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Zusammenfassung

Die Gravitationsfeldeffekte der topographisch-isostatischen Massen stellen eine wichtige Information des
hochfrequenten Anteils des Gravitationsfeldes dar. In dieser Arbeit werden die physikalisch-mathematischen
Grundlagen der klassischen topographisch-isostatischen Modelle dargestellt. Es werden die verschiedenen
isostatischen Modelle mathematisch formuliert, wobei auf der Modellbildungsseite der Schwerpunkt auf der
sphérischen Approximation liegt und von den Anwendungen die Beobachtungstypen der Flugzeuggravimetrie
und der modernen Satellitenmethoden im Vordergrund stehen. Neben der Darstellung der topographisch-
isostatischen Masseneffekte durch sphérische Volumenintegrale, diskretisiert durch sphérische Volumenele-
mente, werden die Reihendarstellungen nach Kugelflichenfunktionen und nach ortslokalisierenden Basis-
funktionen zugrunde gelegt. Detaillierte Formeln werden fiir den direkten bzw. den sekundéren indirekten
topographischen Effekt in den Schwerewerten und den priméren indirekten Effekt in den Geoidhdhen fiir die
verschiedenen Darstellungen angegeben. Schliesslich werden Formeln fiir die Berechnung der Fernzoneneffekte
der topographisch-isostatischen Massen angegeben. Hierzu wird eine von Molodenskii angegebene Methode
angewendet, die auf der Kugelfunktionsentwicklung der topographisch-isostatischen Massen beruht. Um-
fangreiche Rechenbeispiele vermitteln einen Eindruck von der Grésse und der Verteilung der verschiedenen
Effekte, basierend auf unterschiedlich aufgelosten regionalen und globalen Testgebieten.

Summary

The gravity field effects of the topographic-isostatic masses represent an important information of the high-
frequent part of the gravity field. In this work the physical-mathematical basics of the classical topographic-
isostatic models are presented. These models are formulated mathematically with the emphasis on a spherical
approximation from the modelling point of view and on the observables of airborne gravimetry but also of the
modern satellite techniques from the application point of view. Besides the representation of the topographic-
isostatic mass effects by volume integrals, discretized by spherical volume elements, the representations
by series of spherical harmonics and space localizing base functions are considered. Detailed formulae are
presented for the direct and secondary indirect topographical effect as well as for the primary indirect
topographical effect in the geoid heights for the different representations. Finally, extended test computations
give an impression of the size and distribution of the various effects for regional and global test areas with
different resolutions of the topography.
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1. Introduction

The topographic masses represent an important source of gravity field information especially in the high-
frequency band of the gravity field spectrum, even if the detailed density function inside the topographic
masses is only approximately known. The gravity field effect of the visible topography is partially reduced
by isostatic compensation mechanisms — the net effect of both are nevertheless significant larger and of more
pronounced high-frequent character than the effects of the inhomogeneities inside the crust of the Earth.
With the global detailed digital elevation models of the topography at the continents and of the bathymetry
at the oceans, accessible nowadays, a very important source of gravity field information is available. In this
research, only geodetically relevant aspects are treated, but many of the topics discussed in this work are
important also in structural and exploration geophysics or in geological applications.

In geodesy, the topographic-isostatic masses can be used in a threefold way: (1) the solution of the Laplace
equation within the frame of the geodetic boundary value problem of Stokes requires a mass-free space outside
the boundary surface, the (co-)geoid. This is the reason that the topographic masses have to be removed
or shifted inside the geoid; the effects of this process have to be restored after the solution to reconstitute
the original situation. But also in case of the geodetic boundary value problem according to Molodenskii the
numerical results can be achieved in a simpler and more accurate way by making use of the topographic
information than without it. (2) A rough topography causes strong oscillations in the gravity field functionals,
e.g., gravity anomalies and disturbances, deflections of the vertical or the second derivatives of the gravity
potential. If these functionals can be filtered by the topographic-isostatic masses then the filtered functionals
can be interpolated or extrapolated much easier and more precise than by using the unfiltered quantities.
Because of the fact that the various geodetic applications of gravity require the knowledge of the gravity
field functionals at locations different from the measurement locations the prediction is a frequently applied
procedure. These principle ideas are behind the so-called remove-restore procedure, where the observational
functionals of the gravity field are reduced by the known global gravity field information, based on precise
global gravity field models and the high frequent effects of the topographic-isostatic masses. The resulting
residual gravity field functionals are considerably smoother than before and can be represented by generalized
approximation/prediction techniques such as Least Squares Collocation. (3) The determination of the gravity
field from observations at a certain altitude above sea level, especially at aircraft or satellite altitudes, is an
improperly posed problem in the sense that small changes in the observations at flight level produce large
effects in the gravity field parameters on the Earth’s surface or geoid level. This holds especially for the
high-frequency constituents of the observation spectrum. To prevent the results from unrealistic oscillations
in the parameters, regularization techniques are usually applied in very poorly conditioned cases. Most of
the regularization methods represent a filtering procedure and the filtering property can be controlled by a
regularization parameter. This is critical in those cases where the signal shows similar spectral characteristics
as the observation noise. The topographic-isostatic masses represent a gravity field information, especially in
the high frequency band of the gravity field spectrum, which can be superposed with the measurement noise
in aircraft or satellite altitude. Therefore, it is helpful, if those signal parts are reduced before the downward
continuation and restored afterwards. In this case, it can be assumed that the high-frequency part in the
observations is mainly caused by the observation noise, which can be filtered without loosing gravity field
information.

Because of the local effects of the topographic masses in the gravity field functionals the planar approxima-
tion was frequently applied in the past. In global applications, this approximation cannot be used anymore
(see Novak el al. 2001). Therefore, the very efficient fast Fourier transformation (FFT) techniques will not
be applied for large-scale computations as demonstrated by Schwarz et al. (1990) in case of applications
in airborne gravimetry in this investigation. This holds especially for large-scale regional or even global
applications in case of the processing of observables of the new gravity satellite missions. There are two prin-
cipal possibilities for calculating the effects of the topographic-isostatic masses on gravitational functionals
in spherical approximation: the representation of the topographic masses by any spherical discretisation in
form of spherical compartments (e.g. defined by spherical coordinate lines) and a subsequent integration
(Abd-Elmotaal 1995b, Smith et al. 2001; Tenzer et al. 2003; Heck 2003) or the representation of Newton’s
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integral by a spherical harmonic expansion (e.g., Siinkel 1985; Rummel et al. 1988; Tsoulis 1999a, 2001).
Sjoberg (1998a) implemented the formulae for the exterior Airy-Heiskanen topographic-isostatic gravity po-
tential and the corresponding gravity anomalies. Surface spherical harmonics are base functions with global
support and they are tailored to global computations. This is the reason that usually the gravity potential is
modelled by a spherical harmonic expansion. Nevertheless, the heterogeneity of the gravity field cannot be
properly taken into account with the help of spherical harmonics as base functions with global support. The
maximum degree must be adapted to the roughest gravity field features which are concentrated especially
in the regions with very high mountains. In most of the regions the maximum degree could be much smal-
ler. The representation of gravity field functionals by spherical harmonics is very efficient but limited to an
upper spherical harmonic degree of about 2700 which corresponds to a 4 arc-minute resolution. Beyond this
degree numerical computation problems concerning the stability of the recursive computation of Legendre’s
polynomials occur (see, e.g., Holmes and Featherstone 2002) and increasing of the computational time. It is
preferable to model the gravity field only up to a moderate spherical harmonic degree to represent properly
most of the regions of the Earth; the specific detailed features tailored to the individual gravity field charac-
teristics in areas of rough gravity field signal can be modelled additionally by space localizing base functions
such as spherical spline functions (Freeden et al. 1998) or spherical wavelets (Freeden and Windheuser 1996).
These more sophisticated base functions are applied for the modelling of topographic-isostatic effects for the
first time.

There is a huge list of publications related to the modelling of topographic-isostatic mass effects and the
various computation procedures. The investigations performed thus far are limited to the determination of
the potential or its first derivatives. The effects of the topographic-isostatic masses on the second derivatives
of the gravitational potential of the topographic-isostatic masses, necessary for Satellite Gravity Gradiometry
(SGG) are not treated for the general case. Only the topographic-isostatic effects on the radial component of
the gravitational tensor have been studied by Wild and Heck (2004a) and Heck and Wild (2005). The effects
of topographic-isostatic masses on Satellite-to-Satellite Tracking (SST) data and SGG functionals based on
spherical harmonic series are investigated by Makhloof and Ilk (2004).

In the present research the modelling of topographic-isostatic masses based on different isostatic or com-
pensation models is reviewed and enhanced with respect to different details, then the various computation
techniques are recapitulated and improved with respect to accuracy and additional features. The procedures
are applied to various geodetically important functionals with specific emphasis to the observables of the new
satellite gravity field missions such as GRACE and GOCE. The outcome of this investigation is demonstra-
ted with numerous examples, based on different test regions with varying resolutions of the digital elevation
models.

The second chapter reviews some basic facts important to understand the use of gravity field effects of
topographic-isostatic masses. Newton’s law of universal gravity is recapitulated with extensions to a set of
mass points and to the gravity field of an extended body. Then the concept of the gravitational potential is
reviewed as well as the potentials of a solid body and of a single mass layer. Furthermore, the boundary value
problems of Stokes and Molodenskii are shortly characterized and the computation formulae reviewed. The
different topographic-isostatic effects in Stokes’ problem are specified and the use of topographic-isostatic
effects in the computation of the telluroid or the quasi-geoid, respectively, is summarized. Then the use
of topographic-isostatic effects in airborne gravimetry is sketched as well as applications referring to the
observables of Satellite-to-Satellite Tracking (SST) and Satellite Gravity Gradiometry (SGG).

The third chapter reviews the mass models of the topography of the Earth. The chapter is introduced by
some remarks on the digital terrain and density models. It follows the presentation of the classical isostatic
models by Airy-Heiskanen, Pratt-Hayford, a combined model of both of them and the Vening-Meinesz model.
Additionally, Helmert’s models of mass condensation are reviewed.

The fourth chapter is dedicated to modelling aspects of the topographic-isostatic masses. It is subdivided
in three sections. A first section is dedicated to the direct integration method with subsections related to
the planar approximation, the spherical approximations specified for the topographic masses and the isosta-
tic compensation and condensation masses. A second section treats the representation of the topographic-
isostatic mass effects by series of surface spherical harmonics. In a first subsection the effects of topographic



masses in the observational functionals of satellite geodesy are outlined as well as the effects of the isostatic
masses for the different isostasy models. It follows a subsection about the effects of the condensation masses
in the sense of Helmert’s condensation methods. Another important application of spherical harmonic series
of the topography is the determination of so-called far-zone effects. They are important in those cases where
the integration of the global mass effects shall be restricted to certain caps around the computation point.
Formulae are derived for the direct topographical effects on gravity, the primary indirect topographical effect
on geoid heights and the secondary indirect topographical effect on gravity. In the third section, formulae are
derived for the representation of the topographical effects, based on space localizing base functions — in the
specific case spherical spline functions. In a first subsection, the direct and secondary indirect topographical
effects on gravity are investigated and in a second one the primary indirect topographical effect.

In the fifth chapter various numerical aspects of the determination of the topographic-isostatic mass effects
are investigated. Different test areas are selected such that typical features of these computations can be
demonstrated properly. An important part of this chapter is the investigation of computational aspects
such as the investigation of discretization effects, the investigation of numerical aspects of the expansion of
the topography by spherical harmonics as well as the near and far-zone effects of the topographic-isostatic
masses. Then - as a main part of this dissertation - the effects of the topographic-isostatic masses for various
geodetic functionals at the surface of the Earth and at aeroplane altitudes are investigated as well as the
gravitational effects in satellite applications.

The results of the test computations are reviewed and discussed in the sixzth chapter. The new develop-
ments in this work are summarized and its relevance for airborne gravimetry and gradiometry as well as
for the analysis of the observations of the new gravity satellite missions is outlined. An outlook to further
investigations conclude this chapter.

In the appendiz the formulae for the truncation coefficients for the direct terrain effects based on spherical
harmonics are derived for Helmert’s methods of condensation and for the Airy-Heiskanen model.

Remark:Because of the large number of different quantities used in this work, the notation may vary in the
different chapters and sections.
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2. Topographic masses and the gravity field of the
Earth

This chapter summarizes some basic facts of the Earth’s gravity field and the role of the topographic-isostatic
masses for the determination of the gravity field of the Earth according to the boundary value problems of
Stokes and Molodenskii. The regularizing effect of topographic-isostatic masses is outlined, especially for the
interpolation of gravity values and for the downward continuation of observables at airborne and satellite
altitudes. The role of topographic-isostatic masses in the observables of the Satellite-to-Satellite Tracking
(SST) technique and the Satellite Gravity Gradiometry (SGG) is reviewed. Throughout this chapter, the
Earth is regarded as a rigid body whenever necessary.

2.1 The gravity potential and its derivatives

In this section, we will shortly review Newton’s law of gravitation for two point masses and for an extended
body consisting either of a multiple of point masses or composed by mass elements described by an arbitrary
density function. Then the gravitational potential is introduced from which the force field function of the
gravitational field of a gravitating body can be derived by building the gradient of the gravitational potential.
Besides the source representation of the gravitational potential the representation by a series in terms of
spherical harmonics is given. Apart from the gravitational potential itself the important second derivatives
of the gravitational potential as well as Laplace’s equation are reviewed. Then the basic formulae for the
topographic masses and its isostatic compensation masses are presented. Finally, the gravitational potential
of a single mass layer and its derivatives are summarized, including its jump relations at the layer.

2.1.1 Newton’s law of gravitation

Newton’s law of universal gravitation describes the mutual attraction of gravitating mass points. Due to this
law the attraction force of point mass m; acting onto point mass ms reads (Fig. 2.1),

rs —I

F21 = -G my Mmoo (21)

—2
|rg — 1
where the vectors ry and ry describe the positions of the two point masses m; and msy. The constant G with
the value G = (66724 4) 10~ m3s2kg~! is the universal gravitational constant. Because of the mutual
character of the gravitational force it can be written as well in the form,

rs —Io

F12 =-G mimo (2.2)

3
|1 — 12
The role of the attracting point mass and the attracted one is exchangeable. Newton’s law of universal
gravitation can be formulated also with the help of a force function, describing the force field of the respective
attracting point mass. In this case, we consider the attracting point mass as a source point, written as mg,
so that it holds,

ag (I’) =-Gmg 3 (2.3)
[r —rq|
The attraction force acting on point mass m located at the position r can be expressed as
Fg(r) =mag(r), (2.4)

with the gravitational field strength ag(r) of the gravitational field of mass mg,.
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|

attracted point mass

m

attracting point mass

Fig. 2.1: Newton’s universal law of gravitation, here point mass m; considered as attracting mass and mo as
attracted one

2.1.2 The gravitational field of a solid body

Because of the fact that the force function of a single point point is a vector, the gravitational fields of more
than one point mass can be superimposed by simply adding the individual components,

a(r) = Za (r). (2.5)

Analogously, the gravitational force field function of an extended mass, distributed in a volume described
by a certain density function p(rg) can be derived. The contribution of a mass element dmg to the force
function reads (Fig. 2.2),

r—rq |

da(r):_deQ|r7rQ|3: n

The force function of the gravitational field of the total mass distribution can be derived as integral over
the total volume with dmg = p(rg) dv,

a(r) = —G///p(rQ) |11|3dv. (2.7)

The gravitational force is a conservative force and the gravity field strength can be determined by the gradient
of a scalar function,

a(r) = VV(r), (2.8)

the gravitational potential,

Vir)=G ///p(rQ) |r_1erv =G ///p(rQ) %dv. (2.9)

With the relation,

_ — |
VI =V (ror) = - = (2.10)
[r —rq :
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Fig. 2.2: The gravitational field of an extended mass body

we arrive at the formula for the gravitational force. It should be pointed out that the gravitational potential
can be determined only up to a constant Vj. This constant is set to zero to guarantee regularity at infinity,

lim V (r) = 0. (2.11)

l—o0

The gravitational potential of a solid body can be differentiated arbitrarily often outside the masses. If the
Laplace operator A =V -V is applied onto the potential function,

AV =V (VV) = G///p(rQ) A(1/1) do, (2.12)

then it follows Laplace’s equation because of A (1/1) = 0 for the space outside the masses. Laplace’s equation
reads, written in orthogonal Cartesian coordinates x,y and z,

o’V 0’V 9%V
AV = ox? + Oy? + 022

0. (2.13)

It should be pointed out that the sum of the partials vanish but not the single components, as e.g. in case

of x,
823(;2/1) dsz/// »(ra) (_113+3l_$52) . (2.14)

o =c[l[ra

Corresponding expressions can be derived for the other coordinates y and z. Inside the masses Poisson’s
equation holds instead of the Laplace’s equation,

9V N 0*V N 0%V
C0x? 0 0y 0922

AV (r) = —4nGp(r). (2.15)
By introducing spherical coordinates ¢, A, for the computation point and ¢’, X', 7’ (see Fig. 2.3) for the
source point (location of a mass element) a solution of Laplace’s equation expressed in spherical harmonics
reads,

Vir) = M - (?)nYn (0, A), (2.16)

r
n=0
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with Laplace’ surface spherical harmonics of degree n,

n

o) = o /// () Poleost) p) ds = 3 ((ewmcosmd-+ sy sinm) P (sn2). (2.17)

m=0

The functions P, (sin ) are the fully normalized Legendre functions of degree n and order m. The co-

}\‘r

Fig. 2.3: Spherical coordinates for computation and source point

efficients ¢, Snm represent the fully normalized spherical harmonic coefficients. M is the total mass of
the Earth and R the mean radius of the Earth. If the density function inside the Earth is known, then the
potential coefficients ¢y, Spm can be determined also by the following integrals (with the Kronecker symbol

Som),
e SR o
R TR

2.1.3 The potential of the topographical and compensating masses

(2.18)

Let us start with the gravitational potential induced by the topographic masses above the geoid (Martinec
1998),

t _ p (QDQv)‘Qaf) 24¢d
Vi)l G// / Cretel) e (2.19)

r=rp

with

l:= \/r% + &2 — 2rp€cosp, (2.20)
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and the three dimensional (3-D) density function of the topographic masses, p'(pq,A\qg,&). The quantity
¢ is the geocentric radius of the mass element and do = cos pgdpgdAg the surface element in spherical
coordinates. The geocentric angle ) is the spherical distance between the radius vectors of the computation
point rp(rp, p, A) and the integration point rq(rg, vg, Ag). It is given by

cos 1 = sin g sin g + cos @ cos pg cos(Ag — A). (2.21)

The integration in Eq. (2.19) is performed over the topographic masses bounded by the radius of the geoid
ry and the Earth surface r, + H, where H stands for the topographic (orthometric) heights. It is a well-
known fact that the topographical masses generate a rough gravitational field with an equipotential surface
undulating by hundreds of meters with respect to the level ellipsoid. Since the undulations of the geoid are
significantly smaller, compensation mechanisms of the topographical masses must exist which reduce the
gravitational effects of the topographic masses. These mechanisms are most probably connected with lateral
mass heterogeneities of the crust but also with deep dynamic processes (Matyska 1994). Frequently applied
are more or less idealized compensation models which are described in chapter 3.

The gravitational potential of the compensation masses can be given also by Newton’s integral as follows:

Ve(r) o, —G// / Ap( ‘fcij ZQ :¢) r:rP£2d§da, (2.22)

o &=r

where the integration is performed over all masses for the actual compensation model with the (3-D) density
function Ap'(pq, A\q, &), which indicates the difference between a mean density and the actual density. The
radial integration limits 71, ro indicate the lower and upper bounds of the actual compensation masses and
depend on the applied compensation model (see chapter 3).

2.1.4 The gravitational field of a single mass layer
If the attracting masses are assumed to form a layer, or a coating on a certain closed surface o, with a
thickness approaching to zero, then the surface density reads (Fig. 2.4),

dm
ko = k(rg) = TJQ’ (2.23)

where do is the surface element and k¢ the single layer density. The potential of this surface of masses at a
certain computation point P is given by

r) =G // sz%da, (2.24)

where [ is the distance between the surface element do and the computation point under consideration.

On the surface o the potential V is continuous, but there are discontinuities of the first derivatives depending
on the derivation direction e. The limit of the first derivative approaching from an external point P, to a
point P, at the surface o is called the external derivative (Fig. 2.4),

d—V:— lim G//k@e  do = Va (2.25)

1m
P,—P, de P,—P, de’

and from an internal point P; to a point P, at the surface o the internal derivative,

. 1% B e- el . d%
P}EI}—’C, de Plgnc,G// kQ de (2.26)
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0

dm= kQ ds
‘Q

Fig. 2.4: Potential of a material surface

The derivative at a point P, at the surface o is called the direct derivative,
d(1 / ly e-¢g dv,
= =— kog—s—do =1 —. 2.2
G// G [[ratar= G (2:21)

If the vector n is the outer normal of the surface o at point P, with the surface density k, := kp, in this
point, the external derivative can be written in the form

ooty

and the internal derivative, respectively,

ﬂ

27G kyn - e, (2.28)

av; e- e
= G// kg 2 do +27G ksn - e. (2.29)

The direction derivative of a single layer shows a jump at the layer in the size of

v, _dv,
de de

= —4rGk,n - e, (2.30)

and the direct derivative is the arithmetic mean between external and internal derivatives,

Wy 1 (Ve Vi) _ n-e
%—§<% + %> e —G//kQ l?., do. (2.31)

o
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The potential Vof a single layer is regular at infinity,

lim V (r) =0, (2.32)

l—o00

satisfies everywhere Laplace’s equation,
AV (r) =0, (2.33)

except on o itself, and is continuous everywhere together with all its derivatives.

2.2 The geodetic boundary value problems

2.2.1 Gravitational field and gravity field

The force acting on a test mass at the Earth’s surface is the resultant of the gravitational force and the
centrifugal force of the Earth. The centrifugal force acting on a mass m can be determined as follows:

C = mw?p, (2.34)
with the vector p = (z,y,0) and the Earth’s angular velocity w. Then the total force is given by
G(r) =F(r) + C(r). (2.35)

The first term of Eq. (2.35) is the gravitational force and the second term the centrifugal force which can be
written as follows:

C(r) = mc(r), (2.36)
where c(r) is the centrifugal field strength. It is given by
c(r) = C(r)/m = w’p. (2.37)

The resultant of the gravitational field strength and the centrifugal field strength is the gravity acceleration
or simply the gravity vector,

g(r) = a(r) + ¢(r). (2.38)

The gravity potential is the sum of the gravitational potential and the centrifugal potential,
1
W(r) = V(r) + Z(r) = G/// Paiv + 5 + 7). (2.39)

Since Z is an analytic function, the discontinuities of W are those of V: the second derivatives have jumps
at discontinuities of the density function. Any linear function of the gravity potential can be calculated by
applying the linear operator L as follows:

L(W(r)) = G///L (?)dv 4L (;w2($2 + y2)) . (2.40)

An example of such an operator is the Nabla operator V. When applied to Eq. (2.40) it gives the gravity g:

g(r) = VW = G///V (?) dv + V <;w2(cc2 + y2)) . (2.41)
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Fig. 2.5: Gravity field and normal field

The magnitude g of the vector g is frequently called gravity in the narrower sense.

Again, the potential of the Earth can be introduced using a spherical harmonic expansion as follows (Heis-
kanen and Moritz 1967):

oo n n 2,.2
W(r) = GTM (1 + <Jf) Z (Crum COSMA + S, SINMA) Py, (sin <p)> + w37" (1= Py(sing)), (2.42)
n=2

m=0
with the mass of the Earth M and the mean radius R. The coefficients ¢,u,, Spm are defined in Eq. (2.18).
Applying the Laplace operator to the gravity potential results in,
AW (r) = —47Gp + 22, (2.43)
which is the well-known Poisson’s differential equation. For the space outside the masses it reads,

AW (r) = 2w (2.44)

2.2.2 Normal figure and normal field

For linearization tasks the actual gravity field can be approximated by a model gravity field generated by a
level ellipsoid. This ellipsoid serves as a reference and is also an approximation of the mathematical figure
of the Earth, the geoid or the quasi-geoid. The reference ellipsoid has the same mass M as the actual Earth.
Its center coincides with the center of the Earth and it rotates with the same angular velocity w as the
real Earth. The gravity field generated by this model is fully described by four parameters a, GM, Jo,w, the
defining parameters of a Geodetic Reference System (GRS). Its gravity potential can be expressed as follows:

r

Ur) = GM (1 — Z (g)n Z (), cOSMN + 5., sSin M) Py (sin go)) + w37° (1 — Py(sing)), (2.45)

n=1 m=0

where ¢,,, and s/, are the fully normalized coefficients of the reference ellipsoid and a its equatorial radius
of the reference ellipsoid. It is sufficient to calculate these coeflicients up to degree six or eight as the values
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of higher degree tend to zero (Rapp 1982). Because of its symmetries, the normal potential is described only
by an even degree zonal harmonic expansion. The zonal coefficients can be determined through,

/ In

=—— 2.46
Cno \/m ( )
with the coefficients
2 1 1 2 11
= — 1 - = - = 1 - N 2 24
n=3|r(1-50) - gm(1-2r+ 7). (2.47)
4 1 1 2
e () (- 4) e (a-20))) e
4
Jo = 57 /7(6f —5m), (2.49)
and the flattening f of the reference ellipsoid and the parameter m, defined by
w?a®(1— f)
= 2
m eIl (2.50)
Applying the Nabla operator to the normal gravity potential leads to the normal gravity vector,
VU(r) = 7(r). (2.51)
The application of the Laplace operator yields
AU (r) = 2w (2.52)

Eq. (2.52) represents Poisson’s differential equation for the normal gravity potential in mass free space.

2.2.3 The boundary value problem of Stokes

In case of Stokes” boundary value problem the equipotential surface of the gravity field in sea level, the geoid,
is selected as boundary surface. The points at the geoid are projected onto the reference (level) ellipsoid
along the ellipsoidal normals (Fig. 2.5). The ellipsoidal coordinates, latitude and longitude, of the geoid
points are considered to be known. The vertical distance between two points, the geoid height or undulation
N, is unknown and has to be determined as solution of Stokes’ problem. The reference ellipsoid is a level
ellipsoid, that means, the ellipsoidal surface is an equipotential surface of the normal field as explained in
the last section. The normal figure (ellipsoidal surface) and the normal field are approximations of the geoid
and the gravity field, respectively. The disturbing gravity potential 7" is defined as the difference between
the gravity potential and the normal potential,

T(r)=W(r)—Ulr). (2.53)

The disturbing potential and the geoid height are the unknowns of the boundary value problem of Stokes
while the (scalar) gravity values at the geoid, g = g (P), are considered to be the known (measured) quantities.
The disturbing potential T is regular at infinity and has to be harmonic outside the boundary surface to
fulfil the Laplace equation,

AT(r) =0. (2.54)

This will be achieved by removing all masses outside the geoid; the changes have to be corrected properly as
explained in the following chapters. A linear relation in spherical approximation between the gravity values
at the geoid, gp, and the disturbing potential T', the so-called Fundamental equation of Physical Geodesy
(Fig. 2.6),

aT 2
Ag=agp—~y — ——| — 2T 2.55
9=9pr — 70 orly T Q (2.55)
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with the gravity anomalies Ag. The linearization provides also a relation between the geoid height and the
disturbing potential (Theorem of Bruns),

N=-2 (2.56)

with a mean normal value v (Somigliana 1929).

The solution of the Laplace equation (2.54) with the boundary condition (2.55) is the Stokes formula,

R
T (Ta ' )‘) = TO (’I“, ®, )‘> + Tl (Ta ®, /\) + E // Agl ((plv )‘/) S (T7 w) dS, (257)
with the terms,

R2
TO (Ta ©, /\) = _7 <Agl (@7 )‘)> ) (258)
and
GM
Ti(re,A) = —5-RX1 (0, A), (2.59)

as well as the Stokes-Pizzetti function S (r,1). The quantity (Ag’') is the mean value of the gravity anomalies
over the Earth,

(Ag') = i // Ag' (r,o', \) ds, (2.60)

and X (¢, \) is the Laplace surface spherical harmonic of degree n =1,

X1 (¢, A) = c10C10 (0, A) + c11C11 (9, A) + 511511 (9, A) (2.61)

The Stokes formula reads at the boundary surface, the geoid, in spherical approximation by setting r — R:

\ Earth surface

P(o,\.r)

reference ellipsoid U, geoid W,

Fig. 2.6: Relation between the surface of the Earth, the geoid and the reference ellipsoid

TN =T (Rop ) = To (2) + T1 (0 + 1= [ [ B (&' X) S (Wl i/, X)) ds, (2.62)
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with
GIM
To(p,A) = —5= = —R(Ag (v, ), (2.63)
and
GM . .
Ty (g, A) = N (cospcos A e, +cospsinA e, +sinpe,) - row, (2.64)

where the Stokes-Pizzetti function S (r,1) becomes the Stokes function S (). For the geoid height it follows
according to the Theorem of Bruns,

T (o, A R
NN = TEH Ny o+ e + e [[ a0 ) Swexe N dn e)
Because of the fact that the masses outside the geoid have to be removed or shifted inside the boundary
surface these geoid heights are the heights of a preliminary boundary surface, the co-geoid.

2.2.4 Topographic isostatic effects in Stokes’ boundary value problem

The solution of the boundary value problem of Stokes by solving the Laplace equation requires that the
gravity potential outside the geoid is harmonic. As pointed out already, it is necessary to remove the topo-
graphic masses or shift them inside the boundary surface. Then it is possible to solve the boundary value
problem based on Laplace’s equation. Obviously, the solution has to be corrected afterwards to restore the
original situation, that means, the determination of the geoid inside the masses. Therefore, the reduction
and correction steps require a detailed knowledge of the topographic masses.

The effects of the topographic and the isostatic or condensed masses on the geoid heights are evaluated as
three separate contributions: the direct topographic effect on the gravity, the primary indirect topographic
effect on the geoid and the secondary indirect topographic effect on the gravity (e.g., Novak et al. 2001) in
case of the gravity at the surface of the Earth. For airborne gravimetry where gravity disturbances at flight
level are considered as observations, only the direct and the secondary indirect topographic effects have to
be considered. The harmonized disturbing potential can be determined for any point in space by (Martinec
et al. 1993),

T"(r) = T(r) — 6V (r),

N (2.66)
T (’I“, ¥ )‘) = T(Ta ' A) - 6V(Ta @, )‘)7
with the disturbing potential T' of the Earth’s gravity field, and the direct topographic-isostatic effect on the
gravitational potential 6V (r, ¢, A). The latter one is the difference between the gravitational potential of the
topography V*(r, ¢, \) and the gravitational potential of the isostatic or condensed masses V¢(r, ¢, \),

SV (r,0,A) = VE(r,0,A) = VE(r, 0, A). (2.67)

The spherical coordinates r,p0 and A of the computation point at the surface of the Earth or at airborne
altitude refer to a geocentric coordinate system.

The geoid heights of the co-geoid can be derived by Bruns’ theorem from the harmonized disturbing potential
as solution of the geodetic boundary value problem and a correction term on the co-geoid height, the primary
indirect topographic-isostatic effect PITE(R, o, \),

_T(R,0,\) ThR, p,\) SV (R, p,\) N ThMR, @, \)
Nip: ) = W) w@ e @) T PITER, ¢.3), (2.68)

with the normal gravity 7o(¢p) at the level ellipsoid.
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Fig. 2.7: Flow chart of the geoid determination procedure considering the various topographic-isostatic effects

By applying the negative radial derivative to Eq. (2.66), the corresponding topographical effect on gravity
can be obtained as follows:

LT N) __9T(rp,N) | 93V (1 )

h _ _ .
59 (T7 907 )‘) - 87" - 6’[“ 8’[“ - 59(7’, 907 )‘) + DTE(T‘, Qov )‘)7 (269)

where §g and §¢" are the gravity disturbances of the real gravity field and the harmonized gravity field,
respectively, and DTE(r, ¢, \) is the direct topographic-isostatic effect on gravity. The direct and primary
indirect topographic-isostatic effects given in Eq. (2.68) and Eq. (2.69), respectively, represent the effect of
the topographic and isostatic masses for geoid determinations based on airborne gravity measurements. Since
the gravity disturbances d¢g differ from the gravity anomalies Ag only by the vertical change of normal gravity
along the separation between the actual equipotential surface and the corresponding normal equipotential
surface, the following expression can be obtained for points at the surface of the Earth:

AV (r, p, \)
or(p, A)
=: Ag(r,o,\) + DTE(r,p,\) + SITE(r, p, \).

2
Agh(r.p. ) = Dg(r, o, A) + + =0V (r, 0, 0)

(2.70)
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The second term at the right hand side of Eq. (2.71) represents the direct topographic-isostatic effect on
gravity, DT E(r, ¢, \), and the third term the secondary indirect topographic effect on gravity, SITE(r,p, \).

To determine the geoid, the downward continuation of the gravity anomalies, defined in Eq. (2.71), from the
topography to the geoid has to be performed according to (Novak 2000):

Agh(R,p,\) = Agh(r,p,\) + DAG (¢, \), (2.71)

where DAg" (o, )\) is the downward continuation term. The geoid can be determined by Eq. (2.65). If the
masses of the reference ellipsoid and the Earth are identical and the origin of the terrestrial reference frame
is located at the center of mass of the Earth then the first two terms become zero and the solution reads as
follows,

h __ _ R h
Nt =M=t [[ adtr o (2.72)

here Ny is the harmonized undulation of the co-geoid referred to the reference ellipsoid and S(¢)) the Stokes’
function given by:
1

S() = W — 651n(¢/2) +1—>5cosY — 3costyln (sin(u}/Z) + Sin2(1p/2)). (2.73)

Finally, the geoid heights can be restored by the formula:
N = N" 4+ PITE = N" + §N. (2.74)

The computation steps are shown in the flow chart of Fig. 2.7.

2.2.5 The role of topography in Molodenskii's boundary value problem

With the solution of Stokes’ problem the surface of the Earth can be described mathematically. The geoid,
on the one hand, is determined by the geoid heights referring to the reference ellipsoid and the surface of
the Earth, on the other hand, by the orthometric heights referring to the geoid. But both quantities, geoid
heights and orthometric heights, cannot be determined without hypothesis:

e the gravity values measured at the Earth’s surface have to be reduced down to the geoid which is the
boundary surface of Stokes’” problem. Furthermore the masses outside the geoid, the topographic masses,
have to be removed — otherwise Laplace equation does not hold. To perform these steps rigorously the
density function of the masses must be known which is usually not the case. Therefore, hypotheses of
the density structure of the external masses are necessary.

e to derive orthometric heights of the Earth surface mean values of the gravity along the plumb lines
from the geoid to the Earth’s surface are necessary. Because of the fact that these values cannot be
measured they have to be derived indirectly based on hypotheses of the density structure of the masses
along the plumb lines.

It should be pointed out that the surface of the Earth is described correctly without hypothesis as the sum of
geoid heights and orthometric heights, but the geoid heights and the orthometric heights themselves depend
on the hypothesis about the density function of the topographic masses.

An alternative way to solve this problem is to use the surface of the Earth directly as boundary surface
for the geodetic boundary value problem. This solution has been proposed in the years 1940 to 1950 by
the Russian scientist M.S. Molodenskii. The first English publication appeared in 1962, together with V.F.
Eremeev and M.I. Yurkina (Molodenskii et al. 1962). The advantage of this idea is to avoid any hypothesis in
deriving a solution to the geodetic boundary value problem. The disadvantage is that this solution strategy
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causes much more mathematical problems than in case of the Stokes’ problem. The first obvious difference
is that the boundary surface of Molodenskii’s problem is not an equipotential surface with normals directed
to the gravity vector. Instead the boundary surface is an arbitrary not even continuous function. It is also a
non-linear problem similar to Stokes’ problem, but the linearization causes much more problems because of
the fact that the geoid deviates from the reference ellipsoid only by a maximum of 100 m, while the surface
of the Earth shows ellipsoidal heights of up to approximately 9000 m. Furthermore, Molodenskii’s problem
is not only a free boundary value problem but also a so-called oblique boundary value problem because of
the fact that the gravity vector is usually not orthogonal to the boundary surface.

A consequence of the large deviations of the surface of the Earth (considered as boundary surface) from the
reference ellipsoid is that an approximation of the boundary surface has to be introduced which is closer to
the boundary surface. This approximation is the telluroid, which is referred to the reference ellipsoid by a
type of heights which can be determined without hypothesis, the so-called normal heights. The deviations
of the surface of the Earth and the telluroid, the height anomalies, are in the size of the geoid heights. If
the points of the surface of the Earth are referred to a vertical reference surface by the normal heights —
similar to the geoid in case of orthometric heights — then one arrives at the quasi geoid which coincides
approximately with the geoid (Fig. 2.10). In the following, we will only give the solution of Molodenskii’s

Earth surface gravity normal at the surface point £: 1, ellipsoid normal

normal of the normal
field at point O: n,

S~

height anomaly ¢

gravity field
W, = const

normal height A

normal field

U, = const

B,=B,
reference ellipsoid telluroid

Fig. 2.8: Relation between the surface of the Earth, the telluroid and the reference ellipsoid
boundary value problem in form of the so-called Molodenskii series where the first approximation is identical

with the solution of Stokes problem with a slightly different definition of the gravity anomalies used in the
solutions (Heiskanen and Moritz 1967; Klees 1992; Lehmann 1994),

T = i T,, (2.75)

n=0

with

T, = 4£ // GnS (¥)do for n=0,1. (2.76)
7r
and

R R2 (h - hp)2
— - -~ > 2. .
Ty 1 //Go S () do 1 // E Gp—odo for n>2 (2.77)
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The functions G,, can be determined by the following formulae,
Gy = Ag, (2.78)

with the surface gravity anomalies Ag = gp — 7¢ and

2
h
=1 //h L Godo, (2.79)

o
2 h—h
G2 = i // PGldO' 4+ G() tan ﬂ, (280)
2m 3
2 2
G3 = ?// h— 7 hPG2d0+G1 tan® 3 — ﬁ/‘/ (h = hP Godo, (2.81)
m 0

g

where (3 is the maximum inclination of the terrain, hp the ellipsoidal height of the computation point and h
the ellipsoidal height of the integration point (for the notation refer also to Moritz 1965, 1980).

The height anomalies can be derived subsequently by applying Bruns’ theorem
(=—. (2.82)

The first two terms of the series Eq. (2.75) represent an approximation of the solution of Molodenskii’s
problem which is sufficient for many applications. The disturbance potential reads,

TrTy+T) = g// (Ag+Gh) S (1) do, (2.83)

which can be used to derive the height anomalies again by Bruns’ theorem,

R R
Cz(o—kg“l:m//AgS(z/))da—i—m//GlS(w)da. (2.84)

The term G; can be considered as terrain correction with constant density (Moritz 1968),

fG RQ// (h = hP o. (2.85)

The solution of the boundary value problem of Molodenskii does not need any assumptions about the density
of the topography and the crust as it depends on the free-air anomalies at the surface of the Earth. But it
is known that the free-air anomalies are small and strongly dependent on the roughness of the topography,
so that their interpolation is very inaccurate (Heiskanen and Moritz 1967). Therefore, it is preferable also
in case of Molodenskii’s boundary value problem to make use of the well-known advantages of the Bouguer
and isostatic anomalies. These anomalies are smoother and more representative than the free air anomalies
and can be interpolated more easily and more accurately.

To take the effect of the topographic-isostatic masses into account, we start with Eq. (2.66) as it represents
the disturbing potential by removing the topographic-isotatic masses as follows:

T (rp,0,A) =T (rp, 0, A) — 0V (rp,p, \). (2.86)

With these reductions the disturbing potential will be smoother than the original one; therefore we call it
reqularized disturbance potential T". In this case, the physical surface of the Earth will remain unchanged,
but the telluroid will change, because its points ) are defined by Ug = Wp, and the potential W at any point
P will be affected by the removing of the topographic masses. The height anomaly difference ¢ between
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Fig. 2.9: Flow chart of the telluroid determination procedure considering the various topographic-isostatic
effects

the original telluroid and the regularized telluroid according to Bruns’ theorem is given by (Heiskanen and
Moritz 1967),

)
=C-¢ = 7‘/ (2.87)

where « is the normal gravity on the telluroid. In this case the regularized gravity anomalies at the surface
of the Earth will be given by:

Ag'=Ag—dg — %5‘/ =Ag+ DTE + SITE. (2.88)

The second term in the right hand side of Eq. (2.88) represents the direct topographical effect on gravity and
the third term the secondary indirect topographical effect on gravity, both analogously to Eq. (2.70). After
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that the regularized height anomalies (" are computed from the regularized gravity anomalies Ag" by the
solution of Molodenskii’s problem according to Eq. (2.82) or approximately by Eq. (2.84),

C"z%//AgTS(w) ch—%//GlS(w do. (2.89)

Finally, the original height anomalies ¢ are obtained by considering the indirect effect by inserting §¢ accor-
ding to Eq. (2.87):

¢=(C"+4. (2.90)
The computation steps are shown in the flow chart of Fig. 2.9.

If the geoid heights are required, instead of height anomalies, the following equation can be used (Heiskanen
and Moritz 1967),

(]
N = (T H. (2.91)

where g is the mean gravity along the plumb line between the geoid and the ground and %4 the mean normal
gravity along the normal plumb line between the ellipsoid and the telluroid and the orthometric height F©.
The term g — 7 is approximately equal to the Bouguer anomaly, and Eq. (2.91) can be transformed to the
following equation:
o

Ninmeters = ¢ + A9pin GalsHin lem- (2.92)
But it is shown that using only the Bouguer anomalies brings some errors in calculating the geoid heights,
because the value of the mean gravity g depends on the density of the topographic masses and maybe also
on the density of the crust, mantle and core of the Earth (see, e.g., Tenzer et al. 2005).

ellipsoid
geoid
quasi geoid

Earth surface

Fig. 2.10: Telluroid before and after the reduction of the topographic masses

2.3 Topographic-isostatic effects in airborne gravimetry

Airborne gravimetry is a fast and accurate gravity measurement technique to derive high resolution geoids
in not easily accessible regions. Under optimal conditions the measurement accuracy varies around 1 to
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2 mGal for a spatial resolution of approximately 2 km. The downward continuation of these observations
requires a filtering of the observables to reduce the intrinsic instabilities. To ease the downward continuation
of filtered data from aircraft altitude down to sea level, it is helpful to additionally apply a remove-restore
technique (Forsberg and Tscherning 1997) based on gravity field information provided by the topographic-
isostatic masses. The effects of the topographic-isostatic masses on the geoid heights from airborne gravity
are evaluated as two separate contributions: the direct topographical effect on the gravity (DTFE) and the
(primary) indirect topographical effect on the geoid (PITE) (Novak et al. 2001).

The observables of airborne gravimetry are gravity disturbances at aircraft altitude. They are defined as
differences between the actual gravity and the normal gravity at the same point. If the gravity disturbances
on the reference ellipsoid are given and the disturbing potential is required in the space outside the masses,
then we have to solve a geodetic boundary value problem of the second kind or a so-called Neumann problem.
In this case, the Laplace equation for the disturbing potential,

AT =0, (2.93)
has to be solved, satisfying the following boundary condition (defined on the reference ellipsoid),

orT

5g:9p—7P=—677

where n is the ellipsoidal normal and g, and yp the actual and normal gravity at the boundary surface. In
case of a spherical approximation Eq. (2.94) can be simplified as

or
09 =gp — P = o (2.95)

(2.94)

The solution of the Neumann problem in this case is given by (e.g., Hotine 1969; Novak et al. 2000):
R —|— hy

T(p, ) = / 59 H() dy, (2.96)

where H (%) is the Hotine function and hy is the height of the aircraft. It can be given as a closed formula
as follows (Hotine 1969):

H@) = Z;) ((2:_:—11))Pn(cos 1) = cosec (1/2¢) + In (1 + cosec (1/2¢))). (2.97)

This equation includes the zero and the first order terms of the spherical harmonic expansion of the disturbing
potential. If the mass of the Earth is assumed to be equal to the mass of the reference ellipsoid and the center
of the Earth is assumed to coincide with the origin of the reference system, then Hotine’s function can be
simplified as following:

Z 2::—11 ) (costp) = cosec (1/24)) + In (1 4 cosec (1/2¢)) — 1 — (3/2) cos . (2.98)

If we want to remove the topographic-isostatic masses then we have to follow, in principle, the procedure
described in Fig. 2.7. The observations dg have to be corrected by the DTFE at aircraft altitude to get the
harmonized gravity disturbance at aircraft altitude,

6g" =69 — DTE (R + D, p,\) (2.99)
with
OT"(R+ D, ¢, \)
h _ ¥ 2.1
og o ) (2.100)
T D
5g = OT(R+ D, p, N\ (2.101)

or ’
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t c
DTE(R+ D,p,A) := M _ %L - %L, (2.102)
7 r—RAD r r

where 8V (1, ¢, A) is the difference between the gravitational potential of the topography V* and the gravita-
tional potential of the isostatic or condensed topographic masses, V. In the following step, the harmonized
gravity disturbances at aircraft altitude have to be downward continued to the boundary surface,

sgt — gl (2.103)

Then the Hotine integral is applied to give the co-geoid as follows:

R
N"(p,A) = E//f?g?H(@b)dw- (2.104)
Finally, the primary indirect topographical effects are added to give the geoid heights,
N(p,\) = N"(p,\) + PITE, (2.105)
with
)
PITE = —V (2.106)
Y

2.4 Topographic-isostatic mass effects in satellite application

The dedicated satellite gravity missions CHAMP (Reigber et al. 1999) and GRACE (Tapley et al. 2004) as
well as ESA’s GOCE mission, to be launched in 2007, (ESA 1999) will improve our knowledge of the Earth’s
gravity field in the long, medium and short wavelength ranges. The novel measurement techniques are
Satellite-to-Satellite Tracking (SST) either in the high-low, the low-low or the Precise Orbit Determination
(POD) mode and Satellite Gravity Gradiometry (SGG), respectively. After an operational period of only a
few months after its launch in July 2000, a global gravity field model has been generated from the CHAMP
GPS-SST data, which recovers the long- to medium-wavelength part of the gravity field by one order of
magnitude more accurate than during the last decades of classical satellite geodesy (Reigber et al. 2002).
As a result of ultra-precise ranging between satellites, a further breakthrough in accuracy and resolution
has been achieved with the gravity field models derived from data generated by the twin-satellite mission
GRACE, launched in 2002 (Mayer-Giirr et al. 2006). Meanwhile, monthly snapshots of the gravity field have
been computed, allowing for the first time the resolution of temporal variations over a wide spatial and
temporal spectrum.

The innovative character of these missions consists in the more or less complete coverage with observations by
the Global Positioning System (GPS) and the continuous very precise line-of-sight range-rate measurements
by GRACE, as well as the measurement of the gravity gradients by a three-dimensional gravity gradiometer
without interruption in the case of GOCE. To prevent the observations from non-gravitational constituents,
the surface forces are either measured and considered in a pre-processing step or will be compensated by a
drag-free control system directly, as in case of GOCE.

2.4.1 Improperly posed problems in satellite geodesy

A critical point of the determination of gravity field parameters from observations at satellite altitude is the
downward continuation of the high-precise SST data and the SGG observations. It is well-known that these
gravity field recovery problems are improperly posed problems, that means, small changes in the observations
produce large effects in the solutions. These problems usually require a proper regularization to receive stable
recovery results. The basic principle behind regularization, e.g., in case of Tichnov’s regularization method,
is a balancing procedure between observation noise and unknowns. Regularization of unstable problems is
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especially critical in those cases where the noise is intermingled with the signal content in the observations.
Some contributions of the gravity signal are well known a-priori. Therefore, it is advantageous if those signal
parts are reduced prior to the downward continuation and restored after the recovery procedure. In this case,
we can anticipate that the high frequent part in the observations is mainly caused by the observation noise
which can be filtered without loosing gravity field signals.

One important source of high frequent signal constituents in the satellite observations is caused by the
topographical masses and its isostatic compensation. Nowadays, very precise digital elevation models (DEM)
of land and sea (bathymetry) are available. The effects of the topographic-isostatic masses on the gravity
field determinations from the new in-situ satellite gravity missions are evaluated also in this case as two
separate contributions: the direct topographical effect on the gravity (DTE) and the (primary) indirect
topographical effect on the geoid (PITE). The application of the direct topographic-isostatic effects on
the observables at satellite altitude acts as a smoothing of the observations which simplifies the downward
continuation procedure. Here we give only some basic information of the recovery models — the numerical
effects in satellite altitude will be discussed later.

2.4.2 The use of topographic-isostatic mass effects in the Satellite -to- Satellite Tracking
technique

The mathematical models for global as well as regional gravity field recovery from precise kinematical orbits,
high-low and low-low Satellite-to-Satellite Tracking data is based on the formulation of Newton’s equation of
motion,

F(t) = a(t;r,1; x), (2.107)

as a boundary value problem,

r(t) =1 —7)rg +7rg — T2 / K (r,7') a(t;r,t,x) dr’ (2.108)

7'=0
with the integral kernel,
Krey=] 7T =T (2.100)
hT= T(1-7), <7, ’
the normalized time variable,

t—t
= TA with T =tp —ta, t € [ta,tg), (2.110)

and the boundary values
rg:=r(ta), rp:=r(tp), ta<tp. (2.111)
The specific force function in Eq. (2.108) with the unknown parameters x can be separated as follows,
a(t;r,i;x) = aq(t;r, ) + VV (6 1;%0) + VI (¢ r; Ax). (2.112)

The quantity ay is a disturbance part, which represents the non-conservative disturbing forces, VV is a
reference part, representing the long wavelength gravity field features xg and VT is an anomalous part,
modelling the high frequent refinements Ax to the low frequent gravity field parameters x, of the global
model.

In case of the analysis of precisely determined kinematical orbits according to the POD technique the Eq.
(2.108) together with Eq. (2.112) represents the physical model. It has to be supplied by a properly selected
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stochastic model, where both models together build the mathematical model to determine corrections to the
field parameters. This model has been successfully applied for the determination of the gravity field model
ITG-Champ01 (details can be found in Mayer-Giirr et al. 2005).

If precise intersatellite functionals such as line-of-sight measurements between two satellites, following each
other on the same orbit are available, as in case of the GRACE mission, the mathematical model for range
observations can be derived by projecting the relative vector to the line-of-sight connection,

p(1) = e12(7) - (r2(7) —11(7)). (2.113)

Analog formulae can be derived for range-rates and range accelerations. The quantity e;s is the unit vector
of the line-of-sight direction of the two GRACE satellites with the positions ri(7) and ry(7). This vector is
known with high accuracy, assuming that the satellite positions are measured with an accuracy of a few cm
and taking into account the distance of approximately 200km between the two satellites. Nevertheless, this
accuracy is not adequate to the extremely high accuracy of the range measurements in the size of some pm.
Therefore, a model refinement is necessary which improves implicitly also the relative orbit. The arcs of the
satellites are fitted to the observables such that the unknown gravity field parameters are solved for while
the quadratic norm of the observation residuals is minimized. To end up with a stable solution, a regularized
solver of Tichnov type has to be applied, where the regularization parameter is preferably computed according
to the variance component estimation procedure due to Koch and Kusche (2003). Further details to the
physical model of the gravity field recovery technique based on GRACE low-low SST data can be found also
in Mayer-Giirr (2006) and in Mayer-Giirr et al. (2006).

2.4.3 The use of topographic-isostatic mass effects in Satellite Gravity Gradiometry

GOCE (Gravity Field and Steady-State Ocean Circulation Explorer) has the potential of deriving the global
gravity field with unprecedented accuracy in the high resolution spectral part. The usual way is to model the
gravity field by spherical harmonics. A disadvantage of this kind of gravity field representation is the lack of
flexibility in modelling the inhomogeneous gravity field features in specific regions. An alternative approach is
to determine a global gravity field solution, based on GRACE SST observations up to a moderate degree and
improve this global solution in selected regions by an adapted regional recovery procedure. The individual
gravity field features in these regions can be modelled by space localizing base functions such as spherical
spline functions. The advantage of this method is the possibility of adjusting the spline representation and
the recovery procedure according to the regional gravity field structures and the specific data distribution. In
the present case, the consideration of topographic-isostatic effects as discussed above is even more important
than in case of SST because of the higher satellite altitudes of the latter one.

The observations of the GOCE gradiometer are the second derivatives of the gravitational potential VVV (P).
They are observed along the satellite orbit at a regular sampling rate. Every observation constitutes an
observation equation if the gravity field is parameterized, adapted to the specific task. The parameterization
of the potential is performed in terms of spherical harmonics for the global solution, in case of a regional
gravity field recovery the potential has to be parameterized by space localizing base functions. It can be
modelled as a sum of base functions as follows:

I
V(rp) = Zai o(rp,rg,) (2.114)
i=1
with the field parameters a; arranged in a column matrix and the base functions,
0o R n+1
o(rp,rq,) =Y kn () P,(rp,rq,). (2.115)
r
n=0
The coefficients k,, are the degree variances of the gravity field spectrum to be determined,
M
kn =Y (Ack, +As),,). (2.116)

m=0
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R is the mean equator radius of the Earth, r the distance of a field point from the geocenter and P, (rp,rg,)
are the Legendre’s polynomials depending on the spherical distance between a field point P and the nodal
points @Q; of the set of base functions. With this definition the base functions can be interpreted as isotropic
and homogeneous harmonic spline functions (Freeden et al. 1998). The nodal points are generated on a grid
by a uniform subdivision of an icosahedron of twenty equal-area spherical triangles. In this way the global
pattern of the spline nodal points @; shows approximately uniform nodal point distribution (details can be
found in Eicker et al. 2004).

The observation equation for gradiometer measurements is obtained by differentiating the potential twice:

VVV(P) = Zai VVp(rp,rg). (2.117)

i=1

The observation equations are established for short arcs over the selected regional recovery area, while the
coverage with short arcs should be slightly larger than the recovery region itself to prevent the solution
from geographical truncation effects. Every short arc builds a partial normal equation. To consider different
accuracies of the short arcs these normal equations are combined by estimating a variance factor for every
arc by means of a variance component estimation such as described by Koch and Kusche (2003). In those
cases where a regularization is required, the regularization factor can be determined within the variance
component estimation procedure as well.
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In chapter 2, various geodetic applications are presented which demonstrate the need or at least the usefulness
of considering the effects of topographic-isostatic masses. For this reason, the mass of the Earth must be
modeled in a satisfying way. The topographic-isostatic models with mass density information from geological
and geophysical investigations and orthometric heights from digital terrain models can be used for geodetic
applications. These models have more or less a geophysical meaning. Other models, such as Helmert’s methods
of condensation can be used as purely mathematical approaches to remove the masses outside the geoid and
shift it inside the boundary surface. In this chapter a review of the various topographic-isostatic models
and the different data sets is given which can be used for the geodetic applications of topographic-isostatic
masses as mentioned in chapter 2:

1. digital terrain models (DTM) for modelling the shape of the topography,

2. digital density models (DDM) for modelling the spatial distribution of density in the topography and
deeper masses,

3. isostatic models for analytically modelling the Earth’s outer masses,

4. Helmert’s method of condensation as a simple model to fulfill the assumption of Stokes’ theory.

3.1 Digital terrain model

A digital terrain model (DTM) is a digital representation of the topography of the Earth, that is, by horizontal
coordinates and a numerical description of the topography heights. A large variety of digital terrain models
is currently available. Some DTM’s only contain height information of the solid Earth surface (i.e. land
heights and ocean depths), whereas others also contain information on, for instance, thicknesses of glaciers
and oceanic ice shelves, or lake depths. In this investigation the digital terrain model ETOPO5 with a
resolution of five arc-minutes is used for the satellite applications. ETOPO5 (Earth Topography 5-minute)
is a gridded elevation (land) and bathymetry (sea floor) data set for the entire Earth at a grid spacing of
5 minutes (1/12 of a degree or 300 arcseconds). The entire data set consists of a single file which has 4320
columns and 2160 rows. This data set was compiled using data from many different sources by the National
Geophysical Data Center (NGDC), which is part of the National Oceanic and Atmospheric Administration
(NOAA). Most of the data set dates back to 1988, except for a small area in Canada that was re-gridded
in 1990. Elevation values are stored in a flat binary file (row major, no header) as signed 2-byte integers,
and are available with both the LSB (least significant byte first) and MSB (most significant byte first) byte
orders. The elevation units are meters. This data set provides global coverage and can be obtained free
of charge from NGDC/NOAA. A version with a resolution of two arc-minutes (3.6 km) was published in
2001. Five major data sources were assembled into the ETOPO2 data base: data derived from GLOBE
DEM (Sandwell and Smith 1997), bathymetric data from the Digital Bathymetric Data Base (DBDB),
from the International Bathymetric Chart of the Arctic Ocean (IBCAO) and the Digital Bathymetric Data
Base with a 5 arc-minutes resolution (DBDB5) filling any gaps (Kiamehr and Sojberg 2005). For more
information see: www.ngdc.noaa.gov/mgg/fliers/01mgg04.html. In this investigation, for Earth surface and
airborne applications the numerical tests are based on the high-resolution DTM GEBCO with one arc-
minute resolution (www.ngdc.noaa.gov/mgg/gebco). The GEBCO Digital Atlas project is carried out under
the auspices of the Intergovernmental Oceanographic Commission (IOC) and the International Hydrographic
Organization (IHO). It has been reviewed by the Joint IOC/THO Guiding Committee for GEBCO; a technical
guidance is provided by the GEBCO Sub-Committee on Digital Bathymetry.
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3.2 Digital density models

So far, the actual density of the Earth crust is not known; occasionally density models describe only the
surface densities, derived from geological maps. Therefore, many of the investigations performed in the
past depend on a constant density for the Earth crust. Since the actual density of the topographic masses
may differ by more than 10% from a constant density (Martinec 1993; Tziavos et al. 1996; Pagiatakis and
Armenakis 1998; Kuhn 2000a, b; Huang et al. 2001), the resulting geoid models will contain significant
errors. Therefore, a 3-D digital density model (3-DDM) would be required to give a better modelling of the
topographic masses. But in practice, it is very difficult — if not impossible — to provide such models on a
global scale. On the other hand, 2-DDM are sufficient for many geodetic applications. Nowadays, a 2-DDM
is available for some regions such as for Canada (see, e.g., Pagiatikis and Armenakis 1998). In general, any
reasonable density model will give an improvement by using more realistic gravity reductions for the geoid
determination.

3.3 Isostatic models

One of the first ideas about the equilibrium of the Earth’s outer layers originate from Leonardo da Vinci
(1452-1519). He expressed interesting speculations how the Earth might response to loads on its surface.
Much later, Bouguer in 1749 gave the first experimental proof for the isostasy theory during the expedition
to Quito (South America) in the year 1735 to measure the length of the meridian at the equator to derive
the eccentricity of the ellipsoidal figure of the Earth. He discovered that the attraction effects of the Andes
are by far smaller than it would have been expected because of the huge visible masses. For the explanation
of this phenomena Bouguer and Boscovich (1755) speculated that the mass excess of the mountains might be
compensated in some way by a mass deficiency at depth (Watts 2001). Some decades later, Everest carried
out geodetic measurements in India in the years 1840 to 1859. As part of these measurements he computed
the geodetic position at a number of locations where he had already measured astronomic positions. He found
that for the cities Kaliana and Kalianpur in the Ganges plain the latitude differences between the positions
computed geodetically was 5.24 arc-seconds smaller than those determined astronomically. Everest concluded
that this discrepancy was not caused by the astronomical measurements; they could only be caused by the
geodetic determination of the positions. But Pratt in 1854 and Airy in 1859 disagreed; they explained these
significant differences by their isostatic models that they proposed before. Both came to the conclusion that
the visible topographic masses of the Himalaya must be compensated in some way. This idea was the same
which has been expressed much earlier by Leonardo da Vinci. He had stated that the visible masses must
be in equilibrium with more deep-seated masses (Heiskanen and Vening-Meinesz 1958). The first who used
the term “isostasy” was the American geologist C.E. Dutton (1889) in his article "On Some of the Greater
Problems of Physical Geology”.

For the determination of the gravity field, the following considerations of a compensation mechanism in
the crust by the Bouguer anomalies are important (Heiskanen and Moritz 1967): “One might be inclined to
assume that the topographic masses are simply superposed on an essentially homogeneous crust. If this were
the case, the Bouguer reduction would remove the main irregularities of the gravity field, so that the Bouguer
anomalies would be very small and would fluctuate randomly around zero. However, just the opposite is true.
Bouguer anomalies in mountain areas are systematically negative and may attain large values, increasing in
magnitude on the average by 100 mGals per 1000 meters of elevation. The only explanation possible is that
there is some kind of mass deficiency under the mountains”. This means that the topographic masses are
compensated in some way which has consequences for the roughness of the functionals of the gravity field,
such as gravity anomalies and gravity disturbances as well as deflections of the vertical.

The idea of isostasy consists of the assumption that the topographic masses above the geoid are compensated
by more deep-seated mass distributions. There are two principle concepts, which differ substantially. In the
first concept, which was developed by Pratt, the mountains have risen from the underground somewhat
like a fermenting dough. In the second concept according to Airy, the mountains are floating on a fluid
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lava of higher density, so that the higher the mountains are, the deeper they sinks. In both concepts the
pressure produced by the topographic masses on the compensation surface must be equal to the buoyant
forces produced by the isostatic masses.

Now the question arises which model should preferably be used for the isostatic compensation, especially
for the determination of the gravity field. There are regions in which the concept of Pratt and others in
which the concept of Airy meets the reality better. But there are also areas, in which the simple isostatic
equilibrium as discussed before is disturbed and the isostatic compensation is much more complicated than
in these simplified cases. This can only be decided after a careful analysis of the specific gravity field features
within the various geographical regions of the Earth. Important for the determination of gravity field models
is the fact that the gravity functionals should be smoothed by consideration of the topographic-isostatic
reductions. It shall be pointed out that this demand might be different from the demands of different other
applications. In the following subsections different isostatic models will be discussed.

3.3.1 Airy-Heiskanen model

In 1855 the English astronomer G.B. Airy published his hypothesis of the compensation mechanism of
topographic masses. He assumed that the Earth’s crust in regions with substantial topographic masses such
as mountain chains in the scale of the Himalayas must sink with individual depth into the mantle. The
weight of the topographic masses must be compensated by buoyant forces from below. According to his
hypothesis, these forces result from the immersion of the lighter crust material into the denser mantle. Airy
came already to the conclusion that the compensation can not be purely local and a certain part of the
topography is carried by the resistance of the crust. This idea was enhanced later by Vening Meinesz in his
regional compensation model. The model of Airy was mathematically described in 1924 and 1938 by W.A.
Heiskanen and after that used for the computation of different isostatic corrections. From that time the
isostatic model was called the Airy-Heiskanen Model. It can be applied under the following assumptions:

1. the isostatic compensation takes place completely and locally, i.e. the compensation mass is directly
under the regarded topographic mass and there is no regional emanating effect,

2. the density of the crust is assumed to be 2670 kg/m3. The difference in the density between the crust
and mantle is taken to be 600 kg/m?>.

The choice of the depth of the crust for the entire Earth, T, is extremely difficult (Fig. 3.2, left), since the
crust thickness within the continents varies strongly; Heiskanen suggested a mean value of T=30 km. The
mathematical treatment of this model can be performed by dividing the topographic masses into individual
compartments, for which the hydrostatic balance condition is applied. This means that the pressure exerted
by the weight of the topographic masses must be equal to the pressure produced by the lift forces of the
isostatic masses. Also, the mass equality condition can be used for estimating the roots with thickness ¢
under mountains or anti-roots with thickness ¢ under oceans. In the following, the spherical and planar
approximation will be studied.

Spherical approximation In the following, the geoid used as reference surface for the heights given by
the DTMs is approximated by a geocentric mean sphere of radius R =6371 km (Fig. 3.1). The geocentric
radii of the computation and the integration points are given by adding the DTM heights, interpreted here
as orthometric heights of these points, to the radius of the geocentric sphere, so that the ellipsoidal shape
of the Earth is neglected. The error of this simplification is very small and in the size of approximately one
percent of the total effect (cf. Novak and Grafarend 2005). In spherical approximation, a mass element of
the topographic or compensation masses is called tesseroid. The ideal situation of the Earth can be defined
as follow: below R the density equals the density of the crust p.,., above R the density equals 0.0 and below
(R —T) the density equals the density of the mantle p,,. The mass of the topography in this case is defined
as the sum of all mass deviations (with respect to the ideal situation). The mass of a layered topography can
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Fig. 3.1: Approximation of the geoid by an ellipsoid (left) and a sphere (right)

be defined as the sum of all mass deviations with respect to p... Thus, assuming that a column consists of
several layers with constant densities, the differences of the masses of these layers and the masses with p,,
give the topographic mass of this column (Fig. 3.2, left). The mass of the topography column can be given
by (Classens 2003):

= [ [ wmncas o)

R
with

0 for H; >0

0 for Hy > 0
per  for Hy <0

per for Hy <0 and - pr1 = {

Also, the mass of the root with thickness t or of the anti-root with thickness ¢’ is given in spherical approxi-
mation by

R-T
M§ = / / / Apridrdo, (3.3)
o R—T—t

where Ap is the difference between the density of the mantle p,, and the density of the crust pg,.

The condition of the “equilibrium of masses” between an element of mass at the surface of the Earth and a
mass element at a depth 7" reads in spherical approximation

ML = M§, (3.4)

or

R+H;

S [ o= nengacin - [ R/T Apetdgdo. (35)
=05 o R—T—t

R
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Fig. 3.2: Airy-Heiskanen model, left with constant density; several layers right

If the area elements do are assumed to be equal, Eq. (3.5) can be integrated with respected to r to give the
following equation:

l
P (e~ R = 5P [(R =T = (=T =0)]. 39
=0

This equation can be solved for the root columns ¢ to give

J SR Y~ R (s — i)

t=(R-T)|1—14[1-=2 " TFA : (3.7)

If the density of the topographic masses is assumed to be constant and identical to the density of the crust,
Eq. (3.7) can be simplified for the roots as follows,

R \3/1 (R :RH;):;)_P’ii;] p] (3.8)
and for the anti-roots
t = (R B T) i,/l + [R3 (_R(._R ;)];[’)3] (pcrA_ppw) _ 1] 7 (39)

where p,, is the density of the water.

Eq. (3.8) can be rearranged to give

(1 + Z)S - 1] , (3.10)

t=(R-T)[1- 21—

with

R per

ni= (R—T) Ap (3.11)
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Expanding the term inside the root of Eq. (3.10) into a binomial series,

H\? 3H 3H® H3
1+=) —1|=p(Z= 2+ ) = 3.12
<+R> ] n<R+R2+R3 ) ¢ (3.12)

Eq. (3.10) can be written as

n

t=(R—T) [1-(1-@“)1/3}. (3.13)

Also, expanding the term (1—¢)'/3 in Eq. (3.13) in a binomial series and restricting the series to the quadratic
term gives after some rearrangements
H\?
o= . 3.14
+o(%) .19

R \* per H R\’ per
t=(—=—— H {1+ = - 1
(R—T) Ap +R<(R—T> Ap T
Applying an analogous procedure for the anti-roots, Eq. (3.9) can be approximated as

t,:< R >2<pw—pw>H, 1+§<(RJ_%T)3(””XP’)’“’)—1> +0(I;> (3.15)

R-T Ap
The roots and anti-roots in spherical approximation with constant topographic densities have been derived
also by Heiskanen and Vening Meinesz (1958), Rummel et al. (1988) and Abd-Elmotaal (1991).

A frequently used concept to reduce the several topographic layers to only one layer for reducing CPU time is
the concept of “equivalent rock topography”. In this approach, all layers consisting of material with different
densities are replaced by an equivalent rock layer with the density of the crust p.. and a certain thickness.
The thickness of the equivalent layer H., is determined by assuming the condition that the mass of a column
of equivalent rock layer should be equal to the mass of the original layers in the same column so that it holds
(see Fig. 3.3):

ME=Y" % [(R+ H,)? — R¥|do = ;gQ [(R+ H,y)® — R*] do. (3.16)
=0

Eq. (3.16) can be solved for the quantity H., (rock equivalent topography):

Fig. 3.3: Ideal situation of the topography (left), three layers of topography (middle) and rock equivalent
topography (right)

3R?

pCT

3
H., = [33 + MST] - R. (3.17)
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If the equivalent rock topography is used, the roots can be given in spherical approximation by inserting the
rock equivalent topography in Eq. (3.14):
H.o\?
o(—=%) . 3.18

R 2,0cr H., R 3pcr
teq(R—T) Ap e R <R—T> Ap 1

Planar approximation In case of the planar approximation, the mass of the topography and the com-
pensating masses are given by (Fig. 3.4),

l

=> (p1— prs1)Hido (3.19)
=0

and
ME = Aptdo, (3.20)
respectively. Therefore, the root or anti-root is given by

l

Z — pre1)H (3.21)

i=0

The formulae for the roots and anti-roots in planar approximation and by assuming constant density can

N]
®
®
®

Fig. 3.4: Airy-Heiskanen isostatic model in planar approximation

be given as the limits of the functions in Eq. (3.14) and Eq. (3.15) with R — oo:

R \? per H R\’ per H\’\  per
= i LU VGV Y Y N U R C HA) 2 by 22
RE%O<<R—T) Ap +R<(R—T> Ap T +O<R> Ap (3:22)

()

_ (Per — pw) H.
Also the rock equivalent topography in planar approximation is given by:

~—

Ap

l

ME = "(pi — pis1)Hido = pe, Hegdo, (3.24)
=0
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which follows (assuming also the areas of the elements to be equal):

!
> (pi = pit1)H;

H,, = =0 ) (3.25)
! Per

If the topography has a constant density p., (one layer topography), the rock equivalent topography can be
derived by

land: Heq = H
Per — Pw o (3.26)
Per

lie
q
ocean: Heq —

In this case the roots or anti-roots are given by

teg = 'Z—C;Heq. (3.27)

3.3.2 Pratt-Hayford model

In 1854 J.H. Pratt developed his hypothesis to explain the significant differences in the deflections of the
vertical, computed from the attraction of the topographic masses of the mountains and obtained by astro-
geodetic measurements. In 1859 he published the theory that the topographic masses of the mountains (mass
surplus) are compensated by a mass deficit within the Earth’s crust under the mountains. The mass deficit
extends down to a constant depth into the Earth’s crust. Pratt assumed that the density of the topography
depends on the height above the geoid, so that the density under the mountains is smaller than under the
ocean. Pratt proposed a compensation depth of 100 km for the Himalayan area so that the difference between
the astro-geodetically observed deflections of the vertical and those derived from the topographic-isostatic
masses becomes nearly zero. The depth of the compensation surface coincides approximately with the thick-
ness of the lithosphere of approximately 100 km in the global mean (Kertz 1969). In 1909/1910 Hayford
formulated Pratt’s model mathematically. This isostatic model of the Earth’s crust is well-known afterwards
as the model of Pratt-Hayford. Usually it is applied assuming that

1. the isostatic equilibrium is realized everywhere in the same way, so that the density under the mountains
is smaller than under the flat regions or under the oceans,

2. the compensation masses with laterally varying densities are located below the sea level and reach down
to a depth D (compensation depth) until hydrostatic equilibrium is reached,

3. Hayford modified this model and proposed that the condensation depth D is reckoned from the Earth’s
surface instead from the sea level to end up with simpler computation formulae.

The general mathematical description of the model is based on the principle of hydrostatic equilibrium,
which is reached in a depth D. For the determination of the lateral density variations, the topographic and
isostatic masses are divided also into individual compartments (rock columns). The principle of hydrostatic
balance or the condition of mass equality has the consequence that the pressure exerted on the compensation
surface is identical for every rock column. The density distributions in the different topography columuns, py,
can be determined based on the density of the crust p... In the following the model densities for the rock
columns are derived from the mass equality condition. This condition means that the mass of a column with
a topographic height zero (and therefore a thickness D) is identical to the masses of a column consisting of
the crust column and the layered topography. The gravity forces are assumed identical in each column. This
holds for the spherical as well as for the planar approximation.
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Spherical approximation In the following, the density of the oceans is assumed to be constant. The
density under the geoid at the continental areas can be derived based on the mass equality condition as
follows:

n R i R+H;
| | vecazio= [ [ ougticio sy [[ ] o= priytacio, (3.28)
o R-D v RLD =0’ 4

where D is the Pratt-Hayford compensation depth which is taken to be constant and equal to 100 km
(Heiskanen and Moritz 1967), and py, is the density under continental areas. The densities py and p;y; are
defined in Eq. (3.2). In this case the topographic density is assumed to be known above the geoid and the
density pp will be calculated for the mass column between the geoid and the compensating surface. After
definite integration of Eq. (3.28) it reads:

l
per [(R)* = (R—D)*] = [R* — (R—D)*| pr. +_ (o = pir1) *3””“) [(R+ H;)® - R?]. (3.29)
=0

The density function for the continental areas can be determined by the formulae as follows:
!
3 _ _ D)3 _ (pi—pi+t1) H.)3 — R3
. (B = (R = D)*] per = 33 =g [(R+ Hy)* — B (3.30)
o (R)® — (R— D)? |
If the density of the topography and the crust under the mountains are assumed to be unknown, the condition
of mass equality leads to the formula (Fig. 3.5):

R R+H
per&ldédo = Plana&2dédo. (3.31)
o R—D o R—D

In this case the density pjqnq is calculated for the mass element reaching from the surface of the Earth down

Geoid

Fig. 3.5: Pratt-Hayford compensating model in spherical approximation with constant density

to the compensation depth resulting in

R? — (R— D)

Pland = (R+H)?®— (R— D) Per- (3.32)
Eq. (3.32) can be reformulated to give
ot = R [(1113 AR )li/R>3] e
(3.33)

D 3R%? — 3DR + D?

~ (H+D) |3R2 +3RH — 3RD + H? — HD + D2 |
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By simplification of the term in brackets Eq. (3.33) can be written in the following form (Kuhn 2000a):
D 1 H  2H(H-D)
D+ H Per-

Pland = (3.34)

R + 3 R?
If the topographic masses are considered with lateral variable density p; only (Fig. 3.6), the density for the
column between the geoid and the compensation depth can be determined as follows:

R R R+H
// / perridrdo = // / prridrdo+ // / perdrdo. (3.35)
o R-D D c R

o R
After definite integration Eq. (3.35) can be rearranged as
~ [R*—(R—D)?] per — [(R+ H)* — R*| p,
o [R*— (R = D] |
Eq. (3.36) can be reformulated analogously to Eq. (3.32) to give (Kuhn 2000a),

(3.36)

Fig. 3.6: Pratt-Hayford compensating model in spherical approximation with laterally variable density

o= po = gy |1+ 2 4 D20, (3.37)
The density in ocean areas po can be found assuming a constant water density p,, by the formula
R R—H' R
[ paticao = [ pogacis+ [ putacao, (3.38)
R—D R—D R—H'
or after definitive integration
[R* — (R~ D)*) pev = pu [B® — (R~ H'"] + po (R — H')® — (R~ D)"], (3.30)
which leads to a formula for the column density of the ocean areas
3 3 3 13
ro = e e 340
Eq. (3.40) can be reformulated analogously to Eq. (3.32) to give (Kuhn 2000a):
o — Dper =H'pw [, DH'  (per —pw)  2DH(D = H') (per — pu) (3.41)

D—H Dper — H'py R 3 (Dper — H')  R2
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Planar approximation The principle of hydrostatic equilibrium and of the condition of mass preservation
leads analogously to Eq. (3.28) to the formula:

i=l

do (Dper) = do (Dpr) + Y _ (pi — pit1)Hido. (3.42)
=0

Then the column density in continental areas is given by:

i=l

Dper — > (pi — pit1)Hi

pL = =0 5 . (3.43)

If the density of the topographic masses and the crust are assumed to be unknown (Fig. 3.7), then p;, will

Geoid > P o l___

2 220

Fig. 3.7: Pratt-Hayford compensating model (constant density) in planar approximation

be determined by

D

N |, pyler 44
D a’ (3.44)

Pland =

which follows from the mass equality condition, too. Again, if the density of the topographic masses is
assumed to be laterally variable only, then Eq. (3.43) reads

_ Dpcr _Hpt

PL D (3.45)

In Pratt’s original formulation which was defined only over continental areas, the topographic masses are
considered with the same constant density p., (constant crust density). The density in the continental areas
can be given by (Kuhn 2000a):

D-H
PL = TPCT. (346)

Finally the density under the ocean areas can be determined based on the mass equality condition as follows:

_ Dpc’r - H,pw

T (3.47)

PO

It is preferable in the Pratt-Hayford model to adapt the topographic heights and bathymetric depths from
the DTM directly as absolute values. This means that the concepts of the rock equivalent topography will
not be applied in this investigation (see Tsoulis 1999a; 2001).
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3.3.3 Combined Airy-Pratt model

A disadvantage of the original Airy-Heiskanen model is the fact that the anti-roots in the ocean areas
can attain values which are larger than the thickness of the crust. Obviously, the anti-roots can never
extend the thickness of the crust, i.e. ¢ in Eq. (3.15) can never be larger than T'— H'. This means that H’
must be not larger than approximately 8000 m for the realistic values p = 2670kg / m3, p, = 1027kg / m?,
pm = 3270kg / m?3, R=6371 km and T =30 km. In reality, several deep-sea trenches exceed this value. This
example demonstrates that the Airy-Heiskanen model cannot be correct in these cases. As a way out of this
problem, the anti-roots can either be restricted to the crust boundary or the normal crust thickness 7" has
to be changed. In our study 7' will not be changed to enable comparability on the one hand; on the other
hand, the restriction of the anti-roots to the crust boundary causes some errors in computing the isostatic
effects. Therefore, a combined Airy-Pratt model is applied as a combination of the Airy-Heiskanen model
and the Pratt-Hayford model (Wild and Heck 2004a, b). In this model, the Airy-Heiskanen model is applied
in the land areas and the Pratt-Hayford model in the ocean areas.

3.3.4 Vening-Meinesz model

The well known compensation principle of Airy-Heiskanen postulates an isostatic compensation within each
mass column; there is no dependency between neighbouring columns. This is not true in reality due to
the elasticity of the Earth. Vening-Meinesz modified the Airy floating theory to include also these features
(Vening Meinesz 1931, Vening Meinesz 1939). In his approach, each topographic column of infinitely small
cross section is considered to be compensated by a mass equal to the local compensation of this element but
spreads horizontally according to the curved deformation of the Earth’s crust (Fig. 3.8). He assumed the
crust as a homogenous elastic plate floating on a viscous material. Its deformation can be represented by
the deformation of an infinitely thin plate according to the laws developed within the frame of the elasticity
theory. The bending of the crust plate is described based on elasticity theory (Heiskanen and Moritz 1967;
Landau and Lifshitz 1959; Griininger 1990; Abd-Elmotaal 1995a; Watts 2001). The equation of equilibrium

Fig. 3.8: Local and regional compensation

for a free plate of constant thickness 7" bent by an external force F acting on a point P can be written as
(Courant and Hilbert 1953; Landau and Lifshitz 1959),

DA%z =F, (3.48)
with the two-dimensional Laplace operator A,
02 0?
A=—+ —. 4
922 + By (3.49)

and the downward displacement z. The flexural rigidity of the plate D can be determined by (see, e.g.,
Jeffreys 1976; Banks et al. 1977; Abd-Elmotaal 1995a; Watts 2001)
ET?

e it (3.50)
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where E is Young’s modulus and x Poisson’s ratio.

The bent plate is considered to be floating on a liquid layer (substratum) of higher density p,, (Fig. 3.9). In
this case, a hydrostatic uplift force per unit area equal to gzp,, will act opposite to the external force I’ and
must be subtracted from it. Thus, the equation of equilibrium for a floating bent plate will be given by:

DA%z =F — gz2ppm. (3.51)

This equation was treated for the first time in Hertz (1884) and was also used without derivation in Jeffreys
(1976). To get a horizontal upper surface of the plate, the upper concave surface appearing in Fig. 3.10 must

sea level

Fig. 3.9: Bending of a floating plate

F
sea level

Fig. 3.10: The indirect effect

be filled with mass; this represents the indirect effect (do not mix it up with the indirect effect in case of the
geoid computation). This depression can be considered to be filled up with the same material as the plate.
Then this filling produces a force equal to gzp., per unit area, acting in the same direction as the external
force. Finally, the equation of equilibrium for a floating bent plate will be given by (Abd-Elmotaal 1995a):

DA’z =F — gzpy, + gperz = F — 92(pm — Per)- (3.52)

The solution of Eq. (3.52) can be determined with the help of the Thomson function kei(z) (Markus 1978,
Griininger 1990) as follow:

with

= - and Ap = pm — Per- (3.54)

To simplify the computations, Vening Meinesz (1939) introduced a polynomial function Z(z) in order to
describe the vertical component of the bending by two different polynomials of the form

Z(x) = Z1(x) + Z2(z), (3.55)
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with
Zi(x)=f [cle + coxt + eg2® + 04] : 0<x<2 (3.56)
Zi(x)=f [C5x4 + cex® + 07] ; 0 <2 < rmax (3.57)

_ My, _ 4 D _r

where [ is the degree of regionality which describes the mechanical stiffness of the plate using the flexural
rigidity D (Jeffreys 1976; Banks et al. 1977), f is the maximum downward displacement (Vening Meinesz
1939, P. 5), "maz is the maximum extension of the regional compensation for one single load/relief (Vening
Meinesz 139, p. 713) and m,, is the load generated by the topographic masses. In ocean area, m, denotes the
relief generated by the ocean water mass deficiencies with the density difference (pe — pw ). The coefficient
(¢iyi=1,.....,7) can be found, for example, in Heiskanen and Vening Meinesz (1958), Abd-Elmotaal (1991)
and Abd-Elmotaal (1995a) as shown in Table 3.1.

and

Table 3.1: Polynomial coefficients of the bended curve

Coefficients | Vening Meinesz | Abd-Elmotaal
(Fmaz=2.9051) | ("mae=2.9141)

c1 -0.00913 -0.00925

Ca 0.09906 0.09922

3 -0.35434 -0.34969

4 0.41660 0.40336

cs 0.00275 0.00320

C6 -0.09234 -0.09748

cr 0.58340 0.59664

The difference between the exact solution, given by the elasticity theory, and the approximate solution, given
by Egs. (3.56) and (3.57), can be neglected in all practical cases (Griininger 1990, Abd-Elmotaal 1995a).

For the determining the Vening-Meinesz compensation depths, the mass of the point load m, due to a vertical
column of topography of density p.,, height H and infinity small cross sectional area ds, can be written as:

my = perHds. (3.59)
Thus the bending due to this topographic column will be

Zmy = f(r)perHds. (3.60)
The total bending ¢ due to the entire topographic masses can be given by (Abd-Elmotaal 1995a):

tz,y) = // perH(z',y') f(r)ds, (3.61)

with

for) =z, (3.62)
where ds can be expressed in Cartesian or spherical coordinates as follows:

ds = dzdy, ds = R? cos pdpd)\, (3.63)

and R is the radius of the mean Earth, dp and d\ represent the dimensions of the topographic column in the
latitude and the longitude directions, respectively. The total bending ¢ is closely related to the Moho depth

H,, =T +t, (3.64)
where T is the crustal thickness for a topography with zero heights.
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3.4 Helmert's models of condensation

Helmert proposed the condensation method to remove the topographic masses outside the geoid and condense
them onto a surface as a single layer within the masses. One alternative is to condense the topographic masses
on a surface parallel to the geoid located at a depth of 21 km below the geoid (Helmert 1884). This depth,
corresponding to the difference in the lengths of the equatorial and the minor semi-axes of the Earth ellipsoid,
was chosen in order to shift the topographical masses below a sphere situated completely within the geoid.
This proposal is the so-called Helmert’s first method of condensation. In a second method, the condensation
surface is the geoid itself. There is a large number of publications referred to Helmerts condensation models,
see, e.g., Wichiencharoen (1982); Heck (1992); Martinec et al. (1993); Sjoberg (1994), (1995), (1996a), b;
Martinec and Vanicek (1994a, b); Vani¢ek et al. (1999); Sjoberg and Nahavandchi (1999); Kuhn (2000a), b;
Kuhn (2002); Kuhn (2003). Although Helmert’s second method of condensation cannot adequately describe
the density distribution within the Earth’s crust, it has been applied for practical determination of the geoid.
Its advantage is the very small indirect effect even in case of very high mountains. It is well-known from the
analysis of gravity observations (Kuhn 2000a) that the true gravity field of the Earth contains significant
short wavelengths. These short wavelength constituents are generated by the topographical masses and show
approximately a linear dependency with the topographical heights. Therefore, gravity anomalies computed
from Helmert’s second method of condensation are as rough as free-air anomalies. This is the reason that
the downward continuation of the gravity from the surface of the Earth to the geoid in a rough gravity
field may become dubious. Since the short wave-length components cannot be eliminated by the reduction
procedure of Helmert’s second method of condensation, it is obvious that the reduction model implied by
this method cannot work in a satisfaying way in high-resolution applications (Heck 2003). Although some
authors (e.g., Martinec 1995; Kuhn 2000a) have pointed out that the gravity anomalies related to Helmert’s
second method are strongly correlated with the topographical heights, this model is still widely used in the
determination of the geoid due to their small indirect effect.

In case of Helmert’s first method of condensation, the reduced gravity is rather smooth (Kuhn 2000a),
showing strong similarities to the reduction results by classical isostatic models such as discussed before
(Heck 2003). This model approximates the geophysical reality better than Helmert’s second model. With a
proper selection of Helmert’s condensation depth D; the condensation method can be adjusted to a more
realistic topographic-isostatic reality. This modification of Helmert’s condensation method has been proposed
by Heck (2003) and can be defined as generalized Helmert method of condensation. In the following the single
layer density for spherical and planar approximation will be discussed.

Spherical approximation In Helmert’s methods of condensation, the single-layer density & is a function
of the topographical heights. Using the mass conservation principle, the local single-layer density can be
given in spherical approximation as follows (Fig. 4.8):

kR%Ldo = M, (3.65)

which follows
, R+H;

1l g R
= R/ (pi — pis1)E2dE, (3.66)

where po, piy1 are defined in Eq. (3.2), Rc = R for Helmert’s second method of condensation and Ro =
R — D7 in case of Helmert’s first or generalized method of condensation with Helmert’s condensation depth
D;.

After integration and applying a binomial series expansion, the single-layer density can be given by:

- Snma B e (). (8) 3 (3]

i= =0

(3.67)
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If the topographic masses have a constant density (one layer with density p..), Eq. (3.67) can be simplified

to

HY, (H ? (e ’

R R 3\ R
From the above formulae and from the formulae which will be given in chapter 4 it is shown that the
respective formulae for the generalized Helmert’s model of condensation are much simpler than the isostatic

models (for example the Airy-Heiskanen model). Therefore this model can be considered as a proper method
for downward continuation and related tasks within the frame of geoid determination (Heck 2003).

_ Per p3
k= R?R

(3.68)

The only disadvantage of this generalized method of Helmert is that the indirect effect, primarily due to
non-vanishing components proportional to the topographical height, will be larger than those of Helmert’s
second method of condensation. It has the same order of magnitude as the indirect effects related to the
classical isostatic models (Kuhn 2002).

Planar approximation In case of the planar approximation, the single layer density is given by using Eq.
(3.19) as follows:

l
dok = Z (pz — pi+1)HZ'dO'
=0
l

k= Z (pi - Pi+1)Hi;

=0

(3.69)

and for a constant density or the rock equivalent topographic procedures it follows analogously to Eq. (3.24)

k= por Heg. (3.70)
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4. Computation of the gravitational effects of the
topographic-isostatic masses

The effects of the topographic-isostatic masses can be calculated using analytical, numerical and combination
methods. The numerical and combination methods are preferable in the case of more than one computation
point, especially when the goal is the computation of these effects at the points of a regular grid. The latter
may coincide with the outer boundary of the topographic masses as described by the surface relief or may
be located at a given flight altitude above the terrain for airborne gravimetry. The different demands of
the numerical evaluations depend on the nature of the problem and on the required accuracy level. The
efficiency of the computation methods can be increased by introducing spectral techniques which permit a
fast evaluation of the respective quantities (Tsoulis and Tziavos 2003).

There are various computation methods which are used for calculating the topographic-isostatic effects:

1. direct integration method,

2. Fast Fourier Transform (FFT),
3. spherical harmonic expansion,
4. spline function,

5. combined method.

The FFT method is restricted first of all to planar applications and has been extensively discussed in the past.
In the present applications the focus is on spherical approximations and will, therefore, not be treated here.
Details can be found in various publications (see, e.g., Bracewell 1978; Forsberg 1985; Sideris 1985; Schwarz
et al. 1990; Parker 1995, 1996; Kirby and Featherstone 1999; Smith 2002; Bracewell 1978; Harrison and
Dickinson 1989; Li and Sideris 1994). The singularity at the computation point in the numerical calculation
of FFT was studied by e.g. Martinec et al. (1996), Kirby and Featherstone (1999), Nagy et al. (2000). The
weak singularities in the terrain correction kernel can be avoided using the procedures derived by Nagy
et al. (2000), Tsoulis (1999b) and Klose and Ilk (1993). In the following, the direct integration technique,
the spherical harmonic expansion method as well as the space localizing base function technique will be
discussed in detail. Finally, the combinations of these techniques are proposed, including methods which
allow the determination of the topographic-isostatic far-zone effects using also spherical harmonic expansion.

4.1 Direct integration method

In a flat Earth approximation the integration compartments can be represented by rectangular prisms which
is admissible for small areas only. Nevertheless, this approximation is useful for model studies (Nagy et al.
2000). The use of spherical models requires extensive computational efforts if tesseroids are used or spherical
harmonic series (Papp and Wang 1996). For instance, in order to resolve 1 x 1 km topography information
in spherical geometry, a spherical harmonic expansion up to degree and order 36 000 would be necessary.
Spherical harmonic expansions up to this high degree can not be calculated because of the instability of
the determination of the associated Legendre functions. Therefore, a spherical harmonic expansion of the
topography may not be selected for a very detailed local modeling.
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4.1.1 Gravitational potential and its derivatives modelled by prisms
4.1.1.1 Effect of the topographic and isostatic masses

The determination of the potential as well as its first and second derivatives by using the integration method
based on rectangular prisms has been studied by many authors (e.g., Mader 1951; Nagy 1966; Forsberg
1984). Formulae for the calculation of the derivatives of the potential up to the third order are given by
Mader (1951). Here we give only a short review of the gravitational potential, represented by rectangular
prisms, as well as of its various derivatives. The gravitational potential of a rectangular prism of homogeneous
mass-density p is described by Newton’s integral (e.g., Heiskanen and Moritz 1967):

Ve, =G [[[ @ l(r,quﬂ

where p(Q) is the density of the topographic masses or the density contrast of the topographic masses and
the water masses of the oceans. Because of lack of more detailed knowledge, the density of the topographic
masses is assumed to be constant (see, e.g., Vani¢ek and Kleusberg 1987; Featherstone 1992; Forsberg and
Sideris 1993; Abd-Elmotaal 1999; Smith and Milbert 1999; Featherstone et al. 2001). However, the real
density distribution can differ from this value by 10% or more (see, e.g., Martinec 1993; Tziavos el al. 1996;
Pagiatakis and Armenakis 1998; Kuhn 2000a, b; Huang et al. 2001).

dUQ, (4'1)

r=rp

The point P in Eq.(4.1) is the computation point with the Cartesian coordinates zp, yp, zp and @ (the
center of the prism) represents the source point with the coordinates z’, y’ and 2z’ referring to the same
Cartesian coordinate system (Fig. 4.1). The quantity I(r,r¢q) is the distance between the computation point
and the source point. It is given by the well-known formula,

)y, = V@ =2 + =y + (=2 (4.2)

r=rp
Insertion of Eq. (4.2) into Eq. (4.1) gives

T2 Y2 22
1
‘/t‘r:rp = G///p(Q) dx/dy/dzl. (43)

A Y [T St

r=rp

If the density of the prism for simplicity is assumed to be homogeneous and constant (p.), the integral of

(Xz:YZZ} P(XpYp:Zp)
E |lpa

Qx"y.z")
z IV R e
X /// AX
(XpY 1,24 AY
y

Fig. 4.1: Notation used for the definition of a prism
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the Eq. (4.3) takes the form (Nagy 1966; Nagy et al. 2000):

V =Gpe, ‘(x — ')y —y)In((z = =) +1(r,rq)) + (x — ") (z = 2") In((y — /) + U(r,10)))+
N2 o o
+(y—vy)(z—2)In((z —2") +(r,rq)) — % arctan W— (4.4)
a2 N2 o o Y2 | %2
I N C Rt 0 [ C et B Gl SN C ek 0 (R D)
2 (y —y)l(r,rq) 2 (z =2, 1Q) |,y l21 ]y,
The first derivatives of the potential with respected to z are given by (Nagy 1966):
T2 Y2 z2
z—2)
Gpcr/// lr.rg) da'dy'dz’, (4.5)
1 Y1 21 rere
aV ! ! / /!
- =Gpa| || = 2y — ') + 1, 70)) + (5 — ) (& — &) + 1(x, 7))
22 (4.6)

x40 |Y2

—(z = &) tan [(z — 2')(y — ) /((z = 2)l(r,1q))]

z1
Y1y,

The other two partial derivatives of the potential with respect to x, y can be obtained from Eq. (4.6) by
cyclic permutation

ov ,
O =Gper| | (v =)0z~ )+ 10 x0)) + (2~ ) ((y — o) + Uw,r)))
e (4.7)
—(z —a)tan[(y —¢')(z = 2)/((z = a)i(r,xQ))]| ;
Hyy 21
8‘/ / / / /
5 =G ||| = )l =)+ 1vm0) + (0 = ) In((y o) + 1 70)) -
il (4.8)
—(y =y tan [(z —2")(z = =)/ ((y = ¢)(r;rQ))]|
1 Y1 2
The second derivatives of the potential are given by (ibid.)
oV _ (y—y)(z = &)=
02 = Gpcr farctan< — I)Z(I‘,I‘Q) o, ) (49)
% (x —a')(z — ') 2|2
= Gper| | |- arctan 2= — L AT %) , 4.10
dy? g (y = y)l(r,xQ) lauy, | (4.10)
V. z—a')(y—y') =]
5.2 — Gper| | |— arctan IN(ETQ) o, Zl, (4.11)
82V / xy Y2 =
920y Gper ‘ln z—2")+1(r,rg)) ol , (4.12)
92V oo V2|72
== Gpor ’ln((y v) +1exQ)| iR (4.13)
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T
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From Egs. (4.4) to (4.14), it is easy to realize that these formulae show singularities for special locations of P
(e.g., if P coincides with a prism’s corner or is situated on an edge of the prism); the respective limit values
have been derived by Nagy et al. (2000, 2002). The above relations can be used for calculating the potential
and its first and second derivatives of the topographic masses on or above the surface of the Earth. Since the
prism matches the concept of the DTM, the TC software (Forsberg 1984) for prismatic topographic elements
situated in an intermediate zone can be used after modifying it for calculating different topographic-isostatic
models.

Due to the decrease of the gravitational effects with increasing distance, the complex formula (4.4) can be
substituted by a simpler one for prisms which are located at a large distance from the computation point.
This simpler formula can be derived based on a Taylor expansion of the integration kernel in Eq. (4.1). The
Taylor expansion is fixed at the geometrical centre of the prism. The gravitational potential of the rectangular
prism neglecting terms of order four and higher is given by MacMillan’s (1930) formula (also see Anderson
1976; Forsberg 1984; Heck and Seitz 2006):

1 3($0_x)2_l3 2 3(2/0—31)2—55 2 S(ZO_Z)Q_lg 2
V = Gper AzAyAz | — + 2502 T N2 SO0 Y) TR N2 2RO E) T2y (415
Per ATRYRZ |70+ 2415 v 2413 v 2413 ot (4.15)

where
zo = (1 + 22)/2,

Yo = (y1 +y2)/2, (4.16)
2o = (21 + 22)/2.

and [y denotes the Euclidean distance between the computation point P and the geometrical center (xo, yo, 20)
of the computation prism with Ax = z9 — x1, Ay = yo — y1 and Az = zo — 2z1. The first and higher order
derivatives of the potential can be simply found by differentiation of Eq. (4.15) with respect to x, y and
z. Near the computation point (Egs. 4.4 to 4.14), the flat-topped approximation of the topographic prism
is assumed. This approximation produces some errors for the computation of the gravitational functions. A
better approximation can be supplied by a prism topped by an inclined plane (Koch 1965) or by a bilinear
surface (Smith 2000; Tsoulis et al. 2003). This procedure can be transformed to polyhedral bodies which can
easily be determined by numerical methods (Talwani and Ewing 1960; Paul 1974; Petrovi¢ 1996).

For prisms which are far from the computation point, the curvature of the Earth must be taken into account.
These prisms are inclined with respect to the local vertical and shifted with respect to the horizontal plane
at the computation point, due to the (approximate) sphericity of the Earth. These effects have to be taken
into account for distant prismatic elements (Griininger 1990; Kuhn 2000a; Smith 2000, 2002). Also, due
to the curvature of the Earth, the topocentric Cartesian coordinate systems, according to the direction of
the vertical at the computation point and the edges of the prismatic topographic element, are not parallel.
The transformation between the two systems is visualized in Fig.4.2 where (X,Y, Z) denote the Cartesian
coordinates related to a global terrestrial reference frame and (z,y,z) and (a*,y*, z*) the local Cartesian
coordinates related to the edge system of the prism and the local vertical reference frame at the computation
point P, respectively. The transformation of the first derivatives of the potential known in the edge system
into the local coordinate system at P is given by the respective basis transformation with respect to the
global equatorial system (Heck and Seitz 2006). The direction of the plumbline at the computation point is
defined by the geodetic latitude ¢ and the geodetic longitude A of the point P. The direction of the z-axis
of the edge system is defined by ¢’ and ). The relations between the orthonormal base vectors are given by
(Griininger 1990; Kuhn 2000a; Heck and Seitz 2006)
s

(exa eyan)T = Pl : R2 (5 - 90/) : R3 (A,) : (eXa eYveZ)T? (417)

(e;, e;‘,,eZ)T = P1 . R2 (g — (p) . R3 ()\) . (ex,ey, ez)T, (418)
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X

"(X2Y2.25)

(XpY1,Z4)

X

Fig. 4.2: Transformation between the edge system of the prism and the local vertical system at the compu-
tation point

where Ry and Rj are the rotation matrices for rotations about the y- and z-axis, respectively, while the
reflection matrix Py has to be introduced for the transition between the right-handed global system and
the left-handed local system. In numerical applications, the geodetic latitudes ¢, ¢’ may be replaced by the
geocentric latitudes. From Eqs. (4.17) and (4.18) the formula for the transformation between the edge system
of the prism and the local vertical system at the computation point is given by (Kuhn 2000a):

(v, v5 )T =R, A\, @, N) - (v, vy, 02) 7T, (4.19)

T VY vz

where (v}, vy, v}) and (vg, vy, v,) are the first derivatives of the potential in the edge system and in the local

vertical system at P, respectively. The transformation matrix R(p, A, ¢, \') is given by (ibid.)

s18)(cach + s98h) +c1cy  s1(—cash — sach)  —s1c)(cach + s285) + 1)
R(p, N\, ', N) = sh(s2ch + cosh) So8h + cach ch (—sach + cash) (4.20)
—c18) (cach + s285) + s1¢)  c1(—cash + sach)  c1c)(cach + s285) + 518

with

s1 =sing, S =sinA, ¢ =cosp, 3 =CoS,
sp =sing’, sh=sinN,  =cosy’, ¢, =cos\.

(4.21)

This transformation is carried out for every single prism situated at a large distance from the computation
point P. Also, the second derivatives of the potential can be transformed using the same transformation
matrix given in Eq. (4.20).

The dimensions of the prism have to be derived from the dimensions of a tesseroid. These dimensions can
be determined based on the mass conservation as follows:

Miesseroid = Mprism (422)

which follows

Az = Ar,
Az = RAp, (4.23)
Ay = Rcos pAM.
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For calculating the effects of the topographic masses, the height of the prismatic element is taken to be equal
to the orthometric height of the topography of this element with p equals the density of the masses in case
of land areas. In case of ocean regions the density is taken to be

p(IQv YQ, ZQ) = Pw — Per, (424)

where p., is the density of the crust and p,, the density of the water. For calculating the effects of the
isostatic masses in case of Airy-Heiskanen and Vening Meinesz models, the height of the prismatic element
is taken to be equal to the roots or antiroots of the isostatic masses with density contrast Ap = p,, — per-
In case of the Pratt-Hayford model, the height of the prismatic element is taken to be equal to the height
of the orthometric height of the topography in addition to the Pratt-Hayford compensation depth with the
density contrast as determined in chapter 3 for land and ocean areas.

4.1.1.2 Effect of the condensation masses

For calculating the effect of the condensation masses in the case of Helmert’s methods of condensation using
the prism integration method, Eq. (4.1) will be transformed to the following equation (Smith et al. 2001):

= [
e=re F(r.rg)

with the surface element do =drgdyg and the single layer density kg, which depends on the height and
density of the topography (see chapter 3). If the density of the prism is taken to be constant (p..), the
potential, the first and the second derivatives can be determined as follows (see Fig. 4.3):

dx'dy’, (4.25)
r=rp

(X2¥225) Pxyz)

Zzah

1
1
1
1
|
T

Az %ﬁy’z* /
1

z e ———
X e D x
//
(X1y1,249) AY
y

Fig. 4.3: Notation used for the definition of a condensed prism

Velemr, =GperAz ’(x —2)In((y —y) + I"(r,xq)) + (y — ¥ ) n((z — 2') + 1" (r,xq))—
o |92 (4.26)
— zarctan [(z = 2')(y = ¢)/((z = 20 (© 2 Q) s ||
Hyy
8VC / ’ %\ 7% @y |2
e = Gperdhe| |- awetan (2 — #')(y — ')/ (= — 2wl (4.27)
Hyy
oV 2o Y2
8:190 = GperAz| |In((y —y') + 1" (r,1q)) , (4.28)
o Y1
8‘/0 25 |Y2
= GperAz| |In((z — 2") + 1" (r,1q)) , (4.29)
8y Xy Y1
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9?Ve (z =)y —y) 1 | [
— Gpu A
022 Cper Bz I*(r,rq) ((x — )2 4+ (2 — 2%)? + (y—y)2+ (2 — z*)2> o= |y, (4.30)
62‘/5 (.’E — l'/) z2|Y2
= Grarliz ) 4.31
Ox? P (r,rq)((y — y) + 1(r,rq)) lar |, (4.31)
0%V, (y— ) 2y |V2
= GperA , ]
oy~ P ) (@ — ) + (5, 1)) |, (4.32)
OV, 1 za |V2
8$8y = GpcrAZ m o y17 (433)
82‘/0 (Z - Z*) x5 |Y2
= Gperfiz ; 4.34
920z~ ) (v — ) + (i rg)) |, (4.34)
9*V., (Z — Z*) x5 |Y2
oyoz Gperiiz *(r,rg)((x — 2') + 1*(r,rq)) lar |, (4.35)
where
(r,rg) = (@ — )+ (y — ) + (= — 2)%) /. (4.36)

In our case Az = z5 — 27 is equal to the orthometric height of the prismatic element and z* the vertical
coordinate of the geometrical center of the condensed integration element.

4.1.2 Gravitational potential and its derivatives modelled by tesseroids (using the analy-
tic vertical integration)

Taking the curvature of the Earth into account, a much better level of approximation in the calculation of
the topographic mass effects is obtained. In this case the geoid can be modelled by a sphere of radius R,
coinciding with the mean radius of the Earth. There are two principal possibilities: a representation of the
topography by any spherical discretisation and a subsequent integration (Smith et al. 2001; Tenzer et al.
2003; Heck 2003) or a representation of the topography by a spherical harmonic expansion (see, e.g., Siinkel
1985, 1986; Rummel et al. 1988; Tsoulis 1999a, 2001). In the case of the direct integration method, the weak
singularities are solved numerically by separating the topographic masses in spherical approximation in two
terms: the spherical Bouguer shell and a spherical terrain correction (see, e.g., Novék et al. 2001; Vanicek et
al. 2001; Heck 2003). The effects of the spherical shell on the potential and its first and second derivatives
are studied in many previous investigations such as Wichiencharoen (1982), Blakely (1995), Vanicek et al.
(2001), Tenzer et al. (2003), Vajda et al. (2004a), (2004b) and Vanicek et al. (2004).

4.1.2.1 Effect of the topographic masses

The potential of the topographic masses between the topographic surface S and the sphere of radius R at
the computation point P is given by Newton’s integral in spherical coordinates as follows (Fig. 4.4):

rQ
2
Voo =G [[ | [o@%]  de|a (437)
o R rerp
with
l:=/r2 + €2 — 2r cos 1, (4.38)

the density of the topography p(Q), rq = R + Hg, and the surface element in spherical coordinates
do = cos pgdpqdAg. p(Q) is the density of the spherical integration element; it reads in case of the ocean
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area p(Q) = per — pw- The geocentric angle v is the spherical distance between the radius vectors of the
computation point rp(r, ¢, A) and the integration point rg(rg, ¢q, Ag):

cos 1 = sin psin g + cos ¢ cos g cos(Ag — A), (4.39)

where ¢ and A\ are the geodetic latitude and longitude of the computation point, respectively. Additional
quantities are shown in Fig. 4.4. If the column of topography consists of several layers with different densities
(Fig. 3.2, left), the potential of the topographic masses is given by:

R+H;

i=l 2
il
R

(pi — Pi+1)% d¢ | do, (4.40)
ps 0

r=rp

=

where pg, pi+1 are defined in Eq. (3.2). If the rock equivalent representation is used, Eq. (4.37) is transformed

to
TQ
2
‘/t|r:rp = Gper // / %
o R

The inner integral of Eq. (4.37) can be evaluated by using (Gradshteyn and Ryzhik 1980):

d¢ | do. (4.41)

r=rp

1 r
‘/t|!':rp = §Gp07“ // [FO(vavé.”r:rp]EiRdO’a (442)
with
Fo(r,v,€) = (& + 3rcos)l(r, 4, €) +1r*(3cos™y — 1) In(U(r, 9, ) + & — 7 cos y)) (4.43)

and rp = (R+ Hp,,\). The integration interval in Eq. (4.42) can be separated into two parts, (R, rp/)
and (r,, rg). The quantity rpr = R+ H, denotes the geocentric radius of the surface point P’ € S which
is located under the computation point P (Fig. 4.4). Then the integral of Eq. (4.3) can be given by (Heck
2003):

2 .
2mGper | =(rp —RY)  Vrp=rp | 1 . _

Vil = 7Gp 3(P ) p>Tp +§Gpm~//[7"Ql/*7’P’l+

rp TP(T?D/ - R2) VT'P S Tpr p (4.44)
L 7 _
+3rpcostp(l’ — 1) +r%(3cos? ¢ — 1)1n | = tro - rpcosy do,
l4+rp —rpcosy
with the Euclidean distances as shown in Fig. 4.4 and defined by:

[:=\/r% + 1%, — 2rprp cosi, (4.45)
.= \/7"129 + 718 — 2rproeosi. (4.46)

The first term in Eq. (4.44) is due to the mass of a homogenous spherical shell of thickness Hpr = rpr — R
acting on the gravitational potential at the computation point P. Two cases have to be distinguished: the
point is located either on or outside the topography of the Earth (rp > rp/) or the point is located below
or on the geoid (rp < rp/). The integral term in Eq. (4.44) denotes the influence of the varying terrain
due to rg # rps(terrain correction). The first case (rp > rp/) will be used to determine the effect of the
topographic-isostatic masses at the surface of the Earth or outside at aeroplane or satellite altitude. The
second case of Eq. (4.44) is necessary only for the calculation of the primary indirect topographical effect on
the geoidal height.

The first and second derivatives of the potential of the topographic masses are determined in a tangential
coordinate system. This tangential coordinate system is defined with the z-axis oriented to north, the z-axis
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coinciding with the radius vector and the y-axis oriented to east, completing a left-hand-system (see Fig.
4.5). The first derivatives of the potential of the topographic masses with respect to z can be calculated
using the following formula (Novak et al. 2001):

v, v
0z o’ (4.47)
oV _ 4nGper

8_rt . - ”3; (ry R3 +Gpc’r/ Fi(ro,§l,— r,,)]g s (4.48)
Fi(r,9,€) = ([(62 +3r®) cos p + &r(1 = 6 cos” )] /I(r, &)+ (4.49)

+7(3cos?p — 1) In|€ — rcosyp + I(r, 1, €)|) .

The first derivative of the potential of the topographic masses with respect to x can be calculated as follows
(Tscherning 1976):

oVi 10V 10y 0V,
't = -2t = - 4.50
ox r—rp T Op — racp oY |,._ o ( )
It follows from Eq. (4.37) with Eq. (4.38) according to Fig. 4.5,
TQ
Fi

Ml g // i) do, (4.51)
a"@[i r=rp r=rp | p

computation point

H

Earth surface S

geoid

shell for point P’

geoid o

Fig. 4.4: Geometry of the topography in spherical approximation
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Q‘)\o integration point
— e

Ay =N

€y

Fig. 4.5: Local coordinate system

with
OFy
—— =: F 4.52
aw N 2(T7 w?€>|r:rp ’ ( )
and according to Heiskanen and Moritz (1967),
0
% = —cosag, (4.53)

with the spherical azimuth aq as given by e.g. Heiskanen and Moritz (1967, Eq. 2-212):

cos g sin(Ag — A)

tan g = (4.54)

sin g cos p — cos pg sinpcos (Ag — A)
The integration interval in Eq. (4.51) is again separated into two parts, (R, rp/) and (7,7, 7¢). The first part
represents the effect of the spherical Bouguer shell and is zero for the first derivatives in = and y directions.
Then the second part can be given by:

Vi

o

B = Gper // [Fz(fﬂ/hﬁ)h:rp]:i,d@ (4'55)

with
Fy(r,v,8) = - (7“§2 sing) — r?€ cos (5 — 6 cos® ¥)/ sinep +r?(2 — 3cos® ¥)/siny) /
—U(r,¥,€) = (r*(3/2sin 2¢) In ¢ — 7 cos ¢ +(r, ¥, )])]

The first derivative of the potential of the topographic masses with respect to y can be determined analogously
to Eq. (4.50) resulting in the formula,

(4.56)

ove|  __ L oV __1 %o (4.57)
o/ — ~ rcosp OX r—rp ~ rcosp ON O N ’
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where 0V, /01|
% _
ox
based on the Eq. (4.39) and Eq. (4.54). Eqs. (4.48), (4.50) and (4.57) can be used to study the effects of

the topographic masses on Satellite-to-Satellite Tracking (SST) observations as shown in Makhloof and Tlk
(2004).

is given by Eq. (4.55) and

r=rp

— cos psin ag, (4.58)

The second derivatives of the potential of the topographic masses are important for airborne or Satellite
Gravity Gradiometry. It holds for the radial component, starting from Eq. (4.48):

9%V, 0V,

022 - = o2 r:rpv (4.59)
with

° or F N

r=rp r=rp o r=rp E=rps

and

OFy(r, v, &

% = F3(r, 9,8y (4.61)

r=rp

where F3(r,1),£) can be given after some algebraic operations by:
Fy(r,,€) = ([(€cosyp — 1) (€% +37) cosyp +7€(1 — 6 cos® ¥)) | 172 (r, 9, €)
+ (3cos?h — 1) In |€ — rcosah + 1(r, b, €)| + (4.62)
+ [25 + 61 cos ) — 9¢ cos? w] l_l(r,z/),f)) )

The second derivative of the potential of the topographic masses with respect to x can be given by the
relation (Tscherning 1976),

2 1 1 2
*Vi _1ov; 107V, (4.63)
Ox? | _ . 71O |, 7?0p?
The first term is given by Eq. (4.48) and the second term can be derived starting from Eq. (4.50):
10%, B 1 0%V, 81& Vi O*¢ (4.64)
r2 Qp? o2 O 2 ’ '
with
&y _ sin? ag cot ¢ (4.65)
0p? @ ’ '
by considering Eqgs. (4.53), (4.39) and (4.54). The term
>V, By(r, w o] 1"
907 - = Gper // . do (4.66)
—trP Tp/
follows from Eq. (4.51) with Eq. (4.52) with the relation
Fy(r, ¢, ¢
BULOL L R0, . (467)
aw r=rp
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where Fy(r,1),£) can be expressed after some algebraic operations by:

Fy(r,9,€) = — [3r%(cos 2¢) In € — rcosyp + U(r, 4, §)[] +
+ [r¢ (7“52 sin? ¢y— r2€ cos (5 — 6 cos? ) + r3(2 — 3 cos? V) /l?’(r,l/},ﬁ)] +
+ [(—rfg cos ) + 15r2€ cos? 1 — r2€(5 — 6 cos? )/ sin? ) —
—9r3 cos i) + 13 cos (2 — 3 cos? )/ sin® 77/1) JU(r, 1, 5)] .

The second derivative of the potential of the topographic masses with respect to y, (V;)yy, reads as follows
(Tscherning 1976):

(4.68)

9%V,
oy?

1o
T ror

r=rp

1 9%V,

tan ¢ OV;
r2 cos? p ON? a Do

2 Jy

(4.69)

r=rp r=rp r=rp

The first term of Eq. (4.69) coincides with the first term of Eq. (4.63) and is given by Eq. (4.48) corresponding
to Eq. (4.50) and the second term can be calculated starting from

LV L O (o0 Al (4.70)
r2eos? o N |, r2cos?o | OY? \ OA AP ON2 ’ ’
r=rp
with the first derivative as given in Eq. (4.58) and the second derivative
0? 1
5‘7)\15 = cos® ag cos? pcot ) — 3 sin 2¢ cos ag, (4.71)

again based on Eq. (4.39) and Eq. (4.54).

The derivatives OV, /0 and 8%V, /0v? are given by Eq. (4.55) and Eq. (4.66), respectively. The mixed second
derivatives (V;),, and (V7). read according to Tscherning (1976):

0*V, __lov 1%, (4.72)
00z |,_,., 1200 |y, T OPOT| . '

2 2
0*Vy _ L o 1 oV (4.73)
Yoz |y, r2cosp OX rmrp  TCOSQOTON| _ .

The first term of Eq. (4.72) is given by Eq. (4.50) and the second term can be determined from the following
formula:

LV | 1PV w 10°W

e N T ) M T T M (4.74)
with
86:6‘9/12 N Cer / / % F_J ) do, (4.75)
where
% = Fy(r, e, )]y, - (476)
r=rp

Fs5(r,1,€) can be derived from Eq. (4.56) by differentiating with respect to r and after some rearrangements:

Fy(r,9,€) = [—r&sing(cos (&2 + 3r) + r&(1 = 6 cos® )12 (r, 4, )+
+ (6r&sin2¢) — sin (€2 + 3r?)) I (r, 9, €)—
—3rsin2yIn|€ 4+ 1(r,1, &) — rcos | (4.77)
rsiny(l(r, 9, §) + §)

C032 — .
00006 +E—reosg) e ¥ D)

T
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The first term of the mixed derivatives (V}),. (see Eq. 4.73) reads as shown in Eq. (4.57) and the second
term can be determined as follows:

1 0%V, 1 0V

S oy _ 19
7 cos @ OroA rcose Oroy

L, OA  roroy

7 (4.78)

r=rp r=r

with 82%/8r8w|r:rp as given by Eq. (4.75).

Finally, the mixed second derivative in (V;),, can be derived based on the formula (Tscherning 1976):

9%V, B tanyp OV 1 9%V,
0xdy| . r2cosp ON|._ r2cos 0poN| _
y r=rp 90 r=rp 90 SD r=rp (4'79)
_ tangp % 1 oV,
n T 0y |y, TPCOSQ OPON|_.

The first term at the right hand side of Eq. (4.79) is given by Eq. (4.57) and the second term reads:

1 0%V, B 1 0%V, 0 Oy 0% Vi (4.80)
r2cosp DN |,_,. 12 cosp | OY2 Dp O ey OPONOY | | '
where
v _ sin ag (sin ¢ — cos @ cos ag cot 1) (4.81)

OVy /O as well as 0%V, /01? can be determined using Eq. (4.55) and Eq. (4.66), respectively.

4.1.2.2 Effect of the isostatic masses

In the previous section, the effect of the uncompensated topographic masses has been studied. In the following,
the contributions of the isostatic compensating masses due to different models will be investigated.

Airy-Heiskanen model The topography of height H = 0 corresponds to the normal thickness T" of the
Earth’s crust with the density equal to the density of the topography p. The higher the mountains are, the
deeper they sink (see Fig. 4.6). Thus the thickness of a root column under a mountain column with height
H can be determined by the formulae as given in chapter 3. The potential of the isostatic masses at the
computation point P can be determined in the same way as the potential of the topographic masses, see Eq.

4.37
R-T
52
VI|I’=I’p - GAP// / 7
R-T—tq

d¢ | do, (4.82)

r=rp

o

with the spherical surface element do of a sphere with radius R and the integration variable ¢ and [ due to

:=/r2 4+ — 2rf cosip. (4.83)

The integration interval (R — T —tg, R —T) can be decomposed again into two parts, the terrain correction
(R—T —tg, R—T —tps) and the shell of thickness (R —T — tp/, R —T') where tps is the thickness of the
root or the anti-root under the computation point P or P’, respectively (Fig. 4.6). Then the formula for
the potential of the isostatic compensation masses can be given by a formula similar to Eq. (4.42) with Eq.
(4.43):

_ 4nGAp

r=rp

Vi

(@=17 = @=T =1+ S [[ [Rrw 0l )i 2o 450

3Tp
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computation point P

Earth surface S

shell for point P! ¢

Fig. 4.6: Spherical Airy-Heiskanen topographic-isostatic model

where Ap = p,, — per is the difference between the density of the mantle and the density of the isostatic
compensation masses and Fy(r,1, &) is given by Eq. (4.43). The first term of Eq. (4.84) represents the effect
of the spherical Bouguer shell of the compensating masses for point P..

The first and second derivatives of the potential of the isostatic compensation masses necessary for airborne
vector gravimetry and gradiometry at aeroplane or satellite altitude can be determined using the same
formulae as applied for the determination of the effects of the topographic masses. Only the integration
limits have to be selected properly as illustrated in Fig. 4.6. The radial derivative (V7). (z -direction, see
Fig. 4.5) reads

ovr __4AnGAp
0z N

r=rp

(R0~ (=T~ )] + Gp [ [ (R0, Ol I3y oo, (455)

2
3rp

where Fy(r,1,€) is given by Eq. (4.49). The effects of the compensating masses on the other components of
the first and second derivatives can be determined analogously.

The combined effect of the topographic-isostatic masses on the different gravity functionals is the difference
between the effect of the topographic masses and the effect of the isostatic compensation masses. It reads

e.g.,

Vril = Vi - Vi (4.86)

r=rp r=rp r=rp *

In the previous formulae in spherical approximation the topographic effects are calculated by setting H., for
H. If the density is laterally variable, the thickness of the rock equivalent heights H., can be determined by
the condition that the mass density of an equivalent rock layer is equal to the mass density of the constant
crust (see chapter 3).

All the equations derived for the Airy-Heiskanen model can be used also for the Vening-Meinesz model with
the only difference that the roots and anti-roots are determined according to the equations given in chapter
3 (see, e.g., Abd-Elmotaal 1995a; Vening Meinesz 1939, 1941).

Pratt-Hayford model In case of the Pratt-Hayford model the effect of the topographic masses is calcu-
lated in two parts: one for the land areas and the other for the ocean areas. The same has to be done for the
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effects of the isostatic compensation masses. The second derivative of the effect of the topographic masses
in the radial direction (see Fig. 4.7) reads:
82VtL
022

_=a / / By (1,6l prdo, (4.87)

with the density pr, in land areas (see chapter 3) and the function Fs(r,v,&) as given by Eq. (4.62). If the
density of the topographic masses is known then it can be used instead of py. This formula holds for land
areas, i.e., in those cases where the heights H are positive. In case of ocean areas (with the water density
Pw), that means for negative heights H’, the effects of the topographic masses can be given by

VP o
5.2 = G(per — pw) [Fg(r,¢,£)|r:rP]R do. (4.88)
Z r=rp
The effect of the compensation masses for land areas is given by
0?vE R
022 =G // [FB(T7 ¢7 §>|r:I‘P} R_D(pcr - pL)dUa (489)
r=rp
and for ocean areas by
s =G F i d 4
022 N - [ 3(’/", 1/}7£)|r:I‘P:|R_D (pcr - PO) a, ( 90)
o

where po is the density in the ocean area.

land area L

Earth surface S

ocean area O

geoid G

Fig. 4.7: Spherical Pratt-Hayford topographic-isostatic model

The first and second derivatives of the potential of the topographic-isostatic masses can be determined using
corresponding formulae as used in section 4.1.2.1, but the different cases corresponding to the four integrals
of Eq. (4.87) to Eq. (4.90) have to be distinguished. The concept of a rock equivalent topography will not
be applied in this study. The effect of the tesseroid at the computation point must be calculated separately
using the prism formulae.
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Combined Airy-Pratt model The effects of the topographic-isostatic masses in land areas are calculated
according to the Airy-Heiskanen model and the effects of the topographic-compensation masses in ocean areas
according to the Pratt-Hayford model.

4.1.2.3 Effect of the condensation masses

In Helmert’s methods of condensation, the compensation masses are condensed on a mass layer at a depth
D; below the geoidal sphere (Helmert’s first method of condensation) or on the geoid (Helmert’s second
method of condensation) which provides a simpler integral kernel. The potential of the condensed masses at
the computation point P can be given by (Heiskanen and Moritz 1967):

k
Vi, =G [ 22| R2do, (4.91)
r=rp lc R c

with the spatial distance

lo(r,, Re) = /72 + R2 — 2r R, cos 1), (4.92)

the density of the surface layer kg, and the radius of the condensation sphere R.. In case of Helmert’s first
condensation method or generalized Helmert model of condensation it holds R. = R — D;, and in case
of Helmert’s second condensation method R, = R (see Fig. 4.8). In order to relate the potential of the

computation point

Helmert2: /.

Earth surface S

layer density &,

geoido

Fig. 4.8: Geometry of Helmert’s condensation models

condensed masses to the potential of the topography the layer density kg has to be given as a function of
the topographical heights. It holds in spherical approximation (see chapter 3):

3 3
rQ—R

W. (4.93)

kQ = Per
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By adding and subtracting the density corresponding to the point P’, the integral in Eq. (4.91) can be
written in the following form (Heck 2003):

2
v - inGhpR? 4 GR? // ko—ke |
=re v (r 0 o) oy,
(4.94)
4 3, — R3 k kp
= —WGP(TP ) —|—GR2 // A do.
3r T wa c r=rp

The first term of Eq. (4.94) represents the effect of the condensation layer with the layer density kp,. The
first derivative of the potential of the condensation masses at P, (V.)., with the layer density kp/ can be
determined by differentiation of Eq. (4.94) with respect to r as follows:

V.
0z

o
- or

r=rp

47TG]€p/R2
_ T

_ kQ Ky _ . 2
G// SR (r — Re.cos ) RZdo. (4.95)

r=rp
Inserting the relation

r — R.cosy

1 1 r? — R?
- = c 4.96
B0, Re) |yy, 27 (ur,w, R B9, Rc>> . (4.96)
the formula can be rewritten in the form:
oV, 47erCT(7'P/ — R3)
0z |pep, 3r2 _
(4.97)

do.

o // (rQ ) ( (s s

Following a procedure as applied for the determination of Eq. (4.50) and Eq. (4.57), the first derivatives of
the condensation masses with respect to = and y, (V.), and (V¢),, are given by:

r=rp

Ve _ GPcr rQ — Ti Rersinty 0y

Zis / / ( Bl Re) 9 |y, (1.95)
Ve _ Gper 1 =15\ Rersine

Y |rerp rp cos // ( B(r,v, Re) ON|,_ do. (4.99)

where 91 /0¢ and 0 /ON are given by Eq. (4.53) and Eq. (4.58), respectively.

The second derivatives of the potential of the condensation masses in radial direction, (V.).., can be deter-
mined by differentiating Eq. (4.97) with respect to r and using Eq. (4.96), so that it follows:

02V,
0z2

SWGpCT(TP’ R3)
3r3

fCpe [[ (o) (2 omer (-F) 1
//( > (li’(r,zb,Rc)_3l§(r,¢,Rc)+2lg( ¥, R, )+lc(r,1/),RC)

+

r=rp
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The second derivatives of the potential of the condensation masses in x direction, (V.)zs, can be determined
according to Eq. (4.63) with the first term of this equation as given by Eq. (4.97) and the second term as

given by:
_ .3
_Gpcr // (rQ Tp) [‘Rcsinwrlcf"( ¥ R >82¢+

2
+ (=Rercos 1 (r, 9, Re) + 3Ror® sin® 1% (1,4, Re.)) (W> ‘|

16
7"2 8S02 r=rp

(4.101)

d
%) o

r=rp

based on Eq. (4.64) and Eq. (4.98), where dV;/0¢ and 9%V, /0v? are given by Eq. (4.55) and Eq. (4.66),
respectively. The formula used for calculating the second derivatives with respect to y, (V.)yy, is given by
Eq. (4.69) with the first term given in Eq. (4.97) and the third term in Eq. (4.98). The second term of this
equation can be derived based on Eq. (4.70) and Eq. (4.99) as follows:

R S 2 AT A 1 9V.0%
~ r2cos2p OW? (8>\>

1 0%V, P S *y
r2cos?p O ONZ |, _,

r2cos?p ON* | .,

Gper Té—rg, -3 22 .92 .5 oY 2
= =3 008230 3 [—Rercosl;*(r, 1, Re) + 3Ror? sin® ol ° (r, 1, R.)] N do— (4.102)
r=rp
Gpcr // TQ T?])D/ R.rsin 1/}1 ( w R )8271/} o
12 cos2 g ", fe) 5ya e

where 9t/O\ and 921 /ON? due to Eq. (4.58) and Eq. (4.71), respectively. The mixed second derivatives of
the potential with respect to zz and zy, (V.)z. and (V.)s,y, read as follows:

0%V, _1ove 1 02V,
__love 1 4103
0x0z | _,., T 0P |yerp - 7 0por |, . ( )
2 1 2
0°V, _ tan p OV, i 0°V. (4.104)
020y |,_, 7Oy |y, TECOSQOPON|

The first terms of Eq. (4.103) and Eq. (4.104) are calculated using Eq. (4.98) and Eq. (4.99), respectively.
The second term of Eq. (4.103) can be determined using the following equation:

2 3 _ .3
107V _Gr // "0 7T ) LR, sinb 173 (r, ), Ro)+
rOQOr |, TP 3
o (4.105)
: -5 9
+3Rcrsin nip(r — Recos )~ (r, 1, R.)] 30 do.
QO r=rp

The second term of Eq. (4.104) is given by

1 9%V,
72 cos @ DpOX|,_,

S // (rf? ) ([=Rercosp 173(r,ab, R.) + 3R2r% sin? 415 (r, b, R )]
1 cos 3 © T ¢ Pt ]

do,

oY 81/} R.rsiny 0%
0N D B3(r, ¢, Re) OpOX

(4.106)

where 9/, O /OX and 9?1 /DpdN are given by Eq. (4.53), Eq. (4.58) and Eq. (4.81), respectively. Finally,
the effect of the condensation masses in yz- direction, (V;),., is calculated as follows:

oV, Lov. o, 1 o
Yoz 7 OY |ieyp, TCOSEINIT

(4.107)

)

r=rp r=rp
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with the first term given by Eq. (4.99). The second term can be determined based on Eq. (4.78) as follows:

. T3 — TS ’
- - Cjﬂpw“ // & 3 L [_Rc Sin¢l_3(r7 ’(/)7 Rc)+
r=rp P (4.108)

+3R.r sing(r — Re. cos )l (r, 1, RC)] sin ag ‘r:rp do.

1 0°V.
7 cos @ ONIT

o

4.2 Spherical harmonic expansion

In this section, an algorithm for the computation of the spherical harmonic expansion of the topographic-
isostatic masses from a digital terrain model (DTM) is presented. The method is based on a series expansion
of the inverse distance function — the kernel function of the Newtonian potential. The isostatic compensation
of the topography for different topographic-isostatic models is taken into account. This method is appropriate
especially for satellite applications. For airborne gravimetry and for gravimetry at the Earth surface a method
is presented for the calculation of far-zone effects of the topographic-isostatic masses.

4.2.1 Effects of topographic-isostatic masses in satellite applications
4.2.1.1 The effect of topographic masses

For determining the effect of topographic masses, again we start with the formula for the gravitational
potential of the Earth at any point P on or outside the Earth’s surface as it is given by Newton’s law of
gravitation,

e ff] 22

The distance between the computation point P and the source point @, l|r:rP, is given by Eq. (4.38). The
gravitational potential is harmonic outside the masses and its spherical harmonic expansion is convergent
outside a sphere enclosing the total mass of the Earth (see chapter 2). The series expansion for the inverse
distance | in spherical coordinates can be written as follows (Heiskanen and Moritz 1967, Eq. 1.81):

dv. (4.109)
r=rp

r=rp
Z %Pn(cospr) for rp > ¢
-1 n=0"PF
[leeep] ™ = : (4.110)

> n

p
Z gn%Pn(COSlﬁPQ) for rp <&
n=0

where P, (costpg) are the Legendre polynomials of degree n and 1pg is the spherical distance between the
geocentric direction of points P and ) which can be computed by the spherical angle cosine theorem,

COSYPpg = COS P Cos g + sin psin g cos(A — Ag). (4.111)

Firstly, we refer to a computation point outside the sphere enclosing the total masses of the Earth (for
calculating the effect of topographic and isostatic masses at aeroplane or at satellite altitude). Therefore,
only the first term of Eq. (4.110) is taken into consideration. The second term has been described in Engels
and Grafarend (1993). Applying the addition theorem of the spherical harmonic functions to separate the
coordinate dependencies related to point P from those related to point Q) gives

n

1
1 7;) P (cos0) Py (cosbg)-

Pa(cosvr) = (4.112)

- [cosmAcosmAg + sinmAsinmAg],
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where P,,,, are the fully normalized associated Legendre functions of degree n and order m. Then the inverse
distance can be written as follows (Rummel et al. 1988):

[”r rp - Z /TP 1Y7(le(p)Ynam(Q)a (4113)

n,m,x
with the surface spherical harmonics

Y,2=0 = P™(cos f) cos m,

nm

X (4.114)
Y0t = P (cos 0) sinm.

By substituting Eq. (4.113) with Eq. (4.114) into Eq. (4.109), the gravitational potential can be written as
follows (Tsoulis 1999a):

m=G///ﬁ<@>;§<ri>”wzz

Rn+1 n

Z n+1 Z Z CS"?’

n=0 "P m=0 a=0

(4.115)

with the mass of the Earth M, the mean Earth radius R, the fully normalized spherical harmonic coefficients
C2,, and the density function

Q) = { p(Q) in land areas} . (4.116)

Pw — Per 1D OCEAN areas

Then the potential coefficients of the topographic masses can be given by (Rummel et al. 1988):

et = v | / (%) wevs @ (a.117)

with the total mass of the Earth in spherical approximation,
M = 47pR? /3, (4.118)

where p is the mean density of the Earth . After introducing the volume of the integration element in spherical
coordinates dv = £2dédo, the spherical harmonic coefficients of the potential of the topographic masses can
be written in the following form:

Ao, T 3 1 // T @
= — A Y 4.11

where the surface topography part A7 (Q) in case of topographic masses above the geoid is given by
Ts n+2
@- [ (5) e (1.120)

The quantities r4 and s are the radius of the geoid and the surface of the Earth, respectively. After integration
Eq. (4.120) results in:

A1) = |75 (Q)@)nj _ﬁ(Q)nfi’)[(R)nH (R)n+3]
R r ,T; n+3 . _ R\t (4.121)
ozt (o) (o) ]
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After some algebraic operations Eq. (4.121) can be written in the following form:
2 2
T L rs — R - rg — R n+2 re — R - rg — R
A(Q)p(Q)R<K =) - ()2 (PR -
re = R\*  (ry— R\’ 1 %3 n+3\ [ (re=R\"  [ry—R\"
R R 3=\ k R R ’

(4.122)
Inserting Eq.(4.122) into Eq.(4.119) gives the potential coefficients of the topographic masses as follows:

+

(n+2)(n +1)
- 6

~ 3 n+ 2 (n+1)(n+2) 1 Em+s
a, T - « le% NN T [e% - a
Con CEEEY; {Rlnm —R2; 5 R3y,, + 3 kE:4 i Rky. ¢, (4.123)

with the coefficients

1 re —
14 = — 5
Rl 477_//{( R
o _i s —
Rk"m_lhr// ( R

where N is the geoid heights.

R> B <rg;bR>} Q)Y do = 7// KHQ NQ)} HQY2 do, (4.124)
R>k - (%JQR)’C QYo d"* // KHQR;CNQN AQ)Y,,do, (4.125)

If the geoid is approximated by a sphere with a radius equal to the mean Earth radius, the surface topography
part (Eq. 4.120) will be transformed to:

{=R+Hqg

AT(Q) = / p(Q) (;;) n+2d€7 (4.126)

¢=R

with the topographic or bathymetric height H or H’, respectively. If the topography columns consist of
several layers with constant densities in each layer (see chapter 3), then the surface topography part is
written as:

1 §:R+Hi 2

€ n+2 l §=R+H; € n+
AT(Q) = Z (Pi(Q) — pi+1(Q)) (R> d§ = Z / 9pi(Qs) (R> dg, (4.127)
=0 Jp

i=0 Jp

A

where p;(Q) is the density of every topographic layer; pg, pi+1 are defined in chapter 3. After performing the
integration with respect to &, Eq. (4.127) results in

H  (n+2) (Hi)2+ (n+2)én+1) (Hi>3 N

!
A1(Q) :RZ (Pi(Q) — pi+1(Q))

i=0
n 1 7§’ n—+3 & K
n+3k:4 k R

Insertion of Eq. (4.128) into Eq. (4.119) gives the potential coefficients of the topographic masses in spherical
approximation,

. 3 n+2 (n+1)(n+2) 1 2 /m+3
Ca7T _ hal® ha2 -~ s “ha3® _— E hak® 4.129
nm (27’l T 1)/j { ALy, + B a nm+ 6 Adpm + n+3 £ k ARpym (s ( )

R

R 2
(4.128)
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with the coefficients

hakS,, = - / | i (5:(Q) — 51 (@) (%)kmﬂda (4.130)

If digital density models (DDM) in 2-D are available only (i.e., the density of the topographic masses is
considered to be laterally variable only), then the spherical harmonic potential coefficients of the topographic
masses can be simplified as,

3 n—|—2 (n+1)(n+2) 1 n+3
o, T 1d® 2d% « . oY 131
Cn = 7(2n 07 [h o + h2d;,, —6 h3d,,, + i3 kg . i hkd;,. |, (4.131)

with the coeflicients

hkdﬁm:—// (HQ> H(Q)Y,2 do. (4.132)

To reduce CPU time, in practical application, the topographic heights and bathymetric depths of global
DTMs can be replaced by equivalent rock topography heights (see chapter 3). This simplification entails no
loss of accuracy because the error introduced by the rock equivalent procedure are smaller than 1% (Classens
2003). After using the rock equivalent topography procedure, Eq. (4.129) can be transformed to (Rummel
et al. 1988)

3 per n—|—2 IGESNUES) 1 E/m+3
T _ 12, 2x aASAERENAy AL T I - hk& 4.1
ool = TR {h h ; W3 + k§:4 L) R (4133)

with the expressions

1 H.,\"
Wk = o / / ( Rq> Y2 do. (4.134)

For the effects of the topographic masses at satellite altitude, only the first three terms of Eq. (4.134) are
necessary and the maximum degree can be restricted to 1,4, =360 (see, e.g., Sun 2002; Sun and Sjoberg
2001). For computing the topographic effects at aeroplane altitudes if the heights of the aeroplane are higher
than the maximum height of the topography, the series expansion given in Eq. (4.129) and Eq. (4.133) has
to be extended to higher terms (see, e.g., Sun 2002; Sun and Sjoberg 2001). Finally, for determining the
indirect effect the computation point is taken to be at the geoid. Then convegent expansion of the potential
of the topographic masses for othometric height (in case of land areas) as a series of spherical harmonic reads
(Nahavandchi and Sjoberg 1998):

oS [t 05 () ()

After employing the defination of Eq.(4.112), the potential of the topographic masses in case of land areas
at the geoid is given by:

pn(cosPpq)do. (4.135)
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4.1
2n+1 ’ (4.136)

m=0 a=0

where the expressions hl,.,,, h2,, and h2,,, are computed using heights above the geoid only. The potential
of the topographic masses (in case ocean areas) is computed using the potential coefficients, Eq. (4.133),
with the coefficients hl,,,, h2,,, and h2,,, computed from bathymetric depths.
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4.2.1.2 Effect of the isostatic masses

The topographic-isostatic models due to Airy-Heiskanen, Vening-Meinesz, Pratt-Hayford and the combined
Airy-Pratt model as well as Helmert’s first and second condensation methods will be formulated in terms of
spherical harmonic expansions in the following.

Airy-Heiskanen model The spherical harmonic coefficients of the isostatic masses can be derived similar
to those of the topographic masses according to Eq. (4.119) (e.g. Rummel et al. 1988):

31
Dol — — [ A°(Q)Y 4.1

where the isostatic compensation masses are covered by

A9Q) = / Ap<1§>n+2d£, (4.138)

R-T—tq

with the thickness of the crust 7" and the difference in density between the crust and the mantle Ap = p,,—per-
After performing the integration, the isostatic compensation part is given by:

(RRT)>”+3 B (W)"H’] . (4.139)

Eq. (4.139) can be written in the following form:
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and after some algebraic rearrangements,
n+2 2 2 3
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—r R R 2R-T)\R 6(R—T)? R
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(n+3) —\ k R R-T
The potential coefficients of the isostatic masses read analogously to Eq. (4.133)

wc . 30p (R-TN\"[ . Rn+2) .,  RMn+2)n+1)
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t3nm -

(4.142)

with the terms

1 tg F

The roots and anti-roots are determined based on the formulae as given in chapter 3.
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If the density of the topographic masses is considered to be constant and the equivalent rock topography
procedures (see chapter 3) are introduced, Eq. (4.142) can be written in the form (after expanding the
equivalent roots, Eq. (3.18), to the third order in equivalent heights)

ceC __ 3 per (RT)> {mgm + {(n+ 1) — 77(";2)] h2, +

2 1) p R
| n+2() i2)( +1) 1 5 (4.144)
+ {77”6” —(n+2)(n+n°) + <3 +2n+ 3772)} h?,f,fm} ,
with
R\ per
_ Per 4.145
1= (727) 5 (1.145)
where the coefficient h1%,,, h2%,  and k3%, are computed using Eq. (4.134).

Pratt-Hayford model The spherical harmonic terms for the Pratt-Hayford model can be derived similar
to those for the Airy-Heiskanen model. In this case the potential coefficients are given by (Tsoulis 2001):

Conid = mi // [AT(Q) — A%(Q)] Y2, do, (4.146)

where the topography part (consisting of layers with known density) can be represented as:

| R+H; g
> Z @ - (@1 (5) e
41Q) = i nt2 ) (4.147)
/ (é) (pw - pcr>d§
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and the compensating part as:

/R (5)" smicas

¢=R—-D
AC(Q) = R, : (4.148)
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The integral of Eq. (4.147) for the topographical masses (in case of land area) corresponds to those of the
Airy-Heiskanen model according to (Eq. 4.126). For the ocean areas it can be formulated as follows:

(;)TR = oo per] 1_(}%_1%)%3]. (4.149)
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Expanding the terms in Eq. (4.149) into a binomial series up to k' order gives
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Then, the contribution of the oceanic part to the potential coefficients can be given analogously to Eq. (4.133)
by:

w — Pes 2 1 2
C:;Z"O 3 (pw _pu“) hllg 'fl+ h/2a (TL+ )(ﬂ+ )hlgz
2n+1 p 6

nt3 (4.151)
1 n+3 o
k=4
with the coefficients
1 HLN\"
Wk = o / / <1§) Y2 do. (4.152)
T

For calculating the effect of the compensating masses in case of the land part (upper term of Eq. 4.148), the
density deficiency is calculated as follows:

Ap™(Q) = per — pL(Q) (4.153)
Inserting this relation into the first term of Eq. (4.148) and integrating over r¢q yields:
R R—D\""?
A§ = ApF 1— | —— : 4.154
@ - (150) ] (4.154)
Similarly, the density surplus for the suboceanic columns is given by:
Ap°(Q) = per — po(Q), (4.155)

where po and py, are calculated using the formulae in chapter 3. Inserting Eq. (4.155) in the lower term of
Eq. (4.148) and integrating over £ gives the contribution for the oceanic areas:
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Finally, the potential coefficients of the compensating masses for land areas read
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AR E— ﬁ / / ApO(Q)HTéYfmdo, (4.160)
n'2e = ﬁ// ApP(Q) <I%)2Ynamda, (4.161)
R"3% = i / / Ap°(Q) (%)33@%61@ (4.162)
R'kS = % / / Ap© <I£>kamda, (4.163)
RS, = % / / Ap°(Q)Y,2 do. (4.164)

If the density of the topographic masses is assumed to be unknown, Eqs. (4.147) and (4.148) can be simplified
to

R+Hg
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and the compensation term is given by
B 5 n+2

= A d
/ ( R) pL(Q)dE
¢=R-
AC(Q) = : (4.166)

’
R—H{,

n+2
[ s

¢&=R-D

)

In this case the potential coefficients of the topographic masses (in case of land area) is given by:

] 3 nt? (n+1)(n+2) L (R (n+3
coTL _ RILY 4+ —Zpore I h3LY, + —— -hkLy
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with the expressions

1 Ho\"
hkL%m = E// <R) pLYnO;ndU' (4168)

After calculating all the potential coefficients of the topographic and compensating masses, the potential
coefficients for the Pratt-Hayford model can be determined as follows:

Cromt = Cobt + Ch0 — OOl — O 0. (4.169)

The depths of oceans are adapted from global bathymetry models as absolute values; the concept of equivalent
rock topography is not applied in determining the Eq. (4.169). All the previous equations can also be used
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for calculating the Pratt-Hayford model in planar approximation. Differences occur only in determining the
variable density (chapter 3). An alternative method can be developed in case of the unknown density of the
topography for computing the Pratt-Hayford compensation model: In this method the potential coefficients
of the topographic masses are considered to be equal the potential coefficients for the Airy-Heiskanen model
and the potential coefficients of the compensating masses are calculated in one step according to the following
equation:

_ 3 1
Ciit = a1 || AT@ — A°Q)Y e (4.170)

with the topography and compensation constituents

R+Hg

n+2
| oo (5)
A= ", B : (4.171)
g n
R> (owpcr)dg
¢=R-HY,
R+Hgqg 2
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where Ap(Q) is the difference between the density of the integration element and the constant crust density in
case of the land and ocean areas and H is the orthometric height in case of the topographic and bathymetric
depths in ocean areas. Eq. (4.171) is the same as the equation derived for the Airy-Heiskanen model for
calculating the effects of the topographic masses. After integration and insertion of the integral limits, Eq.
(4.172) can be written as:

A%(Q) =Ap(Q)R

HQ\  n+2 (Hg (n+2)(n+1) (Hy 3+
R 2 R 6 R
(4.173)
1 K /m+3\ [(Hy\" R R—D\""*
+ = +Ap(Q)—— |1 - —%— .
n+3 — k R n-+3 R
Finally, the potential coefficients of the compensating masses for land and ocean areas are given by:
~ 3 n+ 2 (n+1)(n+2)
a,C (oY « a
o =——— < hb ———h2b ————~h3b
Cnm, ﬁ(2n+ 1) { nm J’» 2 nm + 6 3 nm+
n — 4.174
L1 f’ n+3\ e | 3 ,_(R=-D 1 (4.174)
n+34=\ &k nm (2n +1)(n +3)p R dh
with the coefficients
o 1 Ho\"\a

Combined Airy-Pratt model In this model the potential coefficients of the topographic and isostatic
compensation masses for continental areas are computed according to the Airy-Heiskanen model and the
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potential coefficients of the topographic-isostatic compensation masses for ocean areas according to the
Pratt-Hayford model. The spherical harmonic coefficients read as follows,

C = C C

—a, A ~a, T, L ~a,C, L ~a, 7,0 _ -a,C,0
nm Com’ — Cnm + nm Cnm

(4.176)

Airy—Heiskanen model  Pratt—Hayford model

In this investigation, the concept of rock equivalent topographic heights will not be applied in the case of
the Pratt-Hayford and the combined Airy-Pratt models.

Vening-Meinesz isostatic model In case of the Vening-Meinesz model, the isostatic compensation part
of the topography is filtered for small scale signals, i.e. for high frequencies. This can be taken into account
by using degree-dependent low-pass spectral smoothing filter coefficients 3, for the compensation part.
Inserting these filter coefficients into Eq. (4.144) results in the following equation for the spherical harmonic
compensation coefficients

e = B, k)es (4.177)

n

The spectral amplitude filter coefficients 3, are defined as follows:

Br(np, k) = 1+(n1/nb)2k7 (4.178)

with the order k of the filter and the band degree n; at which the power (or the amplitude) is halved (cf.
Haagmans 2000). The parameter k defines the steepness of the low-pass filter. For k = 0 the coefficients are
not filtered at all and for k = oo all the coefficients below n; are preserved and the coefficients above n; are
set equal to zero. The choice of n, can be based upon the spatial scale for which the Airy-Heiskanen model
is no longer valid. Haagmans (2000) and Pail (2000) states that the compensation model is not likely to be
valid for topographic signals at spatial scales smaller than 200 km while Sjoberg (1998b) gives a value of
500 km. The value of Haagmans corresponds more or less to the non-validity of the compensation model for
frequencies above degree 200. In this study, the parameters chosen by Haagmans (2000) are used as k = 3
and ny, = 150.

4.2.1.3 Helmert's condensation methods

The potential due to the topographic masses in case of Helmert’s condensation methods is identical to that of
the Airy-Heiskanen model Eq. (4.129). The potential of the condensed masses can be given by the following
equation (Heck 2003):

Vel_. =G kq
r=rp lc

where R. is the radius of the condensed masses and kg is the surface density at the integration point, Q.
The surface density can be calculated using the formulae as given in chapter 3. The reciprocal of the distance
can be written as spherical harmonic expansion as follows:

R2do, (4.179)

r=rp

R

. 1 (oo} ) n
17 = (r2 4+ R2— 2rR.cosv)) "2 = - Z <Tc) P, (cos ). (4.180)
n=0

Inserting Eq. (4.180) into Eq. (4.179) with kg as defined in chapter 3 yields:

R nrl R " ! (p — Pi ) - H; H; 2 1 H; 3
Ve GRZE c § : i i+1 RS i i i
|r e ¢ < > <-R> // R? <‘R> <‘R) 3(‘1{)
n=0 o =0 ¢

— P, (cos)do.
rp
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(4.181)

Following the procedures that led to Eq. (4.129), the potential coefficients for the condensed masses are
determined as follows:

a,C c o c a c o
= e ha + | — ha2 + | —= ha . 4.182
C"m (2n + 1)p’ [( R > nm ( R ) nm ( R > 3"7"} ( 8 )

The coefficients hak?,, are computed from Eq. (4.130).

Finally, the differences between the potential coefficients of the topographic and condensed masses read

3 R.N\" n+ 2 RN\"
ol _ 1o (2 hal® — (== ha2®
rm <2n+1)pH (R)] o T U

1[(n+2)(n+1) [(R\" 1 B /m+3
1 ) (Be)  page 4 -hak®, .
3" R P L G L

k=4

(4.183)

The quantity R, is the radius of the (approximate) condensation sphere. In case of Helmert’s first or gene-
ralized condensation method it holds R. = R — D;, and in case of Helmert’s second condensation method

R.=R.

If the density of the topographic masses is considered to be constant or the rock equivalent topography is
used, the potential coefficients of the topographic and condensed masses will be given by:

3p RA\" n-+2 RN\"
o, 1 cr c « c a
= |1 — | —= hly,., + - = h2y, .+

1[(n+2)(n+1)  [(R\",.. 1 X n+s N
+3[ 5 -7 h3nm+n+3z L) ke

k=4

(4.184)

where the coefficients h1% ., h2%

nm? nm?

h3%,, and hkS, are computed according to Eq. (4.134).

4.2.2 Spherical harmonic expansion for calculating the far-zone topographical effects

Let us start with the potential of the topographic masses as given by Newton’s integral

’I‘Q 52
thr:rfGP”// / T
o R

The integration domain is divided into two parts ¢ = 0o U op, where o¢ is the near zone and op, is the
far-zone. Then the integral in Eq. (4.185) can be written as the sum of the two parts as follows:

d¢ | do. (4.185)

r=rp

R+ R+H,

HQ£2 Q£2
t _
Views =Go [ | [ 5| aefam o [[| [ 5| ae]oe (1se
a0 R rere OFz R r=re '
S A P S G I

Here we will study the term Vir= \r:rp or quantities related to this term. The quantity V?r= \r:rp is expressed
by a series expansion in terms of Laplace’s surface spherical harmonics. Then the truncation coefficients due
to Molodenskii will be derived to get an impression of the far-zone effects.
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4.2.2.1 The direct topographical effects on gravity

Helmert’s second method of condensation The topographical masses are condensed on the geoid as
a single layer. The direct topographical effect DT'E on gravity was given by Martinec and Vanicek (1994b)
in spherical approximation. DTFE can be obtained from the difference between the first derivatives of the
potential of the topographic and the condensed masses as follows:

ov
DTE(T7807>\)|1‘:I‘}> = E
R+Hq R+Hq 5 (4.187)
= Gper / [5 | riow.ol, o -G / [ | ew|gricenl, o
T
¢ZR ¢ZR

The reciprocal distance between the computation and the integration point is given by

0, €) = (r? 4 €2 — 2r€ cos ) V2, (4.188)
with the spherical distance 1) expressed as:

cos 1 = €os  cos pg + sin @ sin pg cos(A — Ag). (4.189)
The contribution of the integral of Eq. (4.187) can be developed in the following form (Novék et al. 2001):

R+Hg
DTE,_,, =A+ Gp, / / / Y9, €) |,y E2dEdo—
o €=R+Hp (4.190)
R+Hg
G [[ [ R, Ededo
o &= R+HP/

Ab and A are the gravitational effects of the topographical Bouguer shell and the corresponding Bouguer
layer. The terms A® and A are equal if mass conservation is anticipated (Wichiencharoen 1982). In this case
both terms cancel eact other. The difference between the other two terms is called the direct terrain effect
DTE?®" in the following. The far-zone contribution can be determined in an economic approximative way.
This section treats only the far-zone contribution of the topographic-condensation masses which is given by
Eq. (4.191) as derived in Appendix A.1.1:

Ninax Ninax
DTE;GZT|r=rP =27Gper <Z n (0%, %0) Hn (0, A)+ LP Z Un (17,0, o) H2 (0, ) —
n=0 n=0
2H Nomae Nmax
- TPP Z un(n’w’wO)H”l(@’)\) - Z wn(HP7’(/}7’(/JO)Hn((pa )‘)_
n=0 n=0
2(H , — H ) Nomax 1 Nmax
B % > vn(i:,%0) Ha(9,A) — = > wn(HP,%ba?ﬁo)Hi(%)\)) +[C1 — G,
n=0 n=0

(4.191)

where t,, (1,9, 100), un(n, ¥, %0), va(n,1, 1) and w,(Hp,1¥, 1) are Molodenskii’s truncation coefficients as
defined in Appendix A.1.1 by Eqs. (A.20), (A.25), (A.26) and (A.28), respectively. C; and Cy are given by
Eqgs. (A.27) and (A.37), respectively.

The Laplace surface spherical harmonics of the height function H, (¢, ) and the squared height function
H2(p, \) are given by:

Hn(‘p7)\) = Z Hn,mYn,m(SDa)‘)v H2 507 Z n m (pa )‘)7 (4192)

m=—n m=—n
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where the coefficients H,, ,,, and H?lm can be computed based on a global DTM and Y, ,,, (¢, A) are the surface
spherical harmonics of degree n and order m (Heiskanen and Moritz 1967). The numerical computation of
the coefficients for the height function and the squared height function will be given in chapter 5.

Helmert’s first or generalized method of condensation The topographic masses are condensed on
an internal surface at a depth of D1 below the geoid and parallel to it. To determine the far-zone contribution
of the direct terrain effect, Eq. (4.190) has to be modified as follows:

R+HQ
, d _
DrE|,, <Goo [[ 5 [ 1000 |,, dedo
o €=R+Hp,
R+ Hg (4.193)
— Gper // / r,, R—Dy)| _ P§2d§da,
o ¢=R+Hp/

where again the attraction of the Bouguer shell and the condensation layer are considered as identical, A® L
At The far-zone direct terrain effect for this method is calculated using Eq. (4.191), where w,, (Hp,,0)
has to be modified as shown in Appendix A.1.2 by the Eqs. (A.36) with (A.38).

Airy-Heiskanen model The mountains of constant density p.. float on a mantle of constant density
pm with roots reflecting the heights of the mountains. The roots or anti-roots in this model for the linear
approximation are given by (Rummel et al. 1988, Lambeck 1988 ; see Fig. 4.6):

t=CH, (4.194)

with a constant C' in case of mountains,

R\ po
C .= 4.195
(727) 2= (4.195)
and in case of the oceans,
R : Per — Pw
C .= 4.196
(7o) L=zt (4.196)

where R is the Earth radius, p,, is the water density and 7T is the Airy-Heiskanen depth for zero elevation.
The direct topographical effect for the Airy-Heiskanen model can be given analogously to Eq. (4.190):

R+HQ

DTE"|,_, =Gper / / / 00,6y €

e [ / 1, €,y E2ddo

agRTtQ

- (4.197)
0 _
—A" 1 Gp / / / 170,01y £~
o {=R+Hp/
R—T— tQ

—ani e [ / 1, ©)l,y, E2ddo,
o ¢=R-
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where ¢p is the root under the computation point and t¢ is the thickness of the variable root (Fig. 4.6). A®
and A" are the effects of the Bouguer shells. These terms are identical if mass conservation is anticipated.
In this case both terms cancel each other. Also, the difference between the remaining terms is called in the
following the direct terrain effect DT E®".

The first term on the right hand side of Eq. (4.197) has been derived in (Eq. A24). The second term is
determined following the procedures used for the first term of Eq. (4.190). Finally, the direct far-zone terrain
effect for this model is given by:

Ninax 1 Nmax
DTE;:SZTL:I.P :27TGpCT’ (Z (7731;0 ¢0) ( )+ 7P Z Un(ﬁvwﬂ/)O)HZ(%)\)*
n=0 n=0
2Hp e 2Hp — Hp) &%
- rp Z un(777’(/}>1/}0)Hn(90a )‘) - T Z vn(n7w7w0)H’ﬂ((&07>‘) +
n=0 n=0
Nunax 1 Nmax
+27GAp | = 3 qu(n %, Yo)Ha(p NCH = 3 ma(m v, vo) Hilp, O+ (4.198)
n=0 n=0
+ 72(1{1;: D Z 70 (1,9, %0) Hp (0, ) C—
n=0
Nmax
—W D su(m,,40) Ho(p, NC | + C1 + Cs,

n=0

where the coefficients ¢, (1, ¥, %0), (1, 1, 1¥o) and s, (1,1, 1g) are calculated based on Eq. (A20), Eq. (A.25)
and Eq. (A.26), respectively, with the parameter n given in Eq. (A.41). C and C3 are defined in Eq. (A.27)
and Eq. (A.42), respectively. If the roots and anti-roots are taken according to Eq. (3.18), the DT E' is
given by:

Nmax 1 Nmax
DTE|,_,, =27Gper (Z (1, %0) Hu (9, M)+ —— > un(n, ¥, 40) Hy (0, 0)—
n=0 n=0
2HP Nmax Q(HP/ - HP) Nmax
= 2 w0 Ha(o, V) = S ) o, 0) a0, ) | +
n=0 n=0
Nmax Nmax
#2568 | = > aal N+ D SRR OIACHIS (4.199)
n=0

+ M ix Tn(n7 IZ% ¢O)tn(‘p7 A)i

r
P n=0

anax
2T A HR) N o)t N) |+ C+ O,

r
P n=0

with Laplace surface spherical harmonics of the root function t,(p, A) and the squared root function 2 (¢, \)
are given by:

Z tnmenym(vaA)v t2 907 Z t nm SO; )\)7 (4200)

m=—n m=—n

where the coefficients ¢,, ,, and t2
by

».m are computed according to Eq. (4.143) and the parameters Cj is given

1
Cs =21GAper [qo(n, 1, o)tp — ;To(%w,%)t%*

20Hp +T 200 +tp + H
_AHp+T) )7“0(7771/171#0)7519 + A+t + Hp)
rp rp

(4.201)
80(7% wa 1pO) tP] .
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4.2.2.2 The primary indirect topographical effect on geoidal heights

The primary indirect topographical effect PITE on the geoid is given by Bruns’s theorem (Bruns 1878). The
potentials of the Bouguer shell and the Bouguer layer of the condensed masses are studied by Vanicek et al.
(2001),

SV = gVshell 4 gyter, (4.202)
It reads in terms of the primary indirect effect according to Eq. (4.202)

B K shell B ter
PITE — PITE! 4 prrpter — OV _ V"7 OV : (4.203)

Yo Yo Y0

where 6V ¢!l is the difference between the gravitational potential of topographic Bouguer shell and the
condensed Bouguer layer.

Helmert’s second method of condensation We focus on the term PITE®*"which is called the primary
indirect terrain effect on the geoid in case of Helmert’s second method of condensation. The PITE" is
given by (Martinec and Vani¢ek 1994a):

‘ R+HQ
PITE™| _ = e _G / / / N1, 8) |y, §7dédo—
o ¢=R+Hp/
R+Hg (4.204)
G
e / / / 7, R) |y, £2dEdo.
o £=R+Hp/

The inner integral of the first term of Eq. (4.204) can be written as follows (Gradshteyn and Ryzhik 1980):

R+Hg
_ 1
1(Ta w? E)‘r:rpo €2d£ 25(5 + 37”}90)[(7"130, ¢a §)+
R+Hp/ (4.205)
r2 R+Hg
—&—ﬁ(?)cost/J—1)1n|§—rpocosw—l—l(rpo,w,f)\ ,
2 R+H p/
with rp, = R.
Using the following parameters
£ § § §
(=51 =21 e=RiHp, =% ne=%2 c=RtH, (4:206)
Eq. (4.205) is written as
R+Hg
_ R? 1
U, )y, €38 =" (1 + Boos ) (1 + 1 — 2ng cos )+
R+HP/
R? nQ — cost + (1 + 13 — 21q cos P)z (4.207)

+ —(3cos?1p —1)In —
2 ( V=1 n—cost+ (14 n2 — 2ncosth)?
2

— 7(77—1—30051/})(1 +n? - 277(;081/))%
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The distance function and the logarithmic function in Eq. (4.207) can be developed based on Eq. (A.4) and
Eq. (A.9), respectively. The substitutions of Eq. (A.4) and Eq. (A.9) in Eq. (4.207) result in

R+Hg

T )y, £ =R (G — OMi(.) + BA(CE — () Na(n, )~ .

R+Hp, '

— R*(Cq — €)*N3(n,v),
with the integral kernels (Novék et al. 2001)
. (3cos? e — 1) [2+(272cosw)%}
Ny(n, ) = (2 —2cos1))2 (14 cosep) + - (4.209)
4 [ —costp+ (1+n?— 277(:051#)5}

No(n,1) = 5+ 3cos? ¢ (3cos? 1 — 1)(1 + cos ) (4.210)

8(2 — 2costh)® 8(2—20051#)%[ —cosy + (14 n? —QUcosw)%}

(3cos?yp —1) [3 —costh+2(2— cosz/))%]
Na(. ) = st (a:211)
8 [n—cosw—l— (14+n?— 27](:051/))5}

Applying the procedure introduced by Molodenskii as shown in detail in Appendix A.1.1, the far-zone primary
indirect topographic effect on the geoid heights of the topographic masses for Helmert’s second condensation
method is given by:

R+Hg

N,
G max
/ [ | rweo, e - 2= per | R Y a6, 00) 0. 0+
o e=RYHp n=0 (4.212)
Niax Nimax
+ Z U (0,4, o) Ha (@, A) + 2Hpr Y b (0,4, 0)Hn (0, A) + Cy
n=0
and for the condensed masses analogously to Eq. (A.33)
R+Hg
G B tnax
S | LY RNV D P A
o ¢{=R+Hp: n=0 (4.213)
Nmax
+ D D, v0) H2 (o, V)| + Cs.
n=0
The truncation coefficients of Eq. (4.212) and Eq. (4.213) are given by:
all) (n,1,1h9) = / Ni(n,¢)P,(cos ) sinpdip, (4.214)
=g
D (0,9, o) = / [Na(1,%) — N3(1,%)] Pn(cos 1) sin pdep, (4.215)
=g
b (), 1h, o) = / N3 (1, 1) Py (cos ) sin thdap, (4.216)

Y=o
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eM (W, ) = R / I7Y(R, 4, R) P, (cos ) sin ydip, (4.217)
P=1)g
with the parameter
R+ Hp
=—. 4.21
R (4218)
The terms C4 and Cjs are given by:
2rG
Co= =2 | Hp Rag!) (0,0, 00) = el (0, 0, 00) —2H38 01,9, 0)] (4.219)
2rGp 9
Cs = ” leo(¥, o) RHp: + eq (1, ¢0)Hp ] - (4.220)

Helmert’s first or generalized method of condensation The coefficients eS)(w,wo) of Eq. (4.217)
have to be replaced by:

s

e (¥, 1bo, D1) = R / I"Y(R, %, R — D) P, (cos ) sinbdi. (4.221)
=1

Airy-Heiskanen model The far-zone primary indirect terrain effect for the topographic-isostatic masses
is given by:

R+Hg
G .
PITE| L, = [[ [ T RO, Cdsdr-
7 ST (4.222)
R-T—tq

‘%M%/ [ rwe o), ¢l

o ¢=R-T—tp

The first term of Eq. (4.222) represents the effect of the topographic masses and is given by Eq. (4.212). The
second term can be derived using the same procedure as used in Eq. (4.205), resulting in

R-T—tq
lil(rv ¢ 7£)|r:rp0 €2d£ :RZ(CQ - C)Nl (777 ¢) + RQ(C% - <2)N2(’I’}, 7#)‘ (4223)
R—T—t,
— R*(Cq = ¢)*N3(n,4),
with the parameters
(*éfl ¢ *g—Qf E=R-T—t == *E—Q fo=R-T-—t (4.224)
_R 9 Q_R ) - y2) TI—R7 nQ_Rv Q_ Q N

Ni(n,v), Na(n,v) and N3(n, ) are given by Eq. (4.209) to Eq. (4.211) with the parameter 1 as defined in
Eq. (4.222).

Inserting the integration limits and the parameters, as shown in Eq. (4.224), Eq. (4.223) can be transformed
into the following practical computation formula:
R-T—tq
I (r,9,6) §2d§\r:% =—RC(Hqo — Hp') N1(n,¢)+
R—T—tp (4.225)
+2TC (Hg — Hpr) [Na(n,9) — N3(n,4)] + C* (H§ — Hp,) -
- [Na(n,¥) = N3(n,9)] + 2C [T+ tp] N3(n,¢)(Hq — Hp:).
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Applying the procedure introduced by Molodenskii as shown in Appendix A.1.1, the second term of Eq.
(4.219) is given by:

R—T—tQ
e | B B
Yo Yo
oc—0opzE=R-T—1t,

Niax Nimax

+C2 > F (0,1, o) Ha (e, \) +2TC > £V (0,9, 900) Hu (10, M)+
n=0

n=0

Nmax

—RC Y ol (n, 4, %0) Halip, \)+

n=0

(4.226)

Nimax

n=0

+CG7

with 7" and C' as defined in Eqgs. (4.194) to (4.196). The truncation coefficients of Eq. (4.226) are given by:

1,9, 10) = / Ni(n,v) P, (cos ) sinpdi, (4.227)
PY=1)g

P (0,1, 1b0) = / [Na(n,%) — N3(n,1)] Pa(cos ) sinpdap, (4.228)
P=1)g

Do) = [ Naln.w)Pacos)sin v, (4.229)
P=1)g

and the parameter Cy is defined as

G
Co =2m—Ap [RCHprof) (1,0, 0) — C2 (" (n, 0, o) H
o (4.230)

~27C ) (1,0, 000 Hpr = 2T + tp)Ca" (1,0, ) Hpr |

If the roots and anti-roots are taken according to Eq. (3.18), the second term of Eq. (4.219) is given by:

G G Nmax
—A ! 2dédo = 27— Dp |-R Y ol (oA
% P // / (R,,&)¢dEdo 27r70 p ano oM (0,4, 00 tn (@, N)+

0—=0pzE=R-T—t,
Nmax Nmax

n=0
2T +tp) Z 950 (0, 00) Hi(0, A) | + Cs,
with
Ct =20 g [Rinold (10) 157 (.00
" (4.232)

—2T 0 (.0 90)te — 2(T + tp)gi" (.6, Vo)t

Then, the PITEL" is the sum of Eq. (4.212) and Eq. (4.226) or Eq. (4.231).
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4.2.2.3 The secondary indirect topographical effect on gravity

For the Stokes problem the spherical form of the secondary indirect topographical effect on gravity was
formulated by Vanicek et al. (1999) as a rescaled value of the residual topographical potential evaluated at a
radius equal to the radius of the Earth’s surface. The scale is set to 2/r. The different topographic-isostatic
models will be discussed in the following.

Helmert’s second method of condensation The difference between the gravitational potential of the
topographical shell and its condensed counterpart is zero in case of mass conservation. Then, the secondary
indirect terrain effect can be computed using the following expression (Vanicek et al. 1999):

R+Hg
er 2G
SITE'™ | _, = // / (r ¥ )lpey,, §7dédo—
7 e (4.233)
R+Hg
- —pcr // / R)l,—,,, £ dédo.
0 ¢=R+Hp
Applying the same procedure as used in Eq. (4.205), the first term of Eq. (4.233) results in
R+Hg
I[ ] e o, s =rhia - M) + (e - )Malv)- o
o E=R+Hp '
— (G — ¢)* M3 (¥),
with the terms
& §o B _ _ &0 _
C*T‘i_lv Cin_ ) g*R—’_HP’a 71*1'07 77Q*T7, EQ*R—FHQ (4235)
P/ P/

Inserting the integration limits and the parameters as shown in Eq. (4.235), Eq. (4.234) can be transformed
to the following practical computation formula:

R+Ho
I[ ] e o, eacdo = et - HeoMn(0)+ -
o &=R+Hp/
+(H} + Hp:) [Ma(p) — Ms(v)] — 2Hpr Hg [Ma(¥) — M3 ()],
with
3 ) (3cos?yp — 1) [2—}—(2—20051/;)%}
Mi(y) = 1(2 —2cos )2 (1 + costp) + - (4.237)
4 [1 — cos + (2—20051/1)5}
My(p) = 5+ 3cos? (3cos?1p — 1)(1 + cos ) (4.238)

8(2 — 2cos )= 8(2 — 2cos )z {1 —cosy + (2 — 20081#)%} ’

(3cos? 1 — 1) [3 —costp+2(2 — cosd;)%}
M3(y) = : (4.239)

2
8 [1 —cos + (272608@)%}
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Again, applying the procedure introduced by Molodenskii as shown in Appendix A.1.1, the second term of
Eq. (4.233) is given by:

e R+Hg N
S [[ 10 O, o = 7G| S a0, 00) Hal0 )~
o &=R+Hp, =0 (4.240)
2HP/ max anX
b2 — ) " ? | +C
ZO (v, 90) (9, A) + - Z ", o) Hyi(, )| + Cr,
with
al?) (1, 4bg) = / M (¢) Pp(cos ) sintpdip, (4.241)
=10
P (o) = [ [Ma() — Maw)] Pafeos)sin v, (4242)
=10
and
07 = 47TG/) |: HP/G,O (’Qb wo) + HP’ 2) (’lp,’(/)o)/’l“p/} . (4243)
The second term of Eq. (4.233) is developed based on the procedure used in Eq. (A33) resulting in:
R+Hg
- 2G ArGper RALS
// / (0 Rl o = —F S dl) (Hie, b 00) Halip, ) +
o =RV Hp n=0 (4.244)
1 Nmax
o > AP Hpr g0 Ha ) | + C,
n=0
where the Molodenskii truncation coefficient dg) (Hpr,1,10) is given by:
dD (Hpr 4, 1b0) = / My(Hpr, )Py, (cos ) sinpdap, (4.245)
=1
with the integral kernel
Ma(Hpr, ) = ! (4.246)
4L pr, SR+ Hp 0 ) .
The parameter Cy is defined as:
ArG
Oy = TGP @, ¢ L@, | (4.247)
Tpr R

Helmert’s first or generalized method of condensation The following coefficient My(Hp/, ¢, D1) has
to be used instead of Eq. (4.246):

1

M, (Hp: Dq) = .
4( P71/)7 1) l(R"_HP’vw?R_Dl)

(4.248)
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Airy-Heiskanen model For this model, the far-zone contribution of the topographic-isostatic terrain
masses can be determined as follows (Novak et al. 2001):

R+Ho
i 926
siree |, =ew [[ [ U000, Ededo
o &= R+H/
e (4.249)

N B B X R

o ¢=R-T—tp

The first term of Eq. (4.249) is given by Eq. (4.240). Following the same procedures as used for the determi-
nation of the direct topographic-isostatic effect, the inner integral of the second term of Eq. (4.249) can be
written as:

R-T—tq
[ U0 O, €2 = —rer (Ho — Hpr) Na(n.6)C + 2(Hpr + T) (Hg — Hpr):
Rty (4.250)
- C'[Na(n,¥) — Na(n, )] + (HE — Hp,) [N2(n,1)) — N3(n, )] C*+
+2C (Hg — Hp/) N3(n,¥)(T +tp + Hpr).

The integral kernels Ni(n,1), Na(n,v) and N3(n,1) are determined based on Eq. (4.209) to Eq. (4.211),
with the parameter n =R —T —t,/rp:.
Again, applying the technique introduced by Molodenskii Eq. (4.250) is written as

R-T—tq

2GA 4rGA Nomax
2o / o, )y, €2 = I N 6@ 45, o) Hy (9, O
P rp n=0
¢=R"T-
+2(T'+ Hp) Emixf(z (1,9, %0) Hn (0, A)C + ixf” 0, o) H2 (0, \) O+ (4.251)
n=0 n=0
+2 fxg@) 0, 00)Hy (0, \)(T +tp + Hp)C| + Cy.

The truncation coefficients o\ (77, ¥, o), ]",(12)(777 ¥, 1) and g7(l2)(7], 1, 1) are calculated based on Eqs. (4.227)
to (4.229) but with the parameter n = R — T —t,/rp, and T and C as defined in Eqgs. (4.194) to (4.196).
The parameter Cy is determined by:

A H
AnG P C’I’ /00 ( '(/J '(/JO) P’ _2C(T+HP’) fO (77777[17@/10) P
- H (4.252)

—C2 D (4, o) HE, — 2(T + CHps + Hp )CHpr g™ (1), wo)} .

Co =

Also, in case of not using the linear approximation of roots and anti-roots, the second term of Eq. (4.251) is

given by:
R-T—tq N
2GA 47TGA max
2GAp / oot e, 62 = T | S oD (0,00}t (0, A+
E=R-T—tp n=0
Nmax Nmax
+ 2T+ Hp) D £ (0,0, %0)tal0, VO + D S8 (0., b0t (9, M)+ (4.253)
n=0 n=0
+2 Zg 1,05 00t (0, (T + tp + Hp) | + Cb,




4.3. Space localizing base functions

87

with

4G A
cy ~AMCRP T 0@ (0 b wo)tp — 2T + Hpr) 12 (0,0, o)t p—
rpr (4254)

2)(7]a¢7¢0)t% (T+tP+HP’)tP’go (n lﬂlﬁo)]

The SITE'T of the topographic and isostatic masses is the sum of Eq. (4.244) and Eq. (4.251) or Eq. (4.253).

4.3 Space localizing base functions

The spherical harmonic expansions treated in section 4.2 can be used for calculating topographic-isostatic
effects of long and medium and a small part from short wavelength features of the topographic masses
at the surface of the Earth or at aeroplane altitudes. This is especially the case also for the reduction of
observables at satellite altitudes (SST and SGG observables). Spherical harmonic expansions are also a proper
representation for the computation of topographic-isostatic far-zone effects. For the near-zone effects at low
altitudes a representation by space-localizing base functions is preferable. They are useful especially in the
case of computing the effects of residual topographical masses at the surface of the Earth or at low altitudes
as for airborne gravimetry. In this investigation only the formulae for Helmert’s methods of condensation are
investigated.

4.3.1 Direct topographical effects on gravity

We start from Eq. (4.41) for the determination of the potential of the topographic masses:

R+Hg 1
View = [ [

Inserting the first term of Eq. (4.110) into Eq. (4.255) and interchanging the summation and the integration
results in:

Vilyery = Gpor B2 f}(R>nH§ k(””) // cospr( ) do | . (4.236)

r
n=0 P

£2dedo. (4.255)

r=rp

Similarly, the potential of the condensation masses can be given as:

Ve(rp, o, A) = GR? / / e w) do, (4.257)

where k¢ is the single layer density, R. the radius of the condensed masses and D; the Helmert’s condensation
depth which is equal to zero in case of Helmert’s second method of condensation.

If the mass of the topography is considered identical to the mass of the condensed topography (mass-
preservation condition), then the single mass layer density in spherical approximation reads as follows:

R+Hg

p cr / £2de, (4.258)

Hy | (Ho)* 1 (HoY"
R R 3\ R

KkQ = perR (4.259)
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Inserting Eq. (4.259) into Eq. (4.257) and following the same procedure as used for the determination of the
potential of the topographic masses results in

R3 X R, n H, H? 1 H
Vi(rp, @, \) = Gper > <TP> // P, (coshpq) (RQ + R—‘j + gR—‘j do. (4.260)
n=0 p

Then the residual potential is given by:

) 00 R n+1 Rc n 1 . ‘
0V ey, =Gper R . -5 EHQP,L(COwaQ)dU—F
n=0 P

2 R\" 1
. [n; - (R> ]/ 5 HY Pa(cos vpq)do+ (4.261)

et ()] ff nsense

Applying the partial radial derivative to Eq. (4.261), we obtain the direct topographical effect as follows:
(e’ R n+2 Rc n 1 L
DTE|._,, =- GpchnZ:O (TP) (n+1) {1 - (R) } I // Hg P (cosypg)do+

2 (RN\"] 1
N [n—QI- B (R) ] ﬁ// H{ P, (cos ¥pq)do+ (4.262)

4 [WQ)G(”JF” _ % <%)n} %// HE P, (cosppq)do

The topographical heights shall now be represented by the following approximation:

I
HE =Y afdk(rg,rs,), k=1,2,3,... (4.263)
i=1

where a¥ (k = 1,2, 3) are the unknown base function parameters, r¢q represents the field point and the points
s, indicate the locations of the ¢ nodal points. As base functions isotropic base functions can be used such
as spline functions ®*(rg,rs,). A general form of the spline function can be given by:

Nmax
o (rQ.rs,) = Z CEPn(COS VQs;)- (4.264)

n=0

The coefficients C* define the shape of the spline function; in this particular case degree variances of the
heights are used. The quadratic and cubic heights will also be modelled by spline functions. With this
definition, the base functions can be interpreted as isotropic and homogenous harmonic spline functions
(Freeden et al. 1998). The nodal points can be generated by a uniform subdivision of an icosahedron or
selected according to a Gauss-Legendre grid.

Inserting Eq. (4.264) into Eq. (4.263) results in:

1 N max
Hg = Z a¥ Z CF Py (cosvgs;, ) - (4.265)
i=1  n=0

Applying the addition theorem of spherical harmonics

n

S Y Yan (P)Yan (@), (4.266)

P (P,Q) =

=—n
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and taking into account the orthogonality relations

the double integral in Eq. (4.262) can be expressed (e.g., for k = 1) as:

= <£>n+2(n+l) [1 - (f‘i)nu/ HY P, (cos trpg)do =

i <R>n+2(” + 1)0711(27;4711) [1 - <Ij{>n} ;aiPn(cos Vps,).

rp
n=0

NE

(4.268)

Eq. (4.268) (for k = 1,2,3) into Eq. (4.262), the direct topographical effect of the residual terrain in terms of
spherical splines as base functions is finally given by:

Nmax R n+2
DTEreslr:rP — 47TGPCTR Z < > ((27;—:_11)) { |:]_ < ) :| Zalcl COS wPS )

n=l
I

. {n;ﬁ B () } = Za§c2 (cosPpg, )+ (4.269)

1

o[- () s}

In case of Helmert’s second method of condensation, Eq. (4.269) will be reduced to

Nmax n+2
DTE'| _ ~=—27Gp,R Z RNl ) Za2C2 n(cosps, )+
rerp — e rp (2n+1) | R? o

) (4.270)

n+3
95 e cosw}

where [ is the minimum degree of the spherical harmonic expansion and is taken to be 0 in case of satellite
applications.

4.3.2 Primary indirect topographical effect

The residual potential on the geoid is known as the primary indirect topographical effect on the potential.
The primary indirect topographical effect on the geoid is given by Bruns’s theorem (1878). The potential of
the topographic masses on the geoid is given by:

R+Hg

Vi(R, ¢, A GppT/// RN Gpcr// / ng TR (4.271)

In this case, the Newton integral kernel I(R, A, #)~! can be expanded into a convergent series as follows:

-1 éi( )" (costr0). (4.272)
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Substituting from Eq. (4.272) into Eq. (4.271), results in
R+Hg

Vi(R, ¢, A GpchR" / / / ¢ dedo. (4.273)

Integrating the term in the brackets and expanding the result into a series up to the third order, then the
potential of the topographic masses can be given for computation points located at the geoid:

Vi(R. 0. 0) Gpmmz// Mo 1—n>(HQ> n<n—1>(H@>

= R 6 R

pn(costpg)do.  (4.274)

The corresponding potential of the condensed masses at the geoid is given by:

Vo(R,p,\) = GR? / / kol (R, v, R.)do. (4.275)

g

The Newtonian integration kernel can be expanded again into a convergent series:

YR, %, R, = Z ( > (o8 Q). (4.276)

Substituting kg from Eq. (4.258) and [=(R, ¢, R) from Eq. (4.276) into Eq. (4.275) results in

o (5 [ [ () 3 (%)

n=0
Differencing Eqgs. (4.274) and (4.277) yields the residual potential on the geoid,

SV (R, \ G,Och2Z [ ( )]]1%/ HéPn(cospr)da—&-

pn(costpg)do. (4.277)

n=0

1-— RA\"] 1
N { . n <R> } ﬁ/ H{ P, (cos ¥pq)do+ (4.278)

—Un 1 /R\"] 1
[ 5 () o [f s vnaran

Following the same procedure as used for the direct topographical effect, the band-limited primary indirect
topographical effect (for orthometric height) on the geoid heights can be given as:

AnGpoR2 &% [ 1 RA\" 1 < aip
PITE™ = 1- (==
¥ ; 2n+1 R R ; iCnFnlcosvps,)+

2 R R?

i=1

250 (B ] g S dctnsine

where [ stands for the minimum degree and n for the maximum degree. Again in case of Helmert’s second
method of condensation, Eq. (4.279) is given by,

n [(1 —-n) (Rc)"} LZI: a2C2 P, (cosdps, )+ (4.279)

res _27-‘-GVPCTR2 RS (n + 1 212
PITE"™ = S Zl CEnRbE Z C2P,(cospg,)+
- (4.280)
(n—2) 1

_|_

I
R Z a;C2 P, (cos ’(/Jpsi)} .
i=1
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5. Numerical analysis

In this chapter, the effects of the topographic-isostatic masses for various geodetic observables are investigated
numerically. In the first section, the test areas are presented. They are selected such that typical features
of the topographic-isostatic effects can be demonstrated. In the second section, computational aspects are
discussed. It includes the investigation of discretization effects for the numerical integration method and
the calculation procedure of the spherical harmonic coefficients as well as the near and far-zone aspects.
In the third section, the effects of topographic-isostatic masses are investigated at the surface of the Earth
and at altitude for airborne gravimetry/gradiometry. The near and far-zone effects of the topography are
considered in this section. The effects of topographic-isostatic masses in the observables of the Satellite-to-
Satellite Tracking (SST) technique and the Satellite Gravity Gradiometry (SGG) are determined in the last
section. Throughout the numerical computations the density of the topography and the crust is taken to
be 2670 kg/m?, the density of the mantle 3270 kg/m?, the mean density of the Earth 5498 kg/m? and the
density of sea water 1030 kg/m?®. Also, the depths of the Airy-Heiskanen and Vening Meinesz model are
taken to be constant and equal to 30 km.

5.1 Testregions

Four different computation areas have been selected to demonstrate typical features of the effects of the
topographic-isostatic masses. For airborne gravimetry and gravimetry at the surface of the Earth, the Cana-
dian Rocky Mountains are chosen. In case of airborne gradiometry, the Himalaya region is selected. To give
an impression about the effects of the topographic-isostatic masses at satellite altitude, the Asian region is
selected. Finally, the total surface of the Earth has been taken to show the effects of topographic-isostatic
masses in its global distribution. All test areas will be summarized in the following.

5.1.1 Canadian Rocky Mountains

This area covers the longitude from 241° to 244° and the latitude from 49° to 52° (see Fig. 5.1). The
digital terrain model GEBCO (General Bathymetric Chart of the Oceans) with one arc-minute resolution
(www.ngde.noaa.gov/mgg/gebco) has been used for the test computations. The topographic heights of this
area range from 336 to 3112 m. This area with rough topography has been used for determining the effects
of topographic-isostatic masses at the surface of the Earth and at aeroplane altitude.

5.1.2 Himalaya

The Himalaya region is bounded by the meridians of 75° and 105° eastern longitude and the parallels of
259 and 40° northern latitude (see Fig. 5.2). Also, the digital terrain model GEBCO with one arc-minute
resolution has been used for the numerical computations. The topographic heights range from 0 m to 8424.56
m.

5.1.3 Asia

The Asian area has been taken to be extended from 40° to 150° in longitude and from —20° to 80° in
latitude (see Fig. 5.3). The digital terrain model ETOPOS5 with five arc-minute resolution has been used
for the numerical calculation (NOAA 1988). The topographic heights and bathymetric depths range from
approximately -7000 m to 9 000 m.



92

70

65

60

55

50

45

40

35

30

52

4000

3500

3000

2500

2000

1500

1000

500

51.5

51

225

Fig. 5.1: GEBCO topography for Canadian Rocky Mountains (units in meter)
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5.1.4 Earth

To give an impression about the distribution of the effects of the topographic-isostatic masses, the total
surface of the Earth has been taken in the test computations (see Fig. 5.4). Also, the digital terrain model
ETOPO5 with five arc-minute resolution has been used for the numerical calculation (NOAA 1988). The
topographic heights and bathymetric depths range from approximately -8000 to 9 000 m.
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—-3000

-5000
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Fig. 5.4: ETOPO5 topography for the Earth (units in meter)

5.2 Computation aspects

5.2.1 Discretization effects

The integral formulae given in section 4.1.2 have been evaluated numerically such that the rigorous spherical
volume elements of the integrals defined by the geographical coordinate lines and the topography within these
compartments are approximated by mass lines in the center of these compartments. To avoid singularities at
the surface of the Earth, the locations of the computation points were selected at the intersection points of the
geographical coordinate lines (longitudes and latitudes). The discretization errors of these approximations
were investigated in the following for the potential, the first and the second derivatives of the potential for
different altitudes of the computation point and different resolutions of the topographic masses.

As a test example the spherical Bouguer shell has been chosen where the different gravitational functionals
of this shell can be determined analytically. For the thickness of the shell a value of AR = 2500 m has
been selected; the radius of the inner sphere coincides with the spherical approximation of the Earth, R, =
R = 6371 km, and for the radius of the outer sphere follows Ry = R + AR. It shall be pointed out that
this test example represents an extreme situation in reality which may occur only in few cases, because in
the usual applications the numerical computations are restricted to the terrain corrections while the effects
of the spherical shell are computed analytically. The true values can be calculated analytically in arbitrary
altitudes by the following equations (see chapter 4 for the general formulae). It reads for the potential

4nGp
Vileer, = (R3 - RY), (5.1)

r=rp 3TP
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and for the first radial derivative,

oVy _ 4nGp 3 3
Ol = e BRD >
r=rp p
as well as for the second radial derivative,
&V, 87Gp o3 3
= —(R; — Ry). (5.3)
or? | ., 3r3, V2 !

The second horizontal components in  and y direction are identical and half of this expression with a
negative sign to fulfill the Laplace differential equation.

Figure 5.5 shows the differences between the numerical integration and the analytical computation of the
gravitational potential for various altitudes of the computation point above the the Bouguer shell and different
resolutions of the spherical volume elements, approximated by the mass-line elements. Figure 5.6 shows
these differences for the first radial derivative of the potential (in units of mGal). It is obvious that in case
of high accuracy demands and low flight altitudes it is necessary to use very high resolution of the DT M
and alternative precise approximation of the volume elements instead of the mass-lines. In the vicinity of the
computation points it might be sufficient to apply a rigorous planar representation such as the prism formulae
proposed, e.g., by Nagy (1966). The requirements are much less critical in case of increasing altitudes. Figure
5.7 and Fig. 5.8 show the approximation errors of the second radial derivatives of the potential and for the
(identical) horizontal components = and y, respectively, again for various altitudes of the computation point
above the shell up to 10000 m and different resolutions.
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Fig. 5.5: Differences between the numerical integration and the analytical computation of the potential of a
Bouguer shell with a thickness of 2500 m (units in m?/s?)

The integral formulae become more and more critical if the computation point approaches the outer shell
surface. In this case a poor resolution causes large errors in the vicinity of the computation point. Table 5.1
illustrates the situation for computation points close to the spherical shell (the altitudes vary between 10
m and 50 m) based on increasing detailed resolutions of the DTM from 5” down to 0.125”. It is obvious
that an extremely fine resolution is necessary for precise computations of the topographic-isostatic effects
of the second derivatives of the potential in case of computation points close to the Earth’s surface. These
instabilities are caused by the jump relations of the second derivatives dependent on the jumps of the density
function of the volume masses. Because of the jump relation of the, e.g., second radial derivative of our
spherical shell with an outer limit of

0?Viy _ 8rGp
or? | _p, 3R}

(R3 — R}), (5.4)
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Fig. 5.7: Differences between the numerical integration and the analytical computation of the second radial
derivative of the potential of a Bouguer shell with a thickness of 2500 m (units in E6tvos)

Table 5.1: Differences between the numerical integration and the analytical computation of the potential of
a Bouguer shell with a thickness 2500 m (units in m?/s?)

resolution height (m) 57%5” 27%2" 17%17 | 0.257%0.25” | 0.1257%0.125”
10 -930.33 | -668.72 | -338.73 -1.16 < 1E-3
20 -751.64 | -338.61 | -62.25 < 1E-4 < 1E-4
30 -560.66 | -151.30 | -10.90 < 1E-4 < 1E-4
40 -452.40 | -62.24 -1.15 < 1E-4 < 1E-4
50 -338.62 | -22.56 -0.04 < 1E-4 < 1E-4
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and an inner limit of
0V, _ _ 4nGp
or? 3R3

(RS +2R7). (5.5)
7"=R2
We cannot expect a reasonable result in case of computation points close to or at the outer spherical surface
of the shell.

The numerical values for the present example read for the outer limit of the radial component 1.75 E6tvos
and for the inner limit —2236 Eo6tvos. The results of the numerical integration for computation points at the
surface of the shell turn out to be (approximately) the arithmetic mean of the inner and the outer values,
approximately —1118 Eotvos (Fig. 5.9). This is only the case if the resolution is selected adequately high -
in case of a coarse grid the approximation errors cannot be interpreted anymore. The situation cannot be
explained in such a simple way as in case of the local horizontal directions z and y which are perpendicular
to the radial direction. No jump occurs in these cases, so that it holds at the outer shell boundary, e.g., for
the derivation with respect to x,

0%V, B 0%V, _
0x? 92

(5.6)

r=Rs r=Rs

Therefore, in these cases there would be no reason for an unstable behavior as in case of the radial component.
Here we have to keep in mind that the formulae for the computation of the second derivatives are derived such
that the Laplace equation is fulfilled in the space outside the masses as demonstrated in Figs. 5.7 and 5.8,
even if the computation point is arbitrarily close to the surface of the shell. This is the case despite the fact
that the formulae are only approximate. A numerical consequence is that the second horizontal derivatives
will never converge to the correct value at the outer boundary even in case of a very fine resolution of the

digital terrain model (Fig. 5.9).

In the vicinity of the computation point a rigorous tesseroid formula in three dimensions (Kuhn 2000a) is
necessary or to choose a sufficient fine grid of the DTM, where a planar approximation based on the prism
formulae technique of Nagy (1966) might be sufficient. It should be pointed out that the Laplace equation
is fulfilled as long as the computation point is located outside the masses as demonstrated in Figs. 5.7 and
5.8, even if the computation point is arbitrarily close to the surface of the shell. The situation is less critical
in practical applications as it may seem from the aforementioned facts; in these cases a Bouguer plate or
a Bouguer shell is used, whose effects can be determined analytically, and the (in general small) terrain
corrections can be determined by numerical integration based on a DTM with a sufficient fine resolution
or any rigorous (planar) formula. A detailed investigation of these error effects has to be performed in a
forthcoming study.

5.2.2 Surface spherical harmonic expansion of the topography

There are many methods for calculating the surface spherical harmonic expansions of the topography such
as quadrature methods, least squares, Paul integral, integral through Legendre polynomials (see, e.g., Tsoulis
1999a; Sneeuw 1994; Sneeuw and Bun 1996). In this investigation only a simple quadrature and the Gauss-
Legendre quadrature methods have been used.

5.2.2.1 Resolution aspects

The spherical harmonic expansion of the topography is a very efficient technique for calculating the
topographic-isostatic mass effects, but it is limited to an upper spherical harmonic degree of about 2700
which corresponds to a 4 arc-minute resolution. Beyond this degree numerical computation problems con-
cerning the stability of the recursive computation of the associated Legendre’s functions occur (see, e.g.,
Holmes and Featherstone 2002) and increasing the computational time. For this reason, the spherical har-
monic expansion of the topography can be used for calculating the long and medium wavelength effects of
the topography. These long and medium wavelengths are important for calculating the effects at satellite
altitude or for calculating the far-zone effects of the topographic masses for the points at the Earth’s surface
and at certain altitudes for airborne gravimetry.
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5.2.2.2 Numerical computation of the surface spherical harmonics

It is known that a square integrable function on the sphere can be developed into harmonic coefficients using
the global spherical harmonic analysis (GSHA). In our study, the integrable function is the topography above
the geoid. The computation of the spherical harmonics using quadrature method will be discussed in the
following.

Simple quadrature method The spherical harmonic coefficients of the topography can be calculated by
replacing the double integral by a double summation all over the world. For an efficient computation, the
two step analysis approach proposed by Neumann (1838) and Gauss (1839) has been applied. The double
integration or summation is splitted into a longitude and a latitude dependent part. For example, Eq. (4.134)
reads as follows (e.g. in case of k=1):

o i HCQ(‘)Ov A) [e%
o / / (R Yo do (5.7)

This equation can be splitted into two equations as follows:
(¢) U T HegloA A
Am 90 — / ( Eq(<)07 )> C'Osm d)\, (58)
bm ((p) (1 + 5m0)7r R sin mA
A=0

{ Zg:} = i(l + dmo) / { Z:Ez;}an(singo) cos pdip. (5.9)

p=0

The reason for the greater efficiency of the two-step formulation is twofold. Firstly, Eq. (5.8) can be treated by
Fourier transformations over single parallels. Secondly, the equations may be evaluated for separate orders
m. In reality one has to deal with discretized function values, either point values or area means. In our
study, we approximate the function of heights by point values. The aliasing problem will be ignored, i.e. it is
assumed that the function does not contain information above degree N. Since the distribution of parallels
has not been decided yet and since the problem of non-orthogonality of the discretized Legendre function
has not been resolved, the determination of coefficients is still bending. In order to solve this problem of
non-orthogonality, Neumann’s method has been used.

Neumann’s method A special case of exact quadrature is achieved by restricting the ¢-grid. Neumann
(1887) showed that if one chooses the latitude circles to coincide with the zeros of the Legendre polynomials
of degree N + 1, i.e.

PN7nLL:£+1 (Sin 301) =0, t=1,2,..., Nmauz, (510)

the number of parallels can be reduced to N = N4, + 1. The specific p- or 9J-grid leads to the Gauss-
Legendre quadrature method (Lanczos 1956; Krylov 1962; Stroud and Secrest 1966; Colombo 1981). The
specific grid is referred as Gauss grid (Payne 1971). Neumann’s method can be summarized as follows: An
exact GSHA is performed up to degree N,,,, making use of a Gauss-Neumann grid (see Fig. 5.10 blue),
defined by:

PN?rLa'J;+1 (Sin¢i> =0, 1=1,2,..., Nypao + 1,
)\j = jA\, 71=12,....,2N 0 — 1, (5.11)
A= —"
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For the computations of weights in Neumann’s method, the existing literature on Gauss quadrature methods
can be used. If the Lengendre polynomials of Py, .., (sin ) are available, the weights may be calculated for
instance from:

2
(1= (sin@i)?)(Py,..., (sing;))?’

(5.12)

w; =

where Py (sing) is the first derivative of the Legendre polynomial of degree N + 1, when N is the
maximum degree to be determined. Further numerical aspects of finding nodes and weights can be found in
Press et al. (1986) and Prey (1922). The Neumann method requires the data points to be located at a specific
grid, called Gauss-Legendre Grid. Using cubic spline interpolation for the DTM, the topographic heights can
be determined at the nodes of this grid. This quadrature method has the advantage of maintaining the
orthogonality relations of the Legendre function despite the discretization procedure.

Simple quadrature versus Neumann method In order to compare the quadrature methods sketched
above, the spherical harmonic coefficients of topography have been calculated up to degree and order 2160
using ETOPOS5 (rock equivalent heights). In case of the simple quadrature, the weights cos ¢dpd\ were used
(see Fig. 5.10 red). From the two sets of coefficients, the heights of the topography were reconstructed by
the global spherical harmonic synthesis (GSHS) as follows:

Nmaz n

H(p,\) =R Z Z (hgy COSMA + By Sin M) Py, (sin ). (5.13)

n=0 m=0

The reconstructed heights for a small region are shown in Fig. 5.11. It has been found that the difference
between the computed heights from the two sets of coefficients and the heights from ETOPO5 are approxima-
tely the same. This means that, in case of the the simple quadrature method, the effect of non-orthogonality
can be ignored if the grid size is very small. This would be expected because for very fine grids the discrete
Legendre function behaves as a continuous function.

Fig. 5.10: Geographical grid (red) and Gauss-Legendre grid (blue)

After comparing the simple quadrature method with the Gauss-Legendre quadrature method, the spherical
harmonic coeflicients for square and cubic heights have been calculated also up to degree 2160.
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5.2.2.3 Degree variances of different topographic-isostatic models

To visualize the spectral behavior of the topography the spectrum of the potential coefficients has been
computed. The degree variance of a set of coefficients for degree n can be computed as follows (Rapp 1982):

on =D (Cam + Spm)- (5.14)

m=0

Firstly, to get an idea about the contribution of the first, second and third order terms of Eq. (4.134)
to the harmonic coefficients of the uncompensated topographic potential, the separate degree variance for
Lo, h2%,, and h3:,. have been computed and shown in Fig. 5.12. The h2¢ ., h35, and A, are properly

multiplied by the respective factors as given in Eq. (4.133)

1E-007
1E-009 -
1E-011 -
1E-013 -
1E-015 -
1E-017 -

1 h2pm
1E-019 -

log(degree variance)

1E-021 - h?”m

1E-023 -

1E-025 T T T T T T T I '

0 400 800 1200 1600 2000
degree n

Fig. 5.12: Separate contributions of A%, , h2%, and h3%,, to the computation of the uncompensated potential
coeflicients

The results shown in Fig. 5.12 agree with those reported in Rummel et al. (1988) and Tsoulis (2001). The
power spectrum of (h/R)? and (h/R)? are approximately 10~¢ and 10713 of the power spectrum of (h/R)
for the degrees n=0 to 180. After this degree and up to n = 1000, the power spectrum of (h/R)? and (h/R)3
are approximately 1072 and 10~ %of the power spectrum of (h/R). For higher degrees the power spectra of
the quadratic and cubic terms are approximately 10~! and 10~2 of the linear terms. From the above results,
it can be concluded that at satellite altitude only the linear and quadratic terms of heights are necessary
for calculating the gravitational effects of the topographic-isostatic masses. On the other hand, at least the
first, second and third terms of height must be taken into account for calculating the gravitational effect at
aeroplane altitudes as the spherical harmonic coefficients are taken to higher degrees.

Secondly, to compare the different topographic isostatic models, the degree variances of all topographic-
isostatic models, uncompensated topography and of the coefficients of the gravitational model EGM96 (Le-
moine et al. 1998) are shown in Fig. 5.13. It is shown from Fig. 5.13 that:

1. the degree variances of the potential coefficients for the uncompensated topography (Bouguer mo-
del) are significantly higher than those obtained from the EGM96 coefficients. This means that the
topography must be considered in isostatic equilbrium.
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Fig. 5.13: Degree variances of different topographic-isostatic models

2. the degree variances of the potential coefficients of the Airy-Heiskanen model and the generalized
Helmert’s model of condensation with a condensation depth=32 km are approximately the same.

3. the degree variances of the Pratt-Hayford model are approximately the same as for the combined Airy
and Pratt model. This means that the effects of the topographic heights are significantly smaller than
the effects of bathymetric heights.

4. the degree variances of the Pratt-Hayford model agree quit well with the degree variance of the EGM96
coefficients.

5. the degree variances of the Vening Meinesz model are larger than the degree variances of the Airy-
Heiskanen model for high degrees. This is caused by smoothing the roots and anti-roots in case of the
Vening Meinesz model.

5.2.3 Near-zone and far-zone aspects

The effects of topographic-isostatic masses must be calculated globally which is very expensive in terms of
computation time. To overcome this problem, the surface integration domain is divided into two integration
sub-domains: a spherical cap around the computation point with a small radius, called near-zone contribution
(00), and the rest of the Earth, called far-zone contribution (of.). A fine resolution DTM must be used in
the near zone while in the far-zone a coarser DTM is sufficient in most cases (Griininger 1990). Near-zone
topographic effects on the gravity and geoid heights can be calculated using rectangular prisms (Nagy 1966;
Nagy et al. 2000, 2002), which lead to a particularly simple formula, or by using tesseroid formulae in case of
the spherical approximation of the geoid (Smith et al. 2001; Kuhn and Seitz 2005; Makhloof and Ilk 2006). To
arrive at economic computation formulae, the far-zone effects are represented by a global spherical harmonic
expansion of the topography. This can be performed by a Molodenskii-type spectral approach as shown in
chapter 4.
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5.3 Effects of topographic-isostatic masses at the surface of the Earth
and at aeroplane altitudes

In this section the near and far-zone effects of the topography will be discussed at the surface of the Earth and
at aeroplane altitude. The potential of the topographic-isoatatic masses in terms of the indirect topographical
effect has been computed. Also, the first derivatives of the potential in terms of the direct topographical effect
have been determined. Moreover, the second derivatives of the potential of the topographic-isotatic masses
at aeroplane altitude have been studied numerically.

5.3.1 Near-zone topography effects

To give an impression of the size and distribution of the topographic-isostatic mass effects on the gravitatio-
nal functionals at the Earth’s surface and at aeroplane altitudes, the Airy-Heiskanen model and Helmert’s
methods of condensation have been used. To reduce the discretization errors, the direct and indirect topo-
graphical effects have been splitted into two effects: (1) the effects of the Bouguer shells and (2) the effects
of the terrain refinements. As the effects of the Bouguer shells of topographic and isostatic masses cancel
each other in case of the direct topographical effect, only the terrain effects have been computed. In case of
the primary indirect topographical effect, the terrain effects in addition to the effects of the Bouguer shells
have been determined.

5.3.1.1 Direct terrain effect on gravity

In order to take the short wavelengths of the topography into account, the near-zone cap has been taken
to be 1y = 3°. For the generalized Helmert model of condensation the depth of the condensation masses
has been varied between 21 km to 40 km. These tests have been performed to show the coincidence of
Helmert’s models with an an appropriate condensation depth with the Airy-Heiskanen isostatic model. The
computation points has an altitude of 4 km above the sea level. Examples of Helmert’s generalized models
with condensation depths (21, 25, 30, 32, 35 and 40 km) together with the Airy-Heiskanen model are given
in Table 5.2.

Table 5.2: Near-zone terrain effects at an altitude of 4 km for Helmert’s first and generalized model of
condensation with different depths in comparison with Airy-Heiskanen (units in mGal)

topographic-isostatic model RMS Mean Min Max
Helmert’s first method (21 km) 23.78 -4.23 -67.90 | 56.99
generalized Helmert model (25 km) 24.13 -4.76 -69.47 | 57.12
generalized Helmert model (30 km) 24.32 | -5.45 -70.60 | 56.60
generalized Helmert model (32 km) 24.32 -5.58 -70.86 | 56.25
Airy-Heiskanen model 24.32 -6.04 -70.46 | 55.79
generalized Helmert model (35 km) 24.31 -5.89 -71.09 | 55.61
generalized Helmert model (40 km) 24.20 -6.38 -71.13 | 54.35

The coincidence of the generalized Helmert model of condensation with the Airy-Heiskanen model depends on
the condensation depths of Helmert’s model (Table 5.2). This means that, with a proper selection of Helmert’s
condensation depth Dy, the condensation method can be adjusted to be more realistic. To illustrate the size
of the direct terrain effect dependent on the height of the calculation points, the direct terrain effects at the
altitudes of 4 km, 6 km, 8 km, 10 km are shown in Table 5.3

Finally, to give an impression about the distribution of the near-zone terrain effects, the direct terrain effect
for Helmert’s second method of condensation, Helmert’s generalized model with a condensation depth of 32
km and Airy-Heiskanen method are shown in Fig. 5.14.
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Fig. 5.14: Near-zone direct terrain effect on gravity of the area inside a cap size of ¥y = 3° for different
topographic-isostatic models at an altitude of 4 km (units in mGal)
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5.3.1.2 Indirect topographical effect on geoid and gravity

It is shown in Eq. (4.202) that the primary indirect topographical effects includes two parts: the effects of the
Bouguer shells of the topographic and isostatic masses and the terrain effects. The effects of the Bouguer shell
of the topographic masses and the Bouguer layer of the condensation masses in case of Helmert’s methods
of condensation can be determined by the following equation:

prrpBouguer _ 2Gper (R4 Hp)? = FE] - dnGiper (R+ Hp)* = R¥)], (5.15)

Y0 3(R+Hp)vo

where Hp: is the orthometric height of the topography at the computation point. It can be seen that Eq.
(5.15) is independent of the condensation depth of Helmert’s first or generalized model of condensation.
This is due to the fact that the potentials of the Bouguer layers of the condensation masses in case of
Helmert’s first and second method of condensation are equal. Also, the potential of the Bouguer shell of the
compensating masses in case of the Airy-Heiskanen model are equal to the potential of the Bouguer layer in
case of Helmert’s model. This is based on the mass conservation principle of the topographic and isostatic
or condensation masses. The effects of the Bouguer shells for the Canadian Rocky Mountains are shown in
Fig. 5.15.
Also, the near-zone primary indirect terrain effects are shown in Fig. 5.16. The plot shows that the primary

51.51
51 1
50.5 1

50 1

49.5 1

2415 242 242.5 243 2435
Fig. 5.15: Primary indirect effects of Bouguer shells of the topographic masses (units in mGal)

indirect terrain effects in case of the generalized Helmert model of condensation and the Airy-Heiskanen
model are large compared to the effects of the Bouguer shells and depend significantly on the heights of
the topography. These effects must be taken into account for calculating the 1 ¢m geoid in case of local
geoid determination. On the other hand the near zone primary indirect terrain effects in case of Helmert’s
second method of condensation are small but these value must be taken into account in case of 1 em geoid
determination. Finally, the near zone secondary indirect terrain effects for the same area are shown in Fig.
5.17. Again the near-zone secondary indirect terrain effects for Helmert’s first and the generalized methods
as well as Airy-Heiskanen method reach significant values compared to the accuracy of the observation data.

5.3.1.3 Terrain effect on airborne gradiometry

Airborne gravity gradiometry is not yet popular but may represent a potential technique for the future, e.g.,
it is imaginable that HALO (High Altitude and LOng Range Research Aircraft) could be equipped with
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a gravity gradiometer. Therefore, it is interesting to investigate the topographic-isostatic effects of gravity
gradients in an aeroplane altitude. The near-zone terrain effects of the topographic-isostatic masses on the
gravitational tensor component V. at an altitude of 10 km based on the Airy-Heiskanen model is shown in
Fig. 5.18 for the Himalaya region.
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Fig. 5.18: Effects of the near-zone terrain masses on the tensor component V.. at an altitude of 10 km for
the Airy-Heiskanen model for the Himalaya region (units in E6tvos)

5.3.2 Far-zone topography effects

The computational area is taken as the same used for the near-zone terrain effects (Fig. 5.1). The calculations
are performed for a far-zone cap size of 1)y > 3°. In this case the series expansions fulfill the convergence
criterion given in Eq. (A.6). In addition, various other cases of far zones have been investigated. The upper
degree of the spherical harmonic expansion of the topography is taken to be Nmax = 360 as the effects above
this degree are neglected (will be seen later). Again, for the generalized Helmert model of condensation the
depth of the condensation masses has been varied between 21 km to 40 km. These tests have been performed
to show that a varying condensation depth approximates the Airy-Heiskanen isostatic model quite well.
Examples of condensation depths (21, 25, 30, 32, 35 and 40 km) are given in Table 5.4.

5.3.2.1 Direct terrain effect on gravity

To illustrate the size of the direct terrain effect against the cap size of the far-zone, the RMS-values (root
mean square of point values) of these effects for the three models are shown in Fig. 5.19 for computation
points at an altitude of 4 km. It is shown that a far-zone cap size of 1y > 3° gives small RMS-values in
case of Helmert’s second method of condensation compared to the accuracy of the observation. Table 5.5
shows the far-zone effects in case of cap-size radii of 3%, 10 and 20° in case of Helmert’s second method of
condensation. The situation is different in case of the generalized Helmert model of condensation and the
Airy-Heiskanen model where these effects are much larger. Table 5.6 gives an overview of the far-zone effects
depending on the cap-size radius (3°, 10°, 20°....... ,900). Tt is interesting to note that these effects depend
only marginally on the altitude of the computation points.

The accuracy of the spherical harmonic formulae derived in this case has been tested using the integration
method with tesseroid formulae (Makhloof and Ilk 2006). Figure 5.20 shows the direct terrain far-zone effects
along the 50° latitude, determined by the formulae based on a spherical harmonic expansion up to degree
Niaz = 360 and based on a numerical quadrature method using tesseroid formulae with a corresponding grid
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Table 5.3: Near-zone direct terrain effects for different altitudes for Helmert’s methods of condensation and
Airy-Heiskanen model (units in mGal)

spherical distance

Model statistics | H=4km | H=6km | H=8 km | H= 10 km
RMS 6.97 3.93 2.63 1.91
, Max 15.83 9.42 6.46 4.54
Helmerts second method Min -30.17 -13.17 -8.24 -5.81
Mean -0.45 -0.35 -0.31 -0.28
RMS 24.32 18.07 14.42 12.02
. Max 56.25 37.62 30.24 25.30
generalized Helmert (D1=32 km) Min 70.86 4949 45,33 4162
Mean -5.58 -5.19 -4.92 -4.69
RMS 24.31 18.21 14.67 12.37
. . Max 55.79 37.07 30.49 25.64
Airy-Heiskanen model Min ~70.46 _51.87 -48.46 44,50
Mean -6.01 -5.65 -5.36 -5.11
—— Airy-Heiskanen model
30 — Helmert's second method of condensation
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Fig. 5.19: RMS of direct topographical effects at an altitude of 4 km against the cap radius for different
topographic-isostatic models

Table 5.4: Far-zone terrain effects at an altitude of 4 km for Helmert’s first and generalized model of con-
densation with different depths in comparison with Airy-Heiskanen (units in mGal)

topographic-isostatic model RMS | Mean Min | Max
Helmert’s first method (21 km) 3.25 | -8.49 | -16.21 | -0.31
generalized Helmert model (25 km) 3.82 | -10.08 | -19.13 | -0.43
generalized Helmert model (30 km) 4.53 | -12.07 | -22.77 | -0.58
generalized Helmert model (32 km) 4.82 | -12.86 | -24.23 | -0.65
Airy-Heiskanen model 5.58 | -13.05 | -26.88 | 0.44
generalized Helmert model (35 km) 5.25 | -14.05 | -26.41 | -0.74
generalized Helmert model (40 km) 5.95 | -16.03 | -30.03 | -0.91




110

5. Numerical analysis

Table 5.5: Far-zone direct terrain effects for different cap size radii and different altitudes in case of Helmert’s
second method of condensation (units in mGal)

cap radius | statistics | Earth surface | H=4 km | H=6 km | H= 10 km
RMS 0.238 0.237 0.237 0.234

30 Max 0.301 0.301 0.301 0.300
Min -0.844 -0.843 -0.840 -0.828

Mean -0.131 -0.129 -0.128 -0.122

RMS 0.071 0.071 0.070 0.070

100 Max 0.164 0.164 0.165 0.166
Min -0.177 -0.176 -0.175 -0.171

Mean 0.035 0.036 0.037 0.039

RMS 0.033 0.033 0.034 0.034

900 Max 0.103 0.103 0.103 0.103
Min -0.059 -0.059 -0.058 -0.056

Mean 0.042 0.042 0.042 0.044

Table 5.6: Far-zone direct terrain effects for different cap size radii and different altitudes
generalized Helmert model of condensation (D = 32 km; units in mGal)

in case of the

cap radius | statistics | Earth surface | H=4 km | H=6 km | H= 10 km
RMS 4.835 4.820 4.812 4.803

20 Max -0.631 -0.640 -0.650 -0.660
Min -24.285 -24.230 -24.220 -24.149

Mean -12.900 -12.860 -12.850 -12.828

RMS 1.418 1.418 1.417 1.415

10° Max -3.620 -3.615 -3.614 -3.609
Min -10.596 -10.590 -10.580 -10.560

Mean -7.344 -7.338 -7.330 -7.323

RMS 0.716 0.716 0.715 0.714

900 Max 2.647 -2.645 -2.643 -2.639
Min -6.181 -6.181 -6.178 -6.170

Mean -4.514 -4.513 -4.511 -4.505

RMS 0.336 0.335 0.335 0.335

400 Max -1.414 -1.413 -1.412 -1.410
Min -3.068 -3.067 -3.065 -3.061

Mean -2.277 -2.76 -2.275 -2.272

RMS 0.251 0.251 0.251 0.250

500 Max -1.008 -1.007 -1.006 -1.005
Min -2.242 -2.241 -2.240 -2.238

Mean -1.653 -1.652 -1.651 -1.649

RMS 0.093 0.093 0.093 0.093

900 Max -0.330 -0.329 -0.329 -0.329
Min -0.785 -0.785 -0.784 -0.784

Mean -0.565 -0.564 -0.564 -0.564
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size of 5’ x5’. There are identical results in case of Helmert’s condensation methods and some small differences
in case of the Airy-Heiskanen method. These differences most probably are caused by the restriction of the
Taylor expansions of Eq. (A.4) and Eq. (A.9) to the second term only. For this reason it would be necessary
to develop the series including the cubic term of Taylor expansions for distance and logarithmic functions to
remove these differences. Another interesting aspect of this method is the choice of the maximum expansion
degree of the spherical harmonic series representing the topography. Figure 5.21 gives an impression of the
size of different spectral bands of the spherical harmonic expansion. It seems that an upper degree of 100 is
sufficient even for high accuracy airborne gravimetry (1-2 mGal) for all topographic-compensation models
investigated here. At the Earth’s surface a high degree of N,,., = 360 is necessary to consider the effects of
the topographic-compensating masses in case of Helmert’s first or generalized methods of condensation and
the Airy-Heiskanen isostatic model. In case of Helmert’s second method of condensation, an upper degree of
50 may fulfill the accuracy demand of Earth’s surface gravimetry.

To give an impression of the distribution of the far-zone terrain effects depending on the topography within
the near zone, the direct terrain effect for Helmert’s methods of condensation and the Airy-Heiskanen model
at an altitude of 4 km are plotted in Fig. 5.22.

5.3.2.2 Indirect terrain effect on geoid and gravity

Finally, the indirect terrain effects for the same test region are shown in Figs. 5.24 and 5.25. Figure 5.24 shows
the far-zone primary indirect terrain effects on the geoid heights for the different topographic-compensating
models. The effects are rather large for the generalized Helmert model (D; = 32 km) and for the Airy-
Heiskanen model, except those for Helmert’s second condensation method. The situation is similar for the
far-zone secondary indirect terrain effects on gravity at the surface of the Earth as Fig. 5.25 demonstrates.

5.3.2.3 Concluding remarks to the terrain effects of gravity and geoid heights

For the cap size of ¥y = 3° investigated here, the far-zone contributions for the primary topographic indirect
effect are as large as up to 13 m while the direct topographic effect is in the size of up to 28 mGal. That
means that the far-zone contributions to the primary indirect effects are of comparable magnitude as the
near-zone contributions in contrast to the direct effect. This is caused by the fact that the potential is inverse
to the distance between the computation point and mass elements while gravity is inverse to the squared
distance which tapers off more quickly.

From Fig. 5.22 it can be concluded that the far-zone terrain effects at aeroplane altitude in case of Helmert’s
second method of condensation can be neglected for spherical cap size radii larger than 3° as the maximum
values of these effects are smaller than the accuracy of the airborne gravity measurements (1-2 mGal). On the
other hand, these effects must be taken into account for Helmert’s first or generalized model of condensation
and the Airy-Heiskanen model. Figure 5.23 shows that the far-zone effects at the surface of the Earth are
more or less the same as at aeroplane attitudes higher than 4 km and for all topographic-isostatic models.

The results of the far-zone effects determined in the present investigation at the surface of the Earth were
compared with those calculated from Novak et al. (2001). Both soluations are shown in Fig. 5.26. There
are some differences between the two methods. These differences are caused by a different handling of the
topography height of the computation point. In case of Novak et al. (2001) the heights of the computation
points are computed from the spherical harmonic expansion up to the maximum degree used for calculating
the far-zone effects. This is not sufficient for a precise determination of the far-zone effects. But we have to
point out that this holds for a region with a rough topography. Therefore the differences between the two
methods may be neglected for areas with a smooth topography or if the maximum degree of the spherical
harmonic expansion of the topography has been extended to a high degree as for example Nmax = 2160.

The formulae based on the spherical harmonics as derived in this study are very efficient. The computation
of the various topographic-isostatic effects at a grid with a grid size of 5’ * 5’ — these are 1296 point values
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Fig. 5.20: Far-zone direct terrain effect along the 50° latitude for different topographic-isostatic models at
an altitude of 4 km
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Fig. 5.22: Far-zone direct terrain effect on gravity of the area outside a cap size of 1y = 3° for different
topographic-isostatic models at an aeroplane altitude of 4km (units in mGal)
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Fig. 5.23: Far-zone direct terrain effect on gravity of the area outside a cap size of ¥y = 3% in case of
generalized Helmert method (D = 32 km) at different altitudes of the computation point (units in mGal)
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Fig. 5.24: Far-zone primary indirect terrain effect on geoid heights of the area outside a cap size of g = 3°

for different topographic-compensation models (units in meter)
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for our test area — and a spherical harmonic expansion of the topography of up to degree N, ., = 360 takes
48 sec on a PC (1,8 GHz processor frequency). The computation costs are reduced further in case of larger
cap size radii, because in this case the upper degree of the spherical harmonic expansion can be reduced as
well.

5.3.2.4 Far-zone terrain effect on airborne gradiometry

The far-zone terrain effects at aeroplane altitude for the Himalaya region on z— component in a local
coordinates system of the gravity tensor, V.., are shown in Fig. 5.27. The cap size has been taken to be 3°.
Figure 5.27 shows that the effects of far-zone terrain effects are very small and in the size of approximately
one percent of the total effect. This is caused by the fact that the second derivatives of the potential is inverse
to the cubic distance between the computation and integration points which tapers off very quickly.
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Fig. 5.27: Effects of the far-zone terrain on the tensor components V., of the area outside a cap size of
1o = 3° at an altitude of 10 km for the Airy-Heiskanen model for the Himalaya region (units in E6tvos)

5.4 Effect of topographic-isostatic masses in satellite applications

As we stated in section 4.1.2 and section 4.2 the effects of topographic-isostatic masses at satellite altitude can
be determined from the direct integration method or by a using spherical harmonic expansion. Therefore, this
section starts with the determination of the effects of topographic masses on Satellite Gravity Gradiometry
based on the two methods. The results have been compared and show the efficiency of the spherical harmonic
approach is demonstrated. Then the effects of the topographic-isostatic masses for different models at GOCE
altitude have been determined. Finally, the effects of the topographic-isostatic masses on POD (Precis orbit
determination) and SST (Satellite-to-Satellite Tracking) observations are investigated.

5.4.1 Topographic-isostatic effects on gravity gradients
5.4.1.1 Computation formulae

To determine the effects of topographic-isostatic masses on the gravity gradients at GOCE altitude from
spherical harmonic expansions of the topography, the formulae derived by Tscherning (1976) are used for the
potential and its first and second derivations. The potential of the topographic-isostatic masses reads (ibid.):

B am Nmax <R)n+1 n

Vir,e,A\) = R Z (Crm COSMA + Sy SINMA) Py (sin ), (5.16)

r
n=0 m=0
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its derivates with respect to (r, ¥, A) yields (ibid.):

Gm Nnaz R n+2 n
Vi(r,p, \) = Rz Z (n+1) () Z (Crm COSMA + S SINMA) Py (sin @),
r

n=0 m=0

Nomax n+l n .
G R OPpm
Vo (r,p,\) = ?m () E (Crm OSMA + Sy SIN m)\)ﬂ,

n=0 " m=0 asﬁ
Noaz n+l n
a(ry o, A) = R Z ( > Z M(—Cpm SINMA + Sy cOS M) Py (sin ).
m=0

The second derivatives can be determined by the formulae (ibid.)

Gm e R\
rr\T, ¥, = 3 1 2 — Py (si nm nm Si )
Vir (r, 0, M) Z (n+1)(n+2) (r> Z (sin @) (Crm COSMA + Sy, SINMMA)

3
R n=0 m=0
Nmaz n+2 n .
G R OPnm
Vio(r, o, \) = —R—ZL ngo (n+1) (r) P (Crm COSMA + Sy, Sin 771)\)8(;111('0)7
Nmaz R n+2 n
Vea(rs o, A R2 Z ( ) Z M(Cp SINMA — S €08 MN) Py (sin ),
m=0
Nmaa: n+1
Vaa(r, p, A) = _G?m <R) Z m?(c,,, oSMA+S, SinmA) Py (sin ),
r
n=0
Nmaz n+l n 2 .
O0?Py (s
Vo1, 0,A) = fm z_: ( ) ;(cnmcosm/\—ksnmsinm)\)gzp(?rl@’
Nmax n+l n
P’nm
Vorlr, o, A) = Gm <R> Z M(—Cpm SINMA + S, COSTMA )w
n=0 r m=0 ®

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

In order to simplify the evaluation of the second derivatives of the gravitational potential, let us introduce
a tangential coordinate system frame at a point with spherical coordinates (r, ¢, A) as shown in Fig. 4.5 as
follows: the z-axis is directed to the north, the y- axis to the east, and the z-axis coincides with the radius
vector. Then the first and second derivatives of the gravitational potential with respect to x,y and z may be

related to the first and second derivatives with respect to r, ¢, A in the following equations:

1
VE(Ta ®, >‘) = ;Vapv

Vy(’ra ®, >‘) = V)\,

rCos
‘/Z(rﬂDa)‘) =V,

1 1
Vzaz(r7 (;07 )\) = ;V;"(rv 907 )‘) + ﬁVZﬂP(T? (:07 >\)a

sz (T, ©, )‘) = Vyw (7", 2 )‘) = (tan PV (7", ' >‘) + V@GA (Ta 2 )‘))a

72 cos
1
Va:z(r7 ®, )‘) = ‘/Z:E(T’ 2 )‘) = ﬁ(—vv(’l", ®, )‘> + T‘/Ttp(r? 2 )‘))’

1 tan
Vyy(n‘va) = ;Vr(ﬁ%/\) - TTSOVW(T7<)O7/\) + /\)\(73%/\);

—FV)
r2cos? p

(5.26)

(5.27)
(5.28)

(5.29)
(5.30)
(5.31)

(5.32)
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Voo (r, 0, A) = Vi (19, A) = ——— (= V3 (1,0, A) + Vi (s 0, V) (5.33)
yz\T5 @, = VzyI, @, - 7 CoS r AT, P, A\ @, ) .

Vtzz (7'7 @, )\) = ‘/rr (Ta @, )\) (534)

Finally, the first and second derivatives of the potential can be calculated using the following formulae:

N, n n .
GM Nmes (R OP, (s
Ve(r,o,\) = 7 TLZ:;) <r> mz::()(cos MACrm, + sinm)\snm)a(;m@)’ (5.35)
GM N7naz R n n
Vy(r,o,\) = — (> Z m(—Cpm SIMMA + Spm €08 MA) Py (8in ), (5.36)
ricosp L= \r ) =~
Gm Nmagx R n o n
Vo(r, o, N) = ——5- Z (n+1) (> Z (Crm COSMA + Spm SILMA) Py (Sin o), (5.37)
r r
n=0 m=0
N, n n
GM (R .
Vea (1,0, A) = 3 (r) Z (Cpm COSMA + Sy SINMMN)

n=0 m=0 (538)

2 -
(0 P (sing) 4 TR

N. n n
GM N(R
Vi (1, 0,A) = ooy E () E M (= Cpm SINMA + Sy, COSTN)

=0 m=0 (5.39)
{tan QP (sin ) + W} :
Nm,am n n .
Vez(ry o, A) = — G];/[ Z (R> (n+2) Z (Crm COSMA + Sy, Sin mA)W7 (5.40)
r T o
n=0 m=0
Nm,az n n
Viy(r,0,A) = Gi‘;\/[ Z (R) (Cnm COSMA + Sy SIn M)
Ton=0 N o (5.41)
m? . 0P, (sin )
{ {(n +1) - oo @] P (sin ) — tan gpa(p} ,
Gm Nmaz R n n
Vyz(r, 0, ) = ey ; (n+2) <7“) mzzo M(Cpm SINMA — S, cOSMA) Py (sin @), (5.42)
GM Nmazx R n n
Ve (r,0,A) = 5 nzzo (n+1)(n+2) (1") mZ:O (Crm oS MA + Spm SINMA) Py (Sin ). (5.43)

5.4.1.2 Integral formulae versus determination by spherical harmonic expansion

In order to get insight into the numerical differences between the numerical integration method and the sphe-
rical harmonic expansion of the topography, the effects of the topographic masses on the second derivatives
of the gravitational masses at GOCE altitude caused by the global topography have been determined by
both methods. In both cases the rock equivalent heights procedures with a resolution of 5 arc-minutes have
been used. This fine grid size has been chosen to overcome the discretization errors in case of the numerical
integration method and to minimize the problem of the non-orthogonality of the discrete Legendre polynomi-
als in case of the spherical harmonic expansion. The evaluation has been performed for the Asia region. The
differences between the numerical results of the discretized numerical integration and the spherical harmonic
approach are shown in Table 5.7. The table shows that the differences between the two methods are very
small and can be neglected if we keep in mind the accuracy of the observation from the GOCE satellite
(5% 1073 E6tvos ). This means that it is better to use the spherical harmonic expansion for determining the
effects at satellite altitude as it sharply saves CPU time.
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Table 5.7: Statistics of the differences between the numerical integration method and the spherical harmonic
expansion on the tensor component at an altitude of 250 km for Airy-Heiskanen model (units in E6tvos)

tensor components | Max Min RMS
XX 2.3E-5 | -1.8E-4 | 2.8E-5
vy 1.1E-4 | -2.37E-5 | 1.5E-5
77 7.9E-5 | -3.7E-6 1.7E-5

5.4.1.3 Computation of various topographic-isostatic models

The topographic-isostatic effects of the components of the gravitational tensor at a satellite altitude of 250
km are already considerably damped (Fig. 5.28) compared to the features in an aircraft altitude of 10 km
(Fig. 5.27) for the same region. Nevertheless, the structure of the topographic-isostatic effects at a satellite
altitude of 250 km shows still steep changes with a gradient of 0.70 E&tvos per 100 km in north-south
direction (Fig. 5.29) and of 0.50 m Eo6tvos per 100 km in east-west direction (Fig. 5.30).
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Fig. 5.28: Effects of the topographic-isostatic masses on the tensor component V., at an altitude of 250 km
for the Airy-Heiskanen model for the Himalaya region; units in E6tvos)

If it is possible to remove this sort of roughness from the observations with a noise level of approximately
5% 1073 Eotvos expected for GOCE the downward continuation can be considerably simplified. The GOCE
mission is designed to derive the static part of the gravity field with an extremely high precision. Therefore,
it is very important to filter the observations by the topographic-isostatic gravity field effects to ease the
requirements for the downward continuation. An additional regularization might be avoided in that case; but
this depends on the envisaged resolution of the gravity field model and on the error level of the observations.

Figs. 5.31 to 5.33 give an impression of the size of the effects of the topographic-isostatic masses for the
zx, yy and zz-components of the gravitational tensor, respectively. The effects of the topographic-isostatic
masses for the Pratt-Hayford and the combined Airy-Pratt model are slightly larger than in case of the Airy-
Heiskanen and Helmert’s first condensation model, while Helmert’s second condensation model produces
only tiny effects. The results indicate that the effects of topographic-isostatic masses and the gradient of the
different tensor components for different models are significant and it seems to be advantageous to take them
into account for the gravity field recovery of the GOCE observations. This question will be investigated in a
simulation experiment.

Again, the coincidence of the generalized Helmert model of condensation with the other isostatic models
depends strongly on the condensation depths of Helmert’s model (Table 5.8 and Fig. 5.34). E.g, the ge-
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Fig. 5.29: Direction derivation of the tensor component V., in north-south direction at an altitude of 250
km (effect of the topographic-isostatic masses on the tensor component V, for the Airy-Heiskanen model

for the Himalaya region; units in Eotvos/degree)
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Fig. 5.30: Direction derivation of the tensor component V,. in west-east direction at an altitude of 250 km
(effect of the topographic-isostatic masses on the tensor component V.. for the Airy-Heiskanen model for

the Himalaya region; units in E6tvos/degree)
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neralized Helmert model of condensation with a condensation depth between 45 km and 50 km coincides
well with the Pratt-Hayford model. In case of a condensation depth of 30 km for the generalized Helmert
model the effects coincide approximately with the Airy-Heiskanen model. For the second radial derivatives
the numerical results for different topographic-isostatic models are practically equivalent to those reported
in Heck and Wild (2005) and Wild and Heck (2004b).

Finally, the effects of the topographic-isostatic masses in the global scale for different topographic-isostatic
models are shown in Figs. 5.35 to 5.37. The plots show the distribution of these effects for the diagonal
components of the gravity tensor. The condensation depth of the generalized Helmert model for this test
computation has been taken to be 30 km. The effects are as large as 1 E6tvos and more. Compared to
the observation accuracy of approximately 5 * 10~3 E6tvos, again these are significant gravity field effects
according to the topography and its isostatic compensation in the gravity field signal.

Table 5.8: Effects of the topographic-isostatic masses on the tensor component at an altitude of 250 km
for Helmert’s first or generalized method of condensation with different depths in comparison with Airy-
Heiskanen and Pratt-Hayford models (units in Eotvos)

topographic-isostatic model RMS | Mean | Min | Max
Helmert’s first method 0.10 | 0.002 | -0.37 | 0.55
generalized Helmert model (25 km) 0.12 | 0.002 | -0.43 | 0.63
Airy-Heiskanen 0.14 | 0.003 | -0.65 | 0.97
Vening Meinesz 0.14 | 0.003 | -0.66 | 0.98

30 km) 0.14 | 0.003 | -0.49 | 0.73
generalized Helmert model (35 km) 0.16 | 0.003 | -0.56 | 0.83
generalized Helmert model (40 km) 0.18 | 0.004 | -0.64 | 0.92
generalized Helmert model (45 km) 0.20 | 0.004 | -0.71 | 1.01
Pratt-Hayford 0.21 | 0.007 | -0.76 | 0.99
generalized Helmert model (50 km) 0.22 | 0.005 | -0.78 | 1.10

generalized Helmert model

AA,_\/.\
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Fig. 5.34: Effects of the topographic-isostatic masses on the tensor component V., at an altitude of 250 km
for generalized Helmert model of condensation with different depths (units in Eotvos)
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Fig. 5.35: Effects of the topographic-isostatic masses on the tensor component V., at an altitude of 250 km

for different topographic-isostatic models (units in E6tvos)
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Fig. 5.36: Effects of the topographic-isostatic masses on the tensor component V,, at an altitude of 250 km
for different topographic-isostatic models (units in E6tvos)
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Fig. 5.37: Effects of the topographic-isostatic masses on the tensor component V. at an altitude of 250 km

for different topographic-isostatic models (units in E6tvos)
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5.4.2 Topographic-isostatic effects on SST observations

As sketched in chapter 2, the gravity field recovery from SST data is based on the analysis of short precisely
determined kinematical orbits based mainly on GPS measurements in an altitude of ~ 400 km.

5.4.2.1 Effects on the orbit

To get an impression of the size of the topographic-isostatic effects on the short arcs, a 30-minute-arc has
been determined dynamically twice, the first version based on EGM96 potential coefficients (Lemoine et
al. 1998) complete up to degree N,,q. = 360, the second version based on EGM96 minus the effects of the
topographic-isostatic masses. Then both orbits have been compared applying a least squares fit of both orbits.
The differences in the coordinates represent the effect of the topographic-isostatic gravity field effects in the
short arcs. Figure 5.38 shows the effects of different topographic isostatic models. The Airy-Heiskanen model
and the Vening Meinesz model as well as the generalized Helmert model of condensation show significant
deviations up to two meters. The Pratt-Hayford model as well as the combined Pratt-Airy model show even
larger deviations up to four meters while the gravity field effect of Helmert’s second model is very small,
only a couple of centimeters.

5.4.2.2 Effects on the relative motion of two satellites

To investigate the gravity field effects of the topographic-isostatic models on the ranges and range-rates of a
twin-satellite scenario like GRACE the relative orbits of a 30-minute-arc have been determined dynamically
twice again: The first version has been based on EGM96 potential coefficients complete up to degree Ny, =
360, the second one based on EGM96 coefficients minus the effects of the topographic-isostatic models. Then
both relative orbits have been compared applying a least squares fit of both relative orbits.

The differences in the ranges and range-rates represent the effect of the topographic-isostatic gravity field
effects in the short relative arcs. Figure 5.39 shows the effects of the topographic-isostatic models in the
ranges and Fig. 5.40 in the range-rates. Again the Airy-Heiskanen model and the Vening Meinesz model as
well as the generalized Helmert model of condensation show significant deviations up to a couple of decimeters
while the gravity field effect of Helmert’s second model again is very small. Also, the Pratt-Hayford model
and the combined Airy-Pratt model show significant deviations larger than the other models.

The situation is similar in case of the topographic-isostatic effects in the range-rates between the GRACE
satellites. Again the Airy-Heiskanen model and the Vening Meinesz model as well as the Helmert’s first or
generalized condensation method show significant deviations up to £200 to 300um/s while the gravity field
effect of Helmert’s second model is very small. In addition, the effect of the Pratt-Hayford model and the
combined Airy-Pratt model show significant deviations larger than those of the other models. Compared to
the observation accuracy of approximately 0.2um/s these are significant effects in the gravity field signal.
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In this study the integral formulae for the calculation of the first and second derivatives of the gravitational
potential of the topographic-isostatic masses were derived for various frequently applied topographic-isostatic
models in spherical approximation by approximating the spherical volume elements by mass-lines located
in the center of the compartments. To our knowledge, only the formula for the determination of the first
derivative in the radial direction has been derived but not for the other two components. The situation
is similar for the second derivatives of the potential; only an alternative equivalent formula for the radial
component has been published in various papers (Heck and Wild 2005; Wild and Heck 2004a, b). The
other second derivatives of the potential have not been studied till now to our knowledge. The formulae
can be used to determine the topographic-isostatic effects at aircraft altitudes for airborne applications
or at satellite altitudes to reduce the observation functionals of Satellite Gravity Gradiometry missions.
The integral formulae presented here allow to use DTMs with an — in principle — arbitrary high resolution
depending on the numerical integration method. Obviously such a high resolution is not necessary for satellite
altitudes, because only a comparably coarse digital elevation model is required. In these cases it might be
preferable to apply formulae which are based on the expansion of Newton’s integral in spherical harmonics
at least for global applications (see, e.g., Makhloof and Ik 2004). If the potential coefficients are determined
once for all, then the same results can be achieved with less CPU time and sufficient accuracy. The situation is
different, if the topographic-isostatic effects are required at the surface of the Earth or at aeroplane altitudes.
Then a higher resolution of the DTMs is indispensable and the computation of the corresponding spherical
harmonic coefficients can be critical because of numerical problems (Holmes and Featherstone 2002). Also,
the computational effort increases quadratically with data resolution. Therefore only a maximum degree
of 2700 corresponding to a compartment size of 4” can be determined efficiently. Due to this limitation a
spherical harmonic expansion of the topographic-isostatic masses cannot be used for exact determinations
of the geoid (see Kuhn and Seitz 2005). At the surface of the Earth or at low altitudes the formulae for
the second derivatives have to be applied with care because of instabilities and discretization errors caused
by the jump relation of the second derivatives of the gravitational potential at the Earth’s surface. There
are various ways out of these problems: The cap around the computation point can be calculated using
the rigorous tesseroid formula approach in three dimensions such as proposed by Kuhn (2000) or the prism
formulae as proposed by Nagy (1966, 2000, 2002). Another possibility is to model the topography in a cap of
sufficient spherical radius around the computation point with a higher resolution than in the distant regions.
Discretization problems are less critical for the first derivatives or even for the potential. The errors depend
on the resolution of the DTMs and the altitudes of the computation points as demonstrated in chapter 5.

For the determination of a 1 ¢m geoid from ground and airborne gravimetry, formulae for the far-zone
direct and indirect terrain effects for Helmert’s condensation methods and for the Airy-Heiskanen model are
derived and transformed into the spectral domain following Molodenskii’s approach. These formulae that
are based on spherical harmonic expansions can be applied very economically for all models investigated
here. From the point of view of computation costs it would be desirable to select the cap size radius as
small as possible to reduce the work load for the near zone computations, e.g., for the direct terrain effects
on gravity. A cap radius of at least 3° is necessary for the Taylor expansion of the formulae for the far-zone
effects (see chapters 4 and 5).

The gravity field effects of the topography and the isostatic compensation masses strongly depend on the
applied topographic-isostatic models. For the gravity field recovery procedure it is important to know the size
of these effects in the satellite observations which are used for the determination of gravity field parameters.
The results of chapter 5 demonstrate that the Pratt-Hayford model shows the largest effects at satellite
altitude, followed — as expected — by the combined Airy and Pratt model. The Airy-Heiskanen and the Vening
Meinesz models as well as Helmert’s first condensation model show similar slightly smaller effects, while
Helmert’s second condensation model produces only tiny effects compared to the other models. This means
that these gravity field effects are remarkable large compared to the measurement accuracy. If the three-
dimensional position coordinates of a satellite such as CHAMP derived by a kinematical orbit determination
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procedure are used within the so-called Precise Orbit Determination (POD) gravity field recovery approach
then the coordinates must be known with an accuracy of one to two centimeters. It becomes obvious that
an effect in the orbit of up to a couple of meters (as shown in chapter 5) corresponding to a signal-to-noise
ratio of approximately 1000 requires a careful computation of the topographic-isostatic effects. The situation
is similar if low-low SST data of a GRACE-type twin satellite mission are used for the gravity field recovery.
Again the ratio of the topographic-isostatic effect to the measurement noise is approximately 1000 for these
observables. This holds approximately for all models except for Helmert’s second condensation method. The
topographic-isostatic effects might be also important for the gravity field mission GOCE where the gravity
gradients are measured with high precsion, especially the diagonal elements. The size of the diagonal elements
of the gravity gradients is largest for the radial component V. and approximately half of these values for the
local horizontal components V,, and V,,,. Also in this case the signal-to-noise ratio is approximately 1000 if
we take into account the measurement accuracy of the Satellite Gravity Gradiometry mission GOCE in the
size of 0.003 E6tvos. Therefore, also in this case a remove-restore procedure can significantly stabilize the
downward continuation procedure and can help to improve the final results.

The far-zone direct terrain effects are rather high for Helmert’s first or generalized condensation method
as well as for the Airy-Heiskanen model and very small in case of Helmert’s second condensation method.
It is interesting to note that the altitude of the computation point has a minor influence on the size of
the far-zone effects for all topographic-compensation models. The far-zone effects decrease slightly with
increasing altitude and are more or less identical in case of cap radii of 10° and larger. Therefore, the results
hold for ground gravity measurements and for airborne gravimetry. The far-zone effects increase with the
condensation depth selected for the generalized Helmert model (and are very small for the second Helmert
method). A corresponding behaviour show the numerical tests for the far-zone primary and secondary indirect
terrain effects. An important question is the selection of the cap radius for the determination of far-zone
topographic-compensation effects. For Helmert’s second method of condensation the far-zone terrain effects
in case of a cap radius of 3° and larger have a minor influence on airborne gravity measurements in relation
to a measurement accuracy of 1 to 2 mGal and can be omitted completely. The situation is different in case
of ground gravity measurements with a much higher measurement accuracy of 0.02 mGal. In this case the
far-zone effects have to be considered in case, e.g. of a cap radius of 3°. The maximum harmonic degree of
50 should be sufficient for the determination of the far-zone effects in this case. The situation is different
in case of Helmert’s generalized condensation models (including Helmert’s first model) and in case of the
Airy-Heiskanen model. Even in case of the minor accuracy of airborne gravimetry the far-zone effects have
to be considered for cap radii of 3° and also larger ones. The maximum degree of the spherical harmonic
expansion can be restricted to 50 in case of airborne gravimetry and up to degree 200 and higher for ground
gravity measurements, depending on the accuracy demands. If we keep in mind that the accuracy of the
airborne gravimetry is 1-2 mgal and the band limted geoid is determined, then it is better to use space
localizing space function than the integral formulae for determinig the topographic-compensating masses
effects.

Now the question arises which model should preferably be used for the filtering of satellite born observations
such as low-low SST data, airbore gravimetry, three-dimensional position coordinates or measured gravity
gradients as preparation for the subsequent downward continuation procedure? While Helmert’s second
condensation method might be useful for geoid computations, its usefulness for the processing of satellite
in-situ observations cannot be answered in such a simple generally valid way. Indeed the task of filtering
topographic-isostatic effects in the satellite observations is helpful only if these quantities show a significant
size in the observations. Obviously, this fact depends on the validity of the topographic-isostatic hypothesis
in specific geographic regions. This can be decided only after a careful analysis of the specific gravity field
features within the various geographical regions of the Earth to find out which model describes the reality
in these regions in the best possible way. It is well-known that the Earth is isostatically compensated by
an amount of approximately 90%, but it is difficult to decide which model fits best. Although seismic
measurement results indicate the validity of an Airy-Heiskanen type of topographic-isostatic compensation,
in some parts of the Earth the isostatic compensation seems to follow the Pratt-Hayford model (Heiskanen
and Moritz 1967). If the specific topographic-isostatic model holds more or less uniformly for a larger region
then this model can be used to filter the satellite observations before the application of the regional gravity
field recovery procedure. The situation is more complicated in case of regionally varying deviations of the
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reality from a specific model; further investigations are necessary to consider this case. The numerical results
indicate that the effects of topographic and isostatic masses for Helmert’s first method of condensation with
a condensation depth of 30 km coincides approximately with the effects of the Airy-Heiskanen model. The
change of the condensation level by using a sort of generalized Helmert model (Heck 2003) could be used
to fit the topographic-isostatic model to the reality. An interesting side effect would be the reduction of the
computation costs due to the efficiency of this model.

Because of the varying effects of the topographic-isostatic models depending on the type of observables such
as gravity vectors or tensor components the frequently expressed argument that a high resolution gravity field
model might be sufficient to reduce observations at aeroplane or satellite altitude is not valid. Therefore,
additional investigations are necessary to demonstrate the benefit of a remove-restore procedure taking
into account individually selected topographic-isostatic models for the processing of airborne measurements
and SGG observables. Therefore, an integration of this processing steps into the global but especially the
regional gravity field recovery procedure as developed at the Institute of Theoretical Geodesy, University of
Bonn, and various other aspects mentioned here have to be investigated. In addition, further investigations
are necessary to demonstrate the benefit of a remove-restore procedure taking into account topographic-
compensation effects for the processing of POD and low-low SST observables. Also, further investigations
are necessary to take the cubic terms of the Taylor expansion into account in the case of the Airy-Heiskanen
model. Also, further investigation can be performed to apply the Molodenskii’s approach for determing
the far-zone effects for other topographic-isostatic models such as the Pratt-Hayford model. Finally, the
geophysical models in coincidence with modern models of plate tectonics must be investigated with respect
to its topographic-isostatic effects.
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A. Appendix

A.1 Truncation coefficients for the direct terrain effect

A.1.1 Helmert's second method of condensation

The direct terrain effect of the topographic and condensation masses can be derived based on Eq. (4.177) by
setting A® L A,

R+Hg

DIE|, L, =Goo f[ [ G0 €] -
o 521;:}2})/ (Al)
Q
0 _
- Gﬂ // / §2d€a l 1(r7w7R)|r:I'P dO'-
o £&=R+Hp/

The inner integral of the first term can be performed based on (Gradshteyn and Ryzhik 1980) and rearranged
to give:

R+Hg
0 _ _

5| T €, = €+ arb)cos treg(l— oost 0)] 17 ey €)+
¢=R+Hp (A.2)

R+H

+TP(3COS2 1/} - 1) In ‘g —Trp COS1/’ =+ l(TPa ¢’€)||RIH?3/ )
withrp = (R+ Hp,p,\), E =R+ Hp/, {g = R+ Hg and the height of the topography Hg .
Using the following parameters
Hp — H Ho—H
(=L "F and  (p=—"2"F (A.3)
rp rp

the Newtonian Kernel /=1 and its inverse in Eq. (A.2) can be expanded into a binomial series as follows
(Novak et al. 2001):

) 1 1/2 ¢ o
e 6) = (2 20050) 2 14 (14 5|

1 ¢ (?1—3cosy .
~ 5(2 — 2costp)~1/? <1 —o T 81_(3OS¢> to
: 1/2
.. = o2 =2e0s) 14 (14 o) (A5)

214 cosy

~ 2_9 /2 (4 g (\';7

re( cos ) ( +2+ 8 1—cosy
To give estimations for the quantities ( and (g we consider the following example: the spherical cap shell is
defined by a radius of ¢ > 1y = 3°, the height of the computation point is considered to be 10 km above the
geoid and the topography shall reach heights of maximum 9 km. In this case the quantities ( and (¢ reach

a maximum value of 0.00156. In this case it holds the relation

¢
’C (1 + (QQCOS’(/J)) ’ < 0.002 <« 1. (A6)
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Therefore, the truncation of the binomial series in Eq. (A.4) and (A.5) after the quadratic terms of ¢ is fully
justified.

After substituting of Eq. (A.4) and Eq. (A.5) into Eq. (A.2), the integral can be written as follows:

R+Hg
% / 17,9, €) €2df’r:rp = [(TP(S + né) cos1p + norp (1 — 6 cos? w)] (2 — 2cosw)—%.
E=R+Hp
. <1 — %? + %m) — [rp(3+n*) costp + nrp(l —6cos® ¥)] (2 — 2cos )3, (A7)
< 421—300w> 2 1y | 1@ T OSY (LG = 2nq cos)d
(1 * 8 1—cost Tre@3cos”y —1)ln n—cost)+ (14 n2 — 2ncosth)?
with

rp rp
The logarithmic function in Eq. (A.7) can be developed into a binomial series as well and truncated after
the quadratic terms as follows:

1 (¢a=C , B3¢ 1icosy
Go—C+ (2 2eosu)t (SE 4 Sty
n—cosp+ (1+n? —2770051#)

1 ¢G—¢2
1 Co—C+(2—2cos?)2 (CQ C+ Q }JrigZi)

) —cosql)—i—(l—i—nQ —277@005’(/})%
n—costp+ (1402 — 2ncosth)?

In

2 17 —cos® + (1 + n? 72776081/))% M
(A.9)
Substituting Eq. (A.9) into Eq. (A.7) and rearranging of the terms results in:
RJrHQ 3
[ gt 0y, €8 = [ (1.0 (Go =€)+ Ko (1,0) (63 = )+ Ka n.) (Go — 0]
¢=RYHp
(A.10)
with the functions ¢ and (g as defined in Eq. (A.3),
1(1—6cos?tp) 1 (3cos?p —1)(2+ (2 —cose))?))
K _1 L Al
1(m,%) 2(2—2cosy)z +2n—cosw+(1+772—27]cosz/})% ( )
cos 1(1+2cosyp —6cos?tp) 1 (1—3costp)(1+4cosy) — 6cos? 1/))
KQ(na Y= i 5 1 +3
(2—2cosp)z 2 (2 —2cos))? 8 (1 —cosh)(2 — 2cos1h)? (A12)
(14 cos) (3cos? —1) .

8(1 —cos®) (2 — 2costh) =2 (n — cosh + (1 4+ 1% — 2ncosh)2)’
| (Beos? 1) [(3— cos ) +2(2 — 2cos )]
K3(77,¢):_1 RE (A.13)
[<nfcosw+(1+n272’7C°S¢)5)]

Eq. (A.10) can be rearranged to give:

R+Hg

[ 7 Oy, € = e [Ksn.0) (G — )+ Kl )(6h — €2+
E=R+Hp, or o 7 ’ ¢ (A-14)
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The integration over the sphere o in the first term of Eq. (A.1) can be performed by replacing the geocentric
coordinates ¢g and Ag by the spherical polar coordinates with the pole in the computation point, ¥ and «.
Then the first term in Eq. (A.1) can be written as

R+H
Gpcr// / (0, €|, E2dedo = Gp / ((Ho — Hp) Ky (0, )+
o E=R+Hp/ Y=
(G~ HB)(Ka(n. ) + Ka(n. ) - QZD P (Ho — Hp) [Ka(n,9) + Ka(n,1)] - (A.15)
_2(Hp — Hp)

rp

27
(Hg - Hp) K?,(n,w)} sinwde [ da.
0

By using the technique introduced by Molodenskii el al. (1960), the terms in Eq. (A.15) can be developed
into a spectral form. If only the far zone has to be taken into account, then the kernels K;(n, ), i=1, 2, 3,
in Eq. (A.15) have to be redefined as

- 0 0<y <
Bilmd) :{ Kinb) wo<v<r (A.16)

The function K;(n,1)), being piecewise continuous, may be expanded into a series of Legendre polynomials
(zonal spherical harmonics). For example, it holds for the kernel

with the Legendre polynomials P, of degree n. The coefficients ¢, (n, %, 1) are given by Heiskanen and
Moritz (1967) in Sec. 1-13 by,

n (1,9, %0) Pr(cos ), (A.17)

2

2 v v0) = 22 [ [ Ratn6)Paeos v)sin g, (A.18)
0 0

2

After integration with respect to « gives
1, 1g) = / Ki(n (cos 1) sin 1pda). (A.19)

Introducing the definition of Eq. (A.16), t,(n,1, 1) can be written as

n 77’7# ¢0 / Kl n COb¢) bln¢d¢ (A20)
p=1o
Because of
Hq(,0) = > H,P,(cost), (A.21)
with
9 1 2w T
H, = n4: / / o (¥, @) P, (cos 1) sin pdipda, (A.22)

0 =0
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the first term of Eq. (A.15) can be expressed as:
/ (Ho — Ho) () =23 ,0101060) o (. 0) — 2t 6, 0) (A.23)
n=0

where the truncation coefficients t,,(n,,) are given by Eq. (A.20).

Applying this procedure (Eq. (A.16) to Eq. (A.23)) to the other terms in Eq. (A.15), we arrive at:

R+Hg .
P max
Gper 71—1(“,‘/}’ 5)‘1‘:1‘,, §2d§da =27Gper [Z tn (0,1, %0) Hn (@, A)+
/a—»sz s—R+/Hp/ o =
Nmax Nmax
. 3wl B 3) = 5 Z wi(g o) Ha(o. N A2
Nmax
72(1{%}:}11)) Un(na%balbo)Hn(%)\) +Cla
n=0
where the truncation coefficients u, (1, ¥, 1) and v, (n,1,1g) are given by:
unin) = [ [Kalo, ) + Ka(n, )] Pa(cos ) sin v, (A.25)
P=1o
onl.0) = [ Kalo, ) Pa(cos ) sin v, (A.26)
=10

and (' reads

Cy =21Gper [—to(n, ¥, 100)Hpr — uo(n, 1, o) Hp [rp +

A27
+ 2ug(n, 2, Yo)HpHp: [rp + 2v9(n, ¢, o) Hp (Hpr — Hp)/rp]. ( )

The truncation coeflicients, given in Egs. (A.20), (A.25) and (A.26), can be calculated numerically by the
Gauss-Legendre quadrature formula. It reads, e.g, in case of Eq. (A.20) if the integration ranges from 0 to 7

(wo = 00)7

a7, 40) = / K, (116)(P(cos ) sin i)

w:’ll)o
~ Z n(cos ) ) K1 (n, ¥i)wi, (A.28)
= F(nawi)wz

i=1

The factor w; are the corresponding Gauss-Legendre quadrature weights,
2
(1 —a}) (P, (2:))*

where z; = cost; and P;  are the first derivatives of the Legendre polynomials with respect to x. The
values 1; are the zeros of the Legendre polynomials used for a specific Gauss-Legendre quadrature formula.

w; =

(A.29)
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In our case, the integration starts from 1y # 0°. Therefore, the zeros of the Legendre polynomials must be
transformed as follows:

¥ = at by, (4.30)
with
a:coswo—i—cosw’ b:cos¢o—cos7r (A.31)
2 2
Then the truncation coefficients ¢,,(n, 1, 1) are given by the quadratic formula
tn(n,0,10) = b Y F(n,¢)w;. (A.32)
i=1
The second integral of Eq. (A.1) can be treated analogously as before resulting in
R+Hq ) 63 R+Hg
Gow [[ [ g v R, do = Gp / / [ } Ki(R+ Hp, v, R)sin dida
or R+H,
o {=R+Hp/

Gp//{ (R + Ho)’ (R+HP/)S)]K4(R+Hp,¢,R)sinwd¢da, (A.33)

R® [3(Hoy — Hp) 3(H:L—HZ) H
:Gp//3{ QR r) 3 QR2 ) 1o RS]K4(R+Hp,w, R)siny dyda,

where the integral kernel K4(R + Hp, 1, R) is the radial derivative of the Newtonian kernel given by:

Ky(R+ Hp, v, R) = 0D = Hr, (A.34)

By inserting Eq. (A.34) in Eq. (A.33), the second integral of Eq. (A.1) can be finally written as

R+Hg

Nmax
Goo [ [ [ e R, e = 2GS wn (e, b i) (o N+
o—0fpz E=R+Hp/ n=0 (A35)
Nm'xx
+ Z W, Hva ’(/JO)HQ(()D? )+C2;
n=0
with
wo(Hp, i, ) = R / (R + Hp,, R) Pa(cos ) sin s, (A.36)
=19
and
Cy = 21Gpey [—wo(Hp, ¥, 100)Hpr — wo (Hp,¥,0)Hp rp] . (A.37)

A.1.2 Helmert’s first or generalized method of condensation

The only difference between Helmert’s first and second condensation method is a different calculation of
the truncation coefficients w,(Hp,1,1p). The integral kernel K4(R + Hp,1, R — D7) in Helmert’s first
condensation method is given by:

d(1/l(r,v, R — Dy) _ (R—Dy)cosyp— (R+ Hp)
or o I3 .

r=rp

Ky(R+ Hp,¢,R—D1) =

(A.38)
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A.1.3 Airy-Heiskanen model

In this model, the direct terrain effect of the topographic and isostatic masses is given by (Rummel et al.

1988):
R+Hgqg
DTE™| _, ~Gp / / / D100, )y, et
o E=R4Hp
. (A.39)

+GAp/a/g R/ P, )l €2dEdo.

The first integral of Eq. (A.39) is derived from Eq. (A.1) and given by Eq. (A.24). Following an analogous
procedure as used for treating Eq. (A.1), the second integral can be derived resulting in

R-T—tq

Nlnax
GAP/ / / —17(r 6|, rPf2d§dcr =2rGAp | — Z G (10,0, o) Hy (0, \)C+
oc—0opz E=R— n=0
Ly 20Hp +T) S A .40
+ . Z (1,20, 100) H2 (0, \)C? + 1;713 Z T (1,0, 190 ) Hy (0, \)C— (A.40)
n=0 0
None
2T + tp + Hp) &x
- % > Su(n, 1, o) Hn (0, NC | + Cs.
n=0

The coefficients ¢, (0,1, %0), mn(n,¥,%0) and s, (n, ¥, o) are calculated based on Egs. (A.20), (A.25) and
(A.26), respectively, with the parameter

n= @_ (A.41)
rp

The term Cj is given by:

1
Cs =21GAper [Cqo(n, ¥, 1p0)Hpr — ;To(ﬁWWo)CQHIQD'—

2(H T 2T +t H
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rp rp

(A.42)
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