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Abstract.  AUSGeoid09 is the new Australia-wide gravimetric quasigeoid model that has 
been a posteriori fitted to the Australian Height Datum (AHD) so as to provide a product 
that is practically useful for the more direct determination of AHD heights from Global 
Navigation Satellite Systems (GNSS).  This approach is necessary because the AHD is 
predominantly a third-order vertical datum that contains a ~1 m north-south tilt and ~0.5 m 
regional distortions with respect to the quasigeoid, meaning that GNSS-gravimetric-
quasigeoid and AHD heights are inconsistent.  Since the AHD remains the official vertical 
datum in Australia, it is necessary to provide GNSS users with effective means of 
recovering AHD heights.  The gravimetric component of the quasigeoid model was 
computed using a hybrid of the remove-compute-restore technique with a degree-40 
deterministically modified kernel over a one-degree spherical cap, which is superior to the 
remove-compute-restore technique alone in Australia (with or without a cap).  This is 
because the modified kernel and cap combine to filter long-wavelength errors from the 
terrestrial gravity anomalies.  The zero-tide EGM2008 global gravitational model to degree 
and order 2190 was used as the reference field.  Other input data are: ~1.4 million land 
gravity anomalies from Geoscience Australia, 1'x1' DNSC2008GRA altimeter-derived 
gravity anomalies offshore, the 9"x9" GEODATA-DEM9S Australian digital elevation 
model, and a readjustment of Australian National Levelling Network (ANLN) constrained 
to the CARS2006 dynamic ocean topography model.  In order to determine the numerical 
integration parameters for the modified kernel, the gravimetric component of AUSGeoid09 
was compared with 911 GNSS-observed ellipsoidal heights at benchmarks.  The standard 
deviation of fit to the GNSS-AHD heights is ±222 mm, which dropped to ±134 mm for the 
readjusted GNSS-ANLN heights, showing that careful consideration now needs to be 
given to the quality of the levelling data used to assess gravimetric quasigeoid models.  
The publicly released version of AUSGeoid09 also includes a geometric component that 
models the difference between the gravimetric quasigeoid and the zero surface of the AHD 
at 6,794 benchmarks.  This a posteriori fitting used least-squares collocation (LSC) in 
cross-validation mode to determine a correlation length of 75 km for the analytical 
covariance function, whereas the noise was taken from the estimated standard deviation of 
the GNSS ellipsoidal heights.  After this LSC surface-fitting, the standard deviation of fit 
reduced to ±30 mm, one third of which is attributable to the uncertainty in the GNSS 
ellipsoidal heights.  
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1. Motivation 

AUSGeoid98 (Featherstone et al. 2001) has served Australia reasonably well for over a 

decade, principally for the determination of Australian Height Datum (AHD; Roelse et al. 

1971) heights from GNSS (Global Navigation Satellite Systems) surveys (e.g., 

Featherstone 2008), but also for the reduction of terrestrial geodetic-surveying data to the 

Geocentric Datum of Australia 1994 (GDA94) (Featherstone 1997; Featherstone and 

Rüeger 2000).  It has also found applications in geology (Miranda et al. 2008), 

environmental geoscience (McLaren and Wallace 2010) and physical oceanography (Deng 

et al. 2009).  Since 1998 though, several new datasets have become available, principally 

from the Gravity Recovery and Climate Experiment (GRACE; Tapley et al. 2004) and the 

EGM2008 global geopotential model (Pavlis et al. 2008), making it appropriate for the 

computation of a new AUSGeoid model.  Another motivation is our better understanding 

of the many deficiencies in the AHD (e.g., Featherstone 2002, 2004, 2006, Featherstone 

and Filmer 2008; Filmer and Featherstone 2009), making it necessary to now model the 

surface of zero elevation of the AHD so as to provide a more useful ‘product’ for GNSS 

users (Featherstone 1998).   

However, the high spatial resolution (~8 km over Australia) and good quality of 

EGM2008 in Australia (Claessens et al. 2009) has set new challenges for regional 

gravimetric geoid and quasigeoid determination because the residual component is small 

(shown later).  Beforehand, EGM2008 has revealed previously known and some unknown 

problems with AUSGeoid98 (Fig 1).  The striped patterns offshore, some >0.5 m in 

magnitude, are due to ship-track gravity data that had not been crossover adjusted (cf. 

Featherstone 2009), though the metadata available to the AUSGeoid98 Development Team 

indicated that they had been.  Near Perth (~116ºE, ~32ºS) for instance, offsets among ship 

tracks of ~40 mGal also distorted AUSGeoid98 onshore.  At that time, it was incorrectly 

attributed to the extremely steep quasigeoid gradient of ~100 mm/km associated with the 

mass-density contrast across the Darling Fault (Lambeck 1987; Darbeheshti and 

Featherstone 2009), but it was later found to be due to erroneous ship-track data (Claessens 

et al. 2001, Kirby 2003, Featherstone 2009).  As an interim solution, a small patch was 

applied to the released version of AUSGeoid98, where the gravimetric model was fitted to 

99 GPS-AHD points using least-squares collocation (LSC) over the Perth metropolitan 

region (Featherstone 2000).  Anecdotal evidence from Australian State and Territory 

geodetic agencies indicates that similar problems have been encountered in a few other 

coastal zones (cf. Fig 1), but no patches were applied in these regions.   
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Figure 1 also shows long-wavelength differences of ~0.2 m in magnitude on land 

and in marine areas where they are not swamped by the erroneous ship-track data.  These 

are due to the use of GRACE data in EGM2008, whereas AUSGeoid98 was based on the 

pre-GRACE EGM96 model (Lemoine et al. 1998).  Similar patterns are seen in an 

experimental GRACE-augmented version of AUSGeoid98 (Featherstone 2007).  The ~1 m 

differences in and around the Gulf of Carpentaria (centred at ~140ºE, ~15ºS in Fig 1) are 

more enigmatic.  Tregoning et al. (2008) use GRACE data to identify a non-tidal variation 

in sea surface height in this region, which will contaminate satellite-altimeter-derived 

gravity anomalies and a quasigeoid model based upon them (cf. Fig 1).  At present, it is not 

possible to isolate or quantify this effect because of the lack of decent control data in this 

region, so it is left for later study.  In this regard, we recommend that producers of GRACE 

gravity field models and satellite-altimeter-derived gravity anomalies also invest some 

effort in the Gulf of Carpentaria region to resolve this enigma.  

As an aside on terminology, AUSGeoid98 was a geoid model, but Australia is more 

suited to the use of a quasigeoid model because the AHD uses a normal-orthometric height 

system (e.g., Featherstone and Kuhn 2006).  Since the normal-orthometric height system 

used in the AHD (Roelse et al. 1971) does not use any gravity observations, it is 

theoretically and practically inconsistent with a quasigeoid model, with the largest 

differences between normal and normal-orthometric heights reaching ~0.2 m in the 

Australian Alps (Filmer et al. 2010).  Though the ~1 m north-south tilt (Featherstone 2004, 

2006) and ~0.5 m regional distortions (Featherstone and Filmer 2008; Filmer and 

Featherstone 2009) in the AHD with respect to the quasigeoid are the main drivers for the 

need to fit the gravimetric quasigeoid to the AHD, this is an additional consideration when 

attempting to make AUSGeoid09 more compatible with the AHD.  Finally, neither the 

AHD nor the quasigeoid is an equipotential surface of the Earth’s gravity field, so cannot 

be used to describe fluid flow exactly.  
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Fig 1: Differences (metres) between EGM2008 and AUSGeoid98 [Lambert projection] 

 
 

Yet another motivation for AUSGeoid09 is the increased use of GNSS for absolute 

rather than relative height determination (cf. Featherstone 2001), where the quasigeoid 

height (aka height anomaly) is subtracted from the GNSS-derived ellipsoidal height to 

yield an AHD height at a single point.  Previously, quasi/geoid height differences were 

applied over GNSS baselines (i.e., to ellipsoidal height differences) to determine AHD 

height differences (Kearsley 1988a, 1988b), i.e., relatively so that correlated errors would 

cancel.  This meant that, for a while, deficiencies in AUSGeoid98 went largely unnoticed.  

Nowadays, GNSS approaches such as precise point positioning (PPP; Zumberge et al. 

1997) or online post-processing services such as AUSPOS (http://www.ga.gov.au/ 

geodesy/sgc/wwwgps/), mean that only one GNSS receiver need be used, hence the trend 

towards height transformations in the absolute sense (e.g., Featherstone and Dent 2002).  

This means that correlated errors no longer cancel as much, and AUSGeoid98 users have 

encountered discrepancies of >1 m in some extreme cases between GNSS-derived and 

published AHD heights.  This has made it necessary to apply post-survey adjustments to 
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the GNSS-derived AHD heights (e.g., Featherstone et al. 1998a), which is particularly 

inconvenient for real-time GNSS applications (e.g., Featherstone and Stewart 2001).   

As an interim solution (i.e., until the AHD can be redefined or some other reference 

surface adopted for all heights in Australia), it is meanwhile pragmatic to distort the 

gravimetric-only quasigeoid to better model the surface of zero elevation of the AHD (cf. 

Featherstone 1998), and we have already conducted experiments in this regard 

(Featherstone 2000; Soltanpour et al. 2006; Featherstone and Sproule 2006; Darbeheshti 

and Featherstone 2010).  In much of the geodetic literature, this has been called a 

‘correction’ or ‘corrector’ surface1

This paper describes the computation of AUSGeoid09 as a model of the surface of 

zero elevation of the AHD, focussing partly on the new challenges (and benefits) that 

EGM2008 has set for regional quasigeoid modelling.  As input data, AUSGeoid09 uses 

EGM2008 to degree 2190 as the reference field, DNSC2008GRA altimeter-derived gravity 

anomalies offshore (Andersen et al. 2010) since the Australian ship-track data are 

unreliable (Featherstone 2009), recomputed land gravity anomalies (Hackney and 

Featherstone 2003) from Geoscience Australia’s national gravity database (Murray 1998), 

a 9"x9" grid of gravimetric terrain corrections (cf. Kirby and Featherstone 2002), spirit-

levelled heights from the Australian National Levelling Network (ANLN), dynamic ocean 

topography estimates at 32 tide-gauges from the CARS2006 climatological model 

(Ridgway et al. 2002), and around 1,000 GNSS-observed ellipsoidal heights at 

benchmarks.  One key difference in the Australian case is that EGM2008 uses the 5'x5' 

DTM2006 elevation model (Pavlis et al. 2007), whereas AUSGeoid09 uses the 9"x9" 

GEODATA-DEM9S elevation model (Hutchinson et al. 2008).  AUSGeoid09 is provided 

at a 1'x1' grid resolution over the area 108ºE ≤ λ ≤ 160ºE, 8ºS ≤ φ ≤ 46ºS , which reduces 

, but which is a misnomer because the gravimetric 

quasi/geoid is not being corrected at all; it is being distorted to fit a vertical datum that also 

contains errors.  While this approach does give a practically useful product for the more 

direct transformation of GNSS heights to the AHD, it does not necessarily provide an 

improved model of the classical quasigeoid.  Moreover, it does not mean that the problems 

with the AHD have been resolved; they have just been masked for the time being.  This 

important subtlety seems to have been ignored in the majority of literature on this a 

posteriori fitting approach. 

                                                 
1 An exception is the US National Geodetic Survey, which uses the term ‘conversion’ surface (cf. Smith and 
Roman 2001). 
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interpolation errors for users, but has to be balanced against the file-size of ~236 Mb (>7 

million points). 
 

2 Data pre-processing 

2.1 EGM2008 

The fully normalised zero-tide spherical harmonic coefficients of EGM2008, to degree 

2190, were used as the reference field for AUSGeoid09.  The synthesis used a slightly 

modified version of the harmonic_synth.f software (http://earth-

info.nga.mil/GandG/wgs84/gravitymod/egm2008/index.html), adapted to run on our Sun 

UNIX workstations and to make the outputs compatible with our data formats.  All values 

were computed relative to GRS80 (Moritz 1980) so as to be compatible with the GDA94, 

and including a correct computation of the zero-degree term rather than via the erroneous 

treatment in Kirby and Featherstone (1997).  Point quasigeoid heights were computed on a 

1'x1' grid over the area 108ºE ≤ λ ≤  160ºE, 8ºS ≤ φ ≤ 46ºS , whereas the ellipsoidal 

approximation option in harmonic_synth.f was used to approximate areal mean 

gravity anomalies for each 1'x1' grid cell.   

 

2.2 GA land gravity data 

The gravimetric component of AUSGeoid09 uses the July 2009 land gravity data release 

from Geoscience Australia (GA), which was downloaded via GADDS 

(http://wwwgadds.ga.gov.au/).  The GA gravity database then comprised ~1.4 million 

observations (Fig 2), roughly twice as many as used in AUSGeoid98.  Compared to Fig 1 

in Featherstone et al. (2001), the dense patches in Fig 2 here reflect the newer data 

collected in areas of commercial resource prospectivity or scientific interest.   

 

http://wwwgadds.ga.gov.au/�
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Fig 2: Coverage of the July 2009 release of Geoscience Australia’s land gravity database 

 
 

Most of these newer gravity data were coordinated using GNSS in dense grids 

(typically 2-4 km, but down to 50 m in some areas of particular interest or of steep gravity 

gradients), but the 7-11-km-spaced reconnaissance gravity data (Fraser et al. 1976) is still 

held in the GA database (paler areas in Fig 2).  Unfortunately, however, there is no 

documentation on the GNSS reference frame used (e.g., GDA94 versus the various 

realisations of the International Terrestrial Reference Frame (ITRF)) or the quasi/geoid 

model used to recover the elevations of these newer gravity observations.  This is a 

deficiency in the GA database because the provenance of the data cannot be scrutinised.  

Moreover, any errors in the quasi/geoid model used to transform heights will propagate 

into the computed gravity anomalies.   

Anecdotal evidence from some of the gravity data acquisition contractors suggests 

that a variety of quasi/geoid models have been used over time.  However, these are likely 

to be more accurate than the heights in the reconnaissance data (~±10 m; Barlow 1976), 

which were determined with barometers, but could be long-wavelength in nature because 

of the clover-leaf pattern used to control barometer and gravimeter drift (Bellamy and 

Lodwick 1968).  It is conceivable that, over time, Australia will be completely covered by 
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GNSS-coordinated gravity surveys, thus allowing the solution of the quasigeoid via a fixed 

boundary-value problem (cf. Kirby 2003).  The short-wavelength quality of the Australian 

gravity anomalies appears to be generally quite good, despite the vast areas involved and 

challenging conditions for fieldwork.  Sproule et al. (2006) used LSC to reject only ~100 

land gravity observations in the GA database.  Unfortunately, neither the raw data nor the 

metadata are in a format that allows for automated error propagation of mean gravity 

anomaly error estimates.  This is another deficiency in the GA gravity database. 

In addition, GA has adopted a new gravity datum called the Australian Absolute 

Gravity Datum 2007 (AAGD07; Tracey et al. 2007), but which is not connected to the 

International Gravity Standardisation Network (IGSN71; Morelli et al. 1973).  Instead, it is 

based on Micro-g Lacoste A10 absolute gravity observations at 60 sites across Australia.  

The datum change was applied by GA by subtracting 78 µGal from all gravity values in 

the database, which had previously been tied to the International Gravity Standardisation 

Network 1971 (IGSN71; Wellman et al. 1985).  Since a constant gravity anomaly 

integrated over a spherical cap yields a constant quasigeoid height (cf. Featherstone and 

Olliver 1997), the constant bias, estimated to be <10 mm, from this different gravity datum 

is insignificant in relation to the facts that the zero-degree term in the quasigeoid is 

indeterminate and vertical datums are offset from one another.  Finally, the tidal system of 

the GA gravity observations remains unknown (cf. Featherstone et al. 2001). 

 

2.3 Computation of mean land gravity anomalies 

Determination of the quasigeoid by discretised numerical integration requires mean gravity 

anomalies on the topography, as per Molodensky’s theory (Molodensky et al. 1962; 

Heiskanen and Moritz 1967).  Because land gravity observations are often sampled 

irregularly based on the ease of field access, care needs to be exercised to determine 

representative mean gravity anomalies.  Different approaches have been used in different 

parts of the world (e.g., Janak and Vaníček 2005), but the Australian situation is somewhat 

unique.  As an ancient continent, Australia is heavily weathered with a mean topographic 

height of ~270 m (Hirt et al. 2010), but it exhibits some very large (>500 kgm-3) mass-

density contrasts due to geology, ranging from soft sediments to dense Archean cratons.  

For instance, gravity anomalies change by over 100 mGal over a few kilometres across the 

Darling Fault in Western Australia (Darbeheshti and Featherstone 2009).   

Goos et al. (2003) and Zhang and Featherstone (2004) have shown that simple 

planar Bouguer gravity anomalies in Australia are well-suited to interpolation, which is 
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fortuitous because this allows the computation of more representative mean gravity 

anomalies on the topography by reconstruction using a high-resolution digital elevation 

model (Featherstone and Kirby 2000).  First, point simple planar Bouguer gravity 

anomalies were recomputed from the GA database using geodetic formulas (Hackney and 

Featherstone 2003) for all ~1.4 million land gravity observations.  A constant topographic 

mass-density of 2670 kgm-3 was used as there is yet no 3D topographic mass-density 

model of Australia, and Molodensky’s theory for the computation of the quasigeoid makes 

no assumption about topographic mass-density.   

These point simple planar Bouger gravity anomalies were interpolated onto the 

same 9"x9" grid as the GEODATA-DEM9S elevation model using the GMT (Wessel and 

Smith 1998) “surface” algorithm, which uses a tensioned spline (Smith and Wessel 1990).  

Based on the recommendation in the GMT manual pages for potential field data, a tension 

factor of T=0.25 was used.  In this regard, there remains some conjecture as to whether a 

2D interpolation technique should be applied to what is effectively a 3D field (e.g., 

Forsberg and Tscherning 1981, Vaníček et al. 2004).  This remains for future study, but 

based on comparisons between interpolated and observed Bouguer anomalies (cf. Sproule 

et al. 2006, Goos et al. 2003, Zhang and Featherstone 2004), this 2D interpolation 

approach appears sufficient in Australia.  Spherical Bouguer anomalies and their associated 

terrain corrections were not used because they are similar to the planar Bouguer anomalies 

(Kuhn et al. 2009) so offer no apparent advantage during this gridding stage.   

Molodensky free-air anomalies (i.e., on the topography) were ‘reconstructed’ from 

the 9"x9" grid of interpolated Bouguer anomalies by adding the simple planar Bouguer 

plate term computed from the GEODATA-DEM9S elevation model.  The 9"x9" grid of 

planar gravimetric terrain corrections, used to approximate the Molodensky G1 term (cf. 

Moritz 1968; Sideris 1990; Val'ko et al. 2008), were then added to the 9"x9" grid of 

reconstructed Molodensky free-air anomalies.  This high-resolution grid was generalised 

using area-weighted means to give a 1'x1' grid of mean Molodensky gravity anomalies on 

the topography.  The full justification for this approach is detailed in Featherstone and 

Kirby (2000).   

 

2.4 DNSC2008GRA marine gravity anomalies 

Given that ship-track gravity data around Australia are generally unreliable, and most 

cannot be crossover adjusted because of ill-conditioning (Featherstone 2009), altimeter-

derived gravity anomalies had to be used exclusively in AUSGeoid09.  DNSC2008GRA 
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(Andersen et al. 2010) was chosen over Sandwell and Smith v18.1 (Sandwell and Smith 

2009) based on a comparison of the two with a limited amount of test data in the 

Australian coastal zone (Claessens 2010).  This showed that EGM2008GRA agrees more 

closely with subsets of reliable ship-borne and airborne gravity data than Sandwell and 

Smith v18.1 in two test areas close (<50 km) to the Australian coast.  In addition, the 

EGM2008 Development Team took DNSC2008GRA to be “better” within ~195 km of the 

coasts (Pavlis et al. 2008).  As such, DNSC2008GRA was chosen in preference because 

AUSGeoid09 will have a greater usage near the coasts of Australia, where the majority of 

the population resides. 

 
2.5 Merging land and marine data: the coastal zone problem 

Modelling the geoid in the coastal zone is notoriously problematic (e.g., Hipkin 2000), but 

merging the land and marine gravity data highlighted a problem that had not been noticed 

previously by the AUSGeoid98 Development Team.  The high-resolution GMT shoreline 

with island options (Wessel and Smith 1996) was first used to mask marine regions from 

the 1'x1' land gravity anomaly grid (Sect 2.3) and to mask land regions from the 1'x1' 

DNSC2008GRA marine gravity anomaly grid (Sect 2.4), with both then merged using the 

GMT “grdmath” command.  However, this showed some spurious features in the coastal 

zones, the largest of which was at Fraser Island (centred at ~153ºE, ~25ºS). 

Figure 3 (panel a) shows that no gravity observations are available on Fraser Island, 

so gridding Bouguer anomalies results in undesirable extrapolation over this island (Fig 3, 

panel b) such that the reconstruction technique (Sect 2.3) gives values that are incorrect by 

>20 mGal (Fig 3, panel c).  This is also an example where EGM2008 has been beneficial 

to regional quasigeoid modelling, as it helped to confirm that this was a problem area.  

Since EGM2008 is such a good fit to the Australian gravity field (cf. Claessens et al. 

2009), with 95% of residual gravity anomalies being <5 mGal (Table 1), such a spurious 

feature can be identified easily.   
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a) 

 
 
b) 

 
 
c) 

 
 
Fig 3: a) Coverage of land gravity observations, showing that no gravity observations are available on Fraser 
Island; b) if these point gravity anomalies are gridded, the Bouguer gravity anomalies are extrapolated ocean-
wards; c) when these Bouguer anomalies are reconstructed to give Molodensky free-air anomalies, >20 mGal 

errors result, which are incompatible with the DNSC2008GRA gravity anomalies.  [Mercator projection]. 
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In order to avoid contamination of the reconstructed mean anomalies in the coastal 

zone by extrapolation of the land Bouguer anomalies, the latter were augmented by 

DNSC2008GRA marine gravity anomalies, where the DNSC2008GRA anomalies were 

concatenated with the land Bouguer gravity anomalies before the GMT “surface” gridding 

process.  GMT was used to mask the EGM2008-generated gravity anomalies on land from 

DNSC2008GRA.  While this concatenation alleviated the problem of extrapolation, 

numerous other problems of modelling the quasi/geoid in the coastal zone remain (cf. 

Hipkin 2000; Andersen and Knudsen 2000), and are not explored further here and remain 

for future study.  However, the lack of gravity data on Fraser Island means that 

AUSGeoid09 will be less precise in this region. 

 
2.6 Residual gravity anomalies 

The 1'x1' grid of EGM2008 ellipsoidally approximated mean gravity anomalies (Sect 2.1) 

were subtracted from the merged land-ocean grid to yield residual mean gravity anomalies 

(Fig 4 and Table 1).  These residual gravity anomalies are generally small, much smaller 

than those used for AUSGeoid98 (Table1), suggesting that it will be difficult to improve 

much upon EGM2008 (demonstrated later).  The larger residual gravity anomalies (>10 

mGal in magnitude) occur in Australian mountainous regions (e.g., along the south-eastern 

seaboard and Tasmania) or where the gravity field is variable due to geology (e.g., the 

Darling Fault along the south-western seaboard).  The extreme values occur in the oceanic 

trenches to the north of Australia, but the use of the limited spherical cap (described later) 

means that they do not contaminate the quasigeoid solution on the Australian mainland.  

 

Units in 
mGal 

Residual mean gravity anomalies 
used for AUSGeoid98 after removal 
of EGM96 to degree 360 (2'x2' grid) 

Residual mean gravity anomalies used 
for AUSGeoid09 after removal of 
EGM2008 to degree 2160 (1'x1' grid) 

no 1,781,101 7,113,600 
max 197.44 105.97 
min -282.70 -87.69 
mean -0.90 -0.09 
STD ±15.01 ±2.49 

 

Table 1: Statistics of the residual mean gravity anomalies used in the gravimetric components of 

AUSGeoid98 and AUSGeoid09, showing the considerable improvement offered by EGM2008.   

 



 13 

 
Fig 4: Residual mean gravity anomalies (mGal) used to compute AUSGeoid09 

 

The high-resolution GMT shoreline with island options was used to set residual 

gravity anomalies to zero over all land areas to the north of Australia (Fig 4), where no 

gravity data were available to the AUSGeoid09 Development Team.  If not done, 

spuriously large residual anomalies contaminate the results because of extrapolation of the 

large gravity gradients associated with the subduction zone between the Australian and 

Eurasian and Pacific Plates.  Since no data have been used on land in these regions, 

AUSGeoid09 must be used with caution in countries to the north of Australia.  

 

2.7 GNSS-ANLN data 

A dataset of around 1,000 GNSS-levelling points was used to test the gravimetric 

quasigeoid solutions so as to empirically select the kernel modification parameters (shown 

later).  It was first edited to remove eight points located on islands that cannot be 

connected to the AHD by spirit-levelling.  A further 17 points were removed as outliers 

during the gravimetric quasigeoid tests (shown later), mainly in southern Queensland, 
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where the ANLN is poor because of the larger number of one-way third-order levelling 

lines (shown as red in Fig 5).  This left 911 GNSS-levelling points.  

Some of the larger outliers (>1 m) were found later to result from GNSS antenna 

height measurement blunders/omissions, but errors in the GNSS-ANLN connection may 

also contribute.  The antenna height blunders were corrected before the fitting procedure 

(Sect 4), but omitted from the analysis of the gravimetric quasigeoid model.  The coverage 

of the GNSS-levelling points is also rather patchy (Figs 9 and 10), not only because of the 

remote areas involved and challenging field conditions, but also because some Australian 

States and Territories did not supply enough raw GNSS data for reprocessing by GA 

before the gravimetric quasigeoid computations were performed.  However, additional data 

have been used for modelling the geometric component of AUSGeoid09 (Sect 4). 

 

 
 

Fig 5: Spirit-levelling traverses of the ANLN. Sections in yellow represent first-order, light green is 
second-order, thin purple is third-order, dark green is fourth-order, red is one-way third order and 
blue is ‘two-way levelling’ of unspecified order. The orders of Australian levelling are specified  

in ICSM (2007); also see Filmer and Featherstone (2009).  [Mercator projection] 
 

GNSS RINEX data supplied by the Australian States and Territories were 

processed by GA using the Bernese scientific software, version 5.0 (Dach et al. 2007) to 

give 3D geodetic coordinates in the ITRF2005 (epoch 2000.0) reference frame (Altamimi 
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et al. 2007).  In most cases, GNSS occupations of greater than six hours were processed, 

with a few exceptions in Queensland so as to provide coverage in remote areas.  While 

ITRF2005 was used for testing the gravimetric component of AUSGeoid09, GDA94 

ellipsoidal heights have been used in the fitting procedure (Sect 4).  The GNSS data 

processing conformed to IERS (International Earth Rotation and Reference Systems 

Service) 2003 standards (McCarthy and Petit 2004) and used precise “final” orbits from 

the International GNSS Service (IGS; Dow et al. 2009) and absolute antenna phase centre 

models (Schmid et al. 2007).  The internally estimated precision (one sigma) of the GNSS-

derived ellipsoidal heights varies between ±0.1 mm and ±10 mm (mean ±2.5 mm), though 

this could be over-optimistic by an order of magnitude (cf. Rothaker 2002).  As such, these 

were scaled up by 10 when modelling the geometric component of AUSGeoid09 to fit it to 

the surface of zero elevation of the AHD (Sect 4). 

The precision of the GNSS ellipsoidal heights, even if scaled by an order of 

magnitude, is still far better than that of the spirit-levelled heights, which are the ‘weak 

link’ in the assessment of the gravimetric quasigeoid solutions in Australia, and probably 

elsewhere too.  Since the AHD contains a ~1 m north-south slope and ~0.5 m regional 

distortions, it is not ideal for quasigeoid testing.  As such, it is preferable to use a different 

least-squares adjustment of the ANLN that is less subject to these errors, as much as the 

quality of the predominantly third-order observations (Fig 5) will permit.  ANLN third-

order levelling (Roelse et al. 1971) is assigned an allowable misclose of 12 mm per square 

root of the levelling loop perimeter (in km) for loop closures, which is termed class LC in 

ICSM (2007).  Given that some loop perimeters can be a couple of thousand kilometres 

(Fig 5), errors of up to ~0.5 m still remain largely undetectable. 

Complementary studies (unpublished yet; manuscript in preparation) show that the 

CARS2006 climatologically driven sea surface topography (SSTop) model (Ridgway et al. 

2002) accounts for most of the north-south slope in the AHD, again indicating that the 

original strategy of aligning the AHD with MSL (Roelse et al. 1971) is the primary cause 

of the north-south slope in the AHD (cf. Featherstone 2004, 2006).  However, regional 

distortions in the AHD due to gross (e.g., observation or booking/transcription errors) and 

systematic (e.g., refraction, staff mis-calibration, staff/instrument settlement, etc.) levelling 

errors (Morgan 1992) will remain in any readjustment of the ANLN.  Athese are found 

primarily in more remote regions (cf. Filmer and Featherstone 2009), there are also fewer 

GNSS heights to test the gravimetric component of AUSGeoid09 (cf. Figs 9 and 10).   
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A preferable alternative to using the published/official AHD heights, which are 

contaminated by SSTop and the least-squares adjustment strategies used at the time 

(Roelse et al. 1971), to test the gravimetric quasigeoid models is a least-squares 

readjustment of the ANLN constrained at 30 mainland and two Tasmanian tide-gauges 

with CARS2006-implied SSTop.  This CARS2006-constrained readjustment option is 

taken to be preferable to a minimally constrained adjustment of the ANLN (fixed to just 

one tide-gauge; e.g., Vaníček 1991) because it appears (based on work not yet published) 

that the tide-gauge constraints reduce the distortions in the adjusted heights caused by 

levelling errors propagating through the network.  Of course, this assumes that CARS2006 

is an accurate model of the separation between local mean sea level and the quasigeoid.  

While not ideal, these are the only data that we have access to. 

The SSTop heights were determined at the 32 AHD tide-gauges using bi-cubic 

interpolation from the 0.5ºx0.5º CARS2006 grid.  These were added to the 1971 MSL 

observations made at the 32 AHD tide-gauges to realise SSTop-reduced height estimates.  

The ANLN was then least-squares adjusted, holding the ANLN-connected AHD tide-

gauges fixed at their CARS2006-offset sea surface heights.  The tide-gauge constraints 

were held fixed because they are considered higher quality observations than the levelling 

contained in the ANLN, and CARS2006 and MSL error estimates at tide-gauges are not 

currently available.  Also, the normal-orthometric correction of Rapp (1961) was applied to 

the ANLN prior the adjustment, as for the AHD (Roelse et al. 1971), with the GNSS points 

connected to the ANLN using information provided by Australian State and Territory 

geodetic agencies.  

 

3 Quasigeoid computations and tests 

3.1 Software and theoretical improvements 

Since the release of AUSGeoid98, the computation software and procedures at the Western 

Australian Centre for Geodesy have been adapted and refined.  This included modification 

of our shell scripts to account for a newer version of GMT (Wessel and Smith 1998) and a 

new Sun UNIX operating system, which proved to be a time-consuming and tedious 

activity that required many checks.  All software’s array dimensions were increased to 

handle a 1'x1' quasigeoid grid over the area 108ºE ≤ λ ≤ 160ºE, 8ºS ≤ φ ≤ 46ºS  

(AUSGeoid98 was computed on a 2'x2' grid over the same extents).  This also involved a 

small increase in the swap space on the Sun UNIX workstation in order to handle the array 

dimensions. 
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Numerous residual gravimetric quasigeoid models were computed from the 

residual gravity anomalies (Fig 4 and Table 1) using the 1D-FFT numerical integration 

technique (Haagmans et al. 1993).  The 1D-FFT software had previously been adapted to 

include several deterministically modified kernels over spherical caps (Featherstone and 

Sideris 1998; Featherstone 2003); also see Featherstone et al. (2001).  Closed-loop tests 

have shown that this software package is capable of computing the quasigeoid to <1 cm, 

assuming error-free data. 

A small correction to our fftmod.f software was needed to better compute the 

Featherstone et al. (1998b) deterministic kernel modification.  This bug originated from an 

ambiguity between the starting degree in the summation used to compute the modification 

coefficients; this was zero in Vaníček and Kleusberg (1987) and two in Vaníček and 

Sjoberg (1991).  Intuitively, and confirmed by the above closed-loop tests, the summation 

should begin at two since the degree-one terms are inadmissible in the geopotential.  

However, the error caused by this difference is only about 3%, which from the values in 

Table 3 amounts to <1 mm in the quasigeoid height. 

Explicit consideration of ellipsoidal corrections to account for the spherical 

approximation embedded in the fundamental equation of physical geodesy (e.g., Heiskanen 

and Moritz 1967) was not needed.  This is because they are diminished by calculating 

gravity anomalies from EGM2008 in ellipsoidal approximation (cf. Hipkin 2004).  Rather 

than computing additional ellipsoidal terms for the deterministically modified kernel (cf. 

Huang et al. 2003), the ellipsoidal correction can be ignored simply by using the geocentric 

radius to the surface of the ellipsoid of each computation point as the reference radius in 

Stokes’s formula (Claessens 2006). 

As an additional improvement over AUSGeoid98, a 9"x9" grid of gravimetric 

terrain corrections (cf, Kirby and Featherstone 2002) has been used in AUSGeoid09.  For 

AUSGeoid98, it was necessary to generalise the then-available 9"x9" GEODATA-DEM9S 

elevation model to a 27"x27" grid (Featherstone et al. 2001).  Later investigations (Kirby 

and Featherstone 2001) showed that this was due to errors in the earlier DEM.  These have 

now been corrected.  Remaining for future work is the computation of terrain corrections 

and Molodensky G1 terms from a digital elevation model derived from the Shuttle Radar 

Topography Mission (SRTM).  

 

 

 



 18 

3.2 Deterministically modified Stokes kernel and spherical caps 

By way of background, there are two seemingly ‘opposing’ schools of thought on the 

remove-compute-restore (RCR) versus the modified kernel approaches to quasigeoid 

determination (cf. Sjöberg 2005), but we choose to use a hybrid combination of them (cf. 

Featherstone et al. 2001).  The benefit of the RCR approach, especially when using 

EGM2008, is that the residual quantities are small (Tables 1 and 3; also see Figs 4 and 7) 

so are less subject to any approximation and numerical integration errors in the residual 

quasigeoid computations.  The benefit of the modified kernel and a limited spherical cap is 

that they preferentially adapt the filtering properties of the convolution so as to reduce 

long-wavelength errors coming from the terrestrial data (Kearsley 1988a, Gilliland 1994, 

Forsberg and Featherstone 1998, Vaníček and Featherstone 1998).  While seemingly 

unique to Australia (cf. Featherstone et al. 2001 and shown later), such a hybrid approach 

appears to have also been effective elsewhere (e.g., Omang and Forsberg 2002; Denker et 

al. 2008).   

Indeed, long-wavelength and systematic errors originating from terrestrial gravity 

anomalies (e.g., Heck 1990) have plagued regional gravimetric quasi/geoid computations 

for many years, though they have more recently been masked by a posteriori fits to GNSS-

levelling.  Because the full report or paper on EGM2008 has not yet been published, 

inference from Pavlis (1998, 2000) has been used to assume that some form of high-pass 

filtering of the terrestrial gravity anomalies was used during the computation of EGM2008.  

If no filtering is applied to the terrestrial gravity anomalies, especially over continent-sized 

regions, then regional quasi/geoid models will become contaminated by long-wavelength 

errors, which is undesirable because of the good quality of the low-degree GRACE static 

gravity field models.  This is another challenge set by GRACE and EGM2008, where 

filtering of terrestrial gravity anomalies is needed for regional quasi/geoid computations.  

In Australia, we choose to use the modified kernel to do this, but it remains for future study 

to investigate other methods of filtering.  

The 1'x1' grid of residual mean gravity anomalies (Fig 4) was 1D-FFT numerically 

integrated for different kernel modification scenarios (Sect 3.3) to produce a 1'x1' grid of 

point residual quasigeoid undulations that was added to the 1'x1' grid of point EGM2008 

quasigeoid heights (Sect 2.1) and then compared with both the GNSS-AHD and readjusted 

GNSS-ANLN data to determine suitable integration parameters.  These comparisons used 

bicubic interpolation of absolute, rather than relative, height differences from each 

computed grid (cf. Featherstone 2001).  The idea here is that the readjusted ANLN data are 
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less contaminated by the north-south slope and less subject to regional distortions in the 

AHD, thus giving a more objective assessment of the gravimetric-only quasigeoid solution.  

Of course, errors in the ANLN remain a hindrance. 

The residual gravimetric quasigeoid computations were performed on a 192-CPU 

SGI Altix 3700 Bx2 supercomputer with 366 GB of RAM that is part of the Western 

Australian iVEC program (http://www.ivec.org/).  Even with the 1D-FFT, there are >7 

million computation points, so this supercomputer facility has allowed us to run >500 

combinations and permutations of various deterministic kernel modifications and their 

associated parameters to search for the best combination (Table 2).  In order to 

demonstrate that the use of published/official AHD heights contaminates the assessment, 

the various solutions were also compared with the 911 GNSS-AHD data.  Both datasets 

identified the same 17 outliers.  

 
Kernel Cap radii Modification degree 
spherical Stokes 0.25º, 0.5º, 1º, then in 0.5º  

increments to 10º, and 180º  
N/A 

Wong and Gore (1969) 0.25º, 0.5º, 1º, then in 0.5º  
increments to 10º 

20, 40, 60, 80, 100, 120 

Featherstone et al. (1998b) 0.25º, 0.5º, 1º, then in 0.5º  
increments to 10º 

20, 40, 60, 80, 100, 120 

 
Table 2: Kernel modifications and parameters of cap radius and degree of modification  

(if applicable) used for the residual gravimetric quasigeoid computations 
 

Figure 6 shows a representative selection of results from the >500 tests.  Only the 

standard deviation (STD) of the differences is presented because the mean difference is 

contaminated by the inexactly known zero-degree term in the geopotential and the 

unknown constant offset of the ANLN from a global vertical datum, though the latter has 

not yet been realised.  The maximum and minimum values are also less informative 

because of the tilt and regional distortions in the ANLN. 

After rejection of the 17 outliers, the STD of the fit of EGM2008 to the 911 GNSS-

ANLN data (the value for the zero abscissa in the left panels of Fig 6, i.e., a zero cap 

means that no Stokesian integration is performed) is ±138 mm, whereas it is ±231 mm for 

the GNSS-AHD data (zero abscissa in the right panels of Fig 6).  Assuming EGM2008 is 

error-free for the moment, Fig 6 shows that the use of tilted and distorted AHD data 

degrades the assessment of the gravimetric quasigeoid models.  It is thus recommended 

that much more consideration is given to the quality of the levelling data when assessing 

gravimetric quasi/geoid models.  Also, the identification of the 17 outliers, most of which 

http://www.ivec.org/�
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were subsequently found to be due to omitted antenna heights, shows that EGM2008 can 

be used to detect such blunders. 

The first consistent observation from Fig 6 is that the spherical Stokes (SS) kernel 

is inappropriate, making the regional quasigeoid solution worse than EGM2008 alone for 

integration cap radii greater than ~0.5º.  This is because it permits low-frequency terrestrial 

gravity errors to enter the solution for larger cap radii, whereas the smaller cap radii cause 

it to be a more effective high-pass filter (Vaníček and Featherstone 1998).  If the SS kernel 

is applied over the whole data area (as is often applied in the FFT-based RCR approach), 

the STD of fit to the GNSS-AHD data is ±294 mm, which is also worse than EGM2008 

alone (±231 mm).  As such, the good quality of EGM2008 means that more attention has 

to be paid to filtering the terrestrial gravity anomalies and that the SS kernel is only 

appropriate when applied over small cap radii, where it is a more effective high-pass filter. 

 

  

  
 

Fig 6: Standard deviation (metres) of the fit of gravimetric quasigeoid solutions to GNSS-ANLN 
data (left panels) and GNSS-AHD data (right panels) versus integration cap radius (degrees) for the 

[unmodified] spherical Stokes (SS) kernel (all panels), Wong and Gore (1969) (WG) kernel (top 
panels) and Featherstone et al. (1998) (FEO) kernel (bottom panels). The numbers in the legend 

refer to the degree of modification used; no degree is used for the SS kernels. The different ranges 
for the ordinates between left and right panels shows that the contaminated AHD data adversely 

affect the assessments. 
 
 

Now that the SS kernel has been largely dismissed, the task is to choose the better 

deterministic modifier.  The Wong and Gore (1969) (WG) modified kernel is the simplest 
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of all the deterministic modifiers; it only subtracts the low-degree Legendre polynomial 

terms from the SS kernel (cf. Omang and Forsberg 2002).  The Featherstone et al. (1998b) 

(FEO) modified kernel is more sophisticated because it combines the benefits of several 

other modifiers, notably by minimising the L2 norm of the truncation bias and causing it to 

converge to zero more quickly.  The deterministic modifications listed in Featherstone 

(2003) were also trialled but the general conclusions reached are the same as presented 

below. 

First, whether a simple WG or a more sophisticated FEO deterministic modification 

is applied, the results are just as good as (for small cap radii) or better than (for large cap 

radii) the SS kernel (Fig 6).  Somewhat subjectively, the FEO kernel was chosen over the 

WG kernel, but it does give slightly smoother and less oscillating results versus cap radii.  

It is also chosen on theoretical grounds as it combines the benefits of numerous other 

modifiers (Featherstone et al. 1998b).  The one-degree cap radius gives the best 

improvement over EGM2008, but it is only ~±10 mm in STD (Fig 6, left panel).  This is a 

strong reflection of the new challenges that EGM2008 has set for regional quasi/geoid 

computation.  Looking at Tables 1 and 3, the residual quantities being dealt with are 

considerably smaller than when dealing with EGM96 to degree 360.  Quite simply, 

EGM2008 is a good model of the quasigeoid over Australia (cf. Claessens et al. 2009).  

The choice of the degree of modification is also somewhat subjective since the 

results for different degrees are near-identical for the one-degree spherical cap radius.  A 

degree 40 modification was chosen ultimately for the following reasons.  First, the results 

oscillate more for higher degrees of FEO modification in Fig 6 because the modified kernel 

oscillates more, so the kernel value at the centre of each cell is not representative of the 

mean across the cell in the numerical integration.  Second, from the analysis of Koch 

(2005), the stochastic properties of GRACE-only static gravity fields indicate that up to 

degree-60 is more reliable.  Hence a compromise was made between degree-60 and the 

very smooth results achieved for the degree-20 kernel (Fig 6, bottom panels).   

A curious feature is seen when comparing the left and right panels of Fig 6, where 

the agreement becomes slightly worse than EGM2008 alone for larger cap radii for the 

GNSS-ANLN data, whereas it is consistently better than EGM2008 for the GNSS-AHD 

data, improving with increasing cap radius for the FEO kernels.  This is enigmatic, but is 

possibly due to the distortions in the AHD masking the selection of the best integration 

parameters.  The results in the left panels of Fig 6 are considered more reliable, firstly 

because of the lower STD, but also intuitively because the larger cap radius lessens the 
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power of the high-pass filtering of terrestrial data errors, thus giving worse results, as was 

the extreme case for the SS kernel.   

 

3.3 The residual gravimetric quasigeoid 

Figure 7 shows the residual gravimetric quasigeoid computed from the residual gravity 

anomalies (Fig 5) by the 1D-FFT technique with a degree-40 FEO modified kernel over a 

one-degree-radius spherical cap.  From Table 3, this residual gravimetric quasigeoid is an 

order of magnitude less than the residual-to-EGM96 value computed for AUSGeoid98 

(Featherstone et al. 2001), reflecting the reduction of the omission error by the degree-

2190 expansion of EGM2008.  The larger residual quasigeoid signal in the Great Dividing 

Range along the south-eastern seaboard and in Tasmania is due to topography.  However, 

there are few GNSS-levelling points in these regions to properly quantify any improvement 

offered.  As such, it is recommended that good quality levelling and GNSS data are 

acquired in mountainous regions if topographical effects are to be assessed more 

objectively. 

 
Units in m Residual AUSGeoid98 with respect 

to EGM96 to degree 360 (2'x2' grid) 
Residual AUSGeoid09 with respect to 
EGM2008 to degree 2160 (1'x1' grid) 

no 1,781,101 7,113,600 
max 3.506 0.244 
min -11.422 -0.619 
mean -0.049 -0.005 
STD 0.409 0.028 

 
Table 3: Statistics of the residual gravimetric components of AUSGeoid98 and AUSGeoid09, showing the 

considerable improvement offered by EGM2008 because the residuals are smaller 
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Fig 7: Residual quasigeoid undulations with respect to EGM2008, computed by 1D-FFT numerical 
integration of Stokes’s formula with the FEO modified kernel for a one-degree spherical cap radius and 

degree-40 modification 
 
 

Figures 8 and 9 show the differences between the gravimetric-only component of 

AUSGeoid09 and GNSS-levelling data: Fig 8 shows the differences with respect to the 

published/official AHD heights, showing the north-south tilt and regional distortions in the 

AHD (cf. Featherstone 2004, 2006; Featherstone and Filmer 2008; Filmer and 

Featherstone 2009); Fig 9 shows the differences with respect to the readjusted ANLN 

heights (Sect 2.7).  In addition to Fig 6, this confirms that assessing the gravimetric 

component of AUSGeoid09 by the readjusted levelling data is a better ‘litmus test’, but is 

still limited by the quality of the ANLN data used. 
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Fig 8: Differences (metres) between the gravimetric component of AUSGeoid09 and published/official GNS-
AHD heights. There is a dominant north-south trend and higher order distortions due principally to the 
poor quality of the AHD. There is extrapolation into New South Wales and northern South Australia 

because of the lack of GNSS data in these regions for the testing phase of AUSGeoid09. 
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Fig 9: Differences (metres) between the gravimetric component of AUSGeoid09 and readjusted GNSS-
ANLN heights. The north-south trend has lessened (cf. Fig 9) but regional distortions remain because of 

the poor quality of the ANLN data. There is extrapolation into New South Wales and northern South 
Australia because of the lack of GNSS data in these regions for the testing phase of AUSGeoid09. 

 
 
4 Fitting the gravimetric quasigeoid to the AHD 

In order to provide a practically useful product for GNSS users wanting to more directly 

determine AHD heights (cf. Featherstone 1998, 2008, Featherstone and Stewart 2001), the 

gravimetric component of AUSGeoid09 (Sect 3) was warped/distorted to fit the surface of 

zero elevation of the AHD using least-squares collocation (LSC) in a cross-validation 

mode (cf. Featherstone and Sproule 2006).  LSC is useful for this purpose because it is a 

data-driven interpolation technique that takes into account the spatial distribution and 

uncertainty of the data.  Moreover, it has proven to be useful in many previous similar 

studies (e.g., Smith and Roman 2001, Featherstone 2000).  The benefit of the cross-

validation approach is that quasi-independent data are used to determine the empirical 

covariance function (cf. Featherstone and Sproule 2006). 

While ITRF2005 was used as the ellipsoidal height reference frame for testing the 

gravimetric component of AUSGeoid09 (Sect 3.2), GDA94 ellipsoidal heights are used in 
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the geometric component of AUSGeoid09.  This is deliberate so as to avoid confusion 

(ITRF2005 and its various epochs versus GDA94) and an additional stage of computation 

for the users of AUSGeoid09, where GDA94 heights would need to be transformed to 

ITRF2005 or vice versa, thus lessening the utility of the ‘product’.  Since GNSS surveyors 

in Australia have ready access to GDA94 ellipsoidal heights, the height transformation is 

more direct and less prone to mistakes associated with different reference frames. 

An extended dataset of 6,794 points was used in LSC cross-validation mode to 

determine the optimal correlation length for the Gaussian analytical covariance function 

for the a posteriori fitting.  The noise for the empirical covariance function was not 

determined empirically, but instead used the STD of the post-processed GNSS ellipsoidal 

heights scaled by an order of magnitude (Sect 2.7).  That is, the noise is prescribed for each 

GNSS-AHD data point such that the amount of a posteriori fitting is within the expected 

error of the GNSS ellipsoidal height only, whereas the AHD height is preserved such that 

the agreement is accommodated within the expected error of the GNSS height.  This is 

pragmatic as it enforces the AHD height to be ‘true’ while accommodating the uncertainty 

in the GNSS ellipsoidal height used in the fitting. 

The primary dataset for the fitting comprised 2,561 GNSS-AHD benchmarks at 

which the GNSS ellipsoidal heights were observed.  The secondary dataset comprised 

4,233 levelling junction points at which the ellipsoidal heights were derived.  For both, the 

AHD heights were taken as their published/official values.  The derived, not observed, 

AHD heights (i.e., ellipsoidal minus gravimetric quasigeoid heights) at the 2,561 

benchmarks were held fixed in a least-squares readjustment of the ANLN, which 

effectively warped the AHD heights of the 4,233 junction points onto the gravimetric 

component of AUSGeoid09.  Adding these derived AHD heights of the junction points to 

the gravimetric quasigeoid values yielded derived ellipsoidal heights.  While this is not as 

good as using observed ellipsoidal heights, it served to provide more and a better spatial 

coverage of the points used in the fitting.  The STD of the derived ellipsoidal heights at the 

4,233 junction points derived from the adjustment were then used for the noise in the LSC 

fitting.  These were relatively large compared to the noise values of the primary dataset, 

reflecting that the secondary dataset of derived ellipsoidal heights were not observed with 

GNSS.  As such, the amount of fitting is lessened at these less reliable points.   

As opposed to omitting high quality data points from the dataset to be later used as 

checkpoints (cf. Featherstone 2000) or using the same data points used to construct the 

model to verify to the model, LSC cross-validation was used.  In turn, one data point was 
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omitted from the dataset, the remaining 6,793 points were used to produce the fitted model, 

and the omitted point was used as a pseudo-independent checkpoint.  This was repeated for 

each of the 6,794 data points.  From each of the nine tests of varying correlation lengths 

the fitted model with the smallest RMS misfit of ±30 mm was found for a LSC correlation 

length of 75 km (Fig 10). 
 

 
 

Fig 10: Misfits (metres) for a variety of LSC cross-validation tests for varying correlation lengths of the 
covariance function using 6,794 discrete data points. The optimal correlation length is 75 km. 

 
 
5 Concluding Remarks 

We have described the computation of the AUSGeoid09 model of the surface of zero 

elevation of the Australian Height Datum (AHD), first through the computation of a 

regional gravimetric-only quasigeoid model, then through a posteriori fitting the GNSS-

AHD height via cross-validated LSC.  The overarching strategy was to provide a 

practically useful ‘product’ for the more direct determination of AHD heights from GNSS 

than was achievable previously with its decade-old predecessor AUSGeoid98, but 

appreciating that this approach does not provide any better determination of the true 

Australian quasigeoid; it is simply an interim solution.  During this process, it was realised 

that EGM2008 has set some challenges for regional quasi/geoid modelling, but it has also 

offered some advantages.  In the Australian case, EGM2008 has confirmed some known 

deficiencies in AUSGeoid98, but also uncovered some unknown deficiencies that are 

corroborated by other studies.   

The improvement achieved in terms of STD of fit to GNSS-levelling data of the 

gravimetric component of AUSGeoid09 over EGM2008 is only ~±10mm, reflecting the 
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good quality of EGM2008 over Australia (cf. Claessens et al. 2009) and the new 

challenges it has et for regional quasi/geoid computations.  While this may indicate that 

EGM2008 can be used alone over Australia, it does not yield heights from GNSS that are 

always compatible with (the distorted) AHD.  Instead, the fitted version of AUSGeoid09 is 

a preferable product for Australian GNSS heighting, where (albeit using different sample 

sizes) the STD of fit to the AHD is reduced from ±231 mm for EGM2008 to ±30 mm for 

AUSGeoid09.  The denser 1'x1' grid spacing of AUSGeoid09 also reduces omission and 

interpolation errors.  

The auxiliary conclusions and recommendations from this work are that: 1) some 

more consideration needs to be given to the terminology of ‘corrector’ surface, with a view 

to standardisation and realisation that there is strictly no correction taking place; 2) there is 

a disparity among various height systems and quasi/geoid models that needs to be better 

acknowledged; 3) quasi/geoid modelling in coastal and mountainous zones needs far more 

attention; 4) the quality of GNSS-levelling data, especially the levelling data for this study, 

used to assess gravimetric quasi/geoid models needs far more attention; 5) filtering of 

long-wavelength errors from terrestrial gravity anomalies before regional quasi/geoid 

computation is a now a necessity, whether it be via modified kernels or another approach. 

 

Postscript: AUSGeoid09 will be released by Geoscience Australia, but the gravimetric-

only version, termed AGQG2009 (cf. Smith and Roman 2001), will only be released on a 

restricted basis so as not fragment Australia’s spatial data infrastructure.  
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