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Abstract - A Synthetic [simulated] Earth Gravity Model (SEEof the geoid, gravity and
topography has been constructed over Australia ifsgmly for validating regional
gravimetric geoid determination theories, technsggaled computer software. This regional
high-resolution (1-arc-min by 1-arc-min) Australi@8EGM (AusSEGM) is a combined
source and effect model. The long-wavelength eff@ct (up to and including spherical
harmonic degree and order 360) is taken from amnasg errorless EGM96 global
geopotential model. Using forward modelling vianmarical Newtonian integration, the
short-wavelength source part is computed from &-hegolution (3-arc-sec by 3-arc-sec)
synthetic digital elevation model (SDEM), whichadractal surface based on the GLOBE
vl DEM. All topographic masses are modelled witlcomstant mass-density of 2670
kg/m®. Based on these input data, gravity values orsyn¢hetic topography (on a grid
and at arbitrarily distributed discrete points) @odsistent geoidal heights at regular 1-arc-
min geographical grid nodes have been computede précision of the synthetic gravity
and geoid data (after a first iteration) is estedato be better than 30Gal and 3 mm,
respectively, which reduces topGal and 1 mm after a second iteration. The second
iteration accounts for the changes in the geoidtdube superposed synthetic topographic
mass distribution. The first iteration of AusSEGQ#1compared with Australian gravity
and GPS-levelling data to verify that it gives alistic representation of the Earth’s
gravity field. As a by-product of this comparis@usSEGM gives further evidence of the
north-south-trending error in the Australian Heigbatum. The freely available
AusSEGM-derived gravity and SDEM data, included Electronic Supplementary
Material (ESM) with this paper, can be used to cota@m geoid model that, if correct, will
agree exactly with the AusSEGM geoidal heightss thifiering independent verification of

theories and numerical techniques used for regigeaild modelling.
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1. Introduction
In 1996, the International Association of Geodd#\5) created the special study group
SSG3.177 Synthetic modelling of the Earth’s gravity field

(http://www.cage.curtin.edu.au/~will/iagssg3177.htmkith the primary objective of

constructing synthetic Earth gravity models (SEGMshe used in geodesy. Such models
were previously unavailable to the geodetic comtyurvhich is at odds with other Earth
sciences, notably seismology with the PreliminargfedRence Earth Model (PREM,;
Dziewonski and Anderson 1981). Instead, geodetwity field modelling often tends to
rely on empirical methods to validate results (ahds implicitly the theories and
software). A notable example is comparisons oforeg gravimetric geoid models with
GPS-levelling data on land, where the GPS-levellbogtrol data contain a variety of
generally poorly known errors. A global or regibs&GM avoids this problem and is
thus a useful tool for an independent and more ctibge validation of gravity field
determination and modelling methods. In additiother working groups of the IAG

commission Gravity Field’ (http://www.ceegs.ohio-state.edu/iag-

commission2/index.htrkely on the availability of an SEGM.

In the framework of IAG SSG3.177, several authoasehconstructed different
SEGMs, as well as others constructed independehtlyis SSG or before its creation (see
the citations in the review by Featherstone (199%jowever, none of these previous
SEGMs have specifically addressed the issue oftipahgegional geoid computations in
the presence dbpography. Instead, they only generate the eategravity field, either

outside the topography (e.g., Pail 2000, Haagmait0,2Claessens 2003, Kuhn and



Featherstone 2005), or implicitly assuming thahatl been properly condensed onto or
moved below the synthetic geoid (e.g., Tziavos 199atherstone and Olliver 1997,
Featherstone 2002b, Novék et al. 2001). Howevas, the presence of topography that
makes the task of local geoid determination difficu

Acknowledging the work of Agren (2004), the SEGMgented in this paper aims
to remedy this deficiency by including a synthétipography with a constant mass-density
(in the first version), inside which the synthegeoid is known and is consistent with
synthetic gravity values on the synthetic topogyaphmportantly, all these synthetic
surfaces and values are designed to be as reasspossible, which will be verified later
in this paper with observational data. The resgl®EGM is provided in terms of the data
types that are routinely used in regional geoicaeination (i.e., discrete gravity values
on the Earth’s surface, their coordinates, a spakharmonic global geopotential model
(GGM) and a regular digital elevation model (DEM)).

The SEGM can then be used to resolve some of tfferahces currently
encountered among those who compute geoid modakmcithe world (e.g., Va¥ék and
Kleusberg 1987, Véronneau et al. 2000, Featherstbak 2001, Nahavandchi and Sjoberg
2001, Smith and Roman 2001, Kuroishi et al. 20@&rag many others). However, only a
few comparisons of different geoid computation teghes using the same input data have
yet been presented (e.g., Tziavos 1996, Feathergibal. 2004, Ellman, in press). This
situation can be significantly improved with the@¥ presented here. Most importantly,
any SEGM must rely upon as few assumptions aslgessn that it can reliably be used to
test practical geoid determination with a view he turrent goal of the 1 cm geoid. In
addition, the use of widely accepted models ofEaeth’s shape and gravity field should

guarantee that the results from 8iGM are applicable to real Earth situations.



2. Concepts of Synthetic Earth Gravity Models

There are two main approaches to synthetic grdnaly modelling:source mode|swhich
take into account the mass-density distributiomdmshe solid Earth by forward modelling
via Newton’s integral (e.g., Pail 2000, Kuhn andhtherstone 2005); areffect models
which do not make any assumptions about the masstgalistribution inside the Earth,
but use information of the observed gravity fieddg(, Tziavos 1996, Novak et al. 2001,
Featherstone 2002b). The SEGM described here aisedf-consistent combination of
both approaches for the reasons of computatiormatlezoence and also to ensure that it is
realistic.

Existing Earth models derived from observed datanely the EGM96 global
geopotential model (Lemoine et al. 1998), the GLOBE global DEM (Hastings and
Dunbar 1998) and the JGP95E global DEM (Lemoina.et998 chap 2), have been used
to provide the global gravity field and topographice these models are freely available.
GLOBE was used in preference to JGP95E over Austh@cause of a discontinuity in
JGP95E at 160°E due to the use of two differena daturces (Hilton et al. 2003), and
JGP95E was used elsewhere. Using existing Earttelm@nsures that the broad structure
of the SEGM s realistic, but it also saves compormal time. These models provide the
long-wavelength geoid and gravity component of &M and are considered as error-
free. Importantly, this assumption is permitteddasynthetic model.

The high-resolution, regional SEGM over the comntingf Australia, herein termed
AusSEGM, is constructed through the superpositidmgh-resolution simulated local data
onto the aforementioned global models. Specificathe high-frequency topographic
effects on gravitational attraction and potentaid the corresponding geoidal height after
using Bruns’s formula) are generated via Newtontegdration (i.e., forward modelling)

that uses both local and global topographic mas$ée. final gravity and geoid data from



AusSEGM are obtained by adding together the long- short-wavelength parts (Fig. 1).
As such, regional geoid computations using AusSEGM only be tested over the
Australian region. However, the methods descrifber@ can readily and easily be applied

to other regions.

Figure 1 near here

3. Construction of the synthetic DEM (SDEM)

The 9-arc-sec by 9-arc-sec version 2 DEM (DEM-98)Aastralia (Hutchinson 2001,

http://www.ga.gov.au/nmd/products/digidat/dem_9s)hivas not in the public domain

when the construction of AUsSEGM began. Therefarkigh-resolution (3-arc-sec by 3-
arc-sec) DEM was simulated over Australia usintpatél surface based on the (30-arc-sec
by 30-arc-sec) “GLOBE v1” global DEM (Section 3.1)Any other approach or data
source could be used to construct the synthetic BEDEM), but it should be as realistic
as possible. Also, any arbitrarily fine resolutiSDEM can be simulated, but for the
reasons of data management, computational speedthendiccuracy attainable from
forward modelling (Kuhn and Featherstone 2005)aac3sec SDEM was simulated. The
(5-arc-min by 5-arc-min) JGP95E global DEM was ugedodel the topographic masses
outside of Australia using the approach of equival®ck heights (cf. Rummel et al.
1988).

Within the philosophy of an SEGM, the adopted SDiEMonsidered to represent a
realistically simulated Earth’s surface. Therefdhe heights of all points located on this
simulated Earth’s surface are given by the valudeth® SDEM. Also, the topographic

heights of all these DEMs are assumed to be orthr@teeights referred to the EGM96



spheroid (up to degree and order 360). Howevemessubtleties arise from this

assumption, which will be discussed in Section 6.

3.1 The high-resolution SDEM for AusSEGM

The 3-arc-sec by 3-arc-sec (~100m) SDEM over AliatfA12E-155E, 8S-45S) was
constructed by combining two complementary comptsdi) a 3-arc-sec DEM obtained
by bi-linear interpolation from the 30-arc-sec GLIEB1 global DEM; and (ii) an isotropic
2D fractal surface defined at the same 3-arc-ssaluton. The lateral variability of the
fractal surface was associated with the roughne€4 O@BE, which ensures a reasonably
realistic fractal contribution to the final SDEMegEtribed below).

Both components together ensure that the broadtsteuof the SDEM is similar to
the GLOBE and that it contains (simulated) topobregl information up to the 3-arc-sec
by 3-arc-sec resolution. Over marine areas (asettby the GLOBE DEM), the SDEM
height was set to zero. To distinguish betweed amd ocean areas for later analysis, a
land-ocean function was derived for the same atleavalue “0” over ocean areas and “1”
over land). This information is necessary becare parts of the Australian continent
are below mean sea level (e.g., Lake E¥rd,37°E, ¢=28°S), so the heights here should

not be set to zero as over ocean areas.

A summary of all tasks involved in constructing 8IBEM is given below:
 The GLOBE DEM between (12E-155E, 8S-45S) was divided into rectangular
cells with dimensions 5-arc-min by 5-arc-min, eadth an overlap of 2.5-arc-min.
Each cell was re-sampled from 30-arc-sec to 3-accrssolution using bi-linear
interpolation. For all cells that include landwegon data (i.e., land-ocean function

= 1), a plane was fitted to all the DEM heights and#itracted in order to derive a



standard deviationSD) that is free from any linear trends. Subseqyetiie SD
was taken as a measure of the spatial and vetdicain variation (ruggedness).
The fractal surface with a power-law behaviour atreinterpolated cell (including
overlap) was computed according to Adler (1981 )reHthe power-law exponent
(b) of the fractal surface is related to BB and computed according to:

15
~ 1.00165D)

1)
The parameteb controls the horizontal variation of the fractairface; ifb is
small, the variation is large, and vice versa. tii@nmore, Eq. (1) ensures that bor
= 1.5, a prescribed minimum value 8D = 1 m, is obtained. A small value of
(largeSD) results in a fractal surface of a predominantigrswavelength structure
(i.e., suitable for rugged mountainous areas), edeer large value of (smallSD)
produces a fractal surface of a mostly long-wawgtlercharacter (i.e., suitable for
plain/plateau areas). After the fractal surfaces wamputed for each cell of the
interpolated DEM, it was point-wise multiplied dyetland-ocean function in order
to only extract values over land.

The magnitude of the fractal surfad@R) was established according to:

MF =F [SD [scale (2)
wherescale was set t@.30, which means tha¥lF represents 30% of the standard
deviation of GLOBE. The parametérstands for the unit magnitude of the fractal
surface (i.e., a random value between zero and. ome 30% relationship was
chosen empirically, by trial and error, such theg fractal surface gives a realistic
representation of the local topography.

A 2D trapezoidal filter was applied to adjacentlseh order to ensure that no

artificial steps were introduced. This filter waeasigned so that the overlap area of

one cell is multiplied with a factor that decreameearly from one at the edge of
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the cell to zero at the edge of the overlap aned,the same overlap area from the
adjacent cell is multiplied with a factor increagimearly from zero to one.
» To obtain the final SDEM, the values of the fractaiface were added to the 3-arc-
sec DEM obtained by bi-linear interpolation from GRE.
Importantly, the parameters and relationships uséths. (1) and (2) were chosen so as to
provide a realistic SDEM. The numerical valueshase parameters could, of course, be
chosen in a different way, provided that the résgiISDEM and SEGM are sufficiently
close to reality.

Figure 2 shows a generalised image of 3-arc-sec3dayc-sec SDEM over
Australia, from which the broad structure of theskalian topography, as defined by
GLOBE v1, is evident. In order to prove that t8ISEM is realistic, it was compared with
DEM-9S v2 over Australia, where the SDEM was arighically averaged to a 9-arc-sec
resolution. The comparison (Fig. 3) shows that binead structure of the SDEM is
realistic, as most (91.4%) of the differences at60<m. Moreover, the differences agree
with those found by Hilton et al. (2003, Fig 2dhieh indicates that they are mainly due

to errors in the source data used in GLOBE v1 rdatkemn in the fractal surface.

Figures 2 and 3 near here

Naturally, it would be more realistic to use a ampled DEM-9S v2 Australian
DEM together with a fractal surface. However, v not do this because (i) this DEM
was not in the public domain at that time (it is wnoavailable at

http://www.ga.gov.au/nmd/products/digidat/dem_39s)rand so we could not supply it to

a potentially wide variety of ‘users’, and (ii) wented to devise and present a method that

could easily and transparently be applied by otheigenerate their own SEGM. Since a



SDEM is an essential ingredient in a SEGM, it ipamant to be able to provide both data

sets to ‘users’.

3.2 The global DEM for AusSEGM

The global topography (assumed relative to EGM®@; Section 6) was modelled by the
(5-arc-min by 5-arc-min) JGP95E global DEM, whichsndeveloped as one component of
the EGM96 (Lemoine et al. 1998, Chapter 2) and asddd entirely in 1996

(ftp://cddisa.qgsfc.nasa.gov/pub/egm96/gravity dap@tigp95e.min05.Y As such, it is

more consistent with EGM96 than, say, GLOBE v1.stAlJGP95E classifies the terrain
into six different types (1: dry land below mearm $evel (MSL), 2: lake, 3: oceanic ice
shelf, 4: ocean, 5: glacier ice, 6: dry land abb&L). These different mass distributions
were converted into equivalent rock heights (usingss balance formulae given in
spherical approximation of the height referencéasie;, Rummel et al. 1988) with respect
to the constant topographic mass-density of 267ﬁﬁ<g:f. Kuhn and Seitz 2005), which
then serves as the global SDEM with a 5-arc-mirbiayc-min resolution. Furthermore,
the area over Australia (112-155E, 8°S-45'S) was replaced by the (3-arc-sec) SDEM
(arithmetically averaged to a 5-arc-min resolutjomhich ensures that there is no

difference in mass caused by the use of differde¥IB with different resolutions.

4. Methodology used to construct AUSSEGM

AusSEGM is a combined source- and effect-SEGM teatomposed of two parts
representing its long- and short-wavelength comptme The long-wavelength part (in
terms of gravity and geoidal height) is taken diseérom EGM96 (cf. Tziavos 1996;
Featherstone 2002b). The short-wavelength padersved from the local and global

topographic information using forward modelling bymerical Newtonian integration
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using spherical tesseroids (spherical volume elésheapproximated by prisms of equal
mass and height (e.g., Kuhn 2003). As all inpth @dae assumed to be error-free, an exact
(spectral) separation into long- and short-wavedlengarts can be performed without
having the problem that the errors present in tllasa sets cannot be easily split into their
spectral constituents, as is often the case wahmeasurements (e.g., errors in JGP95E
propagate into the EGM96).

Here the spectral separation was implemented anthemum degree and order of
EGM96 (ma=360), since this value is very commonly used imiaeal geoid
determinations. As such, it is important for anGBE to provide data in a form that is
adopted by a wide range of ‘users’. We admit that choice is somewhat arbitrary for
AusSEGM because it has no reference to any geealogimowledge of the Australian
continent. However, as will be shown in Sectionth® power spectrum from AusSEGM
seamlessly interfaces with that of EGM96, so thecspl separation a,,=360 is

justified.

4.1 Generation of the long-wavelength part of AUGBE
As stated, the long-wavelength geoid and gravitgtspaf AUSSEGM are taken from
EGM96 to ensure that the general structure of AG®BHs realistic. Two parameters

were extracted from EGM96, namely (i) free-air gipanomalies at the Earth’s surface
Aggga,gl (Q,H), and (ii) geoidal heightﬁl'&gﬁﬁI (Q) using the spherical harmonic synthesis
formulae as given by Lemoine et al. (1998, Eqs -Plahd 5.21-29). Herd&) stands for
the geographical coordinate pair. (ongitude,¢: latitude) andH indicates the orthometric
height, which is given by the SDEM and referredtfie first iteration; see Section 6) to

EGM96. In the following, all parameters with thepsrscriptNmax, indicate that they

contain only spectral information up to and inchgldegree and ord®max = 360.
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The free-air gravity anomalier&g(';'(fg?\jI (Q,H) have been converted into gravity
values at the simulated Earth’s surface (SDEM) Odiragy normal gravity y(Q,H),

computed from Somigliana’s formula with the GRS&0gmeters (Moritz 1980) at the

same location(Q,H) with H as given by the SEDM, which results in (i.e., travity
anomalies were not upward-continued from the teituto the Earth’s surface)

g (. H) = Ageii (Q H) + Q. H) 3)
Importantly, normal gravity was computed with trean® formula as used for the data

preparation for EGM96 (Lemoine et al. 1998, p. 3-13Also, the spherical harmonic

synthesis can be used to generate both randontfibdied and gridded values.

4.2 Generation of the short-wavelength part of AGHS
The short-wavelength part of gravity at the sinedaEarth’s surface and short-wavelength
geoidal undulations for AusSEGM were modelled bg #ffect of local and global
topographic masses on gravitational attraction poigntial, respectively. These effects
have been determined by numerical Newton integraiging the constant density of 2670
kg/m® for the topographical masses (cf. Kuhn and Festbiee 2005). This was necessary
because neither a 2D nor a 3D digital density modiehe Australian topography exists
yet. The local topographical masses are basedhen3tarc-sec by 3-arc-sec SDEM
(Section 3.1), and the global topographical mag¢eatside the area 112-155E, 8S-
45°S) are based on the equivalent rock heights of5Staec-min by 5-arc-min JGP95E
global DEM, as explained earlier. In terms of gmafield modelling, the equivalent rock
heights will correctly account for all distant maksnsity anomalies.

It should be mentioned that, in principle, it ist mecessary to estimate the effect
(on both gravity and potential) of the global topgghical masses, as the effect of more

distant masses has a very smooth behaviour (speotrgent mostly belovNyax = 360),
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and is thus already contained in the global geapeiemodel. Moreover, these effects
have to be removed because they are already irtludethe long-wavelength part
(described later). In other words, tNgax = 360 component of JGP95E is included in
EGMO96, so it should not be added again from thealforward modelling for the SEGM.

However, it is not possible to define a constadtus (a spherical cap) around the
computation point for the Newtonian integrationttbaactly extracts the spectral content
up to degre®max Of the effect on gravitational attraction and pi. This is because of
the imperfect high-pass filtering properties of pherical cap (cf. Vadek and
Featherstone 1998). To avoid this problem, theig#onal effect of the complete global
topographic masses is considered here, and subgbgseparated into its long- and short-
wavelength parts by a surface spherical harmonalysis. As such, only the short-
wavelength part is considered in the sequel.

In order to further save computation time, the DEMse been generalised (by
arithmetical averaging) to coarser resolutionsnare distant masses (with respect to each
computation point), as shown in Table 1. This cotapon follows the concepts outlined
in, e.g., Kuhn (2003). It is based on numericégnation using the effects of spherical

tesseroids approximated by prisms of equal mas$eigtht.

Table 1 near here

For the computation of the short-wavelength pagrakity at the simulated Earth’s
surface and geoidal undulations at each point3taec-sec resolution SDEM is used for
the topographic masses in the near vicinity of tmemputation point, and coarser
resolutions are used for more distant masses. cbh&utation areas are bounded by

meridians and parallels (i.e., spherical rectangleShese areas are defined by their

13



extensions in longitudg,, and latitudep, for DEMs of finer resolution and by fixed areas
for DEMs of coarser resolutions (Table 1). Impotiy the extensions\{, ¢;) - and thus
the computation areas - were chosen empiricallguch a way that the corresponding
approximation error (with respect to the finer tasion) always remains below 0.01°s#
for the potential (~1 mm in geoidal height) andQ@al for the gravitational attraction.

The gravitational acceleration effects at the sated Earth’s surface
A spem (,H) and at the geoidg gpey (2, H =0) = gy spem () caused by all (local and
global) topographic masses are illustrated in Figand 5. The spatial structure of both
effects is very similar; only the magnitude chan@esn positive values in Fig. 4 to

generally negative values in Fig. 5. The negatiakies fordg, spey (Q) are due to the

fact that the topographic masses in the near wcwofi the computation point are located
above the computation point (except near Lake Eyd37E, ¢=28°S), thus their

gravitational attraction acts away from the geowemd lower the gravity value on the
geoid. Overall, a high correlation with the SDE&Rhde seen (cf. Figs. 4 and 5 with Fig.

2).

Figures 4 and 5 near here

The effect on the gravitational potential at the oide

Ngpem (QH =0) =V, pen (Q) caused by all (local and global) topographic masse

(Fig. 6) is much smoother (potential is a smoofflo@ction than gravitational attraction;
e.g., Heiskanen and Moritz 1967). Only a long-viength correlation with topography
can be seen in Fig. 6, which is predominantly daethe inclusion of the global
topography. This feature occurs because the iawgisgance function for the gravitational

potential used in the Newtonian integration pulatieely more weight on the effect of
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distant masses than that of the gravitational @ttma (i.e., inverse distance versus inverse
distance-squared). This gravitational potentiantevas converted into the effect on the

geoidal height using Bruns’s formula (e.g., Heiskaand Moritz 1967, p. 85)

WO,SDEM (Q)

Ngpem (Q) = Vo (Q)

(4)

where y,,(Q) is normal gravity on the surface of the GRSB80 rezfee ellipsoid.
Obviously, the topographical effect on the geolugEibht Ngpey, () has almost the same
structure asdV, 5pey (Q) shown in Fig. 6, except the amplitudes are appmaiely one

order of magnitude smaller.

Figure 6 near here

Bruns’s formula (Eq. 4) only represents the linpart of a series expansion (e.g.,
Heiskanen and Moritz 1967). However, it is accarat better than 1.% 10°(m™) N?
(Vanicek and Martinec 1994), which is equivalent to a imasn error of 1.5 mm for a
maximum geoidal height of 100 m. Therefore, theximam error over Australia remains
below 1 mm, as the maximum Australian geoidal heiglabout 70 m (Featherstone et al.

2001), which is better than our desired 1 mm aayuiar the AUSSEGM.

As mentioned earlier, the paramet@spey (2 H), g spem () Mg spem ()

and MNgpey (Q) are derived from the gravitational effect of thecdl and global

topographical masses so that they all contain kbth long- and short-wavelength
information. Therefore, the long-wavelength cansitnt has to be removed, as it is already
implicitly included in EGM96. The remaining shavavelength part is not included
(truncated, or omission error) in the GGM, so ibd be added. The spectral separation

is done via a surface spherical harmonic expansidhe corresponding parameters up to
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Nmax = 360. These effects define the corresponding loagelength parts given by the

surface spherical harmonic synthesis formulae

D5t (QH) = zo > Esem mom () (5a)
@JSI,E&SEM (Q H) - nzo mz délo SDEM,nm m(Q) (5b)
N, énI%XEM Q)= n%a; m; ] No.spEM,nm Y nm () (5¢)

max &/ max (Q)
Ngp, (Q) = ¥ mz Nepem.nmY o (Q) = —2SPEM

n=0

(5d)

Vel

where dspem.nm s Do.spem,nm» Mo spemnm and MNgpey nm are the fully-normalized
spherical harmonic coefficients (degree order m) of Aggpem (U H), g spem (Q),
N spem (Q) and Ngpey (Q) , respectively, and

P.m(cosd)cosmA m=0
Pymi(cos&)cos|m|A  m<0

are the surface spherical harmonics (e.g. HeiskandrMoritz 1967). Each parameter in
Eqgs (5a) to (5d) is expressed explicitly by a saf@asurface spherical harmonic expansion.
This is in contrast to the usual application of 8485 spectral scheme (e.g., Rummel and
van Gelderen 1995) on the disturbing potentialhef Earth’s gravity field, which cannot
be applied here to derive a surface spherical haienexpansion of the gravitational
attraction due to the topographic masses [cf. Eg®. and (5b)]. Using Egs. (5a) to (5d)

the short-wavelength parts of the correspondingrpaters are given by

A opm (QH) = W gpem (QH) = dmz, (Q,H) (6a)
oSmer () = Ao spem (Q) — 0o W (Q) (6b)
Ny 5, (Q) = Mo spem (Q) = Vg e, (Q) (6¢)
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> W>Nmax (Q) (6d)
NGz (Q) = MNepey (Q) — Nz, (Q) = —=2E—

ell
where the superscripiNmax indicates parameters with the spectral constituelated to
spherical harmonic degrees and orders greateMNhan(here, 360)

It should be mentioned that the application of E&a-d) and (6a-d) implicitly
assume a harmonic continuation between values givére Earth’s surface and the geoid.
However, this is only critical if functional valudsetween these two surfaces are of
interest, which is not the case here. Furthermdggpey (Q,H) has to be expressed in
solid spherical harmonics rather than surface $pdletharmonics because the 3D
functional g spey (,H) is not given as a surface function on the spheege, (the geoid in

spherical approximation is used here only for thieppse of applying surface spherical
harmonic analysis). However, as long as therasai®ne-to-one correspondence between
the coordinates of points at the simulated Earthisface and the spherical polar
coordinates (which is the case for AusSEGM), thevabspectral separation can be
achieved using surface spherical harmonics (eggliJ1988).

Here, this relationship can be formulated betwéengravitational attraction of the

topographical masses evaluated at the simulateth’&aurface &gy (2,H) and the
geoid g, spem () . This can be verified by the difference
A& spem (2 H) = A spem (2 H) = Ao spem (), (7)

which can be expressed by surface spherical haosioniBased on Eq. (7), the

corresponding fully normalized surface sphericahtanic coefficients are given by
I spemnm = Dospemam T A spemnm (8)

where Adgpeynnm are the fully-normalized spherical harmonic caidints  of

A spem (Q,H) given as a surface function on the geoid.
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In order to perform the surface spherical harmamialysis of the parameters given
above (Eqgs. 5a-d), the information was extendedtailp using the same procedure as
given above but using the topographical massesvaa )y JGPI5E only. This was done
for a coarser resolution for all locations outstie AusSEGM area. Adding globally
distributed data provides a smooth transition atetige of the AusSEGM area, and thus
avoids the Gibbs phenomenon. Our earlier expetisni@nlicated that this is an essential
requirement; otherwise spurious long-wavelengtlea$f of up to several metres occur in

the synthetic geoid near the edge of the AusSEGH. ar

>Nma><

The short-wavelength padg s (Q,H) of the gravitational acceleration at the

simulated Earth’s surface is illustrated in Figwhich mostly shows the behaviour of a
spectral resolution of degree and order 360. Hewemore detail (short-wavelength
constituents) can be seen over mountainous arati(rthan flat areas), which is due to
the selection of the fractal surface (Section 3his shows a correlation with the local
topography (cf. Figs. 7 and 2), as expected. Thgnitude is mostly less than 20 mGal

(99.3% of all values) except for high mountainoresas.

Figure 7 near here

The short-wavelength part of the synthetic gramtet! potential at the geoid
d\/;DNEm,@,X (Q) caused by the local and global topographical maissésistrated in Fig. 8,

which shows some correlation with the local toppbsa(Fig. 2) as the highest values are
concentrated in mountainous areas. This potewtal converted into a synthetic geoidal
height (or equivalently a change of the equipo&raurfaceW=W;,) MNgpey (Q) using

Bruns’s formula (Eqg. 4). The short-wavelength effen the synthetic geoidal height is

generally less than a couple of decimetres (99.#48&l walues are less than 0.2 m) with the
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largest magnitude of about 0.7 m in areas of highkvation (cf. Fig. 8 scaled by one

order of magnitude).

Figure 8 near here

These short-wavelength AusSEGM geoid and gravilyesgare very similar to the
residual gravity anomalies and residual geoid umithiis computed for the AUSGeo0id98
regional gravimetric geoid model (Featherstonel.e2@01), indicating both that the prior
removal of the long-wavelength components is necgsand that the AusSEGM is

realistic. The proof of its realism will be showmSection 5 using observational data.

4.3 The final AUsSEGM

AusSEGM is given by the superposition of the loagd short-wavelength parts for the
gravitational acceleration on the simulated Eartusface and the effect on the geoidal
height (change of gravitational potential) over #aka. The free-air anomalies, as well as

point gravity values, from AusSEGM are evaluatedtensimulated Earth’s surface by
Agseem (QH) = Aggih (A H) + Bgpgii (A H) 9)

Oseam (@ H) = 95 (Q H) + 5o (U H), (10)
respectively. Furthermore, the AusSEGM geoidajisi are given by
Nseom (Q) = Nogii (Q) + Ngpiii (Q) (11)

Using the above approach, point gravity values hen dimulated Earth’s surface
and geoidal heights were simulated at uniform mairt by 1-arc-min grid nodes over
Australia. In addition, gravity values were alsongated at discrete points on the
topography, which are distributed according towas in which gravity data are collected
in the field. This creates a gravity data set tefiects the usual situation in gravimetric
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geoid computation. For instance, in mountainoggores, gravity observations tend to be
made in the more accessible lowland regions (eafjeys).

The horizontal positions of these simulated ponatvidy observations were driven
by actual gravity observations over Australia inedficient way by taking the simulated
gravity value from the 1-arc-min grid (~1.8 km) tha nearest to an actual gravity
observation (Fig. 9). Furthermore, the heightlb8a0,929 simulated point gravity values
is taken from the 3-arc-sec SDEM, so that eachtpsifocated on the simulated Earth’s

surface at the centre of a SDEM element.

Figure 9 near here

Table 2 shows a statistical summary of the AusSE§eerated gravity as well as
free-air gravity anomalies at the simulated Eargusface and the AusSEGM-generated
geoidal heights. Since these data have been deusig the same input data, they are
entirely consistent with each other. It is ess#nto note that the synthetic gravity
observations on the topography hana been used here to compute the synthetic geoid,
e.g., via Stokes’s integral. This is deliberateduse the primary aim of AUSSEGM is to

test the computation of a gravimetric geoid modéhg the simulated data.

Table 2 near here

5 Comparison of AusSEGM with real data over Austraia
In order to demonstrate that AusSEGM provides sgaligravity field estimates, the
AusSEGM-generated gravity values on the SDEM sarfaave been compared with a

subset of 330,929 measured gravity stations supply Geoscience Australia
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(http://www.ga.gov.au/oracle/index.jsfig. 9). As the measured and simulated gravity

stations are not at exactly the same locationgréifices are expected. No correction for
the horizontal offset has been applied, but a ctoe (the free-air gradient) has been
applied for the height difference between the olzgern elevation and the SDEM surface
(simulated Earth’s surface).

This comparison shows a reasonably good agreenk@mt 10) as most of the
differences are less than 20 mGal (99.3% of alles), and the spatial distribution shows
no significant trend (e.g., linear regression & tlifference with respect to latitude yields:
+0.48 mGal/degree with a low correlation coeffitierf 0.25). Therefore, it can be
claimed that AusSEGM indeed provides realistic $atad values of the gravity field of

the Earth.

Figure 10 near here

Furthermore, the AusSEGM-generated geoidal height® been compared with
254 co-located GPS ellipsoidal heights and spnelled heights on the Australian Height
Datum (AHD). These data were provided by Geose@efastralia, and supersede the
GPS-AHD data used by Featherstone et al. (200h)is domparison has been included
despite the problems mentioned in the Introductids.such, it only serves to demonstrate
that AusSEGM reproduces the general structureeofjfoid over Australia.

This comparison (Fig. 11) shows a mean differentelom (no bias has been
removed here), which is roughly equal to the zexgree term computed for AUSGeo0id98
(Featherstone et al. 2001). However, there isbatantial ~2-m north-south trend in the
differences in Fig. 11 (linear regression of th#edence with respect to latitude yields:

~+0.026 m/degree with a correlation coefficienDd#8). This is mostly due to distortions
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in the AHD invoked by fixing the heights of 32 tidmuges to zero in its realisation
(Roelse et al. 1971), thus neglecting to accounttie general north-south trend in sea

surface topography around Australia (cf. Feathaes&002a, 2004).

Figure 11 near here

This is a significant by-product result becausesigaificant (correlation coefficient
0.25) north-south trend is evident in the compassdetween AusSEGM and the
Australian gravity observations (Fig. 10), so tleth-south trend must be in the AHD
(there is no documented evidence of north-southdgein GPS ellipsoidal heights).
Featherstone (2004) points out the problem of sdipar levelling and gravimetric geoid
errors in GPS-AHD comparisons, but the use of theSEGM has avoided this. As such,
AusSEGM has found another application by addingth® body of evidence of the
distortions in the AHD (cf. Roelse et al. 1971, theastone 2002a). However, it should be
stressed here that the primary aim of an SEGM tstma@heck for errors in gravity or
levelling data. This should only be done if theGBEE is proven to be good representation
of reality. In this case, it can be helpful in theerpretation of results obtained elsewhere.

Finally, the power spectrum of AusSEGM does notwshany discontinuity
between the long- and short-wavelength contribst@inspherical harmonic degidgax =
360, but rather shows a seamless extension ofdloedl] spectral content of EGM96.
This can be seen in Fig. 12, which shows the degmeances for the geoid height, where
the long-wavelength constituents (degrees up toireiddingNmax = 360) are taken from
EGM96 and the short-wavelength constituents (degteeyondNma.x=360) are from
AusSEGM. The degree variances beybhdx = 360 were determined from the 2D power

spectral density (PSD) function outlined in Schw@r@84). Therefore, it is not necessary
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to enforce a smooth transition on the power spettafi AUSSEGM, as is sometimes

applied to other combined source-effect SEGMs,(elgagmans 2000, Claessens 2003).

Figure 12 near here

6 Reference level of the DEMs

In the above procedure to compute AusSEGM, thetiurearises if the procedure should
be iterative or not. It has been assumed througtios manuscript that all DEM
elevations refer to the long-wavelength spheroifindd by EGM96. Clearly, the DEMs
add short-wavelength variations to EGM96 to prodinecAusSEGM geoid (Fig. 8 divided
by normal gravityy (i.e., approximately one order of magnitude)). effore, strictly
speaking, the SDEM should be referred to the Aud8E@oid and not to EGM96. At the
beginning, however, AusSEGM is unknown.

Considering this, the question arises of an iteeatirocedure is directly related to
whether SDEM heights (and therefore the topograptasses as well) change due to the
additional short-wavelength AusSEGM geoid undutaioThis question can be studied by
the relationshipN =h -H, where h is the ellipsoidal height. If short-wavelength
variations are added M, eitherh changes andi is preserved (see Section 6.1) or vice
versaH changes antl is preserved (see Section 6.2). These situaaomsllustrated in

Fig. 13.

Figure 13 near here
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6.1 SDEM heights are preserved

In this case, the short-wavelength synthetic ge@dations caused by the topographic

masses are added to the initially assumed geoilghhN .., andH is assumed to

remain unchanged. Thus, the ellipsoidal heighwill be changed byd\lgggm. This

means that the topographic masses remain unchapgetifrom a slight vertical shift (up
or down) according to the added short-wavelengthatrans (Fig. 13b).

Here, for the purpose of determining the topogragfffiect on potential and gravity
only, the topographic masses (definedH)yhave been assumed to refer to a mean sphere,
which approximates the EGM96 spheroid. It has estimated that the difference in the
short-wavelength effect of the gravitational atti@@ whether the topographic masses
(DEM heightH) are referred to a mean sphere or ellipsoid resnaill below 1QuGal for
the gravitational attraction. Following this appech, a possible second iteration will
provide no further contribution as the topograpmiasses remain unchanged and will be
referred to the same mean sphere (or ellipsoid)sasl in the first iteration step. In this
case, no iteration is necessary. However, thednmegravity anomaly as given by the

GGM will change slightly, as the height above abm has been changed by the amount
of the short wavelength part on the geoidal heigNg\m . This effect will reach a

maximum of lJuGal for a maximum height change of 1 m (cf. Fig\8ded by about 10).

6.2 SDEM heights are not preserved

As opposed to the previous sectibnn this case remains unchanged and the DEM height

>Nmax

H is changed by the amount of the short-wavelengthdgvariationdNgp™x (Fig. 13 c).

This results in a direct change of the topographigsses and accordingly a further

contribution to the effects on the gravitationaltgeaial and attraction; thus, iteration
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becomes necessary. In the case of AUSSEGM, tlogtaphical height taken in a second
iteration step changes by an amount of less tham (tf. Fig 8 divided by ~10). The

corresponding gravitational effect has been stud@da smaller sample area, which
includes the highest SDEM elevation over Austrédié05.4 m; Fig. 3).

The effect on gravitational attraction and potdndiae to a second iteration step
reaches maximum values of BGal for a change in gravitational attraction anchi® for
a change in the geoidal height. Given these satalhges, there is no need for further
iteration regarding our specified precision levélbetter than 1 cm for the AusSEGM
geoidal height. These values are extreme bechassmputations were performed for the
maximum height of the Australian SDEM. Of courkeger values will occur in cases
where a regional SEGM is developed in areas otlaetpvations.

The maximum values of 3QGal and 3 mm for the gravitational attraction and
geoidal height, respectively, can be taken as eigpgomn measure for AUSSEGM after the
first iteration (i.e., no additional correction ftlne change in synthetic geoid reference
surface for the SDEM). This precision is acce@dbl validation of geoid determination
theories, techniques and computer software withaihreof a 1 cm geoid. |If iteration is
considered, then the precision of AusSEGM can bentao be 1 mm and [1Gal or better

for the geoidal height and gravity values, respetyi

7. Summary and Conclusions

This paper has described the construction of anadihigh-resolution (1-arc-minute, ~1.8
km), synthetic Earth gravity model (SEGM) over Aafitt (AuUsSEGM). The AusSEGM
provides gravity values and free-air gravity andesalat the simulated Earth’s surface,
given by a synthetic digital elevation model (SDEMi)d self-consistent geoidal heights.

The former are the basic input data for regionavgnetric geoid computation over land
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areas, and are provided as Electronic Supplememtaterial (ESM) with this paper.
Gravity data are given on a regular grid (1-arc-byri-arc-min) and at discrete points that
are distributed according to the way in which gnadiata are usually collected in the field.
The accuracy of the synthetic gravity and geoic datfter a first iteration) is estimated to
be better than 3(AGal and 3 mm, respectively.

AusSEGM is a combined source-effect model includaingigh-resolution (3-arc-
sec by 3-arc-sec) SDEM derived from the GLOBE vdbgl DEM using a realistic fractal
surface. The long-wavelength constituent (up teesipal harmonic degréen,x = 360) of
AuUsSSEGM is taken from an assumed error-free EGM3te¢t part), whereas the short-
wavelength part beyondn.x = 360 over Australia is taken from the gravitatioefects
calculated by Newtonian forward modelling from tBBEM (source part). The spectral
separation has been done using surface sphericalbha analysis at degree 360. The
contribution of the short-wavelength source pargeserally small and remains in most
cases (more than 99% of all values) under 0.2 m2énchGal for the geoidal height and
gravitational acceleration, respectively.

A comparison of AusSEGM-generated gravity data giiéwity observations over
Australia shows that it reproduces the actual tyafield very well; most differences
(91.2%) are less than 20 mGal. Furthermore, a eosgn of AUSSEGM geoidal heights
with GPS and AHD data shows a standard deviatiadh3# m, but also helps confirm that
there is a dominant north-south slope in the AHDxerall, AusSEGM is realistic and can
be regarded as well suited for any gravity fielddgtover Australia. Importantly, all data
are consistent with each other as they use the sguedata and therefore can be used to
validate regional geoid determination theorieshibégues and computer software. This

will be demonstrated in a further study.
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Table 1: DEM resolutions and spatial extensions tfee practical computation of

AusSEGM

Table 2. Descriptive statistics of the AUSSEGM paeters

Figure 1: Schematic view of the global (long-wavelth) and local (short-wavelength)

components of AusSEGM in the concept of a sourteseSEGM.

Figure 2: The 3-arc-sec by 3-arc-sec simulated DEWEM) over Australia (Mean:

128.2 m, Min: 0.0 m, Max: 2405.4 m, SD: 194.0 marfibert projection).

Figure 3: Differences between SDEM (averaged &c3sec by 9-arc-sec) and DEM-9S
v2 DEM of Australia (Mean: 20.0 m, Min: -516.5 makt 1159.5 m, SD: 61.3 m). The

large differences are due to errors in the GLOBE™Irce data; see Hilton et al. (2003).

Figure 4: Synthetic gravitational accelerationtla¢ Earth’s surface due to forward
modelling of the global topography. (Mean: 51.6 m@Gdin: 14.3 mGal, Max: 246.8

mGal, SD: 22.1 mGal).

Figure 5: Synthetic gravitational accelerationh&t synthetic geoidH = 0) due to forward

modelling of the global topography. (Mean: -13.9 ahGMin: -163.2 mGal, Max: 19.3

mGal, SD: 21.1 mGal).
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Figure 6: Synthetic gravitational potential at 8yathetic geoidH = 0) due to forward
modelling of the global topography. (Mean: 2424 Z4smMin: 2133.9 /s, Max: 2647.6

m?/s?, SD: 122.1 Mis?).

Figure 7: Short-wavelength component (degrees ©) 86 the synthetic gravitational
acceleration at the Earth’'s surface after a sws$aterical-harmonic-based spectral

separation (Mean: 0.0 mGal, Min: -88.6 mGal, Ma25.B mGal, SD: 5.4 mGal).

Figure 8: Short-wavelength component (degrees ©) 86 the synthetic gravitational
potential at the synthetic geoid after a surfadeegpal-harmonic-based spectral separation
(Mean: 0.2 <%, Min: -5.6 nf/s?, Max: 6.4 i/, SD: 0.6 r/s?)

Figure 9: Distribution of 330,929 simulated paynavity observations over Australia.
Figure 10: Comparison of the AusSEGM gravity valugth 330,929 measured gravity
values over Australia (Mean: -1.0 mGal, Min: -244n%al, Max: 70.4 mGal, SD: 12.0

mGal).

Figure 11: Comparison of the AusSEGM geoidal heigith 254 GPS-AHD points

(Mean: 0.95 m, Min: 0.05 m, Max: 1.90 m, SD: 0.3 m

Figure 12: Degree variances (signal power) forgbeid height taken from EGM96 (up to

Nmax = 360) and the PSD of AusSEGM geoid heights (beyéngd = 360).
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Figure 13: Schematic illustration of the iteratigcemputation procedure. diitial
situation: HeightsH are referred to the geoid given by EGM96. Ni)iteration: Heights

H are referred to the new synthetic geoid and remaaihanged. The ellipsoid heidhis

changed byd\ls'f'gaExM . c.)Iteration: HeightsH are referred to the new synthetic geoid and

are changed byﬂ\ls'\'gaEXM . The ellipsoid height remains unchanged.
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Table 1: DEM resolutions and spatial extensiomgHe practical computation of

AusSEGM
Resolution Extension Q, ¢.) or Fixed Boundary Source
I'x3I Ar = ¢, = 10-arc-min (variable boundary) SDEM
15" x 1%’ Ar = ¢, = 20-arc-min (variable boundary) SDEM
I'x7T Ar = ¢, = I° (variable boundary) SDEM
X9 A: 107E - 160E; ¢: 3°S - 50S (fixed JGP95E/SDEM
boundary)
30 x 30 A: 102E - 165E; ¢: 2°N - 55°S (fixed JGP95E/SDEM
boundary)
60 x 60 Global (fixed boundary) JGP95E/SDEM
Table 2. Descriptive statistics of the AusSEGM paeters
AusSEGM parameter Max Min Mean SD
Gravity at the Earth’s surface (rfys 9.80528| 9.78051| 9.78954| 0.004372
Free-air gravity anomalies at the Earth’s surfacel90.9 | -113.2 1.8 15.8
(mGal)
Geoid heights (m) 72.0 -34.9 6.4 17.5
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Figure 2: The 3-arc-sec by 3-arc-sec simulated IEMEM) over Australia (Mean:

128.2 m, Min: 0.0 m, Max: 2405.4 m, SD: 194.0 martibert projection).
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Figure 3: Differences between SDEM (averaged amc9sec by 9-arc-sec) and DEM-9S
v2 DEM of Australia (Mean: 20.0 m, Min: -516.5 makt 1159.5 m, SD: 61.3 m). The

large differences are due to errors in the GLOBEmlrce data; see Hilton et al. (2003).
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Figure 4: Synthetic gravitational accelerationtla¢ Earth’s surface due to forward
modelling of the global topography. (Mean: 51.6 m@Gdin: 14.3 mGal, Max: 246.8

mGal, SD: 22.1 mGal).
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Figure 5. Synthetic gravitational acceleratiomhat synthetic geoidH = 0) due to forward
modelling of the global topography. (Mean: -13.9 ahGMin: -163.2 mGal, Max: 19.3

mGal, SD: 21.1 mGal).
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Figure 6: Synthetic gravitational potential at f#yathetic geoidH = 0) due to forward
modelling of the global topography. (Mean: 2424 4stMin: 2133.9 i/s?, Max: 2647.6

m?/s’, SD: 122.1 MSY).
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Figure 7: Short-wavelength component (degrees @) &6 the synthetic gravitational

acceleration at the Earth’s surface after a sw$pberical-harmonic-based spectral

separation (Mean: 0.0 mGal, Min: -88.6 mGal, Ma25.B mGal, SD: 5.4 mGal).
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Figure 8: Short-wavelength component (degrees @) &8 the synthetic gravitational
potential at the synthetic geoid after a surfadeegpal-harmonic-based spectral separation

(Mean: 0.2 /s, Min: -5.6 nf/s’, Max: 6.4 ni/s’, SD: 0.6 M/s?)
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Figure 9: Distribution of 330,929 simulated pagnavity observations over Australia.
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Figure 10: Comparison of the AuUSSEGM gravity valuath 330,929 measured gravity
values over Australia (Mean: -1.0 mGal, Min: -244n%al, Max: 70.4 mGal, SD: 12.0

mGal).
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Figure 11: Comparison of the AusSEGM geoidal hewmgith 254 GPS-AHD points

(Mean: 0.95 m, Min: 0.05 m, Max: 1.90 m, SD: 0.3 m
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Figure 12: Degree variances (signal power) forgbeid height taken from EGM96 (up to

Nmax = 360) and the PSD of AusSEGM geoid heights (beydng = 360).
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Figure 13: Schematic illustration of the iteraticemputation procedure. diitial
situation: HeightsH are referred to the geoid given by EGM96. Nio)iteration: Heights

H are referred to the new synthetic geoid and remaainanged. The ellipsoid heidhis

changed byd\lg'ggxM . C.)Iteration: HeightsH are referred to the new synthetic geoid and

are changed byﬂ\lg'ggxM . The ellipsoid height remains unchanged.
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