space versus gravity space.
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Moreover, the magnitude I' of the gravity vector I' corresponds to the length of the radius vector, when the new
position vector I' is formulated in terms of polar coordinates, cf. Definition 9. The benefit of defining such gravity
space coordinates is that the three coordinates I'y, '3, I's of each point of the surface o are known. That is ¢ is a
known surface if expressed in terms of coordinates I'; or, in other words, the unknown surface ¢ in ordinary space
becomes a known surface ¥ in gravity space, see again Fig. 4.1.

To guarantee a unique transition between ordinary space and gravity space, that is to obtain a one-to-one cor-
respondence between Cartesian coordinates x; and gravity space coordinates I';, the Earth has to be considered
to be non-rotating or the effect of Earth rotation has to be corrected for in advance. Moreover, the idealized
assumptions for the Earth system as given in Section 3-2 apply. The reason for the postulate of a non-rotation
Earth is visualized in Fig. 4.2. Outside o, gravity diminishes along an arbitrary radius vector in the equatorial
plane. This is due to the fact that with increasing distance from the geocenter, the centrifugal force increases as
well. At a certain spatial point gravitational acceleration g is balanced by centrifugal acceleration a, and gravity
becomes zero. Still further away from the geocenter, gravity increases again, since the centrifugal force becomes
dominant. Consequently, if a different radius vector in the equatorial plane is considered, then for another point
along this direction gravity becomes zero. In fact, it is comprehensible that a closed curve C' in the equatorial
plane can be found where gravity is always zero. This violates the one-to-one relationship between gravity and
position vector. However, these considerations are rather of theoretical nature, because from a practical point of
view the region of interest lies in the vicinity near the Earth’s surface. Nevertheless, in the sequel, the gravitational
potential V' and the gravitational acceleration vector g shall be considered instead of the gravity potential W and
the gravity vector I

Figure 4.2: Compensation of gravitational and centrifugal acceleration.

Finally, as indicated in Fig. 4.1, the BVP in ordinary space resembles an exterior problem. This means that all
masses generating the gravitational potential V' are located in the inner region 2, confined by the surface o. In
the outer domain 2, which is the region of interest, Laplace’s equation is satisfied and the potential V' is harmonic
(2.30). Now, the exterior BVP in ordinary space corresponds in a one-to-one relationship to an interior problem of
gravity space. That is, the sources generating the potential field can be imagined to be positioned in the exterior
domain Q;. Consequently, the potential induced inside 2" and on the boundary surface ¥ has to be considered.
Thus, Q2 becomes the region of interest. The circumstance that the problems in ordinary and gravity space are, in
a manner of speaking, complementary to one another is directly related to the property of gravitation to decrease
in magnitude with increasing distance from the geocenter. Hence, infinity in ordinary space corresponds to the
origin in gravity space. It should already be stressed, that the gravitational potential tends toward zero at spatial
infinity, a behaviour that will be of importance and gives reason to the considerations with respect to the regularity
of the approach at the end of this chapter.

4-2 Reformulation of the vectorial free GBVP in geometry space

In the context of dealing with the vectorial free GBVP, cf. Definition 5, in gravity space, it is necessary as discussed
in Section 4-1 to correct the boundary data for the influence of Earth’s rotation. Hence, the resulting problem can
be specified as:
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Definition 13 The rotational free version of the geodetic boundary value problem is considered as the following
problem: the data are gravitational potential values and gravitational acceleration vectors given at the unknown
surface o

AV(x) = 0, x€exto (4.1)
P Ve =
Lo o o
Vi, = W= 5w (27 +a3)|, =v (4.3)
vv‘a’ = f_w2 [.1'1,.’1]2,0]T|a_:g, (44)

and (i) the boundary surface o, i.e. the physical Earth surface.

As before, the total number of unknown quantities is four: the (external) terrestrial gravitational potential V' (x) :
ext 0 — R and the components of the three-dimensional topography vector X‘ - In the case under consideration, i.e.
determining gravitational instead of gravity potential, the four required quantities to counterbalance the unknowns
cannot be measured directly but have to be deduced from the actual observations (w, f‘(f‘, ®, A)). On this account,
the effect of Earth rotation has to be reduced according to (4.3) and (4.4) and from now on, to simplify matters,
the Earth is considered non-rotating, that is w = 0.

Remark 11 To treat a free BVP on the one hand and to correct the gravity vector for the influence of Earth
rotation on the other hand, seems mutually contradictory since it requires the Earth’s surface to be known.
However, the effect of Earth rotation can be accounted for with sufficient accuracy on the basis of the already
existing knowledge about the Earth’s surface.

The forthcoming discussions on F. Sanso’s gravity space approach are organized into the following sections. The
next section lays the cornerstone of the new theory, i.e. the transformation from ordinary to gravity space is
introduced. In this context the idea of a new potential, referred to as adjoint potential, is established and its
relationship to the conventional potential is elaborated. In Section 4-4, the field equation for the adjoint potential,
which corresponds to Laplace’s equation, is derived. Furthermore, replacing the GBVP in ordinary space, the
resulting nonlinear fixed BVP in gravity space is given. Thereafter, in Section 4-5 the aspect of linearizing the
nonlinear problem is treated. A final section concerns the asymptotic relations of all involved quantities.

4-3 F. Sanso’s gravity space transformation

F. Sanso’s outstanding achievement to transform the vectorial free GBVP, given in its representation without the
influence of Earth rotation according to Definition 13, into a problem with a fixed boundary, see e.g. [79] SANSO
1977, is based on the aforementioned idea to treat the problem in an auxiliary space, namely in gravity space.
The underlying theory is composed in this section. Based on the following two definitions, a closer investigation
of the relationship between the Cartesian coordinates x = [z;] in ordinary space and the related coordinates in
gravity space, denoted by & = [§;] from now on, is conducted. Prior to a further definition, which introduces the
new adjoint potential as the protagonist of gravity space theory, [85] SANSO 1981, a first lemma states that not
only the gravity space coordinates £ are of gradient type, but the Cartesian coordinates x as well. Thus, a mutual
symmetry of ordinary and gravity space quantities becomes apparent, which in the course of a final theorem is
utilized to acquire the inverse relation of the adjoint potential.

To begin with, the following transformation defining the access to gravity space is considered:

Definition 14 Formally, gravity space is regarded as the image of the FEarth’s exterior domain, i.e. x € ext o,
under the following mapping

§=6]=gx)=a] 1=123. (4.5)
The new spatial vector € represents a vector of independent Cartesian coordinates in gravity space. These coordi-
nates & will be referred to as gravity space coordinates.
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Of particular interest is the restriction of the position vector in ordinary space on the right hand side of (4.5) onto
the surface of the Earth, i.e. x’g:

Definition 15 The position vector 5’2 is the image of the Farth’s surface o under the gravity space mapping (4.5)

and describes a known surface in gravity space, which is denoted by X.

In fact, it will turn out that the surface ¥ characterized above will serve as the fundamental boundary surface in
gravity space. Therefore, 3 in (4.6) should not be confused with the boundary surface in ordinary space introduced
in Definition 6, i.e. the ordinary telluroid surface, which has so far also been labeled by ¥. Henceforth, if not
stated otherwise, X represents the boundary surface according to Definition 15.

Remark 12 Moreover, it should be clarified that on the one hand ordinary space is usually understood as the
complete geometry space in terms of 1, xz9, x3 coordinates, hence comprising both the region inside and outside
Earth. On the other hand, gravity space is referred to as the image of the outer Earth domain only, since the
coordinate mapping could at the same time not be bijective for the regions inside and outside the Earth. Besides
that, simply a lack of availability of accessible gravity information inside the Earth must be accounted for. Thus,
in accordance with Definition 14 and in view of Fig. 4.1, the region ©_, i.e. the interior domain with respect to
the boundary surface ¥, can be identified as gravity space.

Now, from (4.5) follows that the gravity space coordinates &; represent nothing but the components g; of the
gravitational vector g. Consequently, in view of g = g(x), the new rectangular coordinates (£1,&2,&3) themselves
can be understood as functions of the old rectangular coordinates (z1, z2, z3), i.e.

§€=¢&(x). (4.7)

Thus, (4.7) formally constitutes a coordinate transformation (see also Section 2-1.2). It can be considered as a
mapping of a position vector x of ordinary space into a position vector £ of gravity space. Now, following the
thoughts of F. Sanso, e.g. [85] SANSO 1981, a scrutinizing glance directly reveals a first important property of
(4.7). That is, with (4.5) and (2.27), (4.7) is apparently of gradient type

£=VV(x). (4.8)

Next, having identified (4.7) as a coordinate transformation, the question to be subsequently settled is what the
conditions are under which the inverse transformation

x = x(€) (4.9)

exists. Taking also Section 4-1 into account, it can be claimed that existence of a unique inverse transformation
is granted under the assumption that the determinant of the Jacobian matrix, cf. (2.13), which is related to the
transformation (4.7), is nonzero

9
— 0. 4.10
‘ {5%} ‘ 7 (41
Then, together with (4.8), (4.10) transforms into the so-called Marussi condition
0*V
0 4.11
‘ {5%‘5%} ‘ 70 )

which must be satisfied accordingly. Thus, the matrix

0%V
= 4.12

which has already be introduced in (2.28), constitutes the Jacobian matrix of the transformation (4.7). Note that
the Marussi condition (4.11) at the same time assures invertability of V. Hence, w = 0 and the Marussi condition
set the stage for the one-to-one relationship of ordinary and gravity space.
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Besides the fact that, according to (4.8), £ is of gradient type, another fundamental property is that the vector
field g(x), and thus also &(x), is a solenoidal (divergence-free) field in the region of interest. The reason for the
solenoidality is the absence of mass in the Earth’s exterior as agreed upon in Section 3-2. That is, in QF and
accordingly in Q_, cf. Fig. 4.1, the vector field £(x) exhibits zero divergence

0

Vex) = Lei(x) = 0. 413
£0x) = 6i(x) (4.13)
Indeed, together with (4.8), (4.13) expresses nothing but the fact that the gravitational potential V' satisfies

Laplace’s equation (2.30)
V. E=V.VV=AV =0, (4.14)

which, as seen before in (2.31), can also be written in terms of the matrix V as follows
AV =tr'V =0.

Remark 13 Picking up the idea of Section 4-1, with the vector £ known throughout the Earth’s surface on the one
hand, and the knowledge that the transition from coordinates x; to &; is justified on the other hand, the potential
V' might be defined as

V=V(E).

As already mentioned, this would alter the free BVP into a fized BVP. In fact, the Molodensky problem of ordinary
space would transform into a Dirichlet problem (Section 2-3.2) in gravity space. Yet, this approach is merely
of theoretical significance as can be understood from the following reasoning. The potential V' as a function of
the position vector x satisfies Laplace’s equation V(x) = 0. According to [66] MORITZ 1980, V as a function of &
satisfies a linear partial differential equation of second order as well, which is different from Laplace’s equation due to
the change in coordinates. However, the coefficients of this differential equation remain practically indeterminable,
since only values for € are known from surface measurements, cf. (4.5), but the transformation (4.7), or rather (4.8)
itself, remains unknown since V' is indeed the sought-after quantity. As will be seen soon, this can be remedied if
not only the coordinates, but also the potential is transformed.

Next, having investigated the forward transformation from ordinary to gravity space up to now, the backward
transformation (4.9)

x = x(¢)

from gravity to ordinary space is considered in the following:

Lemma 9 Comparable to (4.8), x(&) is of gradient type. That is, a function (&) exists such that

9
x(€) = [n] = Vew(®) = | 52| (4.15)
holds.
Proof. A first glance on the Jacobian matrix {ggﬂ of the inverse transformation (4.9) yields the following

relation, by means of Lemma 1 together with (4.8) and (4.12),

Oz; | _ | 0§ _1_ 1
[%}_{axk] _vl, (4.16)

Once more, existence of V™! follows from the Marussi condition (4.11). And since V is a symmetric matrix, so is

VL. Consequently, the equality
al'i o axj

= 4.17
o5 04 (.17)

is true. Taking (2.21) into consideration, (4.17) directly implies
Vxx(€&) =0, (4.18)

that means x(£) is a vector field with zero curl at every point of the region of interest. According to, e.g.,
[50] KELLOGG 1967, vanishing of the curl at every point of a simply connected region is a necessary and sufficient
condition that the vector field is said to be irrotational, i.e. free from vortices. It is well known in vector calculus that
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irrotational vector fields are characterized by the fact that they have a potential function, e.g. [50] KELLOGG 1967,
[8] BURG 1990. Hence, the irrotational vector field x(&) can indeed be interpreted as the gradient field of a scalar
function denoted, e.g., by (&)

x(&) =Vep(§). O

Thus, 1(€) constitutes a scalar potential function in gravity space, which will be explicitely introduced in a separate
definition subsequent to the remark given next.

Remark 14 It is worthwhile to call attention to the following conclusion

Vxx(§)=0 = 3Jv():x(&)=Vev(§),

which, in short, results from the line of argument given above. To prove the inverse conclusion

x(§) =Vey(§) = Vxx(§=0

is trivial, since the curl of the gradient field of any scalar function is always zero
V xVep(§) =0,

which can be easily verified by direct calculation. Note the fact that the gradient field of the potential function
(&) is irrotational analogous to (2.32).

It should be emphasized that according to (4.8) and (4.15), there exists mutual symmetry between x and V on
the one hand and v and € on the other hand. Due to this striking symmetry it will be possible to express one
potential in terms of the other, which is the subject addressed in the following. Thus, the question that finally will
be settled is the problem of explicitly finding the scalar function (&), which in fact represents a new potential
defined in gravity space.

Definition 16 The potential (&) of gravity space, which is in agreement with Lemma 9, is given by
U(€) =x"VV(x)-V(x) : x=x(€), (4.19)
and is referred to from now on as adjoint potential.

Remark 15 It is worth mentioning that (4.19) constitutes a relation of particular interest. That is to say, the
transformation of the gravitational potential V' (x), defined in ordinary space, into the adjoint potential (&), given
in gravity space. By definition, the adjoint potential v is a function of the independent coordinate vector . The
expression on the right hand side of (4.19) must therefore represent a function of & as well. Thus, the coordinate
vector x in (4.19) must also be understood as a function of £, i.e. x = x(€). In fact, this reasoning is closely related
to Lemma 9, as can be shown by means of simple computations. That is, differentiating (€) according to (4.19)
with respect to &, and taking € = VV(x), (4.8), into account yields

8w_8xk8_V xafk_a_vawk_x'
08 0& Owy P0G Om, 08

As a matter of fact, this derivation represents nothing else but the relation given by Lemma 9. On the one hand,
it confirms the aforementioned conclusion, namely that x in (4.19) is indeed a function of £&. On the other hand,
it is demonstrated that the adjoint potential (&), as specified in Definition 16, is in agreement with Lemma 9.

Remark 16 On identifying
w=V , p=VV , U=¢ , P=Vp , X=¢,

and by comparison with (2.88), it is understandable that the equations constituting F. Sansd’s gravity space
approach, i.e. (4.8), (4.15) and (4.19), substantiate nothing else but a Legendre transformation. Thus, they belong
to the family of contact transformations. Furthermore, in accordance with the theory of Legendre transformations,
as outlined in Section 2-5.3, the inverse relation of (4.19), i.e. the transformation of the adjoint potential (&) into
the gravitational potential V' (x), can be directly specified due to the complete symmetry of (2.88) and (2.92).
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Theorem 3 The inverse relation of (4.19) follows in view of (2.92) and by taking the identities given in the
previous remark into account,

V(x) =& Vep(§) — (&) ; £=E(x). (4.20)

Proof. In order to verify Theorem 3 one possibility is to formally differentiate V' (x) with respect to € by applying
the chain rule of differential calculus

ov. oV Oz,
= — . 4.21
The first fraction on the right hand side in (4.21) resembles (4.8) and the second fraction is reformulated by
employing Lemma 9. Hence, (4.21) becomes
ov 0 (oY
=¢; — 4.22
%~ () 422
and finally
ov 0 oY oY
— i R 4.23
% e (07) o (4:29)
is attained. The identity of (4.22) and (4.23) can be validated by formally evaluating the first term on the right

hand side of (4.23) by means of the product rule of differentiation. As a matter of fact 9% s canceled out and

> 08
(4.22) can be obtained. Next,

)
V:gja—g—wc (4.24)

follows from integration. Without going into detail here, the arbitrary integration constant c¢ can be eliminated,
i.e. ¢ =0, by specifying the value of 1) to be zero at the origin in gravity space. This choice is motivated by the
fact that, according to Section 4-1, the origin in gravity space corresponds to infinity in ordinary space, where the
gravitational potential V' vanishes as well. Consequently, (4.24) becomes

V(x) =€ Ven(&) —(€). O

Remark 17 Reference has already been made to the underlying symmetry of ordinary and gravity space quantities.
Now, this symmetry can, for example, be exploited to retrieve the adjoint potential, (4.19), as the inverse of the
transformation (4.20) and thus to give evidence for the consistency of these relations. That is, solving (4.20) for
(&), substituting & by VV(x) according to (4.8) and adopting x for V(&) according to (4.15) eventually yields

P(E) =x"VV(x)-V(x) ; x=x(£).

It is of course feasible to start from (4.19) and to derive (4.20) by means of the symmetry properties as the inverse
transformation of (4.19). In fact, this possibility is used to deduce the corresponding boundary condition of the
GBVP in gravity space, which will be introduced in the next paragraph.

Remark 18 In [48] KELLER 1987 an alternative way, namely by means of considerations from the point of view
of projective geometry, is presented to show that it is indeed possible to classify the transformations (4.19), (4.8)
and (4.15) as part of the family of contact transformations. In fact, W. Keller points out that (4.19), (4.8) and
(4.15) result from the polarity on the imaginary unit circle, the simplest kind of a contact transformation. However,
despite this geometrically meaningful and descriptive possibility given in [48] KELLER 1987 to affirm the relation
according to Definition 16 and to prove the assertion of Theorem 3, a different, in some way more straightforward,
approach has been considered above.

4-4 The nonlinear GBVP in gravity space

As is generally known, the basic field equation in ordinary space, to account for the harmonic character of the
potential V| is Laplace’s equation, which in terms of the matrix V reads as follows AV = trV = 0. In the last
section, by means of (4.8) and (4.14), V and consequently Laplace’s equation as well are, in a manner of speaking,
related to the forward transformation from ordinary to gravity space & = £(x). In fact, V has been found to consti-
tute the Jacobian matrix of this transformation. Now, the present section considers the problem in reverse. That
is, starting with the adjoint potential 1, its matrix of second order derivatives W is considered, which eventually
results in a partial differential equation for the adjoint potential as provided by Lemma 10 and Lemma 11. This is
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followed by an investigation on the associated boundary condition to come up with the nonlinear fixed GBVP in
gravity space.

To get started, the matrix ¥ of second-order derivatives of 1 is introduced. Then, as indicated before, ¥ is
identified as the Jacobian matrix of the inverse transformation from gravity to ordinary space x = x(€). The
matrix ¥ is then related to the matrix V in order to find the field equation in gravity space as accomplished in
the next lemma:

Lemma 10 The basic field equation in gravity space reads as
tr® ' =0, (4.25)

subject to the matric ¥

W = (W] = Ve (Vet) = [aﬁ—aﬁ] (4.26)

composed of the second order derivatives of the adjoint potential 1h(€).

Proof. As a direct consequence of Lemma 9, (4.26) can be written as

9]

In Section 4-3, V as a function of V, see (4.12), has been found to represent the Jacobian matrix of the trans-
formation & = £€(x). Now due to symmetry reasons, it applies that ¥ as a function of v, see (4.26), constitutes
the Jacobian matrix of the inverse transformation x = x(£) from gravity to ordinary space. Hence, having iden-
tified V as the Jacobian matrix of the forward transformation, and ¥ as the Jacobian matrix of the backward

W =[] = Vex(6) = | (1.27)

transformation, according to Lemma 1, the following identity is true
V=¥1 (4.28)

Hence, the basic field equation of gravity space can be deduced from the previous definition, (2.31), of Laplace’s
equation
AV =trV=tr¥ 1 =0. &

The partial differential equation for the adjoint potential according to Lemma 10 can be simplified further:

Lemma 11 Transformation of the field equation in gravity space, (4.25), leads to
(tr®)? —tr®? =0. (4.29)

Proof. The well known relation in linear algebra

1 adjv 1

=" =T (@] , (4.30)

which is referred to as Cramer’s rule, e.g. [108] ZURMUHL 1961, allows computation of the inverse of the matrix
¥ from the corresponding adjoint matrix adj ¥ = [¥,;]. Hence, in order to arrive at tr @' as required in Lemma
10, the trace operator must be applied to (4.30)

1

tr® T = —tr [Ty
r TR
1 - - -
= — (¥ N N
| ( 11+ Wa2 + 33)
L (WaWy — Wy 4 Uy Wy — U, 4 Uy Uy — T
= m( 20W33 — Vo3 + W11 W33 — Wi + Vi1 Wao — 12)
-1
= 219 (U1Wir + U Win + U3 Wig — UFy — W5, — Wi — 2 [Ty Wop + U1y Usg + Wap Usg))
-1 )
= (U, — [Ty + Uap +
2\I,|(J i — [P+ Yoo + 33])
-1 2 2
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Consequently, the previous field equation tr @~ = 0, (4.25), transforms, by means of the last relation in (4.31),
into the new partial differential equation for the adjoint potential ()

(tr¥)? —tr¥? =0. &

Remark 19 According to (4.31), the field equation (4.29) may also be written in the following form
W1 Wap — WPy + WopWag — Wiy + Wy W3 — Uiy =0,

which shows nicely that (4.29) is in fact a partial differential equation for ¥ (&) with known coefficients, all +1 or
-1, but unfortunately a nonlinear one.

Having finished the considerations in view of the field equation, which the adjoint potential has to satisfy, the
second aspect to be treated is related to the associated boundary condition. For this purpose, (4.19) is solved for
V' and restricted onto the boundary surface o

V], = (V)| vl (4.32)
Then, using (4.15) to substitute x and (4.8) to replace VV, leads to
V], = (VeuTe)| —vl;
- (gTvgw - w) }Z . (4.33)

Admittedly, the representation in (4.33) obtained for the requested boundary condition has already been estab-
lished by means of Theorem 3 in Section 4-3. However, the above considerations in terms of (4.32) and (4.33)
nicely re-emphasize the consistency of the presented gravity space theory, and provide an independent alternative
to deduce (4.20) from (4.19) as has already been indicated in Remark 17 at the end of the last section.

Finally, it can be concluded that in the new coordinates & the adjoint potential 1 solves the following BVP in
gravity space, which replaces the vectorial free GBVP in ordinary space according to Definition 13:

Definition 17 The geodetic boundary value problem in gravity space is understood as the following problem: the
data, i.e. gravitational potential values, are assumed to be given at the known surface ¥

v:X—R
and to be found is a real function ¥ (€) :int ¥ — R
(tr®)? —tr®? = 0, €cinty (4.34)
(7ver—v)| = v (4.35)

which is the solution of the second-order partial differential equation (4.34) under the boundary condition (4.35).

Concerning Definition 17, it should be added that (4.34) and (4.35) constitute a nonlinear oblique BVP with a
Monge-Ampere type of differential equation and a linear boundary condition. They establish the GBVP in gravity
space, a BVP with a fixed boundary, since in contrast to the Earth’s surface o, the boundary surface ¥ is known
as recalled from Definition 15

After having obtained the solution for ¢(£), the Earth’s surface o, according to Lemma 9 and the interrelationship
of o and ¥ shown in Definition 15, is derived as follows

x|, = Vev(€]y)- (4:36)
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4-5 Linearization of the GBVP in gravity space

In the course of the linearization process of the vectorial free GBVP in ordinary space, Section 3-4, the telluroid
surface ¥ and an associated normal gravity potential W, were introduced to approximate the physical shape of
the Earth and its true gravity potential. In this section, linearization of the fixed GBVP in gravity space is
accomplished in a similar manner, only there exists a subtle distinction. That is, in contrast to the linearization
procedure of the GBVP in ordinary space, the necessity to adopt a reference surface in order to approximate the
true boundary surface becomes meaningless, since in gravity space the BVP represents a problem with a fixed
boundary surface. This major difference of gravity and ordinary space treatment proves to be of significant benefit
for the actual numerical solution of the GBVP as will be discussed in a later chapter. Still, the idea presented
here to approximate the adjoint potential with an adjoint normal potential is closely related to the linearization
procedure in ordinary space.

At the beginning, by means of a first theorem the adjoint normal potential 1y, which corresponds to the normal
gravitational potential V) = ﬁx—]\ﬁ, is established. The matrix ¥, of second order derivatives of 1g is then derived
in a separate lemma. As much as vy represents a first order approximation of the true adjoint potential v, ¥
should be regarded as an initial approximate of ¥. A second lemma confirms that the adjoint normal potential
o satisfies the field equation of gravity space specified in Lemma 11 just as ¢ does. For this purpose, (4.29) is
explicitely evaluated by making use of the first lemma. Next, the nonlinear partial differential equation for v, cf.
Remark 19, is linearized in a third lemma and elaborated further in a fourth. As a consequence thereof, it turns out
that the adjoint disturbing potential satisfies a partial differential equation in gravity space other than Laplace’s
equation as addressed in detail in an additional remark. These considerations, concerning the field equation for the
adjoint disturbing potential, are followed by investigations of the corresponding boundary condition. In particular,
the concept of the gravimetric telluroid is introduced in a separate definition. Finally, the linearized version of the
BVP (4.34)-(4.35), given at the end of the last section, concludes this section.

First of all, the adjoint normal potential 1 is derived as mentioned before in the context of a new theorem:

Theorem 4 In case for the gravitational normal potential Vo holds

GM

Vo(x) = =l

(4.37)

then the corresponding adjoint normal potential Yo reads as

o = ~2\/GMIE]. (4.38)

Proof. As a start, (4.37) is substituted into (4.8) as well as into (4.19) in order to obtain the following two
equations

GM x
£=— il (4.39)
%12 {1
GM GM GM
11> [l [l
From (4.39) follows immediately
GM
1€l = 5 - (4.41)
11>

Solving (4.41) for ||x|| and insertion of the resulting expression into (4.40) leads to

GM
GM

]

tho = —2 =-2yaMlgl. <

Setting up the Hessian matrix related to the adjoint normal potential 1y is the objective of the next lemma in
order to prepare for the lemma that follows thereafter:

Lemma 12 Let Wy represent the matriz of the second order derivatives of the adjoint normal potential g, then
W, reads as

0%y ] —VGM {5 3 &&; ]
06;0¢; .

U, = [0l] = — o 2SI
0 = [¥] [ BEERSEFIEE

(4.42)
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Proof. At first, the expression for the adjoint normal potential ¥y(€) given in Theorem 4 is written in the
following form

vo =2 (7€) "

Next, the gradient of the adjoint normal potential ¢y(&) with respect to the &€ coordinates is given by

1 —3/4 —VGM
Vewo = -2VGM7 (€7¢) 26 = e, (4.43)
4 €1l
and by differentiating (4.43) once more, the required matrix of the second order partial derivatives of 1) is obtained
1 -3
Ve(Veo) = [B0] = —VGM I T
<(Veto) = [¥3) e e )
_ /oM [5“_%@} o
g2 1 2l

It is shown next that the adjoint normal potential ¥y defined according to Theorem 4 fulfills the field equation in
gravity space as given in Lemma 11:

Lemma 13 The adjoint normal potential v, (4.38), satisfies the following partial differential equation
(tr ®o)? —tr P2 =0. (4.44)

Proof. To begin with, by taking (4.42) into account, the first term of (4.44) is evaluated

_VG—M[U Sgi"cjmg ) <_\/G—M(5“ 351-51-))2

(tr ¥g)? = (tr

HEESEFIGEE €3z \"" T 2]l
_ (VG (3
ERNTIEE < 2)
9GM
= 1F (4.45)
Consequently, the second term of (4.44) gives
¢GM{ 3@-5-] ’ {GM[ 3@-5-H 3§-§kH
W2 =tr | |5 — S = ke B P
TR =T e % 2 ]g)e T TErE 1% T 2Tl 17 T 2 e
GM 3&& 3 &k 9€i€k|£||2:|
= —tr |G — = _2 z
||£||3“[ Y A R T
_ G_M(&._%&fi ~ 3 &G +2€i€i>
1€\ 27€12  27j€2 T 4ElP
_ G_M<3§§+9)
e 2 2 4
9GM
- (4.46)

Therefore, by means of (4.45) and (4.46), it follows directly

9GM 9GM

(tr®p)? —tr®2=> " 2o
O allgr 4e

=0. &

Prior to the next lemma, aiming at the linearization of the nonlinear GBVP in gravity space given at the end of
Section 4-4, the following preparatory considerations are made. That is, the unknown adjoint potential ¥(&) is
split into its known normal part 1o(€) and its disturbing part 61 (&)

W =g + 0. (4.47)
Accordingly, proceeding in the same manner with regard to the matrix of second order derivatives ¥ yields

U =T, +00, (4.48)
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subject to the matrix oW

(4.49)

5 = 50, = [M] .

0&,0¢
This provides all requirements in order to address the requested linearization step as considered in the next lemma:

Lemma 14 The nonlinear field equation (4.29) can be approzimated by the following partial differential equation
tr Uotr 6@ — tr [Peo®] =0, (4.50)
by taking advantage of Lemma 13 and by neglecting terms of order 0(61112).
Proof. At first, insertion of (4.48) into (4.29) produces
0=(tr®)? —tr®? = (tr [®g+6®])? — tr [¥g + 6]’
(tr @o + tr 6®)° — tr [€3 + 26T + 6T?]

(tr ®)? + 2tr Wotr 6@ + (tr 6®)* — tr U2 — 2tr [T6P] — tr 6 B>
2tr Wotr @ — 2tr [od W] + (tr ¥p)? — tr @2 + O(59?) . (4.51)

Considering (4.51) and by taking Lemma 13 into account, (4.29) becomes

tr Wotr 0¥ — tr [Pod®] =0. &
Now, by applying the known relations for ¢y (Theorem 4), strictly speaking for ¥y (Lemma 13), to the partial
differential equation presented in Lemma 14, the following form for the field equation in gravity space is derived:

Lemma 15 Substitution of (4.42) into (4.50) leads to the linear field equation for the adjoint disturbing potential
3¢TOWE + ||€]*tr 0T = 0. (4.52)

Proof. To begin with, expressing (4.50) in index notation yields

W00k — W5 00y = 0. (4.53)
Substitution of (4.42) in (4.53) leads to
3 & } { 3 &k }
Gii — 2200 | 50y — (6 — 222K | 50y, =0, (4.54)
[ 2 /1€J? 2 [1€]1?
and consequently to
6/[€]170W ks, — 3Ei&i6Wr — 2[|€]176W s + 3E6 W&y = 0, (4.55)

by multiplication with the factor 2||€||? and by writing out (4.54) explicitely. Now, the first three terms in (4.55)
can be summarized as

(6l1€1* — 311€I1* — 2[1€11*) 6L kk + 3&dWirgy = 0. (4.56)

Finally, in reverse order and by using vector-matrix notation, (4.56) becomes
3¢TOWE + ||€)Ptro® = 0. &

Remark 20 It can be emphasized that the adjoint disturbing potential 1) does not satisfy Laplace’s equation
in gravity space. In fact, this finding is in contrast to the result given in [66] MORITZ 1980. Starting point in
the argumentation of H. Moritz is that at corresponding boundary surfaces in gravity space and in ordinary space
the adjoint disturbing potential d1 is simply the negative of the disturbing gravitational potential V. This is
admittedly true. However, a generalization with respect to the entire domain is not permissible. Therefore, the
conclusion that if V' satisfies Laplace’s equation in ordinary space, §1 has to do the same in gravity space, is not
justifiable either. This reasoning can also be verified by the following counter example. Granted that the adjoint
disturbing potential satisfies Laplace’s equation Ady = 0 in gravity space results due to (4.52) inevitably to

ET6wE=0
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by introducing Ady = tré® = 0, cf. (2.31), in (4.52). Since £T6WE = 0 has to hold for any &, at least in the
interior domain €, cf. Fig. 4.1, there can only exist a solution if

oW =0
holds, which corresponds to the trivial solution for &
6 =0.

Since the trivial solution is to be excluded from the solution domain, §1, as a matter of fact, does not satisfy
Laplace’s equation.

Hence, after having observed the correctness of the partial differential equation (4.52), which the adjoint disturbing
potential d1(€) has to fulfill, follows an investigation regarding the corresponding boundary condition. From (4.35),
the boundary relation for the nonlinear problem is recalled

(67Vew —w) | =v. (4.57)

As before, ¥ represents the image of the Earth’s surface o under the gravity space mapping (4.5). Formally, in view
of Theorem 3, a similar relation results if instead of the true potential functions V' and v, the normal potential
functions Vj and vy are considered

(£7Vevo —wo) | = w0 (4.58)

Hence, in a first step it is possible, by numerical evaluation of (4.58), to compute the corresponding boundary
values vg for the adjoint normal potential 19. Now, the boundary values vy are to be interpreted as the restriction
of the normal gravitational potential Vj to a certain reference surface denoted by og

UO:‘/OJO'

The surface o¢ can be understood as the image of ¥, if the normal gravitational potential V; instead of the true
gravitational potential V', ¢ instead of ¥ respectively, enters into the gravity space mapping process. However, the
physical meaning of oy and how to actually establish this surface in ordinary space remains temporarily unknown.
Now, since the boundary conditions (4.57), (4.58) are both linear in ¢ and 1), subtraction of these two equations
results in the boundary condition for the adjoint disturbing potential

(éTVgéw - 51/)) ’2 = Av. (4.59)

Consequently, the corresponding boundary values, i.e. gravitational potential anomalies Av, are obtained in a
second step as the difference of the measured data v and the values vy deduced from evaluation of (4.58)

AU:U—UOZU—VOGO. (4.60)

In conclusion, in order to derive the boundary data for the linear problem, a detour via gravity space is necessary.
Furthermore, normal gravitational potential data are obtained for a surface oy, which was found not to be mean-
ingful at first sight. Hence, for practical applications these circumstances might be deterring. However, remedy
can be found by introducing the so-called gravimetric telluroid, which will shed light on the meaning of oy and
thus will provide a better understanding of the gravity space concept itself.

To take advantage of the fact that the gravity space coordinates & were found to be of gradient type (4.8), it is

advantageous to abandon the realization of the telluroid X given previously in Definition 6 in terms of the potential
type Marussi coordinates. Thus, the new concept for defining the telluroid surface is given by:

Definition 18 The locus of points Q satisfying the condition

8(Q) = &l =8(P) =g, (4.61)

is referred to as gravimetric telluroid and is denoted by X,.
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Hence, the normal gravitational acceleration vectors in points @ at 3, equal the actual gravitational acceleration
vectors in points P situated at the Earth’s topography o. Furthermore, in the same way as o is described by the

position vector x| _, the surface X4 is characterized by the position vector x|y, . Note that ¥, is generally based on

b
a Somigliana-Pizzetti type of reference potential. However, in accordance with Theorem 4, the isotropic potential
(2.40) is chosen as the convenient reference potential in the present case under. It will turn out that X,, when de-

fined in the described manner, resembles the reference surface og for the normal potential data vy in ordinary space.

Against the background of gravity space theory, where the components of the gravitational acceleration vector are

introduced as new spatial coordinates in gravity space, (4.5), it is understandable that equal numerical values of

go|y, and g‘a, cf. (4.61), correspond to the same point in gravity space. That is, for a topography point P specified
g9

by its position vector x‘a and for its associated gravitational acceleration vector g(x’a), the transformation from
ordinary to gravity space, cf. (4.5), is explicitely given by

¢l =ex|,),

which is already stated in (4.6). Similarly, for a point @ of the gravimetric telluroid specified by its position vector

x|y, and for its associated normal gravitational acceleration vector go(x’E ), the following transformation from
g g

ordinary to gravity space can be formulated

€l = x|y, ). (462)

In other words, the Earth’s surface o and the gravimetric telluroid X, defined according to (4.61), are mapped
onto the same surface ¥ in gravity space by taking into consideration either the gradient of the true potential V'
in the points P on o, or the gradient of the normal potential V4 in the points () on X,.

Thus, taking (4.62) into account, it can be concluded that the gravimetric telluroid surface X, according to (4.61)
is consistent with the boundary condition (4.58). More precisely, in the context of (4.58) the surface o has been
understood as the image of X if the normal instead of the true potential enters into the gravity space mapping
process. However, it holds true that this interpretation corresponds to the relationship given by (4.62), only that
the transformation is considered to be carried out in an inverse manner, i.e. from ¥ to ¥,. Consequently, the
surfaces og and X, involved in (4.58) and (4.62) must be one and the same surface. Moreover, g, in the first
instance found to be uninterpretable, can indeed be identified as the gravimetric telluroid X, introduced in Def-
inition 18. Furthermore, concerning the boundary data derivation, it can be claimed that the detour via gravity
space becomes unnecessary, since after having established the gravimetric telluroid in agreement with (4.61), the

normal gravitational potential values V0| =W can be computed directly in ordinary space.

oo }EQ
Hence, by reordering the expression given in Lemma 15, i.e. the field equation for adjoint disturbing potential,
thereby writing Ady instead of tr 6, and by taking the the relations derived for the boundary condition (4.59)
and the boundary data (4.60) into account, it can finally be concluded that the adjoint disturbing potential d¢)(&)
solves a BVP defined as follows:

Definition 19 The linear geodetic boundary value problem in gravity space represents the following problem: the
data, i.e. gravitational potential anomalies Av, are considered to be given at the known surface ¥

Av:Y —R
and required is a real function §¢(€) :int ¥ — R
Ady = Hgﬁggﬂs\llg (4.63)
(67Veow —av)| = av, (4.64)

which is the solution of a linear but inhomogeneous partial differential equation of second order, (4.63), under the

boundary condition (4.64).

With respect to Definition 19, it must be added that (4.63) and (4.64) establish a fized BVP in gravity space based
on a inharmonic differential equation and a linear oblique boundary condition. The known boundary surface ¥ in
gravity space is determined according to Definition 15.
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In the first instance, by means of §1 (&), which results as the solution of the BVP characterized in Definition 19,
the adjoint potential ¢ (&) can be derived according to (4.47). Furthermore, the unknown terrestrial topography o
can be determined. For that purpose, starting from (4.36) and taking (4.47) into account, the relation

x]a :ng(é"z) = V¢ (wo(ﬁ‘g)‘f'(w(ﬁ’g))
= Vetho(€ly) + Vedy(€ly)
= x|y, +¢ (4.65)

is derived. In (4.65), use of the following identity

x|y, = Vero(€ly), (4.66)

which is of similar mathematical structure as (4.36), has been made. Thus, (4.66) represents a gradient type relation,
cf. also Lemma 9, and results, in a manner of speaking, from the associated gradient type expression (4.62). That
is 5‘2 =Vl (X|zg)’ by exchanging ordinary and gravity space quantities. More precisely, taking advantage of the
underlying properties of the Legendre transformation, Section 2-5.3, which as is known from Remark 16 forms the
basis of F. Sansd’s gravity space approach, yields (4.66) from (4.62) by exploiting the immanent mutual symmetry
of position and momentum quantities. Hence, it can be concluded that from the adjoint disturbing potential dv)
the position correction or position anomaly vector, see Fig. 3.1,

¢ = Veov(€ly) (4.67)

is obtained. Finally, according to (4.65), summation of the vector ¢ and the vector X|z: constituting the known
g

approximating surface, i.e. the gravimetric telluroid X, the requested vector x’a is found, describing the Earth’s
topography o.

Remark 21 Theoretically, the boundary data Av or more precisely the difference on the right hand side of (4.60)
can be evaluated a little further

Av=V| =Vl =W| —Wol, =Aw. (4.68)

s,

Here, the assumption has been made that the difference of the centrifugal potentials at the Earth’s surface o and
the gravimetric telluroid X, is negligibly small. As far as the linear problem is concerned, one consequence is
that the correction of the rotational influence, see Definition 13, which is necessary as discussed in Section 4-1,
can be neglected. Thus, comparable to the classical theory as presented in Chapter 3, it is possible to use the
boundary data Aw as accessible by observations without applying further reductions. However, for reasons of
accurateness and to avoid assumptions of any kind, the rotational free condition is retained unchanged in the
following investigations.

4-6 Considerations on the asymptotic behaviour of the related functions

Under the assumption of large values for the spatial radius vector ||x|| the asymptotic relation for the gravitational

potential V' can be expressed by

V= %+0(|\x|\*2) (4.69)

]

and, consequently, the asymptotic behaviour of the modulus of the gravitational acceleration vector ||g|| = ¢ is

GM _
9= " O(lIx)~?) . (4.70)

As already stated in Section 4-1 in the beginning of this chapter, for ||x|| — oo in (4.70) results g — 0, so that
spatial infinity corresponds to the origin in gravity space. Next, similarly to (4.40), using (4.69) in (4.19) yields

GM
x|

Now, solving (4.70) for ||x||, thereby taking ||&|| = g, (4.5), into account

| = YEM o) _ VGM
=275 +ols™) =g

=2 +O(|Ix||7?) . (4.71)

+0(llel=) (4.72)
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Figure 4.3: Asymptotic relations (linear scaling).

and substituting (4.72) into (4.71) yields, cf. Theorem 4,

v =-2/GMIE +0(lg)”) . (4.73)

Analogously to (4.73), insertion of (4.72) into (4.69) results in

v = VGMe +O(JIg)”?) (4.74)

Finally, it should be pointed out that for ||| — 0 in (4.73) results directly ¢y — 0. This means that at the origin
of gravity space the adjoint potential vanishes. This also becomes obvious in Fig. 4.3, where the above asymptotic
relations are plotted using a linear scale.

The question to be settled next is what are the consequences of 1(0) = 0 for the solution of the BVP (4.34)-
(4.35). Following (4.34), to come up with an answer, (4.73) has to be differentiated twice in order to obtain the
corresponding matrix ¥, cf. Lemma 10 and Lemma 13,

= [Uy) = L VGM { - 3 & ] + O(HﬁH_l/Z) _

1€113/2 2 ||gl1?

Hence, due to the fraction ||¢]|=%* in (4.75), it can be concluded that for ||| — 0 every solution of the BVP
(4.34)-(4.35) possesses a singularity at the origin, see [79] SANSO 1977. Since the concept of differentiability has
no meaning at spatial infinity in ordinary space, it is not a surprise that in the new gravity space coordinates &,
differentiability is lost at the origin. This singularity considerably reduces the mathematical beauty of F. Sanso’s

gravity space approach. Hence, the motivation is to directly proceed with an approach, which will overcome this
restriction.

(4.75)

Remark 22 For the sake of completeness, it has to be admitted that F. Sanso proposed a possibility to eliminate
this singularity problem. That is to say, in [79] SANSO 1977, he suggests, by means of specific weighting, a further
change of variables involving new gravity space coordinates, which do not exhibit any singularities, and a new
so-called reduced adjoint potential, see [81] SANSO 1978. Of course, within the linearization process the reduced
adjoint potential results in a new adjoint disturbing potential. Fortunately, this new adjoint disturbing potential
is now in fact harmonic in the region of interest. Hence, the field equation of the corresponding BVP becomes
Laplace’s equation and the overall BVP resembles a Dirichlet problem, see [85] SANSO 1981. However, this tedious
and extra labor in terms of multiple substitutions is not actually necessary, as will be shown in the next chapter.



Chapter 5

A boundary value approach in regular
gravity space

Motivated by the necessity to overcome the addressed shortcomings inherent in F. Sanso’s gravity space approach
as outlined in the previous chapter, a revised gravity space approach will be introduced in this chapter. The new
approach relies on a so-called singularity-free or reqular gravity space transformation and is essentially based on the
contributions of W. Keller, e.g. [46],[47],[48] KELLER 1986,1987. Organization of the presented material is chosen
in the preferred manner following the example of the last two chapters. At first, the new gravity space approach is
established and its associated properties are elaborated, see Section 5-1. Next, the resulting nonlinear fixed BVP in
gravity space is deduced in Section 5-2. Thereafter, in Section 5-3, linearization of the BVP is conducted. Section
5-4 is devoted to the task of developing a representation of the considered problem in spherical approximation.
Further modification of the underlying BVP in terms of a constant radius approximation is accomplished in Section
5-5, which leads to the final form of the GBVP in regular gravity space required in view of the numerical solution.
A discussion on the theoretical and practical advantages and drawbacks of the presented gravity space theories and
a comparison with the classical Molodensky theory concludes this chapter.

5-1 A singularity-free gravity space transformation

In the previous chapter F. Sanso’s gravity space approach has been found to hold a singularity at the origin. The
reason for this shortcoming has been identified in the mapping of a point at spatial infinity to the origin of gravity
space, which led to a loss of differentiability. Thus, this singularity can only be avoided by a similar gravity space
transformation, which leaves the point at infinity as a fixed point and therefore guarantees differentiability. Such
a gravity space transformation, referred to as the regular gravity space transformation from now on, has been
elaborated first by W. Keller in e.g. [48] KELLER 1987.

As a start, the approach proposed is presented involving the new coordinate transformation and the forward relation
to obtain the adjoint potential from the gravitational potential. The asymptotic behaviour of the underlying regular
gravity space transformation is observed in the first paragraph thereafter, see Section 5-1.1. A next paragraph,
Section 5-1.2, comprises a lemma devoted to the issue of identical mapping, and another lemma related to a revised
definition of the gravimetric telluroid, thereby highlighting important aspects of the approach. Furthermore, a
theorem constitutes the backward transformation related to the potential functionals, that is to say the computation
of the gravitational potential from the adjoint potential. In conjunction with this theorem, two lemmata provide
the necessary Jacobian matrices. A last paragraph, which reconsiders the proposed gravity space approach against
the background of contact transformations, provides the basis for the formulation of the nonlinear fixed exterior
GBVP in gravity space in the section thereafter.

As mentioned above, the proposed revised gravity space approach is based on the new regular gravity space concept:

Definition 20 Regular gravity space is the image of the Farth’s exterior domain under the modified mapping

Cte1. VV(x)
€= le) = —VEM o (51)

The components &; of the vector &€ constitute new independent Cartesian coordinates in regular gravity space.

62



5-1. A SINGULARITY-FREE GRAVITY SPACE TRANSFORMATION 63

Analogously to (4.8), (5.1) forms the new gravity space transformation, which maps a position vector x of the
ordinary space to a vector & of the gravity space. A scrutinizing glance reveals that (5.1) is closely related to the
former gravity space transformation (4.8). In fact, (5.1) roughly results from (4.8) by means of a special normal-
ization designed in such a way that a point at infinity is left unchanged. In order to underline this transformation
behaviour, the corresponding asymptotic relations, cf. Section 4-6, are addressed after the end of this discussion.

Next, a transition into regular gravity space, as was previously the case in F. Sanso’s approach, involves a change
of the underlying potential function. By definition, the corresponding adjoint potential is required to result from
the following expression

BE) =X VV() - V(%) 5 x=x(E). (5.2)

Hence, (5.2), which relates the adjoint potential 1(€) to the gravitational potential V(x), formally remains the
same as in Definition 16. However, due to the fact that the adjoint potential is a function of £, the coordinate vector
in ordinary space x has to be interpreted as a function of £ as well, i.e. x(€). In addition, since different coordinate
vectors € in gravity space are deduced from (4.5) and (5.1), it is essential to bear in mind that the related adjoint
potentials are indeed different. It should already be pointed out that similarly to F. Sanso’s approach, the newly
proposed regular gravity space approach also constitutes a contact transformation, as will be addressed in detail
in a later paragraph. As mentioned before, the resulting asymptotic relations and the immanent properties of the
new approach are first accounted for.

5-1.1 Considerations on the asymptotic behaviour of the related functions

As indicated above, in order to confirm the singularity-free character of the above transformations, (5.1) and (5.2),
it is worthwhile to take a look at the asymptotic behaviour of the related functionals in ordinary and gravity space.
At first, the following relationships

GM

vV = WJFO(HXH—?) (5.3)
v = ﬁﬁ+00ﬂ*> (5.4)
v = a%ﬁ+mw|%- (5.5)

have remained unchanged as given in Section 4-6. Now, by writing

 VGM  VV(x)
VIVVE)[IVV ()]’

€=

for (5.1), the modulus of £ follows directly as

vVGM

1€l = = (5.6)
VIVV ()
Substitution of (5.4) into (5.6) yields
&l = Ixll + O (JIx]1*/2) - (5.7)
This finding immediately leads to the remaining two asymptotic relations
GM
V= +O( g2 (5.8)
€]l ( )
and M
v =22+ O([1g172) (5.9)
€] ( )

Now, for ||x]| — 00, ||| — oo can be deduced directly from the important relationship (5.7), which states that the
norm of £ equals the norm of x in a first approximation. This means that by the use of (5.1) a point at spatial
infinity in ordinary space also remains fixed at infinity in gravity space. This contrasts with the previous gravity
space transformation according to F. Sanso as has been worked out in Section 4-6. Furthermore, taking ||£]| — oo
in (5.9), results in ¢» — 0. Thus, the asymptotic behaviour of the adjoint potential in gravity space now nearly
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Figure 5.1: Asymptotic relations (linear scaling).

resembles the asymptotic behaviour of the gravitational potential in ordinary space. Moreover, it can be concluded
that the resulting BVP in gravity space constitutes an exterior problem and the aspect of losing differentiability at
the origin is therefore no longer an issue. Consequently, the new gravity space transformations (5.1), (5.2) meet the
requirements given at the beginning of this section in order to define a regular approach. Finally, the asymptotic
relations provided above are shown in Fig. 5.1 using a linear scale.

5-1.2 Important properties of the regular gravity space approach

After having confirmed in the preceding paragraph that the new gravity space approach according to (5.1) and
(5.2) does not exhibit any singularity problem, this paragraph deals with two relevant properties of the newly
proposed method. That is, the special case of identical mapping, which provides a deeper insight into the new
transformation and the concept of gravimetric telluroid mapping in gravity space. The latter is applied to obtain
the boundary surface in gravity space from gravity observations at the Earth’s surface. Furthermore, the equation
to derive the gravitational potential from the adjoint potential will be derived. As seen before, this relationship
will be essential for the setup of the boundary condition.

Prompted by the recovery of a strong similarity in the asymptotic relations of ordinary and gravity space functionals,
cf. Fig. 5.1, the following instructive problem is treated in the context of the next lemma. That is, consideration
of the scenario where the true potential V' is reduced to the isotropic normal potential Vj, i.e. to the gravitational
potential of a point mass or of a sphere with radial mass density distribution:

Lemma 16 Let aM
V(x) = Wo(x) with W(x) = — (5.10)

[t/

then the relationship of independent coordinates in geometry space and regqular gravity space simply becomes

£=x. (5.11)
Proof. The assertion of the above lemma follows directly from substituting (5.10) in (5.1)
GM GM3/2
vVO(X) _WX HXHS_X
= —VGM =5 = —VGM - —x.
‘ IVVo ()22 e - e O

The special case of Lemma 16 is referred to as identical mapping and the identity (5.11) is of course in accordance
with (5.7). Moreover, (5.11) suggests a gravity space mapping scenario as illustrated in Fig. 5.2.
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Figure 5.2: Regular gravity space mapping.

In Fig. 5.2, both images, one representing the configuration in ordinary space, the other the configuration in
gravity space, must be regarded as congruent. This is a direct result of the identical mapping & = x according to
Lemma 16, and means that in terms of dimensions and units, the situation in gravity space now exactly matches
the situation in ordinary space. Strictly speaking, the boundary surface o representing the physical surface of the
Earth becomes the boundary surface ¥ in a one-to-one manner. However, in contrast to ¢ given in ordinary space,
the boundary surface ¥ in gravity space is known. Thus, the GBVP, which has been identified as a free exterior
BVP in ordinary space, transforms into a fixed exterior BVP within the scope of a regular gravity space ansatz.
Note the difference that the resulting fixed BVP represented an interior problem in the context of the gravity space
approach according to F. Sanso presented in the last chapter.

Next, abandonment of the restriction that V is reduced to Vj, can be understood as a perturbation of the setup
given in Fig. 5.2. However, the overall situation remains nearly the same, yet a difference results in the boundary
surfaces o and Y. This circumstance leads to the next lemma, which addresses the problem of finding ¥ in the
general case:

Lemma 17 With the isotropic normal potential given by

GM

BT

Vo(x) (5.12)

it holds
VVo(§) = VV(x), (5.13)

when Vy is understood as a function symbol and not as a physical quantity.

Proof. Taking (5.1) into account yields

GM YV (x) . GM®/2 SVV(x)
V(&) = ~GM e = I = V). 0
H - VvGM IVV(x)]|3/2 H vGM
VvV &l

The remarkable property revealed within the scope of this lemma provides the basis for the next definition:

Definition 21 By restricting the position vector x of geometry space onto the surface of the Earth, i.e. X‘G, and
by the use of Lemma 17, the corresponding position vector 5’2 for the gravity space boundary surface 3 is obtained
if the following condition holds

VVo(€|y) =VV(x| ). (5.14)

Since (5.14) is formally identical to (4.61) given in Definition 18, the boundary surface in gravity space ¥ is also
referred to as gravimetric telluroid.

Thus, it is important to distinguish that the gravimetric telluroid X, as introduced by (4.61) at the end of Section
4-5, has been defined as a surface in geometry space, whereas the gravimetric telluroid ¥ according to last definition
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establishes a reference surface in gravity space. Nevertheless, due to the affinity of (4.61) and (5.14), the surfaces
Y4 and X are geometrically identical. Furthermore, the definition of the surface ¥ according to Definition 21 is
of course equivalent to the universal definition that the surface ¥ is the image of the Earth’s surface o under the
mapping (5.1).

In order to formulate the boundary condition of the nonlinear GBVP in regular gravity space as will be done in
the next section, knowledge is mandatory, not only about the boundary surface, but also about the corresponding
boundary data. Now, since the last lemma has already addressed the problem of finding the boundary surface in
regular gravity space, finding the corresponding boundary values is the question to be settled next. The inverse
transformation of (5.2) is therefore derived in the context of the next theorem. To perform this task, two preliminary
lemmata, which are providing the necessary Jacobian matrices of the coordinate transformations & = £(x) and
x = x(&), are given first:

Lemma 18 For the Jacobian matriz of the coordinate transformation &€ = £(x) holds

0&; VGM RAvAravaral
{6_%] = vz VOV [I - gw} (5.15)

Proof. The statement of Lemma 18 is received straightforwardly from (5.1) by means of evaluation according to
the chain rule of differential calculus

%] [V(VW)IIVVIP2 = WV VV ]~ V2(VV) T [V(VV)]
5] = ~vem oV

. VGM _3vvvv’

= RIS ¢

Lemma 19 Accordingly, the Jacobian matrixz of the inverse coordinate transformation x = x(€) is given by

axj] |VV|3/2 [ VVVVT} 1 [agi]l
| = I -3——+| [V(VV =|—= . 5.16
ol el IR (510
Proof. In order to demonstrate that the matrix {gg} of the transformation x = x(£) is indeed the Jacobian
matrix of the inverse transformation & = £(x), it is sufficient to show that according to Lemma 1
651- axj
L =[5 =1 5.17
o] [52] - 617
holds. Consequently, in view of (5.15) and (5.16), the associated matrix multiplication yields
_ M — 3/2 T T _
\/G3 : IVVIEE G ovy) {1 §vvvv2 ] { B 3vvvv2 } VvV =
IVVI[¥2 VGM 2 vV Vv
3 vvvv’ 1 1 VYV’
= VVV)——VVV)i}[VVV -3 [V(VV =
(V(VV)) = 5 (VW) | [[FOOVI) T =9V s
LYYV 3VVVVT  9VVVVIVVVVT
Ivviz 2 fvvi 2 Vv

9vVVVT 9vVVVT

TV T2 eV ¢

It is worth noting that the Jacobian matrices introduced here are obviously closely related to the matrices V and ¥
given by (4.16) in Section 4-3 and by (4.27) in Section 4-4. Moreover, they provide the basis for the theorem below.
This theorem constitutes the aforementioned backward transformation to compute the gravitational potential from
the adjoint potential, which is necessary to establish the required boundary condition later on:

Theorem 5 The inverse transformation of (5.2) reads as

Ve = - (56T Ver© +v(©)) 5 €=, (5.18)
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Proof. Starting from (5.2), the gradient of the adjoint potential is obtained by application of the chain rule
T ox
Ved(€) =V (x'VV(x) ~V(x)) | 5¢

and consequently

Ve = (x" [V(VV)]+VV —VV) Bﬂ
oe1 ™!
= (x"[V(VV)]) [ax} : (5.19)
by omitting the identifiers (£), (x) and using Lemma 19. Now, substitution of £ and % in
LT
- 55 Ve +9
according to (5.1) and (5.2), again neglecting the identifier (x), results in
£V1/)+1/1 \/ MLVTVﬂ) x'VV +V. (5.20)
¢ e |
Next, with (5.19) in (5.20)
vvT o1t 4
“VGM ——=+ v V+V 5.21
(57 vev o) = VO Gy (T v [] - xTev (5.21)
is deduced. At last, insertion of the Jacobian matrix according to Lemma 19 into (5.21) yields
LT
- 55 Ve +9 | =
1 vv’ |VV||3/2 vvvvT 1
=—-VGM———— (x" [V(VV ( I-3 v(VV —x'VV+V. 5.22
VM e (T VW) (e S| V) (522)
Taking advantage of the symmetry of the matrices involved and simplifying (5.22) leads to
1 vvvv'’
v x| I-3—=—5 | VV —=x'VV +V 5.23
~(3€T Ve ) = o [T |V <V 2
and finally to
1 1 Vivv 1 3
- (#va + w) — ——XTVV + = TVVVHVVT2 —x'VV+V = XTVV(—5 -V =V, &

It is worth mentioning that (5.18) can also be verified by the reasoning given later within the scope of (5.66)
and (5.67). Nevertheless, the mutual symmetry of the equations (5.2) and (5.18), relating adjoint potential ¢ and
ordinary potential V' to one another, is obviously lost due to the presence of the factor % and the double minus sign,
which is in contrast to the previous result in terms of Definition 16 and Theorem 3 in case of F. Sanso’s gravity
space approach. Consequently, it can be concluded that the underlying transformations for the potential relations
(5.2) and (5.18), in case of the regular gravity space approach, are not in agreement with the defining equations
(2.88) and (2.92) of a Legendre transformation. However, even if the transformations involved in the context of
the regular gravity space approach do not constitute a Legendre transformation, they still fulfill the requirements
in order to establish a contact transformation, as will be presented in the next paragraph.

5-1.3 Contact transformation representation

The aim of this paragraph is to give evidence that W. Keller’s regular gravity space approach is based on a contact
transformation as specified in (2.82) and (2.83) of Definition 2. Hence, a close relationship to Section 2-5 and
Remark 16 can be pointed out, the latter essentially identifying F. Sanso’s gravity space approach as a Legendre
transformation and thus as a member of the class of contact transformations. For the intended purpose, both
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gravity space approaches discussed so far are shortly reviewed and rewritten in a slightly different representation.
Three lemmata, which are concerned with the functional matrices of the transformations between coordinates and
momentum variables, are presented. They are preparatory, together with two more remarks, for a final lemma
dealing with the Jacobian related to the new transformation approach and setting the stage for a final theorem
eventually identifying W. Keller’s new set of transformation formulae as a member of the family of contact trans-
formations.

In order to get started, it is useful to contrast the approaches of F. Sanso and W. Keller, thereby unifying the
notation. That is, as opposed to (2.82), the two coordinate vectors before and after transformation are henceforth
denoted by x and £ instead of X. Furthermore, the two vectors of the old and new momentum variables are
referred to as p and 7 instead of P. At last, the corresponding potential functions are identified as V' and 1,
instead of v and U. Then, from Section 2-5 and from Section 4-3 it is recapitulated that in the course of F. Sanso’s
approach, the potential V', the coordinates x and the momentum variables p = VV(x) are transformed by means
of a Legendre transformation into new quantities, i.e. into the adjoint potential ¥, the new coordinates £ and new
momenta m = V¢(€), in the familiar manner described by

£ = p (5.24)
Y = p'x—V(x) (5.25)
T = X. (5.26)

Furthermore, it is recalled that as validated in Section 2-5.3, the Legendre transformation (5.24)-(5.26) belongs to
the family of contact transformations. Once more, the speciality associated with such a transformation becomes
clear by exploring relation (5.24) and (5.26). Thus it appears that the new coordinates & result from the old
momentum variables p, (5.24), and, vice versa, the new momentum variables 7 emanate, see (5.26), from the old
coordinates x.

As far as the regular gravity space approach is concerned, it can already be noted that by taking Definition 20 into
account, the new coordinates £ are related to the old momentum variables p = VV (x) in the following way

¢=-VGM—2 (5.27)

)2

Hence, instead of the elementary relationship (5.24) in case of F. Sansd’s Legendre transformation, the situation
in (5.27) is somewhat more complicated. The reason is, as discussed already in conjunction with (5.1), that by
the use of the scaling factor f%, a point at infinity remains fixed. Furthermore, the relation to determine the
adjoint potential, as provided by (5.2), now reads as

v=p'x-V(x), (5.28)

which, as mentioned before, is formally identical to (5.25). In order to obtain the missing third equation, which
will be devoted to the determination of the new momentum variables, considerations based on the subsequent
lemma are made. However, it can be assumed that an altered and presumably more complex expression compared
to (5.26) can be expected. This assertion is justified since a modification of the relationship, yielding the new
coordinates £ and additionally leaving the adjoint potential determination unchanged, must result in a modified
computation of the new momentum variables in order to retain the identity (2.83) and thus to guarantee that
the new transformation formulae form a contact transformation, which is the essential requirement for a bijective
transition of geometry and gravity space.

Lemma 20 The relationship to determine the new momentum vector m = V(&) from the old position vector x
s given by

T =ox, (5.29)
subject to the symmetric matriz
apz} GM { &i&; ] Ip[*? { Pipgl T
a=|a;l=|7=—|=——75 |0 — 35| =— 0i; —3—= | =a . 5.30
ool =[5 | =~Teps -5 = VT oo 2o (530
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Proof. First of all, the inversion of (5.27) is required. That is, instead of £€(p), cf. (5.27), p(&€) is sought-after.
For this purpose, the modulus of &, see also (5.6), is directly derived from (5.27)

el = —ﬁf (5.31)

Now, solving (5.31) for /||p|| and raising the result to the power of three yields

GM3/2
Ipl*? = HE (5.32)
Thus, by substituting (5.32) in (5.27) and solving for p, the inversion of (5.27) is deduced
—_am-S (5.33)
T |

Consequently, the first order derivative of p, given according to (5.33), with respect to £ is derived in a straight-
forward manner by applying the chain rule of differential calculus

_[om] _ e =3 T]
pr[aej] - GM{||£||3”|£|5 €]
_ GM fzf;l
= ———14;; —3 . 5.34
GE { T (5:34)

Next, starting from the definition 7w = V¢¢(&), a derivation is considered in the following, which is based on the
substitution of ¥ (&) according to (5.28) and on the application of the chain rule of differential calculus. Thereby
using index notation gives

oY 0

S8 T o6 (prxr — V)
(9pk (9£Ck (9V
T 26" TP ag g
(9pk (9£Ck 8V a:L'k
T oG "t TV ag T aay o,
Op, oxy, Oxy,
= 26 Tk +pka—§i — Dk 96
- ‘2}2’:% (5.35)

In conclusion, the last equation in (5.35), together with (5.34), as well as the insertion of (5.27) results in the
following identity

W.:(')pkxk _ &M [6%_3&51@]%
b0 55 —
3/2 .
= |\5)C|L—M |:5ik — 3|p;j|k2:| Tk = OGpTE - <> (5.36)

The matrix a = {g?} can be understood as the Jacobian matrix of a coordinate transformation of the following
J
form

pi = pi(&j) - (5.37)

It is easy to assure that a is a regular matrix except for & = 0, respectively p = 0, which can be directly seen
from (5.30) and(5.27). However, this eventuality can be excluded since the underlying problem in gravity space
represents an exterior problem. To obtain & = 0 as an image point in gravity space is therefore impossible.
Consequently, a can be considered as nonsingular in the region of interest and thus its inverse and, as a result, the
inverse of the transformation (5.37) exists. Hence, the question related to the Jacobian matrix of the associated
inverse coordinate transformation

&= &) (559

immediately comes to mind and is therefore addressed in the context of the next lemma.



70 CHAPTER 5. A BOUNDARY VALUE APPROACH IN REGULAR GRAVITY SPACE

Lemma 21 Let the symmetric matrizc

= [y = 9k __W 5 _3&& | __VvGM 5 O3 DPRpL| T
VTR G T M M T 2] T el M 2 i) T

represent the Jacobian matrixz of the coordinate transformation (5.38), then, according to Lemma 1, the condition

(5.39)

Ok Yii = 0ij (5.40)
has to be satisfied.

Proof. Straightforward derivations demonstrate

8/2 ; VGM 3 prp;
= [Ilpl {&_kgppk” {%‘ pkpg}

VGM Dol I/ 2 |plI?

3. pEp; DiPk . 9 DiPkDED;
51'1@61@’ — _6ik — 3(519‘ + =
727" pl? el 2 [pl*

3 pip; pip; 9 pipj
= bii— J gy 2 J
To20pl? Clpl2  2]pl?

5ij- &

As well as «, the matrix ~ turns out to be regular except for p = 0, which is again uncritical due to the same
reasons given previous to this lemma. In addition, the recovered relationship of the functional matrices o and ~
allows for an elegant way of expressing the inverse relation of (5.29) given in the context of Lemma 20:

Lemma 22 The inversion of (5.29) reads as
X =~T. (5.41)

Proof. The starting point is the following equation

Ip
= |== 5.42
"= 5] (0:42)
established in Lemma 20. Inverting (5.42) leads formally to
X = p - iy
= | %¢ ,
which is, in view of the reasoning given above in the scope of Lemma 21, equivalent to
X = % iy
= o
= 7. %

At this point, it is of importance to emphasize that (5.41) constitutes the inverse relationship of (5.27), or rather
(5.1). Thus, with 4, Lemma 21, and # = V¢¢(£) in mind, it is possible by means of (5.41) to transform the
regular gravity space coordinates ¢; into the geometry space coordinates x;. Next, two complementary remarks are
important for a thorough understanding of the functional matrices a and « and the relationship of coordinates x, £
and momentum variables p, 7r. In this context, it is of particular importance realize that the momentum variables,
just as the coordinate vectors, are independent quantities of the six-dimensional phase domain.

Remark 23 Lemma 20 constitutes the following relationship
= a(p)x

of the momentum vector 7 and the coordinate vector x. In fact, with the matrix o being dependent only on
p, this equation represents a linear function in x. Thus, an interpretation for the matrix a can be deduced by
differentiating 7 with respect to x

om
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Remark 24 So far only the dependency of the new momentum variables 7t on the old coordinates x has been
considered. Consequently, the relationship between the old momentum variables p and the new coordinates £ is
investigated next for completeness. Similarly to the modus operandi chosen to prove the statement of Lemma
20, the definition of the momentum quantity as the first order derivative of the related potential function, i.e.
p = VV(x), is again the starting point. Then, substitution of the potential V using Theorem 5, replacing by
definition Vg1 with 7, and application of the chain rule yields

ov 0 (1
Di = o, om <§7rk§k +7/))
B 1<97rk 1 8§k oY
-2 axz 2 Ox; o0x;

_10m, 1 a‘fkﬂ_ O O
2 Ox; 2 0z; 0, Ox;

_ 1046 18@ O&k
S ikh = 5 g, ™ T gy, Tk
1 3 0&

= 2azk§k 5 02,

Now, since the quantity £ is independent of x, see (5.27), it follows that the second term on the right hand side
of the last relationship above becomes zero. The fact that p itself is a function of x in the space domain, i.e.
p = p(x) = VV(x), is irrelevant in the case of a contact transformation treatment in the phase domain, since the
quantity p is considered independent in this regard, as has been discussed prior to Remark 23 and in Section 2-5.
Consequently,

p= —%a{ (5.44)

is obtained for the relation of old momenta p and new coordinates £&. As already elaborated at the end of the
previous paragraph and by comparing (5.29) and (5.44) it can be pointed out once more that the striking symmetry
as in the case of F. Sanso’s Legendre transformation based gravity space approach is lost.

Before the final theorem is presented, it is essential to discuss the question whether the equations

§ = _VGMHpﬁW (5.45)
v = p'x-V(x) (5.46)
T = ax, (5.47)

which are defining W. Keller’s regular gravity space approach, form a bijective transformation in general. For
this purpose, the associated Jacobian matrix and its determinant are investigated. As is generally known, see also
Section 2-1.2, the Jacobian is required to be non-zero. This aspect is covered in the next lemma:

Lemma 23 Let

{%] (5.48)

be the functional matriz related to the regular gravity space approach described by the transformations (5.45)-(5.47),
then for the determinant holds

H §om

8pr”7éO (5.49)

Proof. Explicitely writing out the Jacobian matrix introduced in Lemma 23 leads to
0
H: (5,1/],71-):H pT -1 XT
0 3

with the matrix element
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As is generally known, the interchange of columns and rows leaves the value of a determinant unchanged. Thus,
exchanging the second and third row as well as the first and second column yields

9 (&, 1, 7) 0 07

551 - Oa e

At last, Laplace’s formula is applied to expand the determinant along the first column

[aevmll=-lla o ]l=o o

The conclusion that the only cofactor remaining above is unequal to zero results from the fact that both matrices
«a and ~ are regular as has been discussed beforehand.

At last, the following theorem identifying W. Keller’s regular gravity space approach as a contact transformation
completes this paragraph:

Theorem 6 The transformations (5.45)-(5.47) are in agreement with Definition 2 and consequently constitute a
contact transformation.

Proof.  Simple calculations based on the recent finding verify that (5.45)-(5.47) indeed satisfy the required
condition (2.83) in order to establish a contact transformation

dp — dpm, = d(pixs — V) — démy,

= zidp; + pida; —dV — gﬁdpnakixi

n

= xidp; + pidx; — AV — Yendpp o s
= —(dV —dwz;p;) . &

Having discussed the transition between the ordinary geometry space and the auxiliary gravity space at length,
the next question to enter deals with finding the analogon of the rotational free version of the vectorial free GBVP,
Definition 13, in regular gravity space. This will be investigated in the following section.

5-2 The nonlinear GBVP in regular gravity space

The previous paragraphs have essentially accomplished two tasks. Namely, on the one hand, to introduce the new
transformation formulae

p
- JGM————
- TEE
v o= p'x-V(x)
, (5.50)

™ = oX

which were found to establish the new regular gravity space concept according to W. Keller in the sense of a contact
transformation. And on the other hand, to investigate the underlying fundamental properties of such an approach.
At the same time, some basic relationships, cf. Lemmata 18 — 22, have been already found and will now be essential
to formulate the nonlinear GBVP in regular gravity space as the aim of this paragraph. Yet, two further preliminary
considerations are required beforehand. That is, Laplace’s equation, which represents the basic field equation in
ordinary space, is transformed into the associated field equation in regular gravity space. Four consecutive lemmata
address this issue. Furthermore, the boundary condition to complete the BVP is derived, where an independent
verification of Theorem 5 is also performed. It is worth mentioning that the overall line of argument given here
strongly resembles the one given in Section 4-4 in the context of F. Sanso’s gravity space approach. A final re-
mark comparing the GBVP in regular gravity space to the GBVP in F. Sanso’s gravity space concludes this section.

To begin with, the Jacobian matrix of the forward transformation & = £(x) as specified in Definition 20 and the
Jacobian matrix of the corresponding inverse transformation x = x(£) are related to one another, which allows
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2’V
Ox;0x)
V, (2.28), and a new matrix consisting of first and second order derivatives of the adjoint potential ¢. To avoid

confusion, it is again important to distinguish between considerations made in the phase domain as has been done

the establishment of a relationship between the matrix V = [ ] of second order derivatives of the potential

the last section and considerations made in the more commonly used space domain. In this regard, it should be
pointed out that, if not stated otherwise, the following derivations hold with respect to the three-dimensional space
domain. That is, e.g., for the momentum variable p, see (5.50) for instance, applies p = p(x) in fact. To begin
with, a first lemma introduces the following new quantity:

Lemma 24 Let the triple subscripted coefficients Bimi be defined by

a’)/im

imk ‘= 5.51
Bimk O (5.51)
then )
oV - 0%y oY
= |Yim Vel 5o T Bimk 57— 5.52
B I e (552)
holds.
Proof. Formally, the functional matrix given in Lemma 18 can be expressed as follows
06| _ 0% Opi | _ 9’V
L‘?xk] o [apl awk = | 695;69% ’ (5.53)

by applying the chain rule of differential calculus and by making use of Lemma 21 together with the fact that
pi = % holds. Respectively, the Jacobian matrix related to the inverse transformation, see Lemma 19, can be
formally written as

o¢; 9¢; " 96,08 Opn 0&; O
_ 621/1 57km 81#
= |:'Ykm a«Em@EJ + m&njag—m] R (554)

again by using the chain rule as well as Lemma 20 and the familiar relation m; = g—g. Now, according to Lemma

19, both matrices are inverse to each other, which yields

6] = [axi@} _ { % O 6_1/1] [ o2V }
9 9 o, T e 0E | Op 06 | | Ox0x;
82 Ovim OO [ 02V
- {%””W 26,06 Opk ag—m] [(‘hkaz]} ‘

Similarly to the reasoning leading to (4.11), it can be claimed that the invertability of the matrix V is granted.
This can be directly derived from (5.53). The fact that on the one hand the transformation & = £€(x) is unique
by definition, and that on the other hand the matrix = is regular as discussed before, allows the conclusion of a
regular matrix V. Thus, it follows

o2v 17" 0% oY
[azjaxk] = [%‘m%z 96,06 + Bimk 5 &

m |

During the course of the ongoing study, e.g. in the context of the subsequent linearization process presented next,

an explicit knowledge of the functions ;i := 65;;:1' will be of importance. Hence, this requirement is met by the

next lemmas:

Lemma 25 FEvaluation of the coefficients Bimi leads to

3 gl
2 GM?

ﬁimk = (555)

2 [l
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Proof. Starting from the definition of the coefficients B;,x as provided by Lemma (24) the following relation,

a’Yim
Opk
5%m&
& Opk
a’Yim
€, Yik »

ﬁimk =

(5.56)

can easily be deduced from application of the chain rule of differential calculus. Then, in order to determine the
first term on the right hand side of (5.56), the functional matrix 4 is recalled from Lemma 21 and its differentiation
with respect to &

(9 im (9 3 3 1Sm
oG 0\ GM 2|€ll
is obtained successively as follows. At first, differentiation of to the cubed magnitude of & is considered
2 (lel*) = 3leler (559
9
Next, differentiating the remaining part according to the product rule of differential calculus yields
o6 (1€ll€:&m) €l [1€]16: [1€1|6m (5.59)
Combining (5.58) and (5.59) leads to the derivative required by (5.57)
98 GM 2H€ I

Finally, evaluating the expression on the right hand side of (5.56), i.e. multiplying the relationship given in (5.57)
by the matrix -, corroborates the hypothesis of Lemma 25

Doy = 5@(me@9m&@k2mﬁ@@+qm@%&
~ €10 + e i6nts — SENGmEs + et
- gﬁl(§mwm@5mwm@§a&¢m -t
_ ‘;’5% (@mgk O + ik — gélfgﬁg’“)
= Bimk - ¢

As mentioned earlier, the main intention of this paragraph is to find the underlying field equation of the GBVP in
regular gravity space. Now, by means of Lemma 24, the matrix V can be related to a new matrix ®. Consequently,
the former Laplace’s equation is transformed into a new partial differential equation, which forms the corresponding
field equation in regular gravity space. This is the basis for the next two lemmata:

Lemma 26 Let ® denote the following matrix

% aP
D = [Pir] = [Vim Wiz 96..06 + Bimk 52— 3., (5.61)
then
tr® ' =0 (5.62)

holds for the nonlinear field equation in reqular gravity space.

Proof. Bearing (2.28) in mind, the matrix identity

V=" (5.63)
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results directly from Lemma 24. As far as the field equation is concerned, which in the case of a consideration in
ordinary space is given by Laplace’s equation, (2.31), the following conclusion with regard to the corresponding
partial differential equation for the adjoint potential can be drawn

AV =trV=tr® ' =0. & (5.64)

Analogously to the methodical procedure that has already been adopted in the course of treating F. Sanso’s gravity
space approach, the field equation established by Lemma 26 can be further processed:

Lemma 27 The field equation in regular gravity space, (5.62), can be transformed into the following expression
(tr @)% —tr ®* = 0. (5.65)

Proof. The line of argument is essentially the same as given in the context of Lemma 11 and is therefore not
repeated here again.

Besides the differential equation, which the adjoint potential 1) has to fulfill in the exterior of X, the behaviour of
¥ on ¥ itself, i.e. the boundary condition, is of fundamental interest. On this account, the boundary data v = V|
are related by means of (5.45)-(5.47) to the associated quantities defined in regular gravity space. That is, solving
(5.46) for V' and restricting the involved quantities onto the corresponding boundary surface yields

V], = (x| —ls. (5.66)

Then, replacing the momentum variable p in (5.66) according to (5.33) and the position vector x according to
Lemma 22, thereby taking (5.39) and the relation 7w = V¢4 into account, leads to

)
v, = (comgpove)| -l
b))
([, sle]
AN R A
b))
_ T_3€¢ s
- <<5 IR )W”O
b))
- —(gETvewru)| (5.67)

As already indicated in the beginning of this paragraph, Lemma 10 & 11, given in the context of F. Sanso’s approach,
and Lemma 26 & 27 are closely affiliated with each other. Furthermore, as far as the boundary conditions are
concerned, it is safe to state that (4.33) and (5.67) exhibit a certain similarity. As a consequence, the resulting
BVP in regular gravity space exhibits the same formal structure as the BVP in gravity space and reads as follows:

Definition 22 The geodetic boundary value problem in reqular gravity space constitutes the following problem: the
data, i.e. gravitational potential values, are now given at the known surface

v:Y—R
and needed to be found is a real function ¥ (€) : ext ¥ — R
(tr®)? —tr®*> = 0, €cexty (5.68)

- (367vew +0)

: (5.69)

which is the solution of the second-order partial differential equation (5.68) under the boundary condition (5.69).

Comparably to Definition 17, (5.68) and (5.69) establish a nonlinear oblique BVP. Except for the coefficients ~;;
and fim; associated with @, the structure of the underlying field equation is similar to a Monge-Ampere type of
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differential equation. The boundary condition (5.69) is linear and results from the reasoning given in (5.67), which
is in agreement with Theorem 5. Together, (5.68) and (5.69) establish the GBVP in regular gravity space, a BVP
with a fized boundary, since in contrast to the Earth’s surface o, the boundary surface ¥ is known. Similarly to
Definition 15, the position vector & ’z: in gravity space describes the known boundary surface ¥ as the image of the
Earth’s surface o, however this time under the regular gravity space mapping (5.1)

VV(X’U)

ey = VoM R

Alternatively, by taking Lemma 17 and Definition 21 into account, the surface ¥ can be derived in such a way that
the condition
VVo(ély) = VV(x],)

is fulfilled. Finally, after having obtained the solution for (), the Earth’s surface o, according to Lemma 22, is
given by

x|, = v(E)m(Ely)

Remark 25 At last, it is valuable to comment on the difference of the GBVP in gravity space and the GBVP
in regular gravity space. As mentioned above, the associated BVPs were found to be of a similar mathematical
structure. However, there exists a fine difference between the gravity space and the regular gravity space concept.
In fact, both problems differ in the elements of the matrices ¥ and ®, respectively. The former matrix ¥ is only
composed of the second order derivatives of the adjoint potential ¥, whereas the last-mentioned matrix ® is based
on a linear combination of first and second order derivatives of the adjoint potential ). In both cases the BVP
feature linear, oblique boundary conditions.

5-3 Linearization of the GBVP in regular gravity space

As accomplished already in Section 3-4 and Section 4-5, the commonly practiced linearization step of a nonlinear
problem, as established for example in the form of the nonlinear fixed GBVP in regular gravity space at the end
of the last section, is achieved once more in the familiar way. Strictly speaking, the procedure to linearize the
nonlinear fixed GBVP in gravity space, Section 4-5, is repeated to some extent in an analogous manner. That is,
the adjoint potential (5.2) is approximated by an adequate adjoint normal potential, which is shown to satisfy the
partial differential equation (5.65) valid for the nonlinear BVP in regular gravity space. Eventually, by formally
substituting the sum of adjoint normal potential and adjoint disturbing potential instead of the true adjoint potential
into the nonlinear field equation (5.65), thereby neglecting all terms of order two and higher, the corresponding
partial differential equation in linear approximation for the adjoint disturbing potential is found.

In more detail, within the scope of the first theorem the adjoint normal potential 19, which corresponds to the

normal gravitational potential Vy = is established. As previously explained, 1y represents a first order ap-

GM
proximation of the true adjoint potent);gl 1. Then, the matrix ®¢ of first and second order derivatives of 1, cf.
(5.61), is derived explicitly by means of a complementing lemma. Furthermore, a second lemma confirms that
besides the adjoint potential 1, the adjoint normal potential ¥ also satisfies the field equation of regular gravity
space as specified in Lemma 27. Next, the nonlinear partial differential equation for 1 is linearized in a second
lemma by means of splitting the adjoint potential in (5.65) into its reference and its disturbing part and by re-
stricting the resulting equation to the linear terms. A second theorem claims that in regular gravity space the
adjoint disturbing potential this time indeed satisfies Laplace’s equation. These considerations concerning the field
equation for the adjoint disturbing potential are followed by investigations on the corresponding boundary condi-
tion. Finally, the linearized version of the BVP (5.68)-(5.69), given at the end of Section 5-2, concludes this section.

In the manner described before in Theorem 4, the adjoint normal potential, which in the framework of the regular
gravity space approach also results from the isotropic normal potential (2.40), is determined in the following
theorem:

Theorem 7 If
GM

]

Vo(x) = (5.71)
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holds for the gravitational normal potential, then the corresponding adjoint normal potential reads as

GM
Yo = —2——r . (5.72)
€]
Proof. At first, (5.71) is substituted into (5.2) to obtain the following equation for the adjoint normal potential
GM GM GM
o= — Te_ _ _oGM (5.73)
[k [ [

which is the same relation as obtained in (4.40). Accordingly, insertion of (5.71) into the expression (5.6) found
for the modulus of € in Section 5-1.1 yields

= =[xl

which is naturally in agreement with Lemma 16. Finally, replacing ||x|| in (5.73) by ||&|| leads to

GM

22—
e

Yo =—

In order to prove that the adjoint normal potential complies with the partial differential equation (5.65), the
following preparational considerations made in the next lemma are necessary:

Lemma 28 Let ®( denote the matrizc

0? 9]
®o = [93:] = | VimWn ag,ja?g + Bimk 5201 (5.74)

then in consideration of the functional matrix v, see Lemma 21, the following simple relationship is true
Py =~. (5.75)

Proof. The explicit evaluation of (5.74), subject to the adjoint normal potential ¢y given according to (5.72), is
split up in three steps. First, the second order derivatives of 1)y are determined

i, ~ Mg (ae () = 2o (sep)
= —2GM = 2GM (>
0&i0¢; o6 \ €l 9¢; \ 11€11°

— 9GM {5ij|€||3 - 3€i§j|£|}

1€l
_ ,GM &i&; ]
= 2+—= (0i; — 375
€1 { e
= 720&1']'. (576)

Then, in order to receive the complete first term in (5.74), the following considerations based on (5.76) apply

2
Ymi Ynj 9o —2YmiYnj Qlij
0&;0¢;
= —20mjYnj
= —2%mn- (5.77)

Now, the second part of (5.74) is obtained by means of straightforward computations

Bims g = 22&2Gmﬁ+%ﬁ”5ﬁﬁ5|55)@|53)

B HéH [5@ +&&i + 035 1€11° - 5i5j]

|m3k_3@@]
GM | 2Tg]?

= 3vy. (5.78)

= -3
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Finally, adding up (5.77) and (5.78) yields

o 0o

0 —

(I)ij - ’%m')/]n afmafn ﬁzm] agm
= 271] + 371] = Yij - <>

Next, it is demonstrated that the adjoint normal potential vy, cf. Theorem 7, indeed fulfills the field equation in
regular gravity space as given in Lemma 27:

Lemma 29 The adjoint normal potential 1o, (5.72), satisfies the following partial differential equation
(tr @9)> —tr @2 = 0. (5.79)

Proof. By taking into account the relationship ®3 = « according to Lemma 28, the first term of (5.79) is

Lk (&rgnﬁz))
< )

evaluated in an analogous way adopted before in order to prove Lemma 13

oo ==« o388 - (2

¥

G (5.80)
Consequently, the second term of (5.79) gives
oo [—lEIP [, 3&¢ _ I€N® [, 3 & 3 &
wwi=ort = [ o SRS - o [ [0 - 5] [ 5555
1€11° { 3&&k 3 &k 9§i§k|£|2:|
= Sip — = _2 2
EITER €117 2 /1€ T €11
_lene <5__ C3&&G 3&6& +2 &&i )
GM2 " 20g2 202 4€l”?
_ el 3 3.9
peITE <355+1>
_9g°
= imn (5.81)

Therefore, by means of (5.80) and (5.81), it follows directly that

O Jlgl° 9 el
4 GM? 4GM270' <

(tr @)% — tr 7 =

Following the reasoning already given in Section 4-5 the unknown adjoint potential ¥ (&) is again split into its
known normal part ¢(€) and its disturbing part d(€)

Y =1y + 0. (5.82)

Accordingly, the procedure of separating into a reference and a disturbing part is repeated in a similar manner for
the corresponding functional matrix ®
P=%,+09P, (5.83)

see also Lemma 26 and Lemma 28, subject to the matrix §®

%
YimVkl 37 e agm ag

a5

ﬁzmk (584)
Hence, in order to obtain a linearized form for the nonlinear GBVP in regular gravity space, established at the end

of Section 5-2, the following lemma is given:
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Lemma 30 The nonlinear field equation (5.65) can be transformed into the following partial differential equation
tr @otr 6P — tr [PedP] =0 (5.85)

by taking advantage of Lemma 29 and by neglecting terms of order 0(6@2).

Proof. Similarly to (4.51), insertion of (5.83) into (5.65) produces

(tr [®0 + 69]) — tr [®¢ + 6®]°
= (tr®g)® 4 2tr Botr 6 + (tr 6B)° — tr 2 — 2tr [$(6P] — tr 6H>
= 2tr Botrd® — 2tr [Bo0D] + (tr Bo)” — tr B + O(99?) . (5.86)

0= (tr ®)? — tr >

Thus, considering (5.86) and by taking Lemma 29 into account, (5.65) becomes
tr ®otr §® — tr [PodP] =0. &

Now, it can be demonstrated based on the last lemma that in regular gravity space, the adjoint disturbing potential
01 satisfies Laplace’s equation which, as discussed in Remark 20, is in contrast to the gravity space approach
introduced by F. Sanso. Thus, elaborating the harmonic character of d1) is the subject matter of the following
theorem:

Theorem 8 In regular gravity space, the field equation for the adjoint disturbing potential 61 reads as follows
Adyp =0. (5.87)

Proof. In order to verify that the adjoint disturbing potential i meets Laplace’s equation, it is necessary to
consider the following three basic principles. In the first place, tr ®( or rather tr-y, see Lemma 28, is evaluated

_ NP [. & || NElP (s 3&& Y\ _ i€’ 3\ _ 3l
bl =[G -] = e (0 3eE) ——ar (03) = sear 6

Secondly, the matrix product

_ ||€||6 |:|:6 §§z§]:| _6 §§j§m:|:| _ H€H6 |:5 §§z§m . §§z§m gngm fjgj
(%] m

YiiVim = — - m - - +
o GM? 2€lz] L7 211€l? GM? 201&l1> 21€l* - 411> (1€]12
I€n° 3 &ikm
Oim — = .
o " Tjep? 559
will be of interest. Thirdly, the subsequent relation is required in the further course
L 3E™ (. 3&& ‘ s 7 &ikEm
'ngﬁ]mk 2 GM3 61] 9 H€H2 6]m§k + 6mk€] + 5jk§m D) H€H2
3 |l TECkEm  3&&kEm 3. &€ 3&&kEm | 21&&kEm &
- : (Hf\gs Simi + Orii + Oinrn — 55 §k§2 ~ 3¢ §k§2 P 3¢ §k§2 21¢ §k§2 i
€1l 2 )il 2 7 lEl 2 gl 4 [lgl> el
_ 3 lEl” (s 1o s 5 &i€kém

Now, by expressing (5.85) in index notation, that is
tr [®Y;] tr [6®4;] — tr [[®F] [6®,,]] =0,
and by making use of Lemma 28 and (5.84),

%61 06 0264 851/;” —o

tr [yis] tr {Vimanm + Bim a,é—m} —tr |:['Yij] [’ij%nm + 6jmka§—m (5.91)

is obtained. Next, (5.88) is used to rewrite the first term of the previous equation. In addition, with respect to the
second term of (5.91), adopting (5.89) and (5.90) leads to

3 [1€1° 0%0¢ 00y —1€11° 3 &i&m 3&én ] 0200
*EG—MU {%m%‘nm +6imja€—m:| —tr { |:5im ] {5 ] Py
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ts oA <5im§k = 0mk&i + 0ikbm — THE ) &E—m] = 0.

(5.92)
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Then, evaluation of both trace operators in (5.92) and substitution of 3;,; according to Lemma 25 yields

3 1€l (6- _ §§z‘§m> <5, 3 §i§n> R +9 1€l 7§i§m§z‘> 91
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(5.93)
It follows
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from (5.93) by means of simple calculations. Consequently, (5.94) results in

LIE 0%y

T3GME ™ g 0E, D

due to the fact that both terms related to the derivative 62—’” cancel each other out. At last, since ||| # 0 holds
in regular gravity space, proof is given that the adjoint disturbing potential d+) fulfills up to terms of higher order
Laplace’s equation

1 il
2 GM?

ASYp = 0
AsYy = 0. O

Hence, the subject matter of finding the corresponding field equation for the adjoint disturbing potential §v in
regular gravity space comes to a satisfactory end. It applies that a homogeneous partial differential equation, i.e.
Laplace’s equation, has to be satisfied by v, which is in contrast to the gravity space approach according to
F. Sanso. There the underlying field equation, (4.63), represents an inhomogeneous partial differential equation.
Naturally, the next question to be approached is related to the associated boundary condition. Starting from the
boundary relation (5.69) given in the context of the nonlinear problem, i.e.

- (¢7vew+v)

=v, (5.95)
>

the following equation

= . (5.96)
3

- (5€"evo + wo)

is formally deduced by replacing the true adjoint potential ¢ by the adjoint normal potential ¥g. In spite of the
strong methodological similarity in deriving (4.58) and (5.96), a major difference between these two relationships
exists, which must be pointed out. In contrast to (4.58), where the boundary values vy were associated with the
boundary surface ¥4, i.e. the gravimetric telluroid given in geometry space, the situation in (5.96) is somewhat
different. Against the background of Lemma 16 implicating the property of identical mapping if the underlying
potential functions are of type H—)iVH and —2$M Ter €|I accordingly, the boundary values vy must refer to the boundary
surface ¥ as well. That is, the surface X, which usually defines the gravimetric telluroid surface in regular gravity

space, is mapped in view of Lemma 16 onto the same surface ¥ in geometry space and, consequently,

Vo = ‘/b (597)

s

holds for the boundary values involved in (5.96).

Now, readopting the modus operandi already familiar from Section 4-5 to determine (4.59), the next step represents
simply a subtraction of the two equations above, which is in fact possible since the boundary conditions (5.95) and
(5.96) are both linear in terms of ¢ and 1. Hence, the result is the boundary condition for the adjoint disturbing
potential

= Av, (5.98)
b))

- (5€7vebw +50)
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where the corresponding boundary values, i.e. gravitational potential anomalies Av, are obtained as the difference of
the measured data v and the values vy, deduced by evaluation of the normal potential functional at the gravimetric
telluroid surface X

Av=v—v9g=v—V|y- (5.99)

Thus, in view of Theorem 8 and (5.98), the resulting BVP can be introduced in the next definition:

Definition 23 The linear geodetic boundary value problem in reqular gravity space comprises the following problem:
the data, i.e. gravitational potential anomalies, are now considered to be given at the known surface

Av:¥ —R
and a real function 69 (€) : ext ¥ — R is to be found
Asp(¢) = 0, Ecexty (5.100)
- <%§Tv§5w+5w) L - Av, (5.101)

which is the solution of a linear and homogeneous partial differential equation of second order, (5.100), under the
boundary condition (5.101).

In contrast to the BVP identified in Definition 19, which is based on Poisson’s equation, the underlying field
equation in Definition 23 is Laplace’s equation. Consequently, the adjoint disturbing potential §t is only harmonic
in regular gravity space and as usual satisfies a linear oblique boundary condition. Again, by means of (5.100) and
(5.101), a BVP with a fized boundary is established, since in contrast to the Earth’s surface o, the boundary ¥ is
a known surface. More specifically, the position vector 5‘2 in regular gravity space describes the known boundary
surface X as the image of the Earth’s surface o, characterized by the position vector x| , under the regular gravity
space mapping

B VV(X’U)
ey = VoM R

Now, after having obtained the solution for the adjoint disturbing potential §1)(£) and by means of (5.82) also for
the adjoint potential

(5.102)

P(&) = vo(&) + 9(€),
the Earth’s surface o is derived starting from (5.70) and by taking (5.82) into account

x|, = 1€l )m(E]y) = v(E|)VerEly) = Y(E[)Ve (Vol€ly) +0v(Ely))

= (€| Vero(€]y) + (€] Vedv (€] - (5.103)
Then, by insertion of the known expression for 4, Lemma 21, into (5.103) and by evaluating V¢ (5‘2) follows
Il |, 38" | 26M
= |- - = Ved
. ( G |2l | TaFe ) || el Veviel)
= &y, +(&l5)Veor(ély) (5.104)

from straightforward computations. At last, the first term on the right hand side of (5.104), having in mind its
dependency on the reference potential 1, accordingly Vj, is handled by taking advantage of the identical mapping
property constituted by Lemma 16. Moreover, by introducing the new quantity ¢, cf. also (4.67), for the second
term on the right hand side of (5.104), leads to

x|, =x|y +¢, (5.105)

i.e. to the position vector X‘G determining the required Earth’s surface o, see also (4.65). In conclusion, the
solution J(&€) of the linear GBVP in regular gravity space, Definition 23, provides the position correction or
position anomaly vector, see Fig. 3.1,

¢ =] )Vedv(€ly) (5.106)

to determine o as specified in (5.105), that is, by means of a summation of the vector x 5, constituting the
approximation surface ¥ in ordinary space, and the anomaly vector {. The specific characteristic of the gravimetric
telluroid X in gravity space constituted by the vector 5}2, and its interrelationship to the approximation surface
3 in geometry space founded on the vector X‘E, is more closely discussed among other things in the context of a

short summary at the end of this chapter.
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5-4 Spherical approximation of the GBVP in regular gravity space

In the style of Section 3-6, where the spherical approximation of the linear Molodensky problem is elaborated, this
section aims to introduce an equivalent form of the linear GBVP in regular gravity space. Whereas the derivation
of the simple Molodensky’s problem in geometry space involves for the approximation of the boundary operator
the isotropic normal potential according to (2.40) and the application of spherical coordinates, cf. Section 2-1.1,
the argument to simplify the boundary operator in the present context, i.e. (5.101), is of slightly different nature.
The reason is that the underlying reference potential 1), introduced in the previous linearization step, already
constitutes the auxiliary space counterpart of a spherical normal potential. All the same, the use of a spherical
coordinate representation to rewrite the boundary operator (5.101) is intended in the present section.

For that purpose, the position vector x in ordinary space
T
X=r [ cosAcos¢ sinAcos¢ sing ] (5.107)

and the associated position vector £ in regular gravity space

€=r¢[ cosA¢cosge sinecosge singg | i (5.108)
are first of all expressed in terms of the polar coordinates (X, ¢,7), cf. (2.1).
Based on the familiar relation o0
.
Vep =re—, 5.109
§ Ve =re ore (5.109)

it is now permissible to replace the derivative V¢d¢ in (5.101), simply by the partial derivative with respect to the
radial direction only. Consequently, the partial derivatives with respect to A¢ and ¢¢, see also (2.62), are neglected
in the following. Hence, the BVP in regular gravity space, which corresponds to the simple Molodensky’s problem
characterized in Definition 11, stands for the problem:

Definition 24 In reqular gravity space, the geodetic boundary value problem in spherical approximation reflects
the following problem: the given data, i.e. gravitational potential anomalies, are assigned to the known surface X

Av:Y¥ - R
and to be found is a real function 61 (€) : ext ¥ — R
ASp(E) = 0, €cext (5.110)
¥ &p)

_(1 09y ~ A, (5.111)

3" e

P

which is the solution of a linear and homogeneous partial differential equation of second order, (5.110), under the
boundary condition (5.111).

The appropriateness of the above BVP is supported by the following reasoning. Starting from Remark 2, em-
phasizing the prevailing radial dependency of the potential V', and by means of Section 5-1.1, which constitutes a
comparable asymptotic behaviour of V and 1), it can be concluded that the adjoint potential ¢ is also dominated by
a radial dependency, see also Fig. 24. Now the assumption is that to a certain extent, at least on a global average,
this radial predominance also holds for the disturbing potential functions, such as the disturbing gravitational
potential V" and the according disturbing adjoint potential §t). Then, under the circumstances that d¢ is a small
and radially dependent quantity, the BVP according to Definition 24 appears feasible.

Furthermore, the BVP according to Definition 24 is of the same mathematical structure as the BVP introduced
previously in Definition 23. That is, (5.110) and (5.111) constitute a linear fixed BVP, which is based on a Laplace
type of differential equation and is subject to an oblique boundary condition. Again, the known surface ¥ is
obtained from (5.102) and the Earth’s surface o results from (5.105) and (5.106) after having solved the spherically
approximated problem defined above for §(&).

Triggered principally by practical considerations, another modification, i.e. constant radius approximation with
respect to the boundary condition (5.111), will be pursued in the next section.
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5-5 Constant radius approximation of the GBVP in regular gravity
space

Providing a version of the GBVP in regular gravity space, which will form the theoretical basis for the practical
solution of the problem, is the intention of this section. This will be conducted in a manner similarly to Section
3-7. For that purpose, the longitudinal and latitudinal discrepancies of (5.107) and (5.108) are disregarded in a
first approximation. Thus, the following identities hold

)\g = ) ¢£ = d) (5112)

This modus operandi is motivated against the background of the identical mapping characteristic proposed in
Lemma (16) and displayed in Fig 5.2. In this regard the congruency of € and x has been pointed out, which was
found to also apply approximately, i.e.

£~ x, (5.113)

if the restriction V' = V; is given up. Consequently, in view of (5.113), (5.112) can be explained. Moreover, the
radial coordinate r¢ in (5.108) is split up into the constant R, which denotes the radius of the underlying reference
sphere S, and the height h¢ above S

re = (R+he) . (5.114)
Then, by taking (5.112) and (5.114) into account, (5.108) becomes
-

€= (R+he)[ coshcos¢ sinAcos¢ sing | (5.115)

By means of this step, associated points on the actual boundary surface ¥ and on the reference sphere S are
located in the same radial direction. As will be discussed later, this is of importance with regard to the subsequent
numerical evaluation of the GBVP in regular gravity space.

The second approximation step is motivated by the same argument as given before in (3.71) in conjunction with
the investigations of the simple Molodensky’s problem in ordinary space. In detail, the assumption is again that
the difference of r¢ and R is negligible and that an error of h¢/R is tolerable. Thus, it applies that

he =0
holds and, as a result, (5.115) reduces to
5‘5 :R[ cosAcos¢ sinAcos¢ sing ]T . (5.116)

Hence, the BVP in regular gravity space presented in the following originates from a simple radial mapping of the
boundary data from the boundary surface ¥ to the corresponding reference sphere S given by 5‘ st

Definition 25 In regular gravity space, the geodetic boundary value problem in constant radius approximation
treats the following problem: the given data, i.e. gravitational potential anomalies, are now assigned to the reference
sphere S

Av:S—R

and to be found is a real function 6(€) :ext S — R

Adp(€E) = 0, Ecext S (5.117)

- <1 9%y Av, (5.118)

57’56—715 + 5’!/))

S

which is the solution of a linear and homogeneous partial differential equation of second order, (5.117), under the
boundary condition (5.118).

The above representation of the GBVP in regular gravity space is particularly suited for computational purposes
since the underlying boundary surface reduces to the sphere S as stated in (5.118). Indeed, the sphere S represents
a very simple surface predestined to perform a spherical harmonic analysis, as will be accomplished in Chapter 7,
where within the scope of a proof of concept the numerical solution of the problem specified by Definition 25 is
achieved.
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Furthermore, the BVP introduced above constitutes a linear fixed problem based on a normal derivative boundary
o)
are
to the problem given in Definition 24, where % represents an oblique derivative with respect to the surface .

condition. That is, the direction of the derivative is orthogonal to the surface of the sphere S. This is in contrast

As turns out in Chapter 7, a normal derivative problem proves to be advantageous for the computational problem
solution compared to an oblique derivative problem.

At last, the problem of determining the Earth’s surface o has to be addressed again. Despite the utilization of S
in (5.118), the surface ¥, when considered in ordinary space, still establishes the approximation surface for o. The
reason is that S, similarly to Section 3-7, again serves only as a computational reference surface in order to solve
for 01(€). Thus, with ¥ obtained from (5.102), the Earth’s surface o results from (5.105) and (5.106), thereby
using d1 (&) as provided before.

Remark 26 As previously discussed in conjunction with the examination of Molodensky’s problem in ordinary
space, see also Remark 10, it is advisable, in order to meet the ever increasing requirements in terms of accuracy, to
project the boundary data not only onto the sphere, but to use numerical techniques, e.g. collocation, in order to
perform explicit continuation of the boundary data. As a matter of fact, data continuation by means of collocation
further provides the opportunity to give up the necessity of radial projection, (5.112). This may be necessary if the
actual data on the gravimetric telluroid is distributed differently from the structure of the data grid required for
the computational procedures such as the spherical harmonic analysis on the sphere. Moreover, as outlined already
in Remark 10 it might be worthwhile to consider the use of an elliptically-shaped computational surface, since such
a surface better reflects the actual geometry, thus reducing the separation distance of the actual boundary surface
and the mathematical reference surface, which is important with regard to the proposed data continuation.
Besides such geometrical considerations with respect to processing the boundary data, it is worthwhile to give
some thought to a possible improvement of the applied physics within the approximation step. That is, a more
sophisticated normal potential than the one applied so far based on a spherical configuration can be imagined. In
fact, the possibility of adopting an ellipsoidal normal potential is investigated in the next chapter right after the
following short summary.

5-6 Brief summary on the status quo of the BVPs presented so far

As outlined before in Remark 25, the corresponding nonlinear BVPs of Section 4-5 and Section 5-3 were found to
be of a similar mathematical structure. Only a fine difference between the gravity space and the regular gravity
space concept in the nonlinear case has been pointed out. Both problems differ in the elements of the matrices ¥
and ®, respectively. However, the situation revealed in Section 5-3 with regard to the linear problem turns out
to be of a different nature. In fact, two fundamental differences between the linear GBVP in gravity space and
the linear GBVP in regular gravity space have been elaborated throughout this chapter. In the first place, the
field equation within the context of F. Sanso’s gravity space approach has been identified as an inhomogeneous
partial differential equation of Poisson type, which is in contrast to the homogeneous partial differential equation
of Laplace type associated with the regular gravity space approach. It is obvious that the latter problem based
on Laplace’s equation is particularly favorable in terms of complexity and computational solvability. Moreover, as
far as the boundary values vy related to the spherical reference potential Vj = %\ﬁ are concerned, the following
statements can be made. Basically, F. Sanso’s linear gravity space concept is based on three distinctive surfaces,
cf. Section 4-5. First of all the Earth’s surface o, secondly the corresponding image of ¢ in gravity space, i.e. the
boundary surface ¥ and thirdly the surface ¥ , which establishes the reference surface for the normal potential
values vy required to eventually derive the potential anomalies Av. Now, as opposed to the simple gravity space
concept, the regular gravity space approach features only two relevant reference surfaces. Namely, only the terres-
trial surface o and its regular gravity space image ¥ are involved. Admittedly, it should be acknowledged that the
boundary values vg in (5.96) refer to an independent surface, which differs from ¥ in the strictest sense. The reason
is that the boundary surface associated with the normal data vg lies in ordinary space, whereas ¥ constitutes a
surface in regular gravity space. However, due to the identical mapping behaviour postulated by Lemma 16, which
applies in this special case, the surface ¥ and its image in ordinary space are regarded as the same surface. The
existence of only two instead of three reference surfaces within the scope of the regular gravity space theory is
advantageous for two reasons. On the one hand this speciality will be significant with regard to the implemen-
tation of the numerical BVP solution, and on the other hand it simplifies matters from the theoretical point of view.
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Next, in order to continue the comparison of gravity space and regular gravity space features, it can be noted that
in the framework of both approaches, the nonlinear as well as the linear BVPs feature linear oblique boundary con-
ditions. Moreover, due to the aforementioned anharmonicity of the adjoint disturbing potential, the investigation
of the GBVP in gravity space has been abandoned after derivation of the linear problem whereas the treatment of
the GBVP in regular gravity space has been carried on. The modifications according to Section 5-4 and Section
5-5, i.e. spherical and constant radius approximation, yield a further simplified representation for the GBVP in
regular gravity space. However, these variants of the GBVP are required for the actual numerical experiment. This
will be accomplished in Chapter 7, where within a proof of concept other questions are also clarified. E.g., about
the permissibility of these approximations and, if necessary, how resulting difficulties could be addressed.

Besides a comparison of the underlying BVPs in gravity space and in regular gravity space, another matter of
particular interest is the strong similarity between the simple Molodensky’s problem outlined in Definition 11 and
the version of the GBVP in regular gravity space according to the previous Definition 25. In fact, both BVPs are
of equivalent mathematical structure. They differ only by the status, which the potential functions V', W and their
first order functionals g, I' have. That is, in the framework of Molodensky’s theory, the boundary surface relies
on gravity potential data and the boundary information is constituted by gravity anomalies. This is in contrast to
the methodology set forth in this chapter, where the definition of the boundary surface requires knowledge of the
gradient vectors of the gravitational potential, whereas the underlying boundary values are gravitational potential
anomalies. The benefit of using potential anomalies instead of gravity anomalies as boundary data is also validated
in Chapter 7. Furthermore, it should be highlighted that due to the mathematical equivalence of the classical
approach to the GBVP and the approach based on regular gravity space, it is of course possible to still apply all
known ideas and methods developed for solving Molodensky’s problem.

At last, similarly to the gravity space approach according to F. Sanso, Chapter 4, the new regular approach
presented in the current chapter also implies a spherical configuration. That is, within the linearization process
of the BVP, application of a spherical normal potential is involved in order to approximate the actual potential,
cf. Sections 4-5 and 5-3. Numerical experiments, as will be shown later in Chapter 7, indicate that a spherical
configuration, which represents an approximation of first order only, implicates computational difficulties. However,
adopting a better approximate for the true potential function raises expectations that these difficulties can be
abolished, see also [88] SEITZ 1997. Therefore, a second and, to a certain extent, new approach is based on an
ellipsoidal configuration. Consequently, an ellipsoidal normal potential is utilized in the framework of linearization.
On this account, in the next chapter, the line of argument given in the work of W. Keller is recapitulated taking
the modified linearization point into consideration.



Chapter 6

A boundary value approach in
ellipsoidal regular gravity space

The two variants of treating the GBVP in gravity space, namely F. Sanso’s gravity space approach and, as seen in
the preceding chapter, the regular gravity space approach according to W. Keller, both have a spherical linearization
point in common. This chapter will shed light on the question of whether a linearization concept other than the
one based on a spherical scenario might be favorable. Hence, the investigations outlined in this chapter imply an
ellipsoidal configuration type of regular gravity space theory and are arranged as follows. In fact, a more precise
notation would be spheroidal instead of ellipsoidal configuration since a truncated series expansion representation
in Jy for the normal potential will be applied. However, for the sake of simplicity and understandability the term
ellipsoidal will be used henceforth. In the next section, this new regular gravity space approach is derived and its
associated properties are elaborated. Section 6-2 is dedicated to the problem of finding the nonlinear representation
of the GBVP for ellipsoidal regular gravity space. As a matter of fact, the resulting nonlinear BVP exhibits a
very high degree of similarity to the nonlinear BVP given in case of the spherical regular gravity space theory as
developed in the last chapter. Section 6-3 gets into the question of the related linearization and the corresponding
linear problem is deduced. Within the scope of the linearization process, it turns out that the ellipsoidal approach
can indeed be regarded as a perturbation of the thoroughly investigated spherical variant. Thus, under certain
circumstances it is possible to reduce the ellipsoidal formulation to the spherical formulation. The subject matter of
deriving the corresponding spherical approximation step is addressed in Section 6-4 and consequently the resulting
linear BVP in spherical approximation is obtained. As before, the field equation, which the adjoint disturbing
potential has to fulfill, is a partial differential equation of Laplace type subject to a linear boundary condition.
Thereafter, a brief discussion on the benefit of the ellipsoidal methodology concludes this chapter.

6-1 An ellipsoidal regular gravity space transformation

In order to establish an ellipsoidal formulation, an alternative reasoning centered on the identical mapping property,
cf. Lemma 16, to derive the regular gravity space transformation (5.27) is first pointed out. The reason is that by
following this example a nearly analogous procedure, simply replacing the spherical configuration by an ellipsoidal
configuration, is adopted in order to introduce the new regular gravity space formulation. However, as far as the
new ellipsoidal regular gravity space transformation is concerned, it has to be acknowledged that no closed solution
for the new formulae can be obtained. In fact, an implicit definition has to be introduced as a start. Accordingly, a
practical representation of the transformation formula is achieved by means of a series expansion with respect to a
small parameter describing the deviation from the spherical scenario. Section 6-1.1 addresses this subject, thereby
establishing the required relationship between a coordinate vector related to ordinary space and a coordinate vector
related to the new auxiliary space. Hence, in view of the newly installed transformation, ellipsoidal regular gravity
space and the associated boundary surface ¥ are formally introduced in Section 6-1.2. Furthermore, the desired
identical mapping property of the ellipsoidal regular gravity space transformation in case of an ellipsoidal reference
potential is confirmed in this context. Thereafter, in Section 6-1.3, a contact transformation type of interpretation
will be the prevailing form of looking at the new ellipsoidal regular gravity space transformation, which, in that
case, is exclusively regarded as a relationship of the new coordinate vector and the old momentum vector. Together
with two other relations that will be derived for the transformation between ordinary potential and adjoint po-
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tential functional as well as for the determination of the new momentum quantities, the ellipsoidal reqular gravity
space approach is completed. It will turn out that within the framework of the ellipsoidal regular gravity space
approach, the formulae for determining the adjoint potential and the new momenta are of the same mathematical
structure as given in the last chapter for the regular gravity space approach according to W. Keller. Thus, the only
difference is the advanced coordinate mapping between geometry and gravity space in the case under consideration.

As indicated before, W. Keller’s regular gravity space transformation, cf. (5.27), can be derived by following an
alternative line of argument, thereby starting from the identical mapping property in case of a spherical linearization
point in order to deduce the corresponding transformation formulae. This approach will also serve as the basis to
develop the proposed ellipsoidal transformation later on. Thus, based on the already familiar definition

p:=VV(x)

of the vector p as the gradient vector of the gravitational potential V| see e.g. Remark 16, the new coordinate
vector & is identified in the first instance simply as a function of p

£=¢(p). (6.1)

Now, the idea is that the function &£(p) can be uniquely defined by setting certain constraints that have to be
satisfied. Based on these constraints, it is possible to derive the corresponding analytical expression for &£(p). At
best an explicit form for £€(p) can be found, which is of course the primary aim.

The first assumption is that by adopting the isotropic potential Vj, cf. (2.40), as an approximation for the true
potential V| the vector p is specified according to

GM GM
p=Vh =V (—) =———X. (6.2)
x| 1]
Moreover, the second requirement is that the following identity applies
§(p) =x. (6.3)

Consequently, it holds that by means of the last two relationships the transformation (6.1) is properly defined and
that it is possible to derive (6.1) explicitly from (6.2) and (6.3). This assertion can be verified by making use of
the identity & = x in (6.2)

GM

€1
and by solving the resulting expression (6.4) for &, that is

p(§) = 3 (6.4)

£(p) = _VGMW‘ (6.5)

In general, the requested transformation

&(p) = —VGM (6.6)
Ip[|3/2

is simply obtained by giving up the restriction according to (6.2).

Now, these relations are reconsidered in the further course, while instead of the isotropic normal potential the
following ellipsoidal or more precisely, as discussed in the beginning of this chapter, spheroidal reference potential

V'Oell(x) _ GM (1 _ J2 (?) PQ(SID¢)> (67)

r

- (B (3(2) 1)

is employed, cf. [28] HEISKANEN&MORITZ 1967; [7) BRETTERBAUER 1988 and [67] MORITZ 1990. Eq. (6.7)
defines the new gravitational normal potential Vi (x) in terms of a rotationally symmetric zonal expansion. It

results practically from (2.54), thereby limiting the expansion simply to the central term (0,0) and the flattening
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term (2,0). Moreover, in contrast to (2.54), which is based on the use of fully normalized associated Legendre
functions P}, (sin ¢), see also Section 2-2.4 and Appendix A, (6.7) is expressed in terms of the Legendre polynomial
Py(sing) = %sin2 ¢ — % Consequently, instead of the normalized Stokes coefficient c3,, the small parameter Jy
is applied, which is basically related to the former parameter according to Jo = f\/Ec;O. At last, the Cartesian
representation (6.8) is deduced from (6.7) by taking (2.4) and (2.7) into account.

Adopting the potential V! according to (6.8) as an improved approximation of the true potential is motivated by
the fact that the gravimetric telluroid ¥ is the image of the Earth’s surface o under the gravity space mapping (5.1)
or rather (6.6). More precisely, it is a specific characteristic, as recalled above, that the gravity space mapping (6.6)
yields the identical transformation for the isotropic potential V. Hence, due to the fact that the actual potential V'
differs from the isotropic potential Vy by about 1073, also the gravimetric telluroid X, when utilized as a reference
surface in geometry space as discussed in Section 5-6, differs from the Earth’s surface o by about the same factor.
This leads to a separation between ¥ and o of several kilometers, which also involves an increase in magnitude
of the underlying boundary data as can be directly deduced from (5.99). From a computational point of view,
this situation should preferably be avoided. One way to reduce the separation between ¥ and o is to find a new
gravity space transformation, which is the identical transformation for the more sophisticated spheroidal reference
potential V!, This shall be attempted next.

In principle, it has been the intention to revise the modus operandi according to (6.1)-(6.6) for the modified
reference potential. That is, instead of (6.2), it holds

B = VI (x). (6.9)
Again, it is required that the following identity
£(p) = x (6.10)

is true, yet in the present case with p given according to (6.9). Though this time it turns out that in following the
example, given in conjunction with (6.4), application of € = x in (6.9), i.e.

p= V() (6.11)

is not a successful measure, since the resulting equation cannot be solved directly for £ due to the advanced com-
plexity of V!l in contrast to Vo. Consequently, it is not possible to establish an explicit form for the transformation
& = &(p, J2). However, (6.11) can be rewritten in the following way

P Veg'(€) =0, (6.12)
which by making use of the implicit function theorem can be solved for & = &(p,J2). For that purpose, the

corresponding gravity space transformation is initially specified in an implicit form:

Definition 26 Let the vector n be given by

n=1[p p2 ps3 J2]T- (6.13)

Furthermore, the function o reads as follows

o v (M (BN (3(&) L
eume) =P Vf(nsn (1 % (er) <2(||£||) 2))) (6.14)

Then, the transformation
§=£&m) (6.15)
is implicitly defined by
e(n,§) =0. (6.16)

At first, with regard to the above definition, it is worth mentioning that n represents a vector of four independent
variables. In addition to the usual three independent variables p;, cf. Section 5-1.3, the parameter Js has to be
included within the scope of the proposed extension from a spherical to an ellipsoidal scenario in terms of the
reference potential. As before, the vector & comprises three dependent variables &;(n).

Next, it must be verified in the context of a first lemma, that the implicit form (6.16) can indeed be solved for the
function &(n):
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Lemma 31 By means of the implicit function theorem existence and uniqueness of the solution

£=£&m) (6.17)

from
o(n,§) =0 (6.18)

is guaranteed for Jo being small enough.

Proof. First of all, since it is not always possible to find the function &€(1), it is necessary to fix a point (4, &,) and
to consider the domain near that point. Hence, according to the implicit function theorem, e.g. [91] SPIVAK 1965,
it has to be shown that a point (n,, ;) exists, which satisfies

2(n0,€0) =0. (6.19)

In order to fix a point, it is suitable to choose
Jo =0, (6.20)
which basically implies a return to the regular gravity space approach elaborated in the last chapter. Thus, it holds
M = [p op2 ops 0] (6.21)
g, = = ,\/G—MW : (6.22)

and in compliance with the implicit function theorem the corresponding first requirement, (6.19), is satisfied as

2(mo, &) = pP—Ve <GM)

follows

ol
N GM£
= p _—
1€o112™°
GM P
e (v 2)
VG M pes? [l
= p-p=0.

Next, according to the implicit function theorem it applies furthermore that the function &(n) exists in the near
vicinity of (1, &), if the following Jacobian matrix

0
[a_ﬂ (6.23)
RS
is invertible. This immediately leads to the second condition
0
’ [8—9} ‘ £0, (6.24)
&1ln,. €,

that is, the Jacobian, i.e. the determinant of the matrix (6.23), has to be unequal to zero. To give proof that (6.24)
is indeed fulfilled, the Jacobian has to be evaluated in detail

% JIn,.¢, o€ \liel*~/1le,
GM €oéo

= |——= [ I -3~ 0. 6.25

AE ||so|2] 700 (6:25)

In order to support the conclusion given in (6.25), it is useful to also consider Lemma 20 and the matrix a con-
stituted in that context. As a matter of fact, the corresponding functional matrices, cf. (5.30) and (6.25), are
equivalent. Thus, as much as a has been identified as a regular matrix, since £ = 0 could be excluded from the
solution domain, the same argument applies for the Jacobian matrix involved in (6.25) above. Consequently, the
relevant determinant is unequal to zero as required.
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Once more it has to be emphasized, that the above derivations refer to a distinct fixed point (14, &) in which the
two important conditions (6.19) and (6.24) are shown to be satisfied. Hence, the solution £(n) exists and is unique
only in the near vicinity of this point specified by Jo = 0. This means that the parameter Js has to be at the
very least a small number to still guarantee existence and uniqueness of £(n) by means of the implicit function
theorem. The task of £(n) determination will be addressed in the next section and the question of what has to be
understood de facto by small in the present context is discussed in the next chapter dealing with the numerical
proof of concept.

6-1.1 Series expansion representation of transformation

Having shown in the last section that the implicit form (6.16) can theoretically be solved for £€(n), the analytical
determination of £(n) is addressed next. However, whereas the implicit function theorem actually only guarantees
that such a solution exists and is unique, it is not necessary that an explicit form for &£(n) can be provided. In
fact, since no closed solution £(n) has been found from the implicit form, the representation of £€(n) is intended to
be given in terms of a series expansion with respect to the small quantity J>. On this account, the implicit form
(6.16), which is to be solved for £&(n) by means of a series expansion approach, is recalled and written as follows

v (CM (L (BY (3 &) 1
p“"’”‘vﬁ<|e| (1 % (jer) (2(|e|) 2))) (6:26)

The answer to the problem of finding the associated solution is addressed by the following lemma:

Lemma 32 The series expansion solution of (6.26) with respect to &€(p, Jo2) is given by

&(p, J2) = &(p) + J261(P) + J365(p) + O(J5) (6.27)
subject to
P
& = —VGM
0 Ip||3/2
Cap2 p1(p? + p3 + 2p3)
6 = —— | R+t 2p3)
4/GM||p||5/2
IR ] —potapt + 363 + 203
R4 p1(5p1 + 5p; — 4p3p3 — 60pS + 2pt (5p5 — 2p5))
& = maprp[e p2(5pi + 5p3 — 4p3p3 — 60p5 + 2pi(5p3 — 2p3)) (6.28)
p3(=51p} — 51p3 + 20p3p3 + 20p3 + pi(—102p5 + 20p3))
and
.
p=[p1 p2 p3| =VV(x). (6.29)
Proof. On identifying
GM
Fo(§) = Ve <—||£|| > (6.30)

and

o= (e () () -3)) o

in (6.26), the equation to be solved for &(p, Jz2) is of type

P(E, J2) = Fo(&) + LF1 (). (6.32)

For Jy = 0 the solution of the resulting equation

p(&) = Fo(so)

is obviously

&(p) = —VGva (6.33)
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which is necessarily in agreement with the previous regular gravity space approach based on the spherical configu-
ration. However, as discussed in conjunction with Lemma 31, the implicit function theorem now guarantees that
for a small enough Jo, (6.32) also has a unique solution &(p, Jz), which is analytical with respect to Jo

&(p, J2) = &u(p) + J2£1(p) + J5€5(p) + O(J5) . (6.34)

Hence, inserting (6.34) into (6.32) and expanding it into a series with respect to .J2, omitting terms of order O(.J3)
and higher, yields

p = Fo(§+ ok +J5€5) + 2F1(§ + hoby + J365)
= Fo(€o) + V() (ot + J3€0) + 5 (o + J365) VEFO(€0) oy + J36) +
FRE(E) + VF (€)(3€)
— Foléy) + a(TFo(E)6s + Fa(eo) ) + 73 (TRo(€o)6s + 56, TFol€o)és + TRIE)E ) . (63)

where &, V2F((&,)¢; is understood as

1 o2F” L)
DIINLS agu)ag(l)f

aZF(O
Zk,l gkl) 65(1)65(1)5 ) = 5<1)V2F(0)£(1) = £IV2FO(€O)£1 .

(1) BZF(U 1)
Zkyl 9 85(1)85(1)6

Then, by comparison of the coefficients of identical powers of J; on both sides of (6.35), the following sequence of
equations is obtained

Fo(&o)
VF(&0)€1 + F1(&)

VFo(€0)Ea + 56,V Fo(0)€s + VF1 (€€,
- (6.36)

© o ow%
|

which, after some computations, leads to the final result

3R p1(p? + p3 + 2p3)
& = ———— |  p2(p}+pi+2p3)
4v/GM||pl|5/2
IPIP= 1 pa3p2 + 303 + 23)
oR: p1(5pt + 5p5 — 4p3p3 — 60p3 + 2pT(5p3 — 2p3))
€ = e p2(5pt + 5p3 — 4p3p3 — 60p3 + 2pT(5p3 — 2p3)) &

320M3/2 7/2
IR 1 (51pt — 51p3 + 20p2p3 + 2008 + p2(— 10203 + 2052)

The series representation of &€(p, Jz), according to Lemma 32, is limited up to and including terms of power .J3.
The reason is that by definition J, is a small number in the order of 10~3. Therefore, tolerating an error smaller
than 10~%, when neglecting cubed order terms in J», seems reasonable. However, in case the resulting accuracy
is insufficient, it is certainly possible to extend the expansion and to solve for the higher order contributions by
continuing the solution sequence (6.36).

As usual, besides the considered transformation of the ordinary space position vector x into the auxiliary position
vector &, cf. Lemma 32, a change in the underlying potential functionals is involved as well. This subject, together
with a discussion of the basic features of the proposed transformation, is presented in the next section.

6-1.2 Principal transformation characteristics

Prior to defining the relationship to determine the adjoint potential from the gravitational potential, the idea of an
ellipsoidal regular gravity space is first formally introduced. Hence, as a result of the last lemma, it is now possible
to postulate the following:
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Definition 27 The image of the Earth’s exterior, that is x € ext o, under the mapping constituted by the series
expansion formulae given within the scope of Lemma 32, i.e.

E=4] = &)+ L6 (p) + J3&(p) + O(J5)
£(VV(x)) + 26, (VV (%) + J3€,(VV (%)) + O(J3) , (6.37)

1s identified as ellipsoidal reqular gravity space. In the auxiliary space, the components &; of the vector € form the
independent Cartesian coordinates.

And, as seen before, the restriction of the vector x on the right hand side of (6.37) onto the surface of the Earth,
ie. x’a leads immediately to a second definition:

Definition 28 The position vector £|,., identified as the image of the Farth’s surface o under the mapping given

by Definition 27, i.e.

27

&y = &(VV(x[,)) + 126, (VV (x],) + J36,(VV(x[,)) + O(J5) , (6.38)
constitutes the known surface ¥, which serves as the boundary surface in ellipsoidal reqular gravity space.

In addition to the above transformation formulae on the level of positions, the gravitational potential also changes,
as is known by now, into the associated auxiliary potential, that is the adjoint potential. By definition, the previous
expression to obtain the adjoint potential from the gravitational potential, cf. (5.2), remains unaltered, that is

B(E) =X VV() - V(x) 5 x=x(E). (6.39)

In comparison with (5.2) it is worth pointing out that due to the modified transformation (6.37) the resulting
position vector &, which enters into (6.39), is numerically different from the coordinate vector &, which applies
to (5.2). Hence, despite an obvious equivalence of (5.2) and (6.39), the corresponding adjoint potentials differ in
terms of actual values from each other.

At last, it should be confirmed that the ellipsoidal gravity space approach indeed possesses the predefined identical
mapping property in the case that the gravitational potential V is reduced to the reference potential Voe” according
to (6.8). For that purpose, the situation for the former spherical scenario is briefly recalled in the first instance. As
already stated in the context of Lemma 16, the regular gravity space transformation discussed in the last chapter
has the following remarkable property. That is, in view of

p=VV(x)

and particularly in the case of adopting a spherical approximation for the true potential, i.e.

p=Vlhx) =V <%) = ﬁi—?ﬁx, (6.40)
it holds
£(p) =x. (6.41)

As a matter of fact the new ellipsoidal regular gravity space formulation, Lemma 32, is set up in exactly such a
manner that the same relationship is true:

Lemma 33 Hence, introducing

~ ell _ G_M . i ? X3
B= VY _V(MHG b(mﬂ%ﬁn0> (642)

in (6.87) yields the identity mapping scenario

£, J2) =x. (6.43)
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Proof. Let

B (6.44)

n=[p P2 Ps Jo

B = c’% (% (1 — s <%) &(%))) i=1,2,3. (6.45)

Now, since the implicit function theorem guarantees the existence of a uniquely defined function

be subject to

§=¢&m) (6.46)

in case the function £€(n) can only be specified in an implicit manner as follows

v [(CM (L (BN &) -
2t &t =P Vf(mn (1 a6 P2(|e|)>> 0 (647

then the identical mapping property for the ellipsoidal reference potential is simply obtained by comparison after
insertion of (6.44) into (6.47), i.e.

_ sove (CM (BN pys
P Vf(nsn <1 (1) P2(||£II)>>
= (M (B mm ) v (CM (g (B p&
) v(qu <1 % () P2(|x|)>> vﬁ(mn (1 % (7) P2(|e|)>>’ (6.48)

which inevitably results in
E=x, ¢ (6.49)

in order to satisfy the mandatory identity (6.48).

Thus, it can at last be concluded that the corresponding gravity space mapping scenario resembles the situation
illustrated in Fig. 5.2. As expected, the presently considered problem remains an exterior BVP. The only difference
between the spherical theory presented in the context of the last chapter and the ellipsoidal approach investigated
here is that the boundary surface X in ellipsoidal regular gravity space is approaching the surface of the Earth o
from a pure geometrical point of view. This aspect will also be approved numerically in the next chapter.
Furthermore, by comparison of (6.37) and (6.39) with (5.1) and (5.2), accounting especially for (6.33), and together
with the aforementioned analogy of the resulting mapping scenarios, it can be safely stated that the newly proposed
ellipsoidal approach exhibits a similar asymptotic behaviour as discussed previously in Section 5-1.1 in conjunction
with the spherical regular gravity space theory. Hence, the ellipsoidal gravity space theory indeed establishes a
regular methodology, that is an approach in gravity space free of any singularities.

6-1.3 Contact transformation representation

In order to complete the ellipsoidal regular gravity space approach in view of a contact transformation examination,
a third relation, besides the transformation (6.37) of the old momentum vector p into the new coordinate vector &
and the transformation (6.39) from the gravitational potential V to the adjoint potential ¢, has to be taken into
account. That is, the relationship between the coordinate vector x and the new momentum vector 7 is of major
interest and will be investigated in the present section, thereby referring to the theory already developed in the
context of Section 5-1.3. The aspect of determining this relation that still needs to be adressed is treated in the
first two consecutive lemmata. Thereafter, based on the completed set of formulae, proof is given that these three
relations together constitute a contact transformation, cf. Theorem 9.

The second part of this section is devoted to the problem of finding the inverse relation concerning (6.39), that
is the relationship to compute the gravitational potential V from the corresponding adjoint potential . A final
lemma addresses this issue.

In order to get started, it is useful to recall the transformation formulae elaborated in the last chapter. The contact
transformation representation of regular gravity space approach based on a spherical configuration has been given
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by the familiar set of equations, see e.g. (5.45)-(5.47),

£ = f\/GMW (6.50)
v = p'x-V(x) (6.51)
T = Ox, (6.52)
subject to the old momentum vector
p=VV(x). (6.53)

Right now the status quo is as follows. The coordinate mapping defined by (6.50) is substituted by the revised
ellipsoidal mapping formulae (6.37). On the other hand, since the potential relation (6.51) is left unaltered, see
(6.39), the third relation (6.52) has to be modified as well in order to satisfy the necessary identity (2.83) to
preserve the contact transformation property. The new transformation corresponding to (6.52) can be found by
the reasoning given in the lemma following next, which is in fact closely related to Lemma 20 established previously
within the framework of deriving (6.52):

Lemma 34 The relation to determine the momentum vector m = Vep(€) from the position vector x is given by

T = ax, (6.54)
with the matriz & specified according to
Jop
x=|=—| . 6.55
a~ [3¢] (0:59)
Proof. Starting from the definition for the new momentum vector w = V¢(§) given in index notation
oy
= 6.56
T o (6.5

then insertion of the expression (6.39) given for the adjoint potential and application of the chain rule of differential
calculus results in, see also (5.35),

0
T = a—&(mwk—v)
B %x . 8mk_8V
T g T ag T g
- apkx + al'k _a_Vaxk
T 06" TN ag T oy 06
= O 0% O
T o T ag T Mo
_ Ik
= a&xk (6.57)
Now, identifying
),
oE|
in (6.57), yields
™= ax. O

In contrast to Lemma 20, where the matrix a has been explicitly introduced by means of formally differentiating
the function p(&), i.e. (5.33), with respect to &, the matrix & is for the sake of conciseness not worked out in detail
here. It should be pointed out however, that from a theoretical point of view it is not a problem to evaluate (6.55)
by differentiating the corresponding expression p(§), that is (6.26), with respect to &. Hence, similarly to (5.30),
it can be recorded that the matrix & results as a function of &

a=alt). (6.58)

On the other hand, when the coordinate vector € in view of (6.53) is considered as a function of the coordinate
vector x, that is & = £(x), the question about the inverse mapping x = x(&) arises. The next lemma is concerned
with finding the answer:
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Lemma 35 Inversion of (6.54) yields

X =, (6.59)
subject to the matriz
5 = {%] . (6.60)
Proof. Inversion of (6.54), thereby taking (6.55) into account, leads directly to
x = aln
op1!
= [8_5] . (6.61)

Analogously to Lemma 21 and in conformity with Lemma 1, the following matrix identity holds between the
corresponding Jacobian matrices of the transformation p = p(€) and its associated inverse transformation & = £(p)

op] ™ [o¢
ae) =[] 00
Consequently, using (6.62), (6.61) becomes

_ | o8¢
x=| 55| =
or by introducing the matrix 4 as follows
(%]
P
it applies equivalently
X =T. O

As desired, by means of (6.59) an elegant way is found to express the inverse transformation of € = £(x). The
fact that (6.59) indeed represents the sought-after function x = x(€), can be understood against the background
of (6.56) as well as (6.58) and (6.61). More precisely, in view of (6.56), the momentum vector 7 can be considered
as a function of &, that is m = V(&) = w(€). In addition, from & = &(€), cf. (6.58), results according to (6.61)
that the matrix 4, determined as the inverse of &, can be considered as a function of £ as well, i.e.

3 =5(8). (6.63)
Consequently, (6.59) can also be looked at in the following way
x =7(&)m(€) =x(§). (6.64)

In a similar manner as has been done in Lemma 20 and 21, & = &(p) as well as 4 = ¥(p) can be deduced by the
application of (6.37) to (6.58) and (6.63) respectively.

This sets the stage for the following theorem identifying the formulae for the ellipsoidal regular gravity space
approach, i.e.

€ = &(p)+ £ (p)+ 36 (p) + O(JS) (6.65)
v = p'x—V(x) (6.66)
T = ax, (6.67)

as a contact transformation, compare also Theorem 6, and completes this first part:

Theorem 9 The transformations (6.65)-(6.67) are in agreement with Definition 2 and consequently constitute a
contact transformation.

Proof. Simple calculations based on the accomplishments achieved in this section verify that (6.65)-(6.67) indeed
satisfy the required condition (2.83) in order to establish a contact transformation

dp —d&m, = d(pivs — V) — dépmy,
= wdp; + pidx; —dV — %dpnakixi
Opn,
= xidp; + pidx; — AV — Yendpn o s
= —(dV —dwz;p;) . &
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As indicated before, after having provided the forward and backward coordinate transformations, that is &€ = £(x)
and x = x(&), the only open assignment remaining is to find the inverse transformation of (6.66). For that purpose,
a second theorem looks into that subject:

Theorem 10 The inverse transformation of (6.39) reads as

V(x)=q(€) Vep(&) — (&) 3 £=E(x), (6.68)

subject to the vector

a(§)" =p(&) @) " (6.69)

Proof. To begin with, the relation to determine the adjoint potential ¥ from quantities given solely in geometry
space, i.e. (6.66),
v(€) = p(x)"x - V(x) (6.70)
is rearranged as follows
V(x) =p(&) " x(§) — (&) (6.71)
With respect to (6.71) the following fundamental remarks are of importance. At first, comparable to (6.70),
equation (6.71) is meant for calculating the gravitational potential V' from quantities given exclusively in auxiliary

space. Hence, in (6.70), p(&) applies according to (6.26). Moreover, instead of x(£), the corresponding expression
given in (6.64) enters into (6.71), which allows (6.71) to be rewritten in the following way

V(x) = p(&) "7(&)m(€) — v (&) (6.72)
Now, further modification of (6.72) is accomplished by means of defining
a(é) ==p&)"5(&) =p&) @) (6.73)
and taking
m(&) = Veh(€) (6.74)

into consideration, which leads at length to

V(x)=q(€) Vev(€) —v(&) ; £=¢x). O
Application of & ! in (6.69) instead of 4, cf. (6.73), accounts for the fact that in order to derive 7 = [S—g}, it is
necessary for computational reasons to exercise the option (6.62) and derive & = [g_‘g)} in the first instance and

then perform a matrix inversion thereafter. The reason is that it was not possible to find a closed solution for &(p).

Remark 27 It is worthwhile to draw a comparison between (5.18) and (6.68). It is quite obvious that in the case
of the regular gravity space approach presented in the last chapter, the vector q(&) reduces to 7%5, which can
be easily verified by inspecting (5.67). Of course this special case simplifies matters considerably as becomes clear
in the further course of this chapter, when the more complex form q(&) has to be accounted for. Concerning the
ellipsoidal regular gravity space approach, the vector q(&€) has been explicitly derived using a computer algebra
system, such as e.g. Mathematica, and is stated in Appendix B-1.

As performed in Section 4-3 and Section 5-1 in a likewise manner, and after having introduced all transformation
formulae and their associated characteristics, the ellipsoidal regular gravity space counterpart of the GBVP, given
according to Definition 13, will be establish in the next section.

6-2 The nonlinear GBVP in ellipsoidal regular gravity space

In order to derive the nonlinear GBVP in ellipsoidal regular gravity space, this section aims to embark on the same
strategy as previously employed in Section 5-2. See Lemma 24 to Lemma 27 and (5.66) in particular. Hence, based
on the spherical scenario, the nonlinear BVP in regular gravity space, Definition 22, is first recalled for the purpose
of comparison. That is, the adjoint potential ¢ was found to solve the following field equation

(tr®)> —tr®2 =0, £cexty (6.75)
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under the boundary condition

=, (6.76)
)

- (57w o)

which is subject to the gravimetric telluroid ¥ and the functional matrix

0y oy }

D60t i e (6.77)

¢ = [D;] = [%‘n%‘m
with the known functions 7, Bper given in Lemma 21 and Lemma 25.

Now, following the line of argument described earlier in Section 5-2 to derive the above relations, a first lemma, cf.
also Lemma 24, introduces the following new quantity:

Lemma 36 Define the coefficients Bim; by

2 aﬁzm
imj = 6.78
Bimi = (6.75)
then )
2V 1 2y - O
|:(9£C181']:| |:71l'7/jm 85 agm + Bzmg agm:| (679)
holds.

Proof. Again, simple calculations based on the chain rule of differential calculus lead to

8«51 - 6@% = 62V
oxr | ~ |0p 0an | ~ | 00k
and when the inverse relation is considered,

5] ["5)

0% Ok Opn OO }
agmagj Ipn agj Om
0% Vem _ OY
0ende; " Opn asm}

|:;Ykm

applies. Hence, the associated matrix product yields the unit matrix
Ox; O&k P im0 >’V
[5ij] = o = |Yim + Vel
afk axg a&ma&c apn a&m axlaxj

B P i O] [ PV
= | S 08  Op 06| |0mi0, |

Finally, rearranging the last relationship results in

L N PRl )

In contrast to Section 5-2, evaluation of 3;,,; is set aside for the time being since it will turn out within the ongoing
linearization and approximation procedure that an explicit knowledge of Bimj is not essential. Thus, the next step
according to the modus operandi familiar from the previous chapter is to introduce a new matrix ® in order to
find the pendant of Laplace’s equation in ellipsoidal regular gravity space. The next lemma concentrates on this
task:

Lemma 37 Let the potential V be harmonic and the functional matriz ® be given by

2¢ 7 O0Y

o= [D;; im i 6.80
then the adjoint potential v satisfies the following nonlinear field equation in ellipsoidal regular gravity space

tr® ' =0. (6.81)
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Proof. The matrix identity
V=0

results as a consequence of Lemma 36 and (6.80). As before, starting from Laplace’s equation and by taking (2.31)
into account, the following conclusion holds for the corresponding field equation in ellipsoidal regular gravity space

AV =trV=tr& ! =0. &

Once more, a last lemma to avoid the matrix inverse ®~!, which occurs in the present form for the field equation,
i.e. (6.81), is conducted:

Lemma 38 The partial differential equation for i given in Lemma 37 can be reformulated as follows
(tr®)” — tr &2 = 0. (6.82)

Proof. In analogy to Lemma 11 and Lemma 27, the proof by application of Cramer’s rule is skipped again.

Once more, in addition to the above considerations establishing the field equation applicable in ellipsoidal regular
gravity space, determination of the corresponding boundary condition is of equal interest and will be accounted
for in the following. To this end, (6.68) is restricted onto the relevant boundary surfaces, cf. (5.66), which leads to

V], = (@ Ve - ) . (6.53)

Thus, on the basis of (6.82) and (6.83) the designated BVP for the adjoint potential in the context of the new
ellipsoidal approach can be specified as follows:

Definition 29 The geodetic boundary value problem in ellipsoidal regular gravity space concerns the following
problem: the data, i.e. gravitational potential values, are now given at the known surface %

v: Y —R
and required to be found is a real function (€) : ext ¥ — R

(tr®)? —tr®*> = 0, €cexty (6.84)
@ Ve —v) |y = v, (6.85)

which is the solution of the second-order partial differential equation (6.84) under the boundary condition (6.85),
with ® given according to (6.80) and q defined by (6.73).

Similarly to Definition 22, (6.84) and (6.85) describe a nonlinear oblique exterior BVP, thereby establishing the
GBVP in ellipsoidal regular gravity space. The field equation (6.84), apart from the coefficients ¥;; and Bz-mj asso-
ciated with @, is resembling a Monge-Ampere type of differential equation. And as far as the boundary condition
is concerned, it can be stated that in contrast to the GBVP in geometry space, the GBVP according to Definition
29 represents a BVP with a fixed boundary, since ¥ in (6.85) is a known surface by means of (6.38). Moreover, the
boundary condition (6.85) remains linear despite its modified appearance pointed out in Remark 27.

Again, comparable to (5.70), the Earth’s surface o is obtained from the solution for ¥ (£€) according to Lemma 35

x|, = (¢ )mEly)

Remark 28 At last, a comparison of the BVP given in the context of Definition 22 and the BVP defined above
reveals a high degree of conformance in spite of the varying boundary conditions. In fact, substitution of the
spherical reference potential by an ellipsoidal reference potential is predominantly reflected in an altered transfor-
mation behaviour between ordinary and auxiliary space, cf. (5.1) and (6.37). This means that in lieu of former
quantities such as a, 7, Bim; and ®, occurring in the previous version of the GBVP given by (6.75)-(6.77), the
same quantities apply again in the present context, though characterized with an overline to account for the revised
ellipsoidal transformation formulae. However, in terms of the resulting BVP, it can be concluded that the overall
mathematical structure remains the same. Consequently, the further proceeding is performed as normal and the
usual linearization step is considered next.
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6-3 Linearization of the GBVP in ellipsoidal regular gravity space

In Section 3-4, Section 4-5 and Section 5-3 the necessity and the modus operandi for linearizing the respective
nonlinear problem as supplied before for each case has been extensively examined. Consequently, it is the aim to
treat the nonlinear problem associated with the new ellipsoidal configuration as introduced according to Definition
29 in the approved manner. Only this time an ellipsoidal linearization point is chosen. That is, in the linearization
step the true adjoint potential is approximated by means of an adjoint ellipsoidal normal potential, which results
as the auxiliary space counterpart of the gravitational normal potential V! given in (6.7). Thus, by separating
the true adjoint potential ¢ into a normal part and a disturbing part and by inserting the resulting sum of adjoint
normal potential 1o and adjoint disturbing potential 51 into the nonlinear field equation (6.84), thereby neglecting
all terms of order two and higher, the corresponding partial differential equation in linear approximation for the
adjoint disturbing potential ¢ is found. Again, the associated boundary condition is elaborated thereafter.

To begin with, the first theorem establishes the adjoint normal potential ¥, which corresponds to the normal grav-
itational potential V! specified in (6.7). Note that, whereas the adjoint spherical normal potential vy, (5.72), was
identified as a first order approximation of the true adjoint potential v, the adjoint ellipsoidal normal potential /g
represents a second and consequently higher order approximation of the true adjoint potential ¢. Next, in contrast
to Section 5-3, the desired linearization of the nonlinear partial differential equation for 1 is directly accomplished
in the following lemma by splitting up the adjoint potential in (6.82) once more into its reference and its disturbing
component, and by restricting the resulting equation to the linear terms. The reasons for skipping considerations
in the present context, as expected in the style of Lemma 28 and Lemma 29, cf. Section 5-3, will become clear
in the remark after determination of the field equation for the adjoint disturbing potential §7. In addition, after
identification of the related field equation, investigations on the corresponding boundary condition are conducted.
Finally, the linearized version of the BVP (6.84)-(6.85), given at the end of Section 6-2, concludes this section.

Now, in view of the reasoning given already in the framework of Theorem 7, the adjoint ellipsoidal normal potential,

which emanates by definition from the gravitational reference potential V¢! under the mapping (6.39), is determined

as follows:

Theorem 11 Assume that the gravitational normal potential Voe” s given by

vt () = S (1 (g )2P2<ﬁ>> , (6.:57)

[1x]] [1x]] 1]

see also (6.7), then the corresponding adjoint potential 1o is given by

o 2GM L (RN &
= g <1 2 (g7 P2(|e|’>' (6.8

Proof. Starting from (6.66), i.e.
’l/) = pTX -V )

the corresponding adjoint ellipsoidal normal potential v is given by
Yo=p'x— V. (6.89)

In addition, because of p = VV! in (6.89), the relationship x = ¢ holds true, cf. Lemma 33. Hence, 1o can be
obtained by straightforward computations, see also OUT[5] in Appendix B-2,

1/10 — I;Tg _ ‘/bell

]
oo (CM (BN & _GM (L (BN s
- Vf(m (1 2 (1e1) P2(|s||)>> el (1 2 (1e1) P2(|s|)>

2GM
“IeF (lEI* + R2(&2 + &5 — 2€3).J»)

_ M (R, &
= T (1 22 (1) P2(||£||)>' ¢
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As argued above, the next step is to split the unknown adjoint potential ¢ into its known normal part ¥ and its
disturbing part 8t

Y=o+ 5. (6.90)
Accordingly, besides ®, see also Lemma 37, the corresponding functional matrices will be denoted by ®¢ and §®
92

= Po o o
P, = i im 6.91
0 (7 Vklagmag + B '9E,, (6.91)

= 0261 ~ 00
0P = mi i, 6.92
(7 Wd@fm@fk + B lagm) (6.92)

which leads to the following expression

®=8,+0P. (6.93)

Hence, in order to obtain the desired linear version for the nonlinear GBVP in ellipsoidal regular gravity space,
established at the end of Section 6-2, the following theorem is considered:

Theorem 12 Taking (6.93) into consideration, the nonlinear field equation established by Lemma 38 becomes
— — — — 1 =9 — 2
tr Botr 0 — tr [$00] = (tr B2 — (tr &) ) , (6.94)

when neglecting terms of order O(5<i>2).
Proof. Following the example given in the context of Lemma 30, applying (6.93) to (6.82) leads to

0= (tr®)° —tr &> = tr<I>0+tr5<I>) —tr [®o +68]°

(
= (tr®o)” + 2tr Botr 6 + (trd®)° — tr B — 2tr [Do6®] — tr 5B
= 2<tr Dotr 0P — tr [<I>05<I>]> (tr®o)” — tr &2 + O(58?) . (6.95)
Thus, rearranging (6.95) yields
tr Botr 5B — tr [Bod®] = % (@3- (w®)?) . ¢

The above theorem indicates that for the ellipsoidal gravity space transformation the linearized problem is in-
homogeneous, which is in contrast to the spherical gravity space approach, where according to Lemma 30, the
linear problem has been found to be homogeneous. The reason is that within the scope of the spherical regular
gravity space approach in linear approximation, see also Section 5-3,

(tr ®¢)° —tr 2 =0 (6.96)

holds, whereas obviously
(tr &) — tr ®2 # 0 (6.97)

is true in the course of the linearization step for the ellipsoidal approach. Thus, the next questions to be raised
are whether the expression (tr @0)2 —tr @3 is at the least small of order O(J) and whether the partial differential
equation (6.94) can therefore be modified further. Similarly to Theorem 8 and under certain assumptions discussed
later on, the adjoint disturbing potential §) is preferably expected to satisfy Laplace’s equation. In fact, these
questions will be answered affirmatively in the following section.

Remark 29 With regard to (6.96) and (6.97) the following additional considerations are important. First of
all, both relations exhibit the same mathematical structure as the corresponding nonlinear field equations (6.75)
and (6.82). Furthermore, within the linearization procedure involved in the context of the regular gravity space
approach outlined in the last chapter, it has been possible to derive the matrix ®( explicitly, cf. Lemma 28. As
a result, the respective adjoint spherical normal potential v, see Theorem 7, has been shown in Lemma 29 to
satisfy the partial differential equation (5.65), which applies for the nonlinear BVP in regular gravity space. That
is, proof has been given for (6.96). Admittedly, proceeding in such a manner in the case under consideration, i.e.
evaluation of (6.91) in extenso, would prove very cumbersome and hardly promising and was not considered on
this account so far. Hence, in the further course of the investigations it is necessary for the time being to act
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on the assumption (6.97). As a consequence of this inhomogeneity it is not possible to find a Laplace type of
differential equation for the adjoint disturbing potential, at least not within the scope of the currently considered
linear reasoning. However, in view of the results given in the next section it can be stated in advance that, as said
earlier, omitting considerations such as those according to Lemma 28 and Lemma 29 is justifiable in the present
case. This is because, at a second glance, it will turn out that the adjoint disturbing potential fulfills Laplace’s
equation under certain approximations introduced in the section hereafter.

As always, after having acquired the desired linear field equation for the adjoint disturbing potential, the corre-
sponding boundary condition has to be determined next. Starting from the boundary condition (6.85) given in the
framework of the nonlinear problem, i.e.
(@' Ve =) |, =, (6.98)

the following relation

(a' Veto — o) |5, =0, (6.99)
is obtained by using the adjoint normal potential 1y, instead of the true adjoint potential v, in (6.83). Similarly
to (5.95) and (5.96), the new ellipsoidal reference boundary values @y in (6.99) refer likewise to the auxiliary space
boundary surface ¥, in this case specified according to Definition 28. That is,

vo = Vg, (6.100)

applies. The reason is again the identical mapping property assumed for the ellipsoidal regular gravity space
transformation, which maps the surface ¥ originally defined in the auxiliary space onto the same surface in ordinary
space. Moreover, as is known, it appears that in (6.98) and (6.99), the vector £ is restricted to the same boundary
surface X. Hence, since the vector q is only dependent on &, cf. (6.69), and since £ is apparently the same vector
in both equations given above, q is also one and the same vector. Thus, (6.98) and (6.99) are linear in ¢ and vy
and it holds

(a" Vb — 60) |, = Ab = v — V¢

s (6.101)

This sets the stage for introducing the following BVP:

Definition 30 The linear geodetic boundary value problem in ellipsoidal reqular gravity space poses the following
problem: the data, i.e. gravitational potential anomalies, are now given at the known surface %

Av = (”*Voe”‘g) Y —-R
and needed is a real function 0v)(§) : ext ¥ — R
_ _ o 1 _ _
tr otr 6% — tr [Bo0®] = 5 (tr B2 — (tr @0)2) . Ecext s (6.102)
(a"Vedp — oY) |, = Av, (6.103)

which is the solution of a linear but inhomogeneous partial differential equation of second-order, (6.102), under the
boundary condition (6.103).

In contrast to the linear BVP identified in Definition 23, which is based on the homogeneous Laplace’s equation,
the underlying field equation in Definition 30 is an inhomogeneous differential equation. Again, by means of (6.102)
and (6.103), a BVP with a fized boundary subject to a linear oblique boundary condition is established, since in
contrast to the Earth’s surface o, the boundary ¥ is a known surface, see (6.38).

In the end, the solution obtained for §1) from the above problem is required at last to determine the surface of
the Earth o defined by the position vector x| . Similarly to (5.103), starting from (6.86) and taking (6.90) into
account yields
x|, = 5| )m(€]y) = FE[L)Vev(€ly) = A(E]L)Ve (Vo(€ly) +v(E]y))
= F(E|)Vevo(ély) +(E]5) Vedr(€]y) - (6.104)

As before in (5.104), it can be shown by means of laborious computations or by means of utilization of a computer
algebra system, such as e.g. Mathematica, that

(AVeto) |, = €5 (6.105)
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is as a matter of fact true in the case under investigation. See Appendix B-2 for the detailed derivation. Again,

¢ =7(&|5)Vedv(€]y) (6.106)

denotes the position correction or position anomaly vector, cf. (5.106). Consequently, the position vector x|U
specifying the surface of the Earth results as

x| =x|;+¢, (6.107)

i.e. the sum of the vector x|,,, which is establishing the approximation surface X in ordinary space, see also Section
5-6, and of the position anomaly vector ¢, which closes the gap between the approximation surface ¥ and the

Earth’s surface o, cf. Fig. 3.1.

Remark 30 In view of (6.106), (6.107) and in comparison to (5.105), (5.106) it is worthwhile to comment on the

difference between the norms of the two anomaly vectors ¢ and . In the present ellipsoidal case, the vector x 5 s
designed to describe a far better approximation of the true Earth’s surface o than in the spherical case discussed
in the last chapter, in particular, at the end of Section 5-3. This gives rise to the conclusion that ¢ is, compared to
¢, of considerably smaller magnitude, which will prove to be of consequence for the numerical realization of each
problem. In fact, the importance of this finding with respect to the order of magnitude of the boundary values and

for the analytical data continuation is highlighted in the next chapter.

6-4 Spherical approximation of the GBVP in ellipsoidal regular gravity
space

In line with the considerations on the Molodensky’s problem, Chapter 3, or on the regular gravity space approach,
Chapter 5, spherical approximation has been a potent means to significantly simplify the underlying linearized
problem at hand. Therefore, this section aims at performing the spherical approximation step in the framework
of the ellipsoidal regular gravity space theory, in order to achieve a homogeneous problem of Laplace type, see
also Remark 29. In more detail, spherical approximation, i.e. omitting terms of order O(J3) and higher, on the
level of the coefficients @, ¥ and ﬂ_imk and on the level of the functional matrix ®¢ will be accomplished next
in four consecutive lemmata. Thereafter, a first theorem demonstrates that the adjoint normal potential fulfills
a well-established partial differential equation if spherical approximation applies. A second theorem provides the
field equation for the adjoint disturbing potenial. Hence, together with considerations on the underlying boundary
condition, the first definition of the spherically approximated GBVP in ellipsoidal regular gravity space is attained.
In addition, introduction of spherical coordinates leads to a second definition, which finally provides a represen-
tation of the GBVP in spherical approximation and in spherical coordinates. As a result, it can be forestalled
that the adjoint disturbing potential in spherical approximation actually satisfies Laplace’s equation. Moreover, a
familiar expression is obtained for the corresponding boundary condition.

To begin with, a first Lemma provides the matrix 4 = [J;;] in spherical approximation:

Lemma 39 It holds
Nik = Yir + O(J2) . (6.108)

Proof. According to Lemma 32,

€ =£&(p)+0()) = —VGM ||p|I‘)3/2 +0( ) (6.109)
is true. Hence, for the corresponding magnitude ||&|| follows directly
vVGM
€]l = 7—=75 + O(J2) . (6.110)

/2

Next, solving (6.109) for p at the same time determining ||p|| from (6.110), leads to

p——GM-S_100n). (6.111)

1€11°
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Note, that this result is obviously in accordance with (5.33). After this, the following derivations are based on
Lemma 35. At first, taking (6.109) into consideration and then applying the quotient rule of differential calculus,

results in
] = 0&;
Yik = apk
0 p
" o _\/G—M—) +0(J.
Op, Hp||3/2 ( 2)
7\/G—M 3 B
TR [6“”1"3/2 L 1/2pz‘pk] +O(J)

_ _VYGM [ _k7§Pz‘pk
Ilpl*2 [ 2]pll?

Thus, using (6.111) to rewrite (6.112) and by comparing the result to Lemma 21 yields

} +0(Js) . (6.112)

I G R
sl = g B~ 3e] + 0
= [yik] + O(J2) . ¢

Next, a second lemma addresses the task of accomplishing spherical approximation for the inverse matrix & = [@]:

Lemma 40 It holds
QG = QG + O(JQ) . (6113)

Proof. By definition, cp. Lemma 34 and Lemma 35 or (6.62), the matrix [@;x] results as the inverse of [7;x].
Additionally, making use of (6.108) and comparing the result to Lemma 20 leads to

@] = [
3 . -t
[l 3i] o)
M i
_ {W[éi’“g%”+o(b)
= Jag] +0(J2) . ¢

Furthermore, a third lemma is devoted to install a spherically approximated version for the function Bimz:

Lemma 41 It holds

Bimk = Bimk + O(J2) . (6.114)
Proof. Starting from Lemma 36, thereby accounting for (6.108) again, and taking Lemma 24 into consideration,
produces
2 aiim
ﬁimk = (;/
Pk
a’Yim
= —— +0(J
Opr, +O(%)
= Bimk +0(J2) . ¢

A fourth and last lemma sets the stage for simplifying the underlying field equation of the BVP established in
Definition 30 by introducing a spherical approximation variant for the functional matrix ®¢ = [(f)?j]:

Lemma 42 It holds
O =i+ O(J2) . (6.115)

Proof. In analogy to the proof given in conjunction with Lemma 28, it is advantageous to achieve spherical
approximation for the matrix ® = [ti)?j], (6.91), in a three step procedure. At first, 1, (6.88), is expressed by
means of ¥y, (5.72), in the following form

Yo = o+ O(J2) , (6.116)
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then, in view of (5.76), the following reasoning obviously holds true

9o 0?1y 0 (_ QHC?IY)
= = T ac aec =-2 mn .
06n06, ~ D6n0t, T O = Tog g, T ORI = T2mn T OLR)
Hence, due to Lemma 39 and with (5.77) given,
- 2 (_26M
9*1hy 9o o (%)
YimVin 5r—ar— = YimVjn = YimVin T a3, asr = -2 @]
TimYin e ae, ~ Yminge ae + O(J2) = Yim"; T O(J2) 7ij + O(J2)
follows further on. Next, by means of Lemma 41 and by taking (5.78) into account,
_ 2GM
= OYo Ny 6(— el )
imi —— — Pimi = O(Jy) = Y A= — O(J: = 3viq O(J:
ﬁ Jagm 6 Jagm + ( 2) ﬁ J agm + ( 2) 7] + ( 2)
is derived. Finally, using (6.118) and (6.119), yields ®q = [i)?j] in spherical approximation
= 9o 2 0o
(I)O = YimYin G m imj e
[ ZJ} |:'Y Vi agmagn + 5 J agm:|
2 (_26M 2GM
| }5(_ ||s|)+ﬁ, ‘a(— HEH) L OWD)
T T T 2
= [l +0(J2) . O

(6.117)

(6.118)

(6.119)

First of all, this provides the basis for simplifying the right-hand side of (6.94) as demonstrated in the next theorem:

Theorem 13 In spherical approzimation the adjoint normal potential o, (6.88), fulfills the following partial

differential equation

(tr®o)° —tr®2 = 0.

(6.120)

Proof. Having regard to Lemma 42 as well as to Lemma 29 thereafter, (6.120) is verified as follows

(tr@o)thr@% = (try)? —try® + O(J)
9 JlI° £° 3 &5
= e~ g [P~ Ty + 009
65/9 9
- &b <1 - 1) +OlR)
= 0+ 0(J) . ¢

This answers the question that came up when giving the proof for Theorem 12. Thus, it could be

evidenced that

(tr <i>0)2 — tr ®2 is indeed small of order O(.J2), see also Remark 29. Above all, by dint of this finding and the
results presented in the previous lemma, the inhomogeneous field equation (6.94) can at last be replaced by the

homogeneous Laplace’s equation if terms of O(J2) and higher are disregarded henceforth:

Theorem 14 In spherical approximation the linearized field equation constituted in Theorem 12 becomes

ASYp =0.

(6.121)

Proof. The line of argument is based on the principle to reduce the ellipsoidal field equation back to the spherical

case. The latter has been elaborated in detail within Theorem 8 and is only shortly reviewed here

0 = tr [®F] tr [6®;] — tr [[@F] [0P;x]]
0?64) 961 261 961
= tr [yi]tr [%'m%'niaE ;é +5imja€_1/)] —tr [[%‘j] {%‘m%nr (,;/; +5jmka€—w

_ §Wtr{|€|6 [5 §«si«sm} {5_ sgjgn] 267

son™ [eae " alere] [ 2TelR) penoe
SUEI (5 o s g e TG 007
sarm (B i = S5 ) 5

|
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i {II£||9 [5_ §§i§m} [5k §§kﬂ 82659
GMS [ 4P LT 28l 06m o

30" [« 1 . 5&i&kém\ 06
5GM3 (6zm€k - §6mk§z +6zk€m - Z ||€||2 ) aé—m:|
3 el 36m&n 0209 27 ||€I7 . 06¢
© 2GM3 <5’”" 4 |£||2) 96,06, 5 AP ag, T
1€]° (5 2£m£n> Pop 21 ||£||75 Do
GM3\"" B[¢]]? ) 9En0En 8 GM3 T OE,,
o LiglP d%61)
 2GM3 " 06,06,
= A§Y. o

Hence, by means of spherical approximation a satisfying result has been achieved. That is to say, the corresponding
field equation for the adjoint disturbing potential 67 is found to be Laplace’s equation. Again, it remains to elucidate
the question about the associated boundary condition. For that purpose, (6.103), i.e.

(a"Vedp — ) |, = Av, (6.122)

the boundary condition of the linear GBVP in ellipsoidal regular gravity space as derived in the last section is
recalled. In this regard, it is important that the Mathematica expression acquired for vector q, cf. Appendix B-1,
is of the following form

a(§) = qo(§) + J2a1(€) + J5aa(€) - (6.123)

Thus, in terms of spherical approximation, that is for J» = 0 in (B.1), results
1
q(é) = a(é) = —5¢. (6.124)

Consequently, on the basis of (6.122), thereby accounting for the last result given in (6.124), and together with
(6.121), the following BVP can be introduced:

Definition 31 In ellipsoidal regular gravity space, the geodetic boundary value problem in spherical approximation
reflects the following problem: the data, i.e. gravitational potential anomalies, are given at the known surface %

Ap= (v -V§'y) : o R

and one must find a real function 6¢(€) : ext ¥ — R
ASY(E)
- <%€TV£51/7 + 51/7)

0, fcextX (6.125)

Av

(6.126)

3

z

which is now the solution of a linear and homogeneous partial differential equation of second-order, (6.125), under
the boundary condition (6.126).

It is quite obvious that by means of spherical approximation the designated simplification of the linear BVP consti-
tuted by Definition 30 has been accomplished. More precisely, instead of the necessity to fulfill the inhomogeneous
partial differential equation (6.102), the adjoint disturbing potential results as the solution of Laplace’s equation.
Furthermore, the above boundary condition is reobtained in the well-established form according to (5.101). Alto-
gether, the problem specified by Definition 31 is a linear fixed BVP with an oblique boundary condition.

As seen before in Section 3-6 and Section 5-4, introduction of spherical coordinates proved to be beneficial in order
to simplify the underlying boundary conditions. Hence, the aim is to take advantage of a spherical coordinates
representation to also revise (6.126). For this purpose, the position vector £ in ellipsoidal regular gravity space is
expressed in terms of spherical coordinates (A, ¢, 1), cf. (2.1), as follows

]T

E=r¢ [ COS A¢ COS ¢ sin ¢ cosge  singe (6.127)

In a similar manner as previously applied in Section 5-4, the gradient of the adjoint disturbing potential V&t in

(6.126) is simply replaced by the radial derivative 6%5. Again, this seems practicable since the adjoint disturbing
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potential 1) is a small quantity, which, in addition, is dominated by radial influence. In fact, this proceeding
can be even better motivated in the ellipsoidal case under investigation due to the fact that the magnitude of the
adjoint disturbing potential §¢ should scale down compared to the magnitude of the adjoint disturbing potential
61 involved in the framework of the approach presented in the last chapter. As a result, the committed error is
expected to scale down in the same way. Thus, with Definition 24 in mind, the following BVP can be characterized:

Definition 32 In ellipsoidal reqular gravity space, the geodetic boundary value problem in spherical approximation
and based on a representation in spherical coordinates refiects the following problem: the data, i.e. gravitational
potential anomalies, are given at the known surface %

AD = (”*VOGH‘Z) Y —-R
and to be found is a real function 51 (§) : ext ¥ — R
Asp(€) = 0, Ecexty (6.128)

B (1 8 +5w)

3 Ore

= A7, (6.129)
b

which is the solution of Laplace’s partial differential equation, (6.125), under the boundary linear oblique condition
(6.126).

Even though the overall problem remains the same, that is (6.128) and (6.129) establish a linear fixed BVP based
on an oblique boundary condition, the achievement to be pointed out with regard to Definition 31 and Definition
32 is that the inner product of £ and Vg&ﬁ gives way to an ordinary multiplication of the two scalar-valued quan-
tities r¢ and %‘;Tf. Moreover, focusing on a radial consideration offers the possibility to conduct constant radius
approximation as envisaged in the next section.

At last, by means of §1) deduced as the solution from either of the two BVPs given above, the Earth’s surface o is
derived again according to (6.106) and (6.107).

Remark 31 At this point it is advisable to recapitulate for the different approaches presented so far what have
been the particular assumptions with regard to the respective spherical approrimation step. E.g., within the
scope of the classical treatment of Molodensky’s problem, a spherical reference potential to simplify the boundary
condition together with a spherical coordinate representation has been applied to obtain the simple Molodensky’s
problem. Whereas in the context of the regular gravity space approach, Chapter 5, spherical approximation was
closely connected to the application of spherical coordinates and a restriction to the radial derivatives. Note that a
spherical reference potential was already introduced in the prior linearization step. At last, spherical approximation
in the present case has to be understood primarily in the sense of assuming Jo = 0 for all involved quantities. That
is, for the coefficients a;;, Bimj and 7;; as well as for the adjoint normal potential 1bp. Beyond it, the representation
in spherical coordinates, again only accounting for the radial derivatives, is additionally implied. However, in
contrast to the first two approaches, spherical approximation within the scope of the ellipsoidal approach is not
only utilized to simplify the underlying boundary condition, cf. (6.126) and (6.129) respectively, but also to
approximate the corresponding field equation, see Theorem 13 and Theorem 14.

6-5 Constant radius approximation of the GBVP in ellipsoidal regular
gravity space

The following section is meant to provide, similarly to Section 5-5 and in view of the numerical studies intended
for in the next chapter, a representation for the GBVP in ellipsoidal regular gravity space particularly suitable for
the subsequent computational realization. To this end, the special case of identical mapping, cf. Lemma 33, is first
recalled. That is, from Lemma 33 follows that the independent coordinate vector £ in auxiliary space equals the
independent coordinate vector x in ordinary space if the true potential V reduces to the ellipsoidal normal scenario
described by Vg!. On the other hand, giving up this ellipsoidal restriction by adopting a more realistic function
for V leads to a perturbation of the identity (6.43). However, it can still be claimed that approximately

£~x (6.130)
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holds. Now, in consideration of (6.130) and by taking up the same argumentation as has already been given in the
framework of Section 5-5, certain approximations on the level of the underlying spherical coordinate representations
for x and & are feasible. More precisely, starting from the position vector x given in spherical coordinates (A, ¢, )
as follows

X=r [ cosAcos¢ sinAcos¢ sing }T ,

the associated position vector £ in regular gravity space
.
€ =r¢[ cosA¢cosge sinecosge singg |

transforms by neglecting in the previous two expressions the longitudinal and latitudinal differences, i.e.

Ae=A 5 =0, (6.131)

and, in addition, by adopting
re = (R+ he) (6.132)

into the following relationship
€= (R+he)| coshcos¢ sindcos¢ sing }T . (6.133)

As already discussed before in Section 5-5, (6.133) is of practical importance, since due to (6.131) corresponding
points in ordinary and auxiliary space are located virtually in the same radial direction. This will be advantageous
for the numerical proof of concept given right after this chapter.

Moreover, by setting
he =0 (6.134)

in (6.133), thus by again accepting an error of h¢/R, the following BVP can be defined:

Definition 33 In ellipsoidal regular gravity space, the geodetic boundary value problem in constant radius approxi-
mation reflects the following problem: the data, i.e. gravitational potential anomalies, are now given at the reference
sphere S
- u
Av = (v—Vy§ ‘E) : S—=R

and required is a real function 6¢(€) : ext S — R
Asp(€) = 0, EcextS (6.135)

1 05y - A

S

which is the solution of Laplace’s partial differential equation, (6.125), under the linear boundary condition (6.126).

As usual, see also Section 3-7 and Section 5-5, the above BVP results by mapping the boundary data Av from
the boundary surface X to the corresponding reference sphere S. As is known, the sphere S is, with regard to the
later computational part, the preferred mathematical reference surface. In addition, the BVP given in Definition
33 represents a fixed and, beyond that, a normal derivative problem since in (6.136) the direction 6%5 coincides
with the normal to the sphere S. This is in contrast to the former problem introduced in Definition 32, which is

based on the oblique boundary condition (6.129).

Determination of the Earth’s surface o is achieved again after having solved the above BVP for 1. For that
purpose, the utilization of the sphere S, as is the case in Definition 33, is of no account. As discussed already in
Section 5-5, the true approximation surface for o remains 3. The sphere S serves only as a computational reference
surface. Hence, the Earth’s surface is still obtained from (6.106) and (6.107).

Remark 32 Within the scope of Remark 10 and Remark 26 it has been pointed out that for accuracy reasons
it might be advisable to consider the use of strategies to analytically continue the boundary data from the actual
boundary surface X onto the sphere S. The latter is of importance when it gets down to the numerical experiment.
However, it is anticipated in the present context that the necessity for analytical data continuation becomes
possibly negligible. The reason for this expectation is the reduced separation between the Earth’s surface o and
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the boundary surface ¥. Due to the fact that 3, besides constituting the boundary surface in auxiliary space, also
serves as the reference surface for the normal potential data, see also (6.100), a reduced separation leads to higher
quality normal data. Since in addition the normal potential V¥ is a more realistic approximation for the true
potential V' than Vj, altogether a considerable reduction in terms of magnitude of the boundary data vy compared
to vg follows out of it. As a result, in the framework of the ellipsoidal approach, a simple mapping of the boundary
data ought to be sufficient. This unsettled aspect will be clarified after giving a short summary of this chapter.

6-6 Brief discussion on the benefit of an ellipsoidal concept

First of all, after completing all theoretical scrutinies on both regular gravity space approaches, nearly a total
symmetry in terms of underlying mathematical formulae can be claimed between the regular gravity space approach
presented in the last chapter and the ellipsoidal regular gravity space approach introduced in this chapter. Hence,
all the conclusions given in Section 5-6 concerning the comparison between the gravity space approach according to
F. Sanso and the first regular gravity space approach, Chapter 5, could be adopted for the same comparison between
F. Sanso’s approach and the regular approach at last presented. The reason is that essentially the two regular
approaches differ only in the use of different linearization points, the overall formalism, as said earlier, remains
the same. This can easily be confirmed since the BVPs established according to Definition 25 and Definition 33
are mathematically of the same structure. The application of different linearization points is solely reflected in
the underlying boundary data, which, as a result, influences the acquired adjoint disturbing potential but not the
mathematical form of the BVP.

However, besides the described analogousness, a few minor differences in the two regular approaches also have
to be admitted. First of all, in consideration of the coordinate mapping between ordinary and auxiliary space it
has to be pointed out that the closed-form transformation formulae, see Definition 20, are replaced by the series
representation according to Definition 27. Naturally, a coordinate transformation based on a series expansion
involves a certain level of approximation. The influence thereof has to be taken into account. Furthermore,
attention must be called to the fact that in the framework of the ellipsoidal method, Laplace’s equation has been
established as the relevant field equation only after having conducted the spherical approximation step. This is in
contrast to the gravity space approach introduced in Chapter 5, where Laplace’s equation was already identified
as the underlying field equation after the linearization step. Hence, within the scope of the approach based on the
ellipsoidal normal concept a higher level of approximations or, in other words, more assumptions are required to
obtain the same type of partial differential equation, which has to be satisfied by the adjoint disturbing potential.
The appropriateness of these assumptions is investigated in the subsequent numerics chapter.

On the other hand, despite the addressed restrictions, the inherent advantages to the approach based on the el-
lipsoidal theory prevail. As discussed before, the ellipsoidal normal potential V! is a better approximation for
the true potential V than the simple spherical normal potential V;. Furthermore, the use of V¢! also involves a
reference surface 3 for the normal boundary values, which better approximates the true Earth’s surface o as is
the case if ¥ results from V4. Considered together, the boundary data associated with the ellipsoidal approach are
expected to have a positive impact on the numerical realization of the BVP solution. Whether this is the case will
turn out in the next chapter.

Finally, the table set out hereafter compares all four approaches given for the GBVP in this work in terms of the
underlying basic principles and properties:
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GBVP approach according to

author and M.S. Molodensky F. Sanso W. Keller G. Austen, W. Keller
date of origin 1945 1976 1986 2006
Chapter Ch. 3 Ch. 4 Ch. 5 Ch. 6
BVP classification

vectorial free fixed fixed fixed

BVP category external internal external external
regular singular at origin regular regular

space domain and ordinary auxiliary auxiliary auxiliary

associated name

geometry space

gravity space

regular grav. sp.

ellip. reg. grav. sp.

underlying transformation

general type
w.r.t. coordinates
w.r.t potential

representation

Legendre transf.
see (4.5), (4.15)
see (4.19), (4.20)

closed-form

contact transf.
see (5.1), (5.41)
see (5.2), (5.18)

closed-form

contact transf.
see (6.37), (6.59)
see (6.39), (6.68)

series expansion

relevant reference surfaces

physical surface

in ordinary space

Earth’s surface o

Marussi telluroid ¥

Earth’s surface o

grav. telluroid X,

Earth’s surface o

Earth’s surface o

see (3.4) see (4.61)
in auxiliary space — boundary surface — —
see (4.6)
in ordinary and — — grav. telluroid ¥ | boundary surface ¥
auxiliary space see (5.14) see (6.38)
linearization point
reference potential Wo Yo Yo Yo
see (4.38) see (5.72) see (6.88)

reference surface

Marussi telluroid X

corresponding bo

undary data in

nonlinear case
linear case

spherical approx.

w, T (see Def. 5)
Aw AT (see Def. 10)
AT (see Def. 11)

v (see Def. 17)
Av (see Def. 19)

v (see Def. 22)
Av (see Def. 23)
Av (see Def. 24)

v (see Def. 29)
A7 (see Def. 30)
AT (see Def. 32)

Table 6.1: Overview of the discussed GBVP approaches



Chapter 7
Numerical proof of concept

For the first time, a numerical proof of concept will be given for the regular gravity space approach, which has
been derived by W. Keller in the 1980’s, see Chapter 5. Furthermore, the improved feasibility of the refined regular
approach, which is based on an ellipsoidal scenario as introduced in Chapter 6, will also be demonstrated by means
of the following investigations. As far as the gravity space approach is concerned, which is based on the formulation
pioneered by F. Sanso in the 1970’s, it can be stated that the first numerical experiments utilizing this method
have already been conducted in the work of [1] ANTUNES 2004. In brief, the focus of that contribution was on the
problem of finding a methodology in gravity space for the practical geoid determination problem. The numerical
realization took place in the framework of a regional case study based on real measurements obtained in a field
campaign for a test area in central Portugal. As a consequence of such a local survey, instead of a spherical har-
monics representation for the terrestrial potential, a point mass method has been employed to model the Earth’s
potential or the geoid. Due to the nature of the setup and the methods applied for that experiment, it was found
that the proposed solution procedure for the geoid must be considered a relative determination method to succes-
sively improve an already existing geoid solution in an iterative procedure rather than an absolute determination
method, which is independent form an a priori geoid solution. Anyhow, the general applicability of F. Sanso’s grav-
ity space approach for solving the GBVP and, in particular, for the geoid determination problem was successfully
demonstrated by C. Antunes. However, the aim of this chapter is to verify first of all the appropriateness of the
theoretical concepts of the two regular gravity space approaches. To attain a real solution based on actual observed
data does not have top priority at this stage. In fact, a globally supported result with respect to an assessment of
the suitability of the proposed approaches based on regular formulations is particularly desired.

For this purpose, see also [2] AUSTEN 2007, a numerical closed-loop study for a global simulation scenario has
been devised. The investigations on both regular gravity space approaches comply with the testing procedure
outlined in the flowchart presented in Fig. 7.1. According to this processing scheme, within the framework of a
global spherical harmonic synthesis (GSHS), the Earth’s surface o, the gravitational potential values V|0 and the
corresponding gravitational acceleration vectors VV‘G are generated at ground level. As a result, the GSHS step is
based on known global models for the Earth’s topography (GTM) and for the potential field of the Earth (GPM).
Thereafter, based on the gradient vectors VV‘G of the gravitational potential and by means of the underlying
transformation methods of the respective gravity space approach (GSA), the boundary surface ¥ of gravity space
is synthesized. The corresponding boundary values on ¥, i.e. the potential anomalies Av|,, result from the ground
potential values VV‘U together with the normal potential data Vj derived on the basis of a global reference model
(GRM). With the subsequent analysis step in mind, the boundary data must be shifted from the actual boundary
surface to another auxiliary reference surface required for the numerical evaluation. In general, a simple mathe-
matical surface like the sphere or the ellipsoid of revolution is chosen. The boundary data is transfered from the
original boundary surface to the new boundary surface via analytical data continuation (ADC). In the present case,
the analysis step relies on the sphere S as a computational reference and is performed in terms of a global spherical
harmonic analysis (GSHA). The aim of the GSHA step is to recover the field parameters (Stokes coefficients) of the
adjoint disturbing potential d¢b. By means of d1) the position anomaly vector ¢ can be determined. The Earth’s
surface o results from its approximation, more precisely from the surface X, together with the position anomaly
vector {. A comparison of the recovered and the real surface of the Earth completes the closed-loop study and
allows for evaluation of the suitability of the gravity space methods.
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Figure 7.1: Flowchart of the proof of concept.

Besides assessing the capability of the proposed gravity space methodology on the geometrical level, a further ver-
ification on the potential level is feasible. For this purpose, the adjoint potential v is obtained from the previously
derived adjoint disturbing potential §) and from the known adjoint normal potential 1. Thereafter, using the
transformation formulae provided by the GSA, 1 is converted back into the initial potential V. A final compar-
ison of the recovered and the true potential again gives information about the applicability of the gravity space
approach for solving the GBVP. For simplicity and clearness reasons, the final error evaluation is conducted on the
geometrical level. Of course, the evaluation on the potential level would lead to the same results.

The studies conducted in the next two sections follow the above outlined working plan. First of all, further
considerations and numerical experiments will be given for the regular gravity space approach based on an isotropic
linearization point, cf. Chapter 5. Accordingly, the regular gravity approach based on a spheroidal linearization
point, see Chapter 6, will be numerically investigated in the section thereafter. It can already be stated that in the
framework of the numerical simulations performed for both cases, the following input models will be used. For the
global topography, the TUG87 model from M. Wieser, see [103] WIESER 1987, given in terms of the coefficients for
a spherical harmonics series expansion up to degree and order 180, will be applied. Alternatively, the topography
model GTM3a from H.-G. Wenzel, see [101], WENZEL 1998 and its given references, can be adopted. For the
global potential field the GPM98b model from H.-G. Wenzel, cf. [101], [102] WENZEL 1998, will be used. The well
known EGM96 model, [59] LEMOINE 1998, can optionally replace the GPM98b model. In spite of the fact that the
spherical harmonic models of H.-G. Wenzel have a maximum degree and order of 1800, the degree for representing
the topography is usually set to 180. For the gravitational field of the Earth a representation up to degree 360 is
generally sufficient for the intended purpose. At last, a brief summary concludes this chapter.
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7-1 Numerical studies on the regular gravity space approach

This section aims at the numerical analysis of the regular gravity space approach introduced in Chapter 5. The
planned modus operandi for the analysis has already been specified in Fig. 7.1. On the basis of the underlying
diagram, it seems reasonable that the following investigations are elaborated in five separate paragraphs. As a
start, a few introductory remarks are required, concerning the discretization of the data and the applied data
grid for example. The next paragraph addresses the generation of the boundary surface. The third paragraph
is devoted to establishing the corresponding boundary values and their analytical continuation. Thereafter, the
BVP for the adjoint disturbing potential 1 is actually solved and a representation for dv in terms of a spherical
harmonics series expansion derived. Finally, after recomputing the surface of the Earth and/or the terrestrial
gravitational potential, the numerical results for the closed-loop study are presented together with an assessment
of the suitability of the investigated isotropic approach.

In the further course, the necessary work steps for the closed-loop study are explained individually in more detail
within the subsequent paragraphs.

7-1.1 Preparatory considerations

According to the flowchart given in Fig. 7.1, the Earth’s topography ¢ must first be established. Within the
scope of an actual simulation study this must naturally be achieved point-wise. Practically, this discretization is
associated with a certain data grid. Consequently, the horizontal positions (\;, ¢;) for the synthesis step are fixed
and coincide with the known grid points of the specified grid.

For the considered purpose, the heights h;;, which establish the Earth’s surface o, are computed for a (i - A\, ¢;)-
grid. This grid is designed to meet the requirements of the subsequent Gaussian integration step. It is equally
spaced along the parallels. Along the meridians, the spacing depends on the roots of the Legendre polynomial
Pk 11(sin@). Consequently, it results that it exists symmetry with respect to the equator between the northern
and the southern hemisphere and that the poles do not represent grid points themselves. The parameter K is
related to the spectral resolution of the data grid. For example, if a simulated data set ought to be analyzed,
which is based on a spherical harmonic series expansion up to degree and order K = 767, the minimum dimension
of the data grid is predefined. More precisely, the locations of the 768 parallels must be determined as the roots
of the Legendre polynomial Prgg(sin¢). Furthermore, 1536 evenly spaced meridians complement the grid. Under
these conditions all spherical harmonic coefficients up to degree and order K = 767 can be uniquely determined.
As a matter of fact, the specifications of this example have been chosen in agreement with the (i - A\, ¢;)-grid
actually used within the conducted studies. See also Appendix C-2 for more details about the data grid and the
corresponding integration step.

Hence, based on the known coefficients ¢;™ of the selected GTM, the topographical heights h;; are synthesized
by evaluating the following spherical harmonic series expansion, see also (2.56) and (2.57),

K k
hij =h(i- AN ¢;) =Y Y ™ Yiu(i- AN, ¢;). (7.1)
k=01l=—k

Remark 33 With regard to (7.1), some thoughts have to be given concerning the following practical aspects. The
direct use of the TUGST coefficients set of M. Wieser for the height information synthesis according to (7.1) leads,
in the first instance, to orthometric heights, which in the present studies will be used as heights, e.g., above the
GRS80 ellipsoid. However, in view of (7.2), heights above a sphere are required. For this reason, a conversion of
the original TUGST coeflicients by means of a spherical harmonic re-analysis of real heights above the sphere must
be conducted in order to obtain an appropriate set of coefficients. This intermediate step is mandatory to directly
obtain heights above the sphere from evaluating (7.1). In the further course of the research, proper consideration
of this peculiarity is implicitly assumed.

Moreover, in the case of the original GTM3a model of H.-G. Wenzel, the heights computed for the oceanic areas
refer to the sea floor topography. In a first approximation, by simply setting all negative height values to zero
and by re-analyzing the revised set of heights, a new set of model coefficients can be obtained, which provides
zero-heights for the oceanic areas. As before, it is assumed that this ambiguity in topography models is properly
accounted for.

Next, based on (7.1) and the known geopotential coefficients ¢g/™ of the selected GPM, surface potential values

v;; are generated by evaluating the familiar spherical harmonic series expansion, cf. (2.55)
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- GM —~GPM R
vig = V(i AN ¢, hij) = ®ih) (1+Z > e <R+hij> Vi (i - AN, ¢J)> . (7.2)

k=21l=-k

At last, taking (7.2) into account, ground gravitational acceleration data g;; is derived according to

gz] = g( A>‘ ¢J) = VV(Z . A/\a ¢j7 hz]) . (73)

This provides the input data in a gridded form, which is essentially required for another two synthesis steps coming
next.

7-1.2 Synthesis of the boundary surface

It is now possible, based on the data acquired from (7.3) and by utilizing the transformation relationship given in
Definition 20 in Section 5-1, to determine the boundary surface ¥ in a point-wise manner

Va8 __ (7.4)

Eij|2 ||g ||3/2

Alternatively, especially suitable for checking purposes, the boundary surface ¥ can be deduced point-wise, as
discussed in Lemma 17 and Definition 21 in Section 5-1.2, by solving the equations

v‘/o(éijig) = 8ij (7.5)

with Newton’s iteration method, see Appendix C-1, for Eij}z. The above condition that the gradient of the
gravitational potential V' at the physical surface of the Earth, i.e. g, must balance the gradient of the normal
potential VVj at the boundary surface X, is already familiar from Definition 18 in Section 4-5. As a result, the
boundary surface ¥, despite being defined in gravity space, can also be denoted by gravimetric telluroid as has
been discussed before in Section 5-1.2.

Moreover, from (7.5) an essential property of the gravimetric telluroid X is easy to comprehend. As is known, the
isotropic normal potential Vj represents only a first approximation of the actual gravitational potential V. That
is, Vo = V with an relative accuracy of 1073 applies. Therefore it must be expected that the gravimetric telluroid
> deviates from the Earth’s surface o by the same order of magnitude. As a result, significant separations between
the gravimetric telluroid ¥ and the topography o of up to 20km are imaginable. This is confirmed by Fig. 7.2,
where the resulting differences of the surfaces ¥ and o are displayed.
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Figure 7.2: Separation between the gravimetric telluroid and the Earth’s topography.

For the equatorial to the lower mid-latitude regions, the plotted values are negative. This means that the gravimetric
telluroid runs below the Earth’s surface. Consequently, towards the poles the gravimetric telluroid is obviously
located above the Earth’s surface. Due to the fact that Fig. 7.2 exhibits a uniform gradation from the equator
towards the poles, the following can be presumed. As expected, since the magnitude of the ellipsoidal effect is much
larger than the magnitude of the topographical effect, the gravimetric telluroid follows only along general lines the
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shape of the Earth’s surface and no topographical features are identifiable at all. In other words, the application
of a solely isotropic reference potential, thus disregarding the flattening of the Earth’s gravity field, leads to the
observed dominating elliptical trend. Interestingly, the oblateness of the gravimetric telluroid is smaller than for
the Earth’s surface. Hence, the actual shape and the detailed structure of the boundary surface ¥ can only be
revealed by plotting the deviations of the gravimetric telluroid with respect to a best-fitting ellipsoid of revolution
FEy,, as has been done in Fig. 7.3. The corresponding parameters of Fy;, i.e. semi-major axis ay, and flattening fs,
can be determined, for example, by least-squares methods from the following system of equations

s, +vi; = ax(l — fxsin® ¢;), (7.6)
see [67] MORITZ 1990, where rs,; is known from
rs,; = 1€l 5, & €X. (7.7)
Typically, the following parameters are estimated for Fx
ax, = 6372993 m
by, = 6368897 m
fs = 0.000800
er = 0.001599. (7.8)

Figure 7.3: The gravimetric telluroid wrt. a mean ellipsoid.

In Fig. 7.3 the differences between ¥ and Ey, vary from -1km to 5km, which reflects both the spatial variation of
the potential V' and the variation of the topographic heights h, though the prevailing influence on ¥ is clearly the
topography. This supports the above reasoning that the form of the gravimetric telluroid primarily reproduces the
form of the Earth’s surface. Moreover, the estimates (7.8) for the mean ellipsoid Ey indicate that the boundary
surface ¥ in gravity space indeed features a lower flattening than a globally best-fitting Earth ellipsoid and,
consequently, than the Earth’s surface o itself. E.g., within the framework of the Geodetic Reference System 1980
(GRS80), the basic parameters are specified as follows

a = 6378137Tm

b = 6356752m

f = 0.003352

e = 0.006694. (7.9)

In summary it can be said that, on the one hand, using an isotropic normal potential as the linearization point for
the true potential leads to significant separations of the gravimetric telluroid and the physical Earth’s surface of up
to 12km. Yet on the other hand, the reduced flattening of ¥ can be of importance for the subsequent continuation
process of the boundary data. As will be explained in more detail in the next section, the boundary values must
be transfered from the gravimetric telluroid X to the Brillouin sphere S. For that purpose, the distance between
> and S is outlined in the next figure.
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Figure 7.4: Separation of the gravimetric telluroid and the Brillouin sphere.

In contrast to the Earth’s surface, which deviates from the Brillouin sphere by about 22km at the poles, see e.g.
[88] SEITZ 1997, the maximum deviation of the gravimetric telluroid from the same sphere is in the order of only
12km. The resulting consequences will be commented on later.

In a next step, a particular characteristic of the gravimetric telluroid is to be elaborated on. As described earlier
in Section 7-1.1, the input data, i.e. h;j, v;; and g;; are generated on the specific (i - A\, ¢;)-grid required for
the subsequent spherical harmonic analysis step. Unfortunately, the determination of the boundary surface X
according to (7.4) or (7.5) does not necessarily maintain the distribution of the telluroid points according to the
lattice formation. This is documented by the next two figures given below, where the horizontal displacements of
the telluroid points with respect to the nodal points of the data grid are illustrated.
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Figure 7.5: North-South displacements of the gravimetric telluroid points wrt. the grid points.

In Fig. 7.5, positive values reflect a shift of the actual telluroid points compared to the nodal points of the data
grid into northern direction. Accordingly, negative values correspond to a displacement in southern direction.
Consequently, on the northern as well as on the southern hemisphere, a displacement of the telluroid points
towards the poles can be identified with the largest dislocations in the mid-latitude areas. This characteristic
directly opposes the situation portrayed in Fig. 7.2. There, the telluroid has been observed to approach the
Earth’s surface closest in the mid-latitude regions. This means that in the mid-latitude bands, where the surfaces
> and o roughly coincide, the difference between the true potential V' and the reference potential Vj is absorbed
by a horizontal, mainly latitudinal, telluroid displacement.
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[m]

Figure 7.6: East-West displacements of the gravimetric telluroid points wrt. the grid points.

As a matter of fact, see Fig. 7.6, it can be stated that the longitudinal telluroid shift is of considerably smaller
magnitude. In Fig. 7.6, the eastern displacement of telluroid points is indicated by positive values, whereas
negative numbers mark a western shift. In contrast to the previous result concerning the latitudinal variations
of actual and target locations, a correlation of the longitudinal variations and the topography o can be pointed out.

The recovered telluroid offset between actual and target grid locations at the order of magnitude of several kilo-
meters is relevant for the subsequent GSHA step. Fortunately, the simulation study environment provides the
possibility to approximately synthesize the gravimetric telluroid ¥ in conformity with the desired grid points and
to assess the influence of the discussed horizontal displacement.

The following lemma addresses the issue of determining 51’3‘}2 =g, [ cos\jcos¢; sin); cos¢; sing;) ]T, cf.
(5.108), in accordance with the (i - AX, ¢;)-grid introduced in the last section:

Lemma 43 The boundary surface ¥, realized point-wise in the nodal points (i - AN, ¢;) of the data grid, results
from

RE k R\FL
Tep =TT g S (k+1em <7> Yia(Ae, ¢¢) (7.10)
k=21=—k
subject to
r=(R+hij) , A=(i-AN , ¢e=¢;. (7.11)
Proof. Starting from
GME
VV(x) =— ek (7.12)
which holds according to Lemma 17,
GMx
VV(x) ~ _W + [VVW(x)] (€ — x) (7.13)

is derived by expanding the right-hand side of (7.12) at x into a Taylor series. Then, re-arranging (7.13) yields

€ = x+[VV(x)™! (VV(XH%)
N S T
= = r 3] (Ve )
BN T T
- ==& - 2] (V@ + )

= X —

||| GMx 3xx' 3GMX>

M (VV(X) W — §WVV(X) — EW (7.14)
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With regard to (7.14), summarizing the term in parentheses, adopting spherical coordinates and disregarding the
partial derivatives V), Vy leads to

r3 3 1
Te = T — _GM (Vtr‘()‘7¢7r) - 5‘/;()\,¢,7") + §%T()\’¢’r)>
173
= r+4 §G—M (V;'()H ¢7 ’I“) - ‘/OT‘()\? q5, ’I“)) . (715)

and in particular for the designated grid

R K n R k—1 B .
TE5 :(R+hij)_52 Z(k+1)ckl (R—i—hij) Yiu(i- AN ¢5). &
k=21=—k

In the following, the gravimetric telluroid determined according to the rigorous definition, (7.4), can be compared
point-wise to the gridded telluroid realization established on the basis of Lemma 43. In foresight of the boundary
data generation given in the next section this comparison is best accomplished by plotting the differences in radial
distance of the corresponding telluroid points. The reason for observing only the radial variations is justified in
consideration of (5.99) and Theorem 7. That is, in order to compute the reference or normal boundary values
vy = Vo‘E only the magnitude ||€|| is required. Accordingly, in Fig. 7.7 the differences ||& —1g,;, cf. (7.4) and
(7.10), are illustrated.
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Figure 7.7: Differences in radial direction between the rigorous and the gridded telluroid realization.

As can be seen in Fig. 7.7, the telluroid differences shown above exhibit magnitudes of up to roughly 25m. These
maxima are reached at the poles. For the poles and the equatorial regions the true gravimetric telluroid lies above
the telluroid that is realized in the grid locations. The best agreement can be observed for the mid-latitude zones.
For these areas the true gravimetric telluroid also partly lies below the gridded telluroid realization. Finally, even
though it ought to be stressed once more that the gridded telluroid realization according to the previous lemma
represents an approximation as well, the following can be claimed. Due to the distortion between the default data
grid in ordinary space and the resulting data grid in gravity space as demonstrated in Figs. 7.5, 7.6 and 7.7, a
significant degrading effect on the closed-loop results must be expected. In other words, the negligence of the
lateral influence results in a considerable radial error.

7-1.3 Synthesis of the boundary data

After having obtained a point-wise realization of the boundary surface 3 in the previous section, the point-wise
synthesis of the corresponding boundary values is addressed next. In fact, based on (5.99), thereby taking (7.2)
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and (7.4) into account, it holds
_GM
€l

Under the mapping of (5.1), the point-wise potential anomaly data Aw;; represent the boundary values in gravity
space on X, or rather, in the individual telluroid points &, |.,, see also Definition 23. These potential anomalies are
shown in Fig. 7.8.

Avjj = vij — voi5 = vij (7.16)
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Figure 7.8: Boundary values.

In the first instance, the similarity between Fig. 7.2 and Fig. 7.8 stands out. As expected, sign and magnitude
of the boundary values Av;; are correlated with the distance between the gravimetric telluroid ¥ and the Earth’s
topography o. Furthermore, it should be noted that due to the large separation of ¥ and o the topographical
structure is hardly reflected in the boundary values.

At this point a short side note on the spectral behavior of the boundary surface and the associated boundary values
is useful. As elaborated, e.g., in [18] HECK 1986 the gravimetric telluroid represents in general a rougher surface
than the Marussi telluroid. The reason for that evolves from a comparison between Definition 6 and Definition
21. Evidently, potential gradient information is needed for the establishment of the gravimetric telluroid, which
is naturally rougher than the potential information itself as required for the setup of the Marussi telluroid. On
the other hand, potential anomalies are associated with the gravimetric telluroid, whereas according to Theorem 2
gravity anomalies are assigned to the Marussi telluroid. The assumption of smoother potential and rougher gravity
data is supported by the next two diagrams, where the Fourier spectra of potential and gravity anomalies are
compared to each other.
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(a) potential anomalies (b) gravity anomalies
Figure 7.9: Comparison of the 2d Fourier spectra of potential anomalies and gravity anomalies.

The Fourier spectra of both data types displayed in Fig. 7.9 confirm that the potential anomalies are indeed
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smoother than the gravity anomalies. As a matter of fact, this finding can also be adopted for the above mentioned
telluroid definitions. Overall it might be concluded that the spectral influence on the solution of the GBVP is
expected to be the same, when instead of the classical combination of Marussi telluroid and gravity anomalies,
the combination gravimetric telluroid and potential anomalies is applied. Beyond it, for the actual continuation
process of the boundary values, an increased smoothness in the boundary data should be beneficial. Hence, the
possible use of potential anomalies might even be superior to the use of gravity anomalies.

Since just mentioned above, the aspect of data continuation will be addressed next. According to Definition 25
stated in Section 5-5, the boundary data Awv;; is required for analysis reasons on a mathematically simple surface
such as the sphere. The most straightforward method is to simply assume the values Awv;; to be given on a sphere.
That is,

Avij S == A’Uij’E (717)

can be regarded as a one-to-one projection of the potential anomalies Av;; from the gravimetric telluroid ¥ onto
a sphere S, e.g. onto the enclosing Brillouin sphere specified by R = aggar = 6378136.3 m. Of course it should be
kept in mind that in the case under consideration the separation between the gravimetric telluroid and the Brillouin
sphere is in the order of several kilometers, cf. Figure 7.4. Hence, the question whether the idea of only projecting
the data from the telluroid to the sphere is feasible or whether the projection error cannot be disregarded, must
be carefully investigated. In the latter case, the use of an explicit data continuation procedure ought to be taken
into account.

Remark 34 Another important issue related to the boundary value projection in terms of (7.17) should not be left
unattended. As elaborated in the last section, the real telluroid positions differ significantly from the predestined
nodal points, cf. Figs. 7.5 and 7.6. By definition, the boundary data established point-wise according to (7.16)
refer to the actual telluroid points. However, within the scope of the intended harmonic analysis on the sphere the
boundary information is required with respect to the special (i - AX, ¢;)-grid. Fortunately, the relationship (7.17)
offers the opportunity to map the boundary values not only vertically onto the sphere but also horizontally from
the actual telluroid points to the designated grid locations. Henceforth, the further proceeding is based on the
assumption that the boundary values are given in accordance with the computational grid. It should be pointed
out that this assumption is erroneous.

Similarly to the considerations conducted in conjunction with Lemma 43, the inaccuracy in the boundary data
resulting from the reasoning outlined in the above remark can be roughly estimated, at least, within the framework
of the underlying simulation environment. For this purpose, instead of the rigorous telluroid definition according
to (7.4), the telluroid as defined by (7.10), i.e. in its realization directly for the nodal points, is used in (7.16). As
a result, Fig. 7.10 illustrates the differences between the two boundary data variants.
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Figure 7.10: Differences in the boundary values in the actual telluroid points and in the designated grid points.

First of all, with regard to the boundary data variations presented in Fig. 7.10, it turns out that the overall
behavior is of course strongly correlated to the telluroid differences documented before in Fig. 7.7. Again, the
deviance is largest at the poles and smallest for the mid-latitude regions. In addition, the fact that in both cases the
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particular differences are not equally distributed in respect of positive and negative incidences should be recorded.
If anything, a trend to positive differences can be claimed, which implies an overestimation of the actual boundary
data with respect to target values in the grid points.

At last, the basic input data, synthesized along a test meridian in the Himalaya region, are compiled in figure given
below to facilitate inspection.
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Figure 7.11: Profiles of the relevant quantities in the Himalayas.

As argued before, it can be concluded that within the presented isotropic approach neither the gravimetric telluroid
nor the boundary values themselves are especially sensitive to the topographical signal. Furthermore, attention is
called to the dimension of the separation between telluroid and topography and to the magnitude of the boundary
data.

7-1.4 Numerical BVP solution

After having provided in the context of the previous two sections the synthetic input values in a point-wise form
for a specific data grid on the sphere, the corresponding BVP in constant radius approximation will finally be
solved numerically in the present section. More precisely, the adjoint disturbing potential is determined from the
BVP introduced in Definition 25. For this purpose, the problem is considered in the spectral domain and, con-
sequently, solved by means of a spherical harmonic analysis procedure, which is described in detail in Appendix C-2.

As a start, the underlying BVP is recapitulated for the sake of convenience as follows

Adp(§) = 0, [i€ll>R (7.18)
1 96y
S (e ST = Av. 7.19
(27"5 (97"5 + w) S v ( )
As is generally known, the following spherical harmonic series expansion
1 e’} n R n+1 B
61/}(>‘£7 (bfa 7’5) = E Z Z Tnm <E> Ynm(>\§, ¢.§) s (720)

n=0m=—n

cf. Section 2-2.4, already constitutes a solution of Laplace’s partial differential equation (7.18), which is subject to
Te = R 5 )\g = (’L . A)\) 5 ¢£ = ¢j (721)

according to the boundary condition (7.19).
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Moreover, by means of a global spherical harmonic analysis procedure, see Appendix C-2, the coefficients of a
spherical harmonics series expansion for the potential anomalies that are given on the sphere can be determined.
Hence, in the spectral domain the representation of the potential anomalies on the sphere reads as follows

v(Ae, de) = Z Z Y (Ae, o) - (7.22)

k=0l=—k

Now, the unknown coefficients 7,,,,, can be deduced by insertion of (7.20) and (7.22) into the boundary condition
(7.19). This is accomplished within the scope of the following lemma:

Lemma 44 The adjoint disturbing potential, when expressed in terms of the following series expansion

k

k+1
S Ae, b, 7¢) = E:E:Q%l(—) Yulhe o) ; k#1, (7.23)

k=01l=—k

constitutes a unique solution for the boundary value problem specified by (7.18) and (7.19), if the coefficients ¢x
belong to the spherical harmonics series expansion (7.22) of the potential anomalies Av(Ae, d¢) given on S.

Proof. Prior to the application of (7.20) and (7.22) to the boundary condition (7.19), a further preliminary
consideration is useful. In view of (7.19),

(95’1/) n+1 B
B (i 2 () o)

n+1
— _EEZ Z Frm(n +1) (R) Yom (e, ¢¢) (7.24)

is derived by taking (7.20) into account. Next, using (7.24) together with (7.20) and (7.22) in (7.19) yields

(; 5865_1# + 1/)) = Av
S
n+l n+1 0o k
_ ( 5 ZO Z Tnm TL+ 1 <R> Yom + = ZO Z Tnm <—> Ynm> = I;)lzkékli/kl. (725)
n m=—-n n=0m=-—n S —0]=—

Re-arranging the left hand side of (7.25) leads to

(33 5 an (B2 0) (2) i)

n=0m=—n

0 k
YD eu¥ulre, de). (7.26)

S k=01l=—k

In agreement with the underlying boundary condition,

(%Z > fnm”21ym@§,¢£)>

n=0m=—n

[e%S) k
Z Z Cr Y (Ag, d¢) (7.27)

S —

is obtained from (7.26) by identifying . = R. Then, a comparison of the coeflicients on both sides of (7.27) reveals

2R
Thl = . 1Ekl ;o kE#£1. (7.28)

Consequently, by taking advantage of (7.28) in (7.20), it finally results in terms of a limited series expansion

k

k+1
590, b, 1) = ZZ 26 <—> Ve, de) : E#1. O

k=0 lffk

Remark 35 The exclusion of £ = 1 in (7.23) necessitates further clarification. From (7.25) and (7.27) directly
results the following spherical harmonics series representation for the potential anomalies on the sphere

1 00 n 1.
A’U’SZEZ Z 7—_an2 Ynm(Af’¢5)

n=0m=—n
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Note, that this relationship is to some extent similar to the series expansion of the gravity anomalies, which is
given in [28] HEISKANEN&MORITZ 1967 within the scope of the classical approach. In this context it is worth
mentioning that the gravity anomalies were found to be free of degree k = 1 terms. This is considered to hold true
in the present case as well. In fact, within the conducted spherical harmonic analysis, where the full spectrum of
coefficients starting from degree k = 0 is determined, the degree k = 1 coeflicients were found to be negligible for
the overall result. More precisely, they turned out to be two orders of magnitude smaller than the other coefficients
and, as far as the numerical realization is concerned, the omission due to the requirement k # 1 induces differences
at the decimeter level. Compared to a total closed-loop error, which is in the range of several meters as will be
calculated in the next section, this effect is tolerable. Accordingly, within the achievable numerical accuracy the
consistency condition ¢1; = 0 is considered to be satisfied.

As a result, the adjoint potential potential is obtained in view of (5.82) as the sum of the adjoint normal potential
and the adjoint disturbing potential

V(Aesperre) = Yolre) + 0v(Ae, e, re)

K k _ k+1
= 2% + 22 Z Chkl <E> Ykl(>\§a (bg) . (7.29)

T P St kE—1\re

Once again, it must be pointed out that the above utilized series expansion coefficients ¢y; are related to the har-
monic analysis of the boundary data Aw, see also Lemma 44.

Additionally, according to (5.106), the height anomaly vector ¢ follows from (7.23). That is,

¢ =(&ly)Vedv(€ly) (7.30)

holds true. See Section 2-2.4 for a similar example with regard to the evaluation of V¢di(€). Consequently, by
taking (5.105) into account, the surface of the Earth o, constituted by the position vector

x|, =x|y +¢, (7.31)

is obtained. The prior relationship finalizes the last step within the closed-loop study, cf. Fig 7.1. Hence, on the
basis of the considerations given in the previous four sections, the associated numerical result will be given next.

7-1.5 Result of the closed-loop study

This section yields the numerical result of the closed-loop study for the approach given in Chapter 5. The setup
of the study has been explicated in detail in the last sections. The corresponding computations were conducted
in compliance with the working plan illustrated by the flowchart given in Fig. 7.1. The final result in terms of a
point-wise comparison of target and actual topography is shown in Fig. 7.12.

[m]

Figure 7.12: Closed-loop comparison of given and recovered topography.
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First of all, it can be stated that the obtained result mostly complies with the expected result. That is, the overall
consistency ranges only at the meter level. More precisely, as can be deduced from the table given below, which
provides the statistical key figures for the closed-loop error, the mean radial variation between true and estimated
topography points is about 17m with peak errors of up to 25m.

RMS mean std max min

[m]  [m]  [m]  [m] [m]

17.55 -16.93 4.62 -1.54 -24.23

Table 7.1: Statistics of the closed-loop comparison of given and recovered topography.

The considerable error size has several causes, which have already been identified in the previous sections. For one
thing, large distortions between the actual data grid and the required (i- A\, ¢;) analysis grid have been revealed in
Section 7-1.2. As a consequence thereof, it has already been reckoned that the resulting influence on the boundary
surface and on the boundary data induces a significant error, i.e. at the meter level, during the GSHA process. As
a rule, errors due to this imperfection manifest themselves in the fact that the largest differences shown in Fig. 7.12
occur for the mid-latitude regions. For another thing, the above result indicates that an explicit data continuation
is very likely indispensable. This can be understood against the background of (7.17), which specifies the mapping
of the boundary data onto the computational sphere. As a matter of fact, a simple projection does not account for
the actual behavior of the boundary values to diminish with increasing distance from the geocenter. Apparently,
within the approach under investigation, the error when only projecting the data is too large. As a result, the
average level of the projected boundary data is too high, which leads to the scenario in Fig. 7.12 that exhibits only
negative values, i.e. that contains clearly an offset. The 2d Fourier analysis of the associated closed-loop topog-
raphy differences presented above, which is provided in Fig. 7.21 together with the resulting closed-loop errors
for the ellipsoidal approach, actually supports this finding by showing a distinct peak in the center of the spectral
power diagram. This reasoning can be further encouraged by the following consideration. The pronounced topog-
raphy in the areas of Greenland and Antarctica, as compared to the regions in the immediate vicinity, leads to a
reduced separation between the topography and the bounding sphere and, relatively speaking, to a lower error level.

In conclusion, on the basis of the result obtained above, it can be claimed that in general the intended numerical
proof of concept for the isotropic regular gravity space approach, Chapter 5, has been accomplished. However,
it must be acknowledged that the achieved numerical accuracy is rather unsatisfactory. On this account, the
numerical strategy to solve the underlying BVP must be improved. For example, instead of the projection method
applied up to now the use of explicit data continuation in combination with a re-gridding procedure could be
imagined. Additionally, an iterated solution process might be necessary. In any case, a substantial increase in
complexity must be expected. The reason for this shortcoming is due to the much discussed fact that the observed
difficulties are closely related to the inadequate choice of an isotropic reference potential within the linearization
step. Consequently, one option to avoid cumbersome procedures such as explicit data continuation, re-gridding
and iteration is to use the regular gravity space formulation introduced in Chapter 6. This will be confirmed in
the following section, where the modified approach in gravity space based on a spheroidal linearization point is
numerically investigated.

7-2 Numerical studies on the ellipsoidal regular gravity space approach

As already stated in the beginning, the second part of the this chapter refers to the numerical investigations
accomplished on the basis of the modified regular approach presented in Chapter 6. In order to guarantee the
comparability of both regular approaches, the setup of the upcoming closed-loop study remains practically the
same and, consequently, complies with Fig. 7.1. For this reason, also the organization of the subsequent paragraphs
is left unchanged. However, since most of the basic explanations and derivations supplied in the previous sections
also hold true for the present context, the effort of repeating them once again can be avoided. Thus, if not stated
otherwise, the further proceeding is on the assumption that the prior considerations are still valid.

Accordingly, instead of specifying the applied input models or discussing the aspect of data discretization in view of
the specific analysis grid within the scope of the preparatory paragraph following next, a particular characteristic
of the approach under investigation will be addressed. That is, the transformation into regular gravity space based
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on a truncated series representation will be more closely investigated. Thereafter, synthesis and examination of
the boundary surface and the boundary data are presented in the usual manner. As far as the numerical solution
is concerned, the modus operandi outlined Section 7-1.4 remains virtually unaffected. The demonstration of the
closed-loop error and a subsequent summary, comparing and assessing the achieved results of the examined regular
approaches, conclude this chapter.

7-2.1 Preparatory considerations

As already announced, this paragraph aims to clarify the open issue about the accuracy that can be expected for
the modified regular gravity space transformation according to Lemma 32 introduced in Section 6-1.1. Naturally,
the transformation accuracy is a crucial factor to form an opinion on the overall quality level of the method.
Furthermore, the intention is to contribute to a better understanding of a sui generis transformation, which is
based on a series expansion representation. Thus, in view of Lemma 32 and by taking the specifications given in
Section 7-1.1 into account, the following point-wise transformation relationship between ordinary and ellipsoidal
regular gravity space can be recalled

£, (pij, J2) = &(pij) + J261(pij) + J3€5(pij) + O(J3) | (7.32)

which is subject to
pij = VV (i AX ¢;,7i5) . (7.33)

In order to satisfy the task of finding an accuracy estimate for the above transformation, the error when truncating
the corresponding series representation, e.g. after the J2-term, has to be determined. For that purpose the line
of argument given in Section 6-1 to derive the above series representation has to be called to mind. In short, it
has been the idea that the sought-after gravity space transformation must satisfy the identical mapping property,
i.e. £ = x, if the normal potential Voe”, see (6.7), is set equal to the actual potential V. Due to the fact that it
was impossible to find a closed-form solution for the desired transformation, a representation in terms of the series
expansion (7.32) had to be taken into account. Note that in the strict sense an infinite series is required to exactly
satisfy the identity & = x. As a result of this, it is now possible in return to take advantage of the identical mapping
property to estimate the truncation error of the above series representation. For that purpose, the application of
the identical mapping condition for the case under investigation must be considered. More precisely, provided that

Bij = VV§! (i - AN, ¢;,735) (7.34)
holds true, the consistency of
& (Bij, J2) = x5 (7.35)
with -
Xi; =1ij | cos(i- AX)cos¢; sin(i- AX)cosd; sing; | (7.36)

must be observed. It makes sense to accomplish this evaluation for surface points of the topography.

The corresponding result is illustrated by the figure given on the next page. The sequence of the three diagrams
shown in Fig. 7.13 demonstrate the effect of truncating the series (7.32). In fact, the last plot refers thereby exactly
to the second-order Taylor series approximation written out explicitly in (7.32). Consequently, the corresponding
approximations of first and zero order are realized in the plots given in the middle and at the top. At the first glance,
a tremendous improvement in consistency between input, i.e. x, and output, i.e. £, values can be constituted. To
be more exact, whereas the error, cf. Fig. 7.13 (a), associated with the simplistic zero-order transformation

€ij = 50(131']') (7-37)

is in the order of magnitude of several kilometers, the inclusion of the first order term Jo&;(Pi;) reduces the
error down already to the multi-meter level, see Fig. 7.13 (b). Beyond it, Fig. 7.13 (a) referring to the above
zero-order approximation is in conformity with Fig. 7.2, which is based on the afore investigated isotropic gravity
space approach. This agreement is a confirmation of the current and the previous result. As a matter of fact,
the zero-order approximation (7.37) and the transformation relationship (7.4) are comparable with each other. In
both cases the flattening influence due to J> has been neglected. A subtle difference exists in such a way that, on
the one hand, the effect of J, has been disregarded on the side of the normal potential and, on the other hand,
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Figure 7.13: Influence of series truncation on the separation between true and recovered topography.

on the side of the underlying transformation. Naturally, in view of (7.37) and (7.4), the consequences are the
same. Furthermore, by accounting also for the influence of JZ2, the truncation error drops in average below the
decimeter as can be derived from Fig. 7.13 (¢). This gives a valuable insight into the modified regular gravity space
transformation (7.32) and provides the desired information about the behavior of the associated truncation error.
To sum up, it can be claimed that the error of a few centimeters due to the truncation of the related series expansion
starting from the terms of power J3 can be tolerated, at least for the intended purpose of accomplishing a proof
of concept for the considered approaches. Admittedly, the deduced truncation error level rests on the legitimate

assumption that the error behavior remains the same if the normal potential V"

instead of the true potential V is
applied. However, it is of course always possible to increase the transformation accuracy by taking further higher
order terms into account. For the sake of completeness it is worth mentioning that the considerations made in

Section 7-1.1 with respect to the quantities h;;, vij, 8;; continue to hold true.

7-2.2 Synthesis of the boundary surface

Similarly to Section 7-1.2, the formation of the boundary surface is the next task to address within the process of
generating the simulation scenario. The synthesis of the boundary surface is conducted in view of Definition 28
given in Section 6-1.2. In addition, in taking the findings of previous section into account yields the relationship
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to establish the boundary surface in a point-wise manner
&iils = €o(Bij) + J2£1 (Bij) + J3€5(Bij) (7.38)

with
Pij =8ij = 8(i- AN, ¢j) = VV(i- AN, &5, hij) , (7.39)
which has analogy with (7.3).

The boundary surface ¥, which results according to the above specifications, is illustrated in Fig. 7.14 by plotting
the differences of ¥ with respect to the surface of the Earth o.

[m]

Figure 7.14: Separation between the boundary surface ¥ and the Earth’s topography.

As compared to Fig. 7.2, it can be clearly inferred from Fig. 7.14, that the surface 3, when established on the basis
of the ellipsoidal regular gravity space formulation, converges significantly to the topography o. The surface ¥ runs
above the topography for positive numbers and below for negative ones. In fact, the mean separation between X
and o is about 78 m. This value is in the order of magnitude specified, e.g., in [18] HECK 1986 for the gravimetric
telluroid under similar conditions. Hence, the completely new situation displayed in Fig. 7.14 complies with the
main objective of the new regular approach. That is to say, the revised spheroidal linearization point leads indeed
to the observed reduction of the position anomaly between the two surfaces ¥ and 0. As a result, the formerly large
distortions are expected, understandably enough, to decrease significantly due to the reduced spacing between X
and o. Indeed, this is confirmed by Figs. 7.15 and 7.16.

Figure 7.15: North-South displacements of the gravimetric telluroid points wrt. the grid points.
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[m]

Figure 7.16: East-West displacements of the gravimetric telluroid points wrt. the grid points.

A comparison of Fig. 7.5 and Fig. 7.15 reveals a decline in the displayed distortions by about a factor of ten. More
precisely, the latitudinal displacement field in the former case exhibits mean variations in the order of magnitude
well above the kilometer level whereas in the latter case the differences come near the 100 m level. The longitudinal
displacement fields, cf. Fig. 7.6 and Fig. 7.16, remain about the same, since neither the isotropic normal potential

Vo nor the modified reference potential V! depend on the longitude A. Of course, it is assumed that this finding

is beneficial for the later GSHA step.

Apart from that, another important parameter is the spacing between the boundary surface ¥ and the Brillouin
sphere S. As elaborated throughout the previous Section 7-1, the distance between ¥ and S is crucial for the
mapping of the boundary data from the actual boundary surface X to a better suited computational surface, i.e.
to the Brillouin sphere S. Consequently, this quantity is portrayed in the figure given below.
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Figure 7.17: Separation of the boundary surface 3 and the Brillouin sphere S.

This result is not surprising since the surface ¥ has been found to reproduce approximately the topographical
surface 0. Hence, the situation shown in the above picture is owed to the fact that the Earth’s surface o itself
deviates from the Brillouin sphere S in such a way. In fact, the discrepancy towards the poles of around 22km
is definitely associated with the flattening of Earth’s body, see e.g. [88] SEITZ 1997. However, in contrast to Fig.
7.4 it must be acknowledged that the separations between the boundary surface and the computational sphere
observed above are about two times larger than before. Admittedly, this can be seen as a disadvantage of the
modified approach as opposed to the prior inspected isotropic approach.
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7-2.3 Synthesis of the boundary data

Comparable to Section 7-1.3, the prior generation of the underlying boundary surface is followed by the synthesis
of the corresponding boundary values. These are acquired in terms of a point-wise representation that emanates
from the right-hand side of (6.101) given in Section 6-3, i.e.

A’l_)ij = 'Uij - 7_)0-;]' = Uij — Oe”(’i . AA, ¢j, 6”) - . (740)

Regarding this expression, the surface potential values v;; are still based on (7.2), whereas the reference potential
values 7g,; depend on the modified normal potential (6.8) and on the new boundary surface (7.38). The values
A7;; resulting from (7.40) are visualized in Fig. 7.18.
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Figure 7.18: Boundary values.

As compared to Fig. 7.8, which provides the boundary information associated with the simple isotropic approach,
it can be stated that the boundary data shown above are of considerably smaller magnitude. Moreover, a well-
defined correlation with the topographical structure of the Earth can be observed in the case under investigation.
These findings can be pointed out even better by plotting the basic quantities along the same Himalayan meridian
as before in Fig. 7.11.
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Figure 7.19: Profiles of the relevant quantities in the Himalayas.

In point of fact, it can be concluded that the boundary values associated with the presently considered approach are
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sized substantially smaller, to be exact a factor of about one hundred applies, and possess an enhanced sensitivity to
the Earth’s topography. This behavior can be identified as a direct consequence of the reduced separation between
the boundary surface and the surface of the Earth.

7-2.4 Numerical BVP solution and closed-loop result

As far as the actual numerical solution of the corresponding BVP is concerned, it is simply referred to Section 7-1.4.
Of course, instead of solving the BVP according to Definition 25, the solution is achieved for the BVP specified by
Definition 33. Accordingly, the modified adjoint disturbing potential d4), cf. (6.90) in Section 6-3, is determined in
place of the former adjoint disturbing potential §¢, see (5.82) in Section 5-3. Furthermore, in contrast to (7.30), a
new height anomaly results

¢ =7(E[)Ved(]y)- (7.41)

In view of Lemma 39 introduced in Section 6-4, this relationship can even be reduced to

¢ =7(&[)Vedv(€]y).- (7.42)

At length, the vector ¢ is used again to correct for the discrepancies between the Earth’s surface and the associated
approximation surface. Once more, the latter is of the same geometrical structure as the corresponding boundary
surface ¥ in gravity space obtained from (7.38). Its realization in ordinary space is conducted by means of X}Z.
Hence, it applies

x| =x|,+¢. (7.43)

Other than that, the overall way of proceeding remains the same. That is, similarly to (7.20) and (7.22), the
adjoint disturbing potential ¢ and the boundary data A are represented in terms of spherical harmonics series
expansions. In addition, especially the solution procedure remains the same, i.e. the parameter determination
within the GSHA step and the subsequent comparison of coefficients in the spectral domain.

For this reason, the presentation of the final closed-loop result is given right away. Again, following the example
given in the context of Fig. 7.12, the variations between the target topography and the topography recovered from
(7.43) is exemplified next.

[m]

Figure 7.20: Closed-loop comparison of given and recovered topography.

The result is absolutely satisfying. The closed-loop error diminishes significantly from the meter level, cf. Tab.
7.1, down to the decimeter. A more exact quantification can be drawn from the Table 7.2 given on the next page.
According to it, the mean error is about 0.4 m with peak errors below 4 m. Besides the crucial recovery of a reduced
error level, the plot shown in Fig. 7.20 features at least two further important properties. On the one hand, an
increased correlation of the illustrated error with the topographical structures can be testified. On the other hand,
it seems reasonable to assume that the observed errors are more uniformly distributed. That is, no predominant
offset to such an extent as has been pointed out previously within the scope of the examination of Fig 7.12 can
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RMS mean std max min

(] o] fm] ] [m]

044 036 0.25 3.07 -3.79

Table 7.2: Statistics of closed-loop comparison of given and recovered topography.
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Figure 7.21: 2d Fourier spectra of the closed-loop topography differences.

be identified. This reasoning is additionally supported by Fig. 7.21, where for the two regular approaches the 2d
Fourier spectra of the closed-loop errors are compared.

In fact, the addressed findings can be related to the new simulation environment based on the ellipsoidal approach.
As has been elaborated in Section 7-2.2, the revised linearization concept leads to an increased conformity of the
boundary surface ¥ and the surface of the Earth o. As discussed in Section 7-2.2 and Section 7-2.3, the high
conformity of ¥ and o involves a decrease in distortions between the data and the computation grid and leads
to smaller-sized as well as to topography-sensitive boundary values. In addition, the absence of the error offset
evidenced the last time indicates that in the present case the direct projection of the boundary values Av is
tolerable. Hence, dependent on the desired accuracy ,the necessity to apply explicit data continuation strategies,
ideally supported by re-gridding methods, as has been considered advisable in the case of the isotropic approach,
cf. Section 7-1.5, can probably be abandoned. All things considered, the final result is fundamentally satisfying,
especially against the background of the fact that according to Section 7-2.1 the error level could still be improved to
a certain extent by taking a higher degree series expansion for the underlying transformation formulae into account.
Thus, the numerical proof of concept for the ellipsoidal regular gravity space approach has been accomplished with
success.

7-3 Brief summary on the numerical results

In conclusion, both regular gravity space approaches were successfully implemented for the first time. It turned out
that it has only been possible to achieve a general numerical proof of concept for the isotropic regular gravity space
approach, whereas the ellipsoidal regular gravity space approach proved to be not only applicable in general but also
to be numerically competitive as compared to the standard methods, such as Molodensky’s treatment of the GBVP.
Moreover, beyond competitiveness the revised regular gravity space approach exhibits a distinct difference to the
traditional approach of Molodensky that should be highlighted once again. First of all, a remarkable similarity of the
respective linearized BVPs has been worked out, cf. Definitions 12 and 33. In fact, both problems are of the same
mathematical structure, only that potential and gravity have changed their places. That is, within the linearized
Molodensky problem the boundary surface is defined by a potential-based relationship, see Definition 6, whereas
within the linearized gravity space approach the boundary surface is defined by a gravity-based relationship, see
Definition 28. On the other hand, gravity anomalies constitute the boundary data for the Molodensky problem,
while for gravity space approach the boundary values are defined in terms of potential anomalies. As already pointed
out in the context of Fig. 7.9 given in Section 7-1.3, the boundary data Av within the gravity space approach are
smoother than the boundary data AI' in the case of Molodensky’s problem. This is conceptually understandable
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since both field quantities are measured at the Earth’s surface but the potential is naturally smoother than its
gradient. The fact that in the framework of the ellipsoidal regular gravity space approach the measured potential
values are mapped to the gravimetric telluroid and, thereafter, to the computational sphere does not alter their
smoothness. Furthermore, the potential data Av are related to spirit-leveling and are therefore available with
a higher density than the gravity measurement related gravity anomalies AI' of the Molodensky problem. Even
more, on the oceans, besides the small influence of the dynamical topography, the potential V' is constant. Hence,
the boundary values on the oceans are continuously available.

For all these reasons, it seems reasonable to draw the conclusion that the GBVP can also effectively be approached
within the scope of the introduced modified regular gravity space approach. At last, together with a closing
summary, all relevant advantages and disadvantages of the traditional Molodensky method and of the presented
gravity space approaches are contrasted once more in the final chapter given next.



Chapter 8

Concluding remarks

8-1 Final summary

In the nineteen-eighties the gravity space formulation of F. Sanso to solve the GBVP found a strong echo. His
approach transformed the GBVP, a problem with an unknown boundary surface, into a BVP of gravity space
with a fixed boundary surface. This reduced the mathematical complexity substantially. Yet soon after, with the
recovery of a singularity inherent in F. Sanso‘s approach, the method ceased to be widely discussed again without
ever being really numerically implemented. Hence, the starting point of this thesis has been the idea that the
existence of a singularity within the mathematical formulation of a true physical datum can only be attributed to
an improperly posed mathematical model. As a result, it has been anticipated that a singularity-free formulation
must exist, which can also be numerically implemented.

Actually, the fact that the Legendre type of contact transformation, which forms the basis of F. Sanso‘s gravity
space transformation, maps a point in infinity into a point in the origin has been identified beyond doubt to be the
cause of the existing singularity. More precisely, since the concept of differentiability has no meaning at infinity,
a singularity occurs for the corresponding image of the point at infinity. Remedy was found in terms of a new
contact transformation introduced by W. Keller, which leaves an infinite point in infinity. The resulting gravity
space approach has been found to be free of any singularities. Consequently, the new approach according to W.
Keller has been referred to as singularity-free or regular gravity space approach.

For the first time, W. Keller’s regular gravity space approach has been numerically implemented. During the
evaluation of the first numerical results, it turned out that the new regular gravity space concept did not account
for the flattening of the Earth’s body as well as for the flattening of the terrestrial potential. This shortcoming
led to a rather unsatisfactory quality of the numerical results. Moreover, possible improvements deemed to be
computationally intensive. Thus, the only true alternative has been to look for a revised regular gravity space
transformation that also takes into account the effects due to the geometrical and physical flattening.

For this purpose, a peculiarity of the simple regular gravity space approach has been utilized, namely the fact that
this regular gravity space transformation reduces to an identical transformation if the true potential is set equal to
the isotropic normal potential. As a consequence thereof, the modified regular gravity space formulation has been
established on the basis that the new transformation becomes the identity mapping if the actual potential coincides
with an ellipsoidal reference potential. By means of the implicit function theorem it was possible to prove that
such a transformation must exist in general. Even though an explicit representation of the transformation in terms
of a closed form expression could not be achieved, a representation in terms of a series expansion with respect to
the flattening parameter has been found. Despite the fact that the truncated series representation constitutes only
an approximation of the true transformation, the numerical closed-loop results were highly satisfying.

To sum up, the main goals of the present study have been accomplished. In addition to a thorough review of
the classical Molodensky theory and F. Sanso’s ansatz, the following necessary mathematical investigations have
been performed for the new regular gravity space formulations. The first concern has always been the setup of the
transformation equations under the terms of the desired characteristics such as the non-existence of singularities or
the identical mapping property. Next, the underlying nonlinear BVPs of regular gravity space have been established.
Thereafter, the crucial linearization step to deduce the corresponding linear BVPs has been the center of attention.
At last, further simplifications such as spherical and constant radius approximations yielded the required BVP
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representations suitable for the later numerical experiments. Considered together, the results achieved within the
scope of the presented study can be used to close a theoretical gap in terms of existence and uniqueness in the
theory of the GBVP. Furthermore, the general applicability of the regular gravity space approach by W. Keller and,
in particular, of the proposed modified approach based on an ellipsoidal concept was successfully demonstrated.
As far as the latter methodology is concerned, primarily the refinement in terms of an ellipsoidal formulation
within the linearization step led to highly promising numerical results. Nevertheless, also a limited suitability
of the regular gravity space approach based on an isotropic framework has been shown. Further numerical and
conceptual improvements could probably also guarantee the practical usefulness of this approach.

8-2 Discussion

In detail, the following findings and innovations were achieved throughout this work. It could be proved that
the solution of the GBVP by means of a gravity space based approach profits from two essential factors. For
one thing, the overall problem transforms from a free into a fixed BVP, for another thing and despite the fact
that the boundary surface gets rougher, smoother potential anomalies instead of gravity anomalies constitute the
underlying boundary data. Furthermore, due to the identical mathematical structure of the involved linear BVPs,
all algorithms and procedures developed for the simple Molodensky’s problem can be carried over to the linearized
regular gravity space approaches.

Hence, everything points to the fact that the solution of the GBVP by means of a regular gravity space formulation,
in particular using the modified concept based on an ellipsoidal linearization point, is at least competitive to the
classical solution approach of M.S. Molodensky. On the other hand, the consideration of either of the two regular
gravity space approaches instead of the usual Molodensky problem to solve the GBVP exhibits one conceptual
disadvantage, which must not be left unattended.

In geometry space two versions of Molodensky’s problem are considered. That is, the so-called vectorial form of
Molodensky’s problem, where the complete gravity vector or rather vectorial gravity anomalies are used as boundary
data, and the so-called scalar form of Molodensky’s problem, where only the modulus of the aforementioned
quantities enters the problem as boundary data. From the observational point of view the modulus of the gravity
vector, i.e. gravity, is much easier to access than the full gravity vector. Moreover, astronomical observations
are not precise enough to derive geodetic latitude and longitude. Hence, in geometry space the scalar form of
Molodensky’s problem is the prevailing form of dealing with the GBVP.

In contrast to this, the gravity space approach introduced by F. Sanso is an example of a so-called contact trans-
formation. Contact transformations, first used by Sophus Lie and Felix Klein, are based on the idea to consider
the solution-manifold of a differential equation as the envelope of its tangential spaces and to transform the equa-
tion for the manifold into an equivalent equation for its tangential spaces. The latter then is hopefully easier to
treat than the original one. Since the quantity that describes the tangential plane of a manifold V is the gradient
VYV, the complete gradient and not only its modulus has to be known in order to apply a contact-transformation.
Therefore a contact transformation or in other words a gravity space transformation for the scalar Molodensky
problem cannot be found, despite the fact that the scalar formulation is much closer to reality.

Thus, in case the full gravity vector is not available as necessary but only its modulus, the missing horizontal
information would have to be reconstructed from a known GPM. Naturally, this results in a horizontal uncertainty
smaller than about 2km for the boundary surface or, expressed as a relative deviation, of 2-10~%. On the other
hand, the boundary surface, except in the case of the boundary element method, will as a matter of fact seldom
be used as a computation surface. Instead of that, all data given on the actual boundary surface will be continued
or, as realized so far, projected to a bounding sphere. As elaborated before, the projection error related to the
deviations between the boundary surface and the sphere or the error due to nodal point distortions equal or even
exceed the abovementioned error level. This means, a relative error of 2-107% related to a possible lack of knowledge
in vertical deflections is tolerable, at least for the purpose presently intended.

Apart from such considerations of rather theoretical nature — bearing in mind that already the assumption of global
data coverage is not applicable — the further development of F. Sanso’s approach right up to the new ellipsoidal
regular gravity space approach comprises the following specific amendments. Recapitulating in brief, the progress
from F. Sanso’s gravity space approach to W. Keller’s regular gravity space concept eliminated the singularity
immanent in the first gravity space formulation. The new regular transformation also led directly to the required
harmonicity of the adjoint disturbing potential. In fact, pursuing further investigations on F. Sanso’s approach
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was abandoned due to the underlying singularity plus the lack of harmonicity of the adjoint disturbing potential.
As a result, a striking parallelism of the new regular approach and the simple Molodensky’s problem could be
made out, including the retrieval of the real physical image in terms of metric units and exterior BVP structure,
two characteristics that have additionally been lost within the scope of F. Sanso’s gravity space approach. Fur-
thermore, whereas F. Sanso’s methodology still involved the use of three relevant reference surfaces, W. Keller’s
revised ansatz gets along with only two boundary surfaces. The reason for this has been identified in terms of the
so-called identity mapping, a property inherent in the regular gravity space approach of W. Keller. Apart from a
slightly more complicated set of equations to transform between geometry and dual space, no further disadvantages
of the regular gravity space approach with respect to the early gravity space approach of F. Sanso could be recovered.

Only the first computational studies on the regular gravity space approach revealed that the underlying isotropic
linearization point leads to rather dissatisfying numerical results. A finding that most likely applies to F. Sanso’s
approach as well, since his procedure also implies an isotropic normal potential within the linearization step. As a
consequence, a second regular gravity space approach based on the revised concept of an ellipsoidal linearization
point has been introduced within the framework of this thesis. The elliptical modification of the isotropic regular
gravity space approach resulted in a far better geometrical approximation of the Earth’s surface by the correspond-
ing boundary surface in gravity space. The reduced magnitude of the position anomalies or, in other words, the
improved conformity of both surfaces was directly accompanied by smaller horizontal grid distortions and, together
with the application of an ellipsoidal reference potential, by smaller-sized and more sensitive boundary values. On
the other hand, the above mentioned higher conformity of the respective surfaces in geometry and dual space could
only be guaranteed by an increase in ellipticity of the boundary surface in ellipsoidal regular gravity space. In
turn, this resulted to larger separations between the boundary surface and the computational sphere as compared
to the isotropic approach. In spite of it, the spheroidal regular gravity space approach overexceeds the isotropic
gravity space approach in terms of the numerical performance by far, since the advantages in the form of reduced
distortions and superior boundary values outweigh the depicted disadvantage. As a matter of fact, even without
the use of explicit data continuation, the resulting closed-loop error of less than 0.4 m for spheroidal regular gravity
space approach is entirely satisfying.

Admittedly, a single instance is, to a certain extent, limiting the theoretical beauty of the new ellipsoidal approach.
That is to say, in order to come up with Laplace’s equation as the field equation that must be satisfied by the
adjoint disturbing potential, performing solely the linearization step as customary turned out to be insufficient.
Indeed, to obtain Laplace’s equation as the relevant field equation has only been possible within the subsequent
spherical approximation step. More precisely, in contrast to the isotropic approach, where exclusively the boundary
operator has to be simplified, the ellipsoidal approach also involves an approximation of the underlying field equa-
tion. Only then can the Molodensky-type of mathematical structure also be preserved for the BVP associated with
the new ellipsoidal linearization strategy. Certainly, the numerical results accomplished under these circumstances
demonstrate that this limitation is hardly worth mentioning.

All things considered, the radically new idea of F. Sanso to solve the GBVP in gravity space has already widely
been considered to be a milestone in the theory of solving the fundamental problem of geodesy. Consequently, the
current achievement of closing a gap in the theory of the gravity space approaches, which was still left open in
terms of the singularity inherent in F. Sanso’s approach, might be valued at least as highly.

8-3 Recommendations and outlook

It is in the nature of things that several open issues, especially of practical importance, come along with a thesis,
which is essentially oriented to cultivate the basic principles related to the underlying theory of the GBVP. Hence,
there are numerous chances and needs for future research.

In detail, the following improvements of conceptual nature are conceivable. First of all, the use of explicit data
continuation, e.g. by means of collocation, could be envisaged. In addition, if required at all, a re-gridding strategy
could be embedded in the data continuation process. Both measures aim at a refinement of the numerical perfor-
mance of the GSHA step. Beyond it, an iterated solution method could be envisioned. In this case, the solution
received for the disturbing potential or rather adjoint disturbing potential is used to correct the boundary data for
the corresponding influence at the end of the first iteration step. In a second step, the solution process is restarted
based on the reduced boundary information.
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Alternatively, besides such methodical considerations, extending the numerical procedures can also contribute to
increase the overall accuracy. For example, the application of a higher order series expansion for the representation
of the transformation formula within the ellipsoidal regular gravity space approach might be a simple measure to
further minimize the closed-loop error. Moreover, instead of taking the recommended explicit data continuation
step into account, substitution of the former spherical harmonic analysis procedure by means of a more appropri-
ate ellipsoidal harmonic analysis procedure might be a worthwhile alternative. Naturally, this would involve the
application of the much-needed elliptically-shaped computational surface that, in contrast to the sphere, optimally
complies with the boundary surfaces of geometry and gravity space.

One the other hand, apart from the above quoted aspects focusing on the upgrade of the achievable accuracy with
the global scenario, the adaption of the presented methods to regional and local situations should be advanced. In
this context, as opposed to the prevailing three-dimensional consideration, a planar approximation approach could
come into question.

At last, the idea of navigating in gravity space might be an interesting and promising possibility. As has been
demonstrated, the determination of the geometrical figure of the Earth from physical quantities such as potential
and potential gradient is state-of-the-art. From now onwards, on the basis of gravity space theory, even an
arbitrary geometrical position outside the Earth’s masses can be deduced from the corresponding gravity vector
and the knowledge of the spatial behavior of the adjoint potential.



Appendix A

Legendre functions

A wealth of literature is devoted to the theory of spherical harmonics, e.g. [30] HOoBsON 1931. This implicitly in-
volves the subject-matter of evaluating the closely related Legendre-functions, see also Section 2-2.4. For the latter
aspect, relevant literature would be, e.g., [73] PAUL 1978; [37] ILK 1983; [100] WENZEL 1985; [98] THONG 1989;
[38],[39] JEKELI 1996,2007 and [107] WITTWER 2008. The relations presented in the following are compiled from
these contributions.

To begin with, the definition of Ferrer’s associated Legendre-functions of 15¢ kind reads as follows

Pkl(t):La—t?)lﬂﬂ(t?—nk . k>1>0, (A1)
2k k! dtk+
which is subject to the argument
t =sin¢g = cos?V —1<t<1l; —w/2<¢<7/2; 0<vV¥<m. (A.2)
Additionally, it holds
Poalt) = (VP (A3
Pu(—t) = (=1)"'Py(t). (A.4)

Ferrer’s fully normalized associated Legendre-functions result from
P]:l(t) == nklPkl(t) 5 k Z l Z 0, (A5)

which is subject to the following normalization coefficient

Nk ‘= \/(2—510)(2k/’+1) EZI;%: (A6)

and
1 ; =0
010 1= ’
10 {o . 140

PI:,fl(t) = (_1)ZP1:1(75) . (A-7)

Subsequent to the above considerations defining the associated Legendre functions of 15¢ kind in normalized and
non-normalized form, an overview on the available formulae for the recursive computation of these functions is

Furthermore, it applies

given. At first, one amongst many sets of recurrence relations to deploy the associated Legendre functions of 15t
kind is supplied

a) Py = 1.0 (starting value)
b)  Pryik+1 t) = @2k+1)v1- tQPkJC(t) i k>0
¢)  Pepx®) = (2k+ 1)tPek(t) : k>0
1
d) PkJrLl(t) m[(Qk + 1)thﬁl(t) — (k} + Z)Pkflyl(t)] ;o k> (l + 1) , 1>0. (A8)
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Secondly, the direct recursive computation of the fully normalized Legendre functions of 15* kind can be achieved
according to

a) starting values

Pio(t) = —-(1-1) (A.9)
and
b) Prp_a(t) = % 1=P 15 5 k>2
c)  Piut) = 22;; ! 1= t2F ;o k>2
d)y P = %tﬁll,z - \/(Qk(;kl)(g;(;21)212_)12)P,:211  k>2,0<1<k—2. (A.10)

For example, for the purpose of evaluating (2.65), given in Section 2-2.4, the necessity to compute additionally the
first order derivatives of the prior introduced Legendre functions kind can be understood. Hence, the relationship
to determine the first order derivatives of the associated Legendre functions of the 1% kind is provided in the first
place. In this context, two peculiarities need special notification. On the one hand, the poles must be excluded
from the solution domain and, on the other hand, the argument ¢ has to be explicitly declared due to the chain
rule of differential calculus. Consequently, on choosing ¢ = sin ¢ it applies

1

Pkyl’(sin(b) = m [(k + 1) sind)Pk,l(sind)) — (k} -1+ 1>Pk+1ﬁl(sin¢))] ; k>1>0 ; —-1<t<1. (All)

At last, the first order derivatives of the fully normalized Legendre functions of the 1% kind result from

a)  Fy(sing) = 0 (starting value)
k(k+1
b)  Pry(sing) = %Pgl k>0
k(k+1) Kk+1) 2

¢)  Piy(sing) —\ T Fro T

5 Py ;i E>0

2
d)  Pr,/(si = kP* ck>1
) kK (sing) = - 5t kk-1 ; K>

e Pil(simg) - - VE(k+ 1)2— 11— 1)P;2‘,l_1 N VE(k + 1)2— I(141)

Pig 3 k>1,2<1<k—1.
(A.12)

Interestingly, with a view to (A.11) and (A.12), it is worth pointing out that the computation of the derivatives of
the Legendre functions according to these relations is based solely on the use of the Legendre functions themselves.
On the other hand, the formulae given, e.g., in [100] WENZEL 1985 also utilize previously derived values within
the recurrence.
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Supplements to the ellipsoidal regular
gravity space approach

B-1 The auxiliary vector q

As previously stated in connection with (6.73) and Remark 27 given in Section 6-1.3, the vector q(&), constituted in
terms of a series representation with respect to the small parameter Jo, has been explicitly derived using a computer
algebra system (CAS), such as e.g. Mathematica. The resulting expression achieved for the vector q(£) is obtained
stepwise by means of the following Mathematica commands given in the form of the actual programming code:

CAS Statement 1 : << Calculus‘VectorAnalysis®
SetCoordinates[Cartesian[x, y, z]]

. _ GM . R2 z
CAS Statement 2: V= 7@ (1 Jz(i}(;ﬂﬂﬂg)LegendreP[Z 7\/m])

CAS Statement 3 : p=Simplify[Grad[V]]

CAS Statement 4 : matV=Simplify[Grad[p]]

CAS Statement 5 : invV=Simplify[Inverse[matV]]
CAS Statement 6 : prod=Simplify[p.invV]

CAS Statement 7 : q=Simplify[Series([prod, {J,,0,2}]1]

_E 3R%x(2? +y? + 22%) ), B 9(Rz(z* + y* — 29222 — 1224 + 22%(y? — 22)))J3 L O()
2 A(z? + 2 + 22)° A2 4 y2 + 22)* 2
Out]7] = v 3R*y(z? + 9% + 2zj)J2 B 9(RAy(x* + y* — 29222 — 1224 —|—42x2(y2 —2%)))J3 L O()
2 A(2? + 42 + 22) A(a? + y2 + 22)
_z 3(R%2(322 4+ 3y% + 22%)) o IRz (92 + 9y* — 4y?2? — 42 + 22%(9y? — 222))J3 L 0(J)
2 A(z2 + 92 + 22)° 422 + 2 + 22)7 2

(B.1)
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B-2 Derivation of the vector ¢|

In the context of deriving the position anomaly vector ¢ at the end of Section 6-3, the assumption was made that
it can be shown by means of utilizing a CAS, such as Mathematica, that

(FVevo) | = €y

holds true, cf. (6.105). Again, the relevant Mathematica commands given in terms of the actual programming
code are provided to verify this identity:

CAS Statement 1 : << Calculus‘VectorAnalysis®
SetCoordinates[Cartesian([x, y, z]]

. _ GM . R2 z
CAS Statement 2: V= 7\/m (1 Jo (7x2+y2+zg)LegendreP[2, 7\/m])

CAS Statement 3 : p=Simplify[Grad[V]]
CAS Statement 4 :  vecX={x,y,z}

CAS Statement 5: psiO=Simplify[p.vecX-V]

2GM((x2+y2+22)2+R2 (x2+y27222)J2)
(x24y2+22)5/2

Out [5] =
CAS Statement 6 :  alphabar=Simplify[Grad [p]]
CAS Statement 7 : gammabar=Simplify[Inverse[alphabar]]
CAS Statement 8 :  pi0=Simplify[Grad[psi0O]]
CAS Statement 9 : gammapiO=Simplify[gammabar.piO]

Out[9] = {x,y,z} &



Appendix C

Numerical methods

C-1 Newton’s method

For the purpose of the point-wise determination of the boundary surface ¥ in the context of Section 7-1.2, the
numerical evaluation of (7.5), i.e.
VVo(&ly) = &5 = VV(x45],)

by means of Newton’s method has been taken into consideration as a testing alternative for the usual transformation
approach (7.4). Hence, the computation of the gravimetric telluroid X, see Definition 21 given in Section 5-1.2,
takes place in an iterative manner by equating the gradient of the normal potential at the gravimetric telluroid
> to the gradient of the true potential at the Earth’s surface o, cf. Lemma 17 also given in Section 5-1.2. In
detail, the application of Newton’s method to the case under consideration is as follows. The iteration in terms
of é'?j, defining the required telluroid points, is started at the corresponding topography points x;; ’U and proceeds
according to Newton’s familiar recurrence relation

0 — ..
ij’z: Xza‘a

ey = &hly— [V(VVlen] )] (VValeh]y) — VV(xi],))
= 5’?]‘2_\[071(57]’2) (v%(sgyz)_gl]) ;

which is subject to the Hessian matrix

3
vile) = vt = —lel [5k 3 ekﬂ |

GM [ M 2]l

As far as the necessary number of iterations is concerned, it can be stated that n = 5 iterations are more than
sufficient to achieve a sub-millimeter accuracy for the gravimetric telluroid.

C-2 Gauss-Legendre quadrature

The contributions [89],[90] SNEEUW 1993,1994 and [29] HIRSCH 1996 of N. Sneeuw and M. Hirsch essentially
provide the background of the algorithm applied throughout this work for the GSHA step. Within his publications,
N. Sneeuw also nicely places the general subject-matter of global spherical harmonic computation (GSHC) in a
historical context. In fact, he traces the beginning of GSHC, in particular of the currently considered two-step
GSHC formalism, back to mathematicians like F. Neumann, cf. [69] NEUMANN 1838, and C.F. Gauss, cf. [13]
GAUss 1839. Accordingly, the GSHA method under investigation is also based on a two-step formulation. In short,
it can be outlined as follows. The first step consists of a Fourier transformation along parallels. The Fast Fourier
Transform (FFT) is feasible since within the transition from continuous to discretized data the orthogonality
of the base functions is preserved. In detail, the trigonometric base functions sine and cosine maintain their
orthogonality property as long as the longitudinal gridding is equiangular, i.e. \; =4i-AX ;i =0,1,...,2K — 1;
AN = %, as already discussed in Section 7-1.1. The second step is devoted to the computation of the spherical
harmonic coefficients from the obtained Fourier coefficients. However, due to the loss of orthogonality of the
Legendre functions at discrete points, complications result in the latitude direction. To overcome this latitudinal
orthogonality problem, F. Neumann devised an exact quadrature method, referred to as second Neumann method,
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Gaussian quadrature or Gauss-Legendre quadrature, which is based on certain quadrature weights to preserve
orthogonality of the Legendre functions in the discrete case. As a consequence thereof, the evaluation points are
fixed but not uniformly distributed. Strictly speaking, as mentioned before, they must be positioned in the roots
of the Legendre polynomial Pk 1(sin¢). Note, that this so-called Gauss-grid, as a matter of fact, deviates only
slightly from the equiangular distribution given along the parallels. The quadrature weights and the roots of the
Legendre polynomial are tabulated for various values of K, see e.g. [56] KRYLOV 1962 or [95] STROUD 1966.

In the following, the formulae associated with the prior considerations are given. Once more, the harmonic analysis
on the sphere S of the boundary values Awv;;, cf. (7.22), by means of the outlined combination of FFT and
Gauss-Legendre quadrature, aims at the determination of the corresponding spherical harmonic coefficients. For
the sake of convenience, the co-latitude 6 is used instead of the latitude ¢ and the identifiers ij, indicating that
in fact discrete samples must be considered, are omitted. Moreover, in contrast to (7.22), the spherical harmonic
coefficients are denoted by Uy; and not by ¢x;. Hence,

[e'S) k
AU(@, )\) = Z Z T)kl}_/kl(@; )\) (Cl)

k=01l=—Fk

applies for boundary values. As is known, the determination of the required coefficients vx; can be achieved by
representing the definition of the coefficients vy, i.e.

_ 1 >
Vgl = —47TR2 Lj A’UYkldS, (02)
as an iterated integral
1 T I coslA
_ _ p* A 2 .
o —47TR2/0 v (cos0) ; U(G,)\){ sin i\ }R sin fdAdf
- L / " Sin 0P (cosh) / 7 Ao, 04 S L g (C.3)
o 47T 0 kt 0 ’ Sinl>\ ’ '

The inner integral

a;(0) 2 cos
= Av(0, ) dX 4
{ b (6) } /0 YN sinin (C4)
is evaluated by the trapezian quadrature rule as follows
2K
a;(0) 1 cosl\;
— =N " Avd, N C.5
{ bi(0) } N; VA Ginn, (€-5)
subject to A; = iF and [ = 0... K. A closer look to the equation (C.5) shows that the quantities a;(f) and b;(6) are
exactly the discrete Fourier coefficients of Av(6,e). This means instead of using the trapezian rule these quantities
can be computed per parallel by the Fourier Transform. Because of the orthogonality properties of the sine and

cosine functions and because of the periodicity of the functions on each parallel, the forward and backward Fourier
transformations can more efficiently be performed by FFT as discussed in the papers of N. Sneeuw.

The remaining outer integral
U = S /Tr sin O Py (cos 6) @ (6) de (C.6)

can be transformed to

S T S a;(arccos x)
gy = E/,l Pkl(:c){ by }daz (C.7)

(arccos x)
and evaluated by a Gaussian quadrature formula

1 & ( )

_ * ap(arccos x;

Ukl = ijpkl(xj) { : ! } (C.8)
=0

b (arccos z;)

with w; and z; being the aforementioned weights and nodes of the Gauss-Legendre quadrature formula. The
(¢ - AN, ¢; = arcsinz;)-grid has been chosen in such a way that the spherical harmonic analysis is exact up to
degree and order K = 767, see also Section 7-1.1. As far as a possible test procedure for the correct numerical
implementation of the GSHA algorithm is concerned, e.g. [29] HIRSCH 1996 can be taken into account.
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