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ABSTRACT 10 

The NZGeoid09 gravimetric quasigeoid model of New Zealand was computed through FFT-based 11 
Stokesian integration with a deterministically modified kernel and an iterative computation approach 12 
that accounts for offsets among New Zealand’s 13 different local vertical datums (LVDs).  NZGeoid09 is 13 
an improvement over the previous NZGeoid05 due to use of the EGM2008 and DNSC08GRA models, 14 
and due to improvements to the data processing strategy.  The integration parameters of degree of 15 
kernel modification L=40 and cap radius 0=2.5˚ were determined empirically through a comparison 16 
with 1422 GPS/levelling observations, after the LVD offsets had been removed.  The precision of 17 
NZGeoid09 was assessed using the same GPS/levelling dataset, yielding an overall standard deviation 18 
of 6.2 cm.  NZGeoid09 performs better than NZGeoid05 and marginally better than EGM2008, but few 19 
data are available in the Southern Alps of New Zealand to give a better evaluation. 20 
 21 
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INTRODUCTION 24 

We describe the computation of a new gravimetric quasigeoid model for New Zealand 25 
(referred to as NZGeoid09).  NZGeoid09 is based on an iterative gravimetric 26 
quasigeoid computation approach (Amos and Featherstone 2009) that accounts for 27 
offsets among the 13 different local vertical datums (LVDs) used in New Zealand.  28 
The computation area spans from 160˚E to 190˚E and from 25˚S to 60˚S.  NZGeoid09 29 
has a spatial resolution of 1´x1´, as opposed to 2´x2´ for NZGeoid05 (Amos and 30 
Featherstone 2009).  This better models the short-wavelength portions of New 31 
Zealand’s gravity field, and reduces interpolation errors for users. 32 

The improvement of NZGeoid09 over NZGeoid05 comes about because of new 33 
input data and changes to the computation strategy and software.  The input data 34 
improvements are the use of the EGM2008 global gravity model (Pavlis et al. 2008) 35 
and DNSC08GRA gravity anomalies in marine areas (Andersen et al. 2009).  The 36 
computational improvements include refined quasigeoid computation software, use of 37 
DNSC08GRA to avoid spurious features during the gridding of land gravity data near 38 
the coastlines, computation of rigorous area mean values of land gravity anomalies, 39 
and computation of precise EGM2008 gravity anomaly area mean values in ellipsoidal 40 
approximation.   41 

The entire quasigeoid computation process and its use to determine offsets among 42 
the 13 LVDs will be described in this paper.  Although termed NZGeoid09, it is 43 
actually a gravimetric quasigeoid model.  This is deliberate so that lay users do not 44 
have to concern themselves with the intricacies of the geoid versus the quasigeoid.  As 45 
in most other countries, it is widely understood that a geoid is needed to transform 46 
GNSS (Global Navigation Satellite System) heights.  Land Information New Zealand 47 
(LINZ) chose to put ‘geoid’ in the title because (1) few users know what a quasigeoid 48 
is, and (2) it made the name too long.  LINZ received no negative feedback on this 49 
contradiction, as was the case of NZGeoid05.  50 
 51 

52 
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DATA SOURCES 53 

Land gravity: On land (North Island, South Island, Stewart Island and the Chatham 54 
Islands) and in some parts of the littoral zone, a total of 40,737 gravity observations 55 
are available at an estimated accuracy level of 0.1-0.5 mGal (Amos 2007) with respect 56 
to IGSN71. 57 

Marine gravity: Over marine areas, the altimetry-based DNSC08GRA free-air 58 
anomaly grid (Andersen et al. 2009) is available at a spatial resolution of 1´x1´.  This 59 
model uses retracked multi-mission altimeter data, which can improve the gravity 60 
anomalies in the coastal zone (cf. Hwang et al. 2008). 61 

Terrain corrections: For the North and South Islands, there are 62 1ºx1º tiles 62 
containing gravimetric terrain corrections computed by prism integration (Amos 63 
2007).  These are used for the conversion of simple Bouguer anomalies to refined 64 
Bouguer anomalies, and as approximations of the Molodensky G1 term in quasigeoid 65 
computation (cf. Sideris 1990). 66 

Digital elevation model (DEM): For the North and South Islands, a 56 m resolution 67 
DEM is available.  This DEM was used to compute the above terrain corrections, and 68 
here to reconstruct terrain-corrected Molodensky free-air anomalies from the gridded 69 
refined Bouguer anomalies (cf. Featherstone and Kirby 2000). 70 

Earth gravitational model (EGM): The EGM2008 global geopotential model (Pavlis et 71 
al. 2008), to spherical harmonic degree and order 2160 (wavelengths >~10 km), 72 
provides the long- and most of the medium-wavelength components of NZGeoid09. 73 

GPS/levelling: Discrete quasigeoid heights determined from spirit-levelled normal-74 
orthometric heights (on the different LVDs) and NZGD2000 ellipsoidal heights at 75 
1422 stations on the North and South Islands and Stewart Island/Rakiura (none on the 76 
Chatham Islands)).  These serve as a ‘benchmark’ for quasigeoid testing and, 77 
importantly, enable iterative quasigeoid computation with LVD unification. 78 
 79 

DATA PREPARATIONS 80 

The approach to quasigeoid computation in New Zealand is different to that used in 81 
most other regions, as it has been driven by the 13 offset LVDs.  The iterative 82 
quasigeoid computation scheme (Amos and Featherstone 2009) applies a correction to 83 
the gravity data with LVD offsets computed from the GPS/levelling and quasigeoid 84 
from the previous iteration.  The computations are performed iteratively until the LVD 85 
offset values (the mean of the residuals between GPS/levelling and the gravimetric 86 
quasigeoid) no longer change significantly.   87 

Figure 1 summarises the computational scheme used for NZGeoid09, which 88 
will be described in more detail in the following paragraphs. 89 

The New Zealand land gravity anomalies have been sorted separately for the 13 90 
different LVDs according to the assumed boundaries among them plotted in Amos and 91 
Featherstone (2009).  The simple Bouguer anomalies are converted to refined Bouguer 92 
anomalies through addition of the gravimetric terrain corrections, interpolated 93 
bilinearly to the gravity observation locations from the pre-computed grid of terrain 94 
corrections.   95 
 96 
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 97 
Fig. 1. Flowchart for the computation of NZGeoid09 (from Claessens et al. 2009) 98 

 99 
The LVD correction takes into account that heights of the 13 sets of gravity data 100 

are with respect to different LVDs and thus do not form a consistent dataset.  The 101 
impact of the LVD offset on the gravity anomalies is computed using the linear 102 

approximation of the free-air gravity correction ( 0.3086g o   , where o is the offset 103 

between the quasigeoid and the LVD).  For each of the 13 LVDs, individual values for 104 

o and thus corrections g are applied to the gravity anomalies.  Comparison of each 105 

computed quasigeoid with GPS/levelling stations yields a set of residuals.  The mean 106 
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of these residuals was used as a measure of the LVD offset o and are reintroduced in 107 
an iterative quasigeoid computation.  This is shown schematically in Figure 2, but see 108 
Amos and Featherstone (2009) for the theoretical details.  109 

 110 

 111 
Fig 2. Iterative quasigeoid datum unification scheme (from Amos and Featherstone 2009) 112 

 113 
The grid of refined Bouguer anomalies was interpolated from the scattered point 114 

observations using the GMT (Generic Mapping Tools; Wessel and Smith 1998) 115 
surface function.  This algorithm uses continuous curvature splines in tension with a 116 
user-defined tension factor.  The tension factor of T = 0.25 recommended for potential 117 
fields was used (Smith and Wessel 1990). 118 

Over the littoral zone and beyond, the gridding of the land Bouguer anomalies can 119 
be unreliable due to the distribution of the gravity observation stations causing 120 
unwanted extrapolation.  Therefore, the land Bouguer anomaly dataset was augmented 121 
with DNSC08GRA marine gravity anomalies before interpolation.  Figure 3 122 
demonstrates how this approach can support the better interpolation of land Bouguer 123 
anomalies, as follows.  Figures 1A and 1B show the scattered and interpolated land 124 
Bouguer anomalies in the Northwest Nelson region (South Island).  [Notice that the 125 
New Zealand gravity database contains observations in the littoral zone, as well as 126 
some sea bottom observations.]  Figures 1C and 1D, on the other hand, show scattered 127 
and interpolated land Bouguer anomalies supplemented with the DNSC08GRA 128 
dataset, where the DNSC08GRA data on land (from EGM2008 only) were excluded 129 
using the GMT landmask operation along with the full-resolution GMT coastline 130 
(Wessel and Smith 1996).  Figure 1E shows the differences between the two 131 
interpolated grids (Figs. 1B and 1D), demonstrating that extrapolation errors of the 132 
order of 10 mGal are avoided, which would have occurred when gridding 133 
(extrapolating) the land only data without DNSC08GRA augmentation, especially in 134 
areas with few land gravity observations near the coast.  However, altimeter-derived 135 
gravity anomalies are generally poorer in the coastal zone, even when re-tracked (cf. 136 
Andersen et al. 2009, Hwang et al. 2008), so modelling the geoid and quasigeoid near 137 
the coastal zone is always problematic (cf. Hipkin 2000).  138 

To reduce spatial aliasing and to generate mean gravity anomalies needed for 139 
numerical convolution integration, area mean gravity anomalies were reconstituted 140 
from the gridded refined Bouguer gravity anomalies using the reconstruction technique 141 
described in Featherstone and Kirby (2000) with the 56 m DEM.  The refined Bouguer 142 
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anomalies were interpolated bilinearly to the centre of each DEM cell, and the 143 
topography was reconstituted using the reverse planar Bouguer correction for the DEM 144 
element height with a constant topographic mass density of 2670 kg m-3.   145 
 146 

A: Land Bouguer anomalies in the test area 

 

 
B: Land Bouguer anomalies, from  

gridding A using surface 
 

 
C: Land Bouguer anomalies augmented with  

DNSC in the test area 

 
D: Land Bouguer anomalies, from  

gridding C using surface 

 

 
E: Differences between the two interpolated  

Bouguer anomaly grids 

 

 147 
Fig. 3. The effect of not using altimeter data on the interpolation of Bouguer anomalies in a coastal region  148 

(Northwest Nelson, South Island) (Mercator projections; units in mGal) 149 
 150 
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 The 56 m reconstructed anomaly grid was then generalised to a coarser 1´x1´ 151 
gridding using in-house regridding software (regrid_sid) that includes proportions of 152 
cells along the borders in the computation of the area mean, weighted by the area 153 
percentage that is inside the output grid cell.  This was selected over the GMT 154 
blockmean function, because blockmean does not properly account for input grid cells 155 
that are only partly inside the output grid cell.  This technique was validated by 156 
regridding of area means computed from a series of EGM2008 spherical harmonic 157 
coefficients from a 56x56 m resolution to a 1´x1´ resolution, followed by a comparison 158 
to area means at 1´x1´ resolution computed directly from EGM2008.  This validation 159 
showed that regridding errors using the area-weighted mean are two orders of 160 
magnitude smaller than errors using blockmean.  In addition, boundary errors resulting 161 
from the merger of 62 1°x1° DEM tiles are negligible (<10 μGal).  162 

These reconstructed land anomalies were merged with DNSC08GRA using the 163 
GMT grdlandmask function along with the high-resolution GMT coastline (Wessel 164 
and Smith 1998).  The land mask is applied to the land anomalies so that all data points 165 
in marine areas are set to zero and, complementarily, a sea mask is applied to 166 
DNSC08GRA to set all land points to zero.  The two were added together to produce 167 
the final 1´x1´ grid of merged land/sea anomalies. 168 

EGM2008 provides the quasigeoid height and gravity anomaly reference fields for 169 
NZGeoid09.  The spherical harmonic synthesis was performed using the public-170 
domain harmonic_synth software provided by the EGM2008 development team 171 
(http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/index.html).  All data 172 
synthesised from EGM2008 were computed in the zero-tide system.  The spectral 173 
range used is degree and order 2 to 2160, which corresponds to a minimum spatial 174 
resolution of ~5 km.  Because of the indeterminate zero degree term, the resulting 175 
quasigeoid computation is subject to a vertical offset, which will be discussed later in 176 
the context of the LVD offsets.   177 

The gravity anomaly grid computed from EGM2008 consists of 1´x1´ area means 178 
of gravity anomalies in ellipsoidal approximation.  A spherical approximation is not 179 
sufficient because it can lead to errors in the quasigeoid of several decimetres (Hipkin 180 
2004, Claessens 2006).  Ellipsoidal area means cannot be computed rigorously in 181 
harmonic_synth, but were computed by adding an ellipsoidal correction to area means 182 
of gravity anomalies in spherical approximation. This ellipsoidal correction consists of 183 
the difference between point values in the centre of each cell in ellipsoidal and 184 
spherical approximation.  Comparison to ellipsoidal area means computed from a 185 
dense grid of point values in ellipsoidal approximation over a 2˚x2˚ test tile on the 186 
South Island (167˚E-169˚E, 46˚S-44˚S) showed that the error in the ellipsoidal 187 
correction is negligible (<10 μGal). 188 

In order to obtain the residual gravity anomaly field needed for residual 189 
quasigeoid computation via FFT-based Stokesian integration, EGM2008 was 190 
algebraically subtracted from the merged land/sea anomalies.  Figure 4 shows, for a 191 
central part of the NZGeoid09 computation area, that subtraction of EGM2008 192 
removes a large part of the gravity field signal (cf. Table 1), especially in marine areas.  193 
The larger residual anomalies on the South Island of New Zealand are due to the 194 
rugged topography in this part of the world, which the EGM2008 model cannot resolve 195 
(because of the omission error). 196 

 197 
 198 
 199 
 200 

 201 
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Table 1. Descriptive statistics of the NZ land/sea anomalies, EGM2008  202 
gravity anomalies and the residual gravity anomalies (units in mGal) 203 

 204 
grid min max mean STD 

Land/sea gravity anomalies -252.96 311.80 1.98 ±35.28 

EGM2008 gravity anomalies in ellipsoidal approximation -250.67 307.18 1.97  ±35.09  

Residual gravity anomalies -186.76 143.93 0.01   ±4.69  

 205 

 206 
Fig. 4. Grid of residual gravity anomalies in a central part of the NZGeoid09 computation area  207 

(Mercator projection, units in mGal) 208 
 209 

QUASIGEOID COMPUTATIONS 210 

The transformation of mean residual gravity anomalies to a grid of point residual 211 
quasigeoid heights is performed using Stokesian integration with a deterministically 212 
modified integration kernel (Featherstone et al. 1998), and the 1D fast Fourier 213 
transform (FFT) numerical integration technique (Haagmans et al. 1993).  Stokes-214 
integrated residual quasigeoid heights with this modified kernel depend on two 215 

parameters: L (spherical harmonic degrees removed from the Stokes kernel) and 0  216 

(integration cap radius).   217 
In summary, the Featherstone et al. (1998) modified kernel combines several 218 

existing deterministic modifications into a single scheme.  As part of this, the 219 
Legendre polynomials up to and including degree L are removed from the spherical 220 
Stokes kernel, which improve its long-wavelength filtering of terrestrial gravity data 221 
errors (cf. Vanicek and Featherstone 1998), which are better represented by EGM2008.  222 
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However, the choice of this parameter L should not be too large or it causes the 223 
modified kernel to oscillate, thus contaminating the numerical integrations, which will 224 
be shown later.  225 

The numerical integrations were run on a high-performance supercomputer that is 226 
part of the iVEC Western Australian Supercomputer Program (http://www.ivec.org/).  227 
We used a 192-CPU SGI Altix 3700 Bx2 computer with 366 GB of RAM.  This 228 
reduced the computation time to ~6 hours per parameter combination from ~40 hours 229 
on a 1.6 GHz Sun Ultra 45 workstation with 2 GB of RAM and 8 GB of swap.  230 
Without the iVEC facility, we would not have been able to run so many combinations 231 

of the L and 0  parameters to search for a locally optimal solution.  232 

Each residual quasigeoid grid from the Stokesian integration was added to the 233 
EGM2008 quasigeoid grid to yield a quasigeoid, which was then compared with the 234 
1422 quasigeoid heights from GPS/levelling in an absolute sense (cf. Featherstone 235 
2001).  This was done so as to simultaneously optimise the integration parameters and 236 
to determine the LVD offsets.  237 

Following Amos and Featherstone (2009), the quasigeoid models are obtained 238 
based on iterative computations of the vertical offsets o.  Introducing 0.00 m as initial 239 
offsets for all 13 LVDs, convergence was again reached after just three iterations.  The 240 
offsets computed differ considerably from the offsets computed in Amos and 241 
Featherstone (2009) (Table 2), especially on the North Island, even though offsets of 242 
LVDs on the North Island convergence faster than those on the South Island.   243 

To verify the validity of the computed LVD offsets, they were compared with 244 
offsets obtained directly by precise levelling between neighbouring LVDs (Table 3).  245 
The LVD offsets computed here agree better with the levelling observations than the 246 
offsets determined by Amos and Featherstone (2009) in all but three cases.  This 247 
reflects the better gravimetric quasigeoid results from using newer data and improved 248 
computational techniques.  249 
 250 

Table 2. LVD offsets obtained after 3 iterations (based on L=40, 0=2.5º),  251 
as well as the offsets determined by Amos and Featherstone (2009) (units in m) 252 

 253 
LVD Iteration 3 A&F 2009 difference 
North Island    
One Tree Point -0.063 -0.242 0.179 
Auckland -0.339 -0.491 0.152 
Moturiki -0.241 -0.314 0.073 
Gisborne -0.344 -0.578 0.234 
Taranaki -0.315 -0.451 0.136 
Napier -0.203 -0.301 0.098 
Wellington -0.436 -0.504 0.068 
South Island    
Nelson -0.294 -0.258 -0.036 
Lyttelton -0.466 -0.349 -0.117 
Dunedin -0.485 -0.485 0.000 
Dunedin-Bluff -0.381 -0.256 -0.125 
Bluff -0.360 -0.376 0.016 
Stewart Island -0.385 -0.400 0.015 

 254 
 255 
 256 
 257 
 258 
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Table 3. Comparison of differences between LVD offsets obtained after 3 iterations 259 

(based on L=40, 0=2.5º) to offsets determined by Amos and Featherstone  260 
(2009; Table 2) and observed precise levelling offsets (units in m) 261 

 262 
From To Iteration 3 A&F 2009 Levelling 
Auckland One Tree Point -0.276 -0.249 -0.206 
Auckland Moturiki -0.098 -0.177 -0.070 
Gisborne Moturiki -0.103 -0.264 -0.075 
Gisborne Napier -0.141 -0.277 -0.166 
Moturiki Napier -0.038 -0.013 -0.099 
Taranaki Napier -0.112 -0.150 -0.046 
Taranaki Wellington 0.121 0.053 0.147 
Taranaki Moturiki -0.074 -0.137 -0.162 
Napier Wellington 0.233 0.203 0.237 
Nelson Lyttelton 0.172 0.091 -0.027 
Lyttelton Dunedin 0.019 0.136 -0.071 
Dunedin-Bluff Dunedin 0.104 0.229 -0.019 
Dunedin-Bluff Bluff -0.021 0.120 -0.001 

 263 
The LVD offset values are highly sensitive to the choice of integration parameters 264 

L and 0 .  This is seen by comparing the offsets obtained from L = 40, 0 = 2.5º 265 

(Table 2) with those obtained from L = 40, 0 = 2º and L = 100, 0 = 3º (Table 4).  266 
Table 4 shows that the LVDs located on the mountainous South Island are particularly 267 
sensitive.  This is because the residual gravity anomalies are larger in this region (Fig. 268 
4), so the Stokesian contribution is correspondingly larger (Fig. 5).  Therefore, such 269 
optimisation experiments are very useful, especially with free access to a 270 
supercomputer facility.  271 

Table 4 also lists the LVD offsets obtained from an experimental quasigeoid 272 
solution using a truncated EGM2008 reference field up to degree and order nmax = 360 273 
only, as well as offsets from EGM2008 to degree and order nmax = 2160.  This 274 
experiment was performed to verify that the numerical integrations were correct.  The 275 
fact that the degree of EGM2008 used has little impact on the offsets indicates that the 276 
Stokesian integrator software yields results similar to EGM2008 from degree 361 to 277 
2160, so is functioning properly, at least in this spectral band.  278 
 279 

Table 4. LVD offsets based on different integration parameters and different  280 
degrees of EGM2008, and LVD offsets obtained from EGM2008 only (units in m) 281 

 282 
Model     EGM2008  

Model  
parameters 

L =40 
0 = 2º 

nmax=2160 

L =40 
0 = 2.5º 

nmax=2160 

L =100 
0 = 3º 

nmax=2160 

L =40 
0 = 2.5º 
nmax=360 

nmax=2160 

One Tree Point -0.062 -0.063 -0.060 -0.064 -0.066 
Auckland -0.336 -0.339 -0.329 -0.338 -0.305 
Moturiki -0.236 -0.241 -0.230 -0.246 -0.219 
Gisborne -0.341 -0.344 -0.337 -0.354 -0.312 
Taranaki -0.310 -0.315 -0.303 -0.317 -0.285 
Napier -0.199 -0.203 -0.193 -0.208 -0.164 
Wellington -0.428 -0.436 -0.414 -0.440 -0.372 
Nelson -0.281 -0.294 -0.260 -0.307 -0.197 
Lyttelton -0.440 -0.466 -0.398 -0.473 -0.245 
Dunedin -0.452 -0.485 -0.419 -0.494 -0.334 
Dunedin-Bluff -0.336 -0.381 -0.267 -0.392 -0.120 
Bluff -0.320 -0.360 -0.266 -0.357 -0.174 
Stewart Island -0.351 -0.385 -0.307 -0.391 -0.166 

 283 
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A large number (several dozen) of iterative quasigeoid computations were 284 

performed using a range of different integration parameters L and 0 to find the 285 
gravimetric quasigeoid model that shows the smallest RMS difference with respect to 286 
the GPS/levelling data.  In order to profit from all 1422 GPS-levelling points, a 287 
‘composite’ RMS was computed after the LVD offsets were removed.  That is, the 288 
mean of the GPS/levelling/quasigeoid differences for each LVD were removed and the 289 
RMS recomputed so that it was not contaminated by these offsets.  290 

First, all possible combinations of parameters L = 40, 180, 360 and 0 = 1˚, 2˚, 3˚, 291 
4˚, 5˚, 6˚ were used to compute quasigeoid grids; all used the Featherstone et al. (1998) 292 
modified kernel.  The ‘composite’ RMS values of the residuals of the quasigeoid 293 
models against the GPS/levelling data are listed in Table 5.  This first optimisation step 294 
covers a broad range of parameter choices and is aimed at roughly identifying which 295 
parameters could yield an optimal solution.  Then, in a second optimisation step, more 296 
parameter choices in the vicinity of the optimum found in the first step are examined to 297 
find locally optimal parameters with a higher accuracy.  Using this two-step approach, 298 
a large parameter space can be searched more efficiently.  However, like most other 299 
similar optimisation methods, there is no guarantee that the global minimum is 300 
attained. 301 

A kernel modification degree L = 40 gives stable RMS values of 6.2-6.4 cm, 302 
whereas higher modification degrees yield some significantly larger RMS errors 303 
(Table 5).  This is because the modified kernel oscillates more for higher degrees, so 304 
its value at the centre of each cell in the numerical integration is not representative of 305 

the whole cell (cf. Featherstone 2003).  For the larger cap radii 0 and L = 40, the 306 
RMS values do not vary much.  This indicates that there is not much problem with the 307 
propagation of low-frequency terrestrial gravity data errors into the solution (Vaníček 308 
and Featherstone 1998), indicating that the Amos and Featherstone (2009) iterative 309 
technique has effectively accounted for biases in the gravity anomalies caused by the 310 
different LVDs.   311 

Table 5 indicates that the optimal integration parameters are likely to be found in 312 

the vicinity of L =40 and 0 = 2º.  Therefore, the second more focussed optimisation 313 

step used all combinations of parameters L = 20, 40, 60 and 0 = 1.0˚, 1.5˚, 2.0˚, 2.5˚, 314 
3.0˚. 315 
 316 

Table 5. RMS errors computed from differences between the  317 
GPS/levelling data and different iterative quasigeoid computations  318 

with varying integration parameters L and 0  (units in m) 319 
 320 

0 ↓  
        L→        40           180           360 
1˚ ±0.064 ±0.064 ±0.065 
2˚ ±0.062 ±0.065 ±0.158 
3˚ ±0.062 ±0.066 ±0.092 
4˚ ±0.063 ±0.064 ±1.283 
5˚ ±0.063 ±0.113 ±0.101 
6˚ ±0.063 ±0.121 ±0.069 

 321 
Table 6 shows the results of this second optimisation step, yielding almost 322 

identical RMS values of ~6.2-6.4 cm (cf. Table 5).  Hence, there is only a weak 323 
dependency of the RMS of the GPS/levelling/quasigeoid differences on the 324 
modification parameters used in this more focussed range.  The lowest RMS (6.16 cm) 325 

is found for a cap radius of 0 = 2.5˚ and L between 20 and 60.  Based on these results, 326 

NZGeoid09 is based on L = 40 and 0 = 2.5˚. 327 
 328 
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Table 6. RMS errors computed from differences between the  329 
GPS/levelling data and different iterative quasigeoid computations  330 

with varying integration parameters L and 0 (units in m) 331 
 332 

0 ↓  
         L→ 20 40 60 
1.0˚ ±0.0636 ±0.0636 ±0.0636 
1.5˚ ±0.0621 ±0.0622 ±0.0622 
2.0˚ ±0.0617 ±0.0617 ±0.0617 
2.5˚ ±0.0616 ±0.0616 ±0.0616 
3.0˚ ±0.0622 ±0.0620 ±0.0618 

 333 

Figure 5 shows the residual quasigeoid heights for L = 40 and 0 = 2.5º; the 334 
descriptive statistics are shown in Table 7.  In Fig. 5, the larger residual quasigeoid 335 
heights manifest in the topographically rugged Southern Alps in the South Island of 336 
New Zealand, which correlate well with the larger residual gravity anomalies in Fig. 4.  337 
Table 7 shows that the contribution of the residual quasigeoid heights is generally 338 
quite small, showing that EGM2008 is very effective at modelling most of the 339 
quasigeoid signal in New Zealand, hence the omission error (provided by the 340 
Stokesian integration up to the discretisation of 1'x1') is correspondingly small.   341 
 342 

 
 

Fig. 5. Residual quasigeoid heights in the central computation area  343 
(Mercator projection; units in m). 344 

 345 
 346 
 347 
 348 



Survey Review [submitted] 

Table 7. Descriptive statistics of EGM2008 and residual  349 
quasigeoid heights (units in m) 350 

 351 
grid min max mean STD RMS 
EGM2008 -46.679 54.277 5.979 ±28.251 ±28.877 
Residual quasigeoid -1.244 1.312 0.002 ±0.054 ±0.054 

 352 
Figure 6 shows NZGeoid09 in the centre of the computation area; the composite 353 

descriptive statistics of NZGeoid05 (Amos and Featherstone 2009), NZGeoid09 (here) 354 
and EGM2008 only (Pavlis et al. 2008) versus GPS/levelling are in Table 8.  From 355 
this, NZGeoid09 only gives a marginally lower RMS (6.2 cm) than EGM2008 (6.4 356 
cm), which is insignificant given the perceived quality of the GPS/levelling data 357 
(Amos and Featherstone 2009), showing that EGM2008 is already a good model of the 358 
quasigeoid in this region.   359 

This is to be expected because largely the same gravity data have been used in 360 
EGM2008 and NZGeoid09, with the main difference that a higher resolution DEM has 361 
been used in NZGeoid09, hence the larger residual quasigeoid undulations in the South 362 
Island.  Also, most of the GPS/levelling points used to generate the statistics in Table 8 363 
are in low-lying regions where the two models are similar (cf. Fig 5).  Unfortunately, 364 
there is very little coverage of the GPS/levelling observations in the Southern Alps, so 365 
it is not so easy to gauge the improvement in regions where the residual quasigeoid 366 
contribution is larger.  Current work at LINZ is underway to acquire GPS/levelling 367 
from hydroelectric power schemes in these regions.  368 

Table 8 also shows the results of two experimental quasigeoid solutions with 369 
alternative parameter settings.   370 

 The first (NZG360) is identical to NZGeoid09, except that EGM2008 is used up to 371 
degree and order 360 only (instead of 2160).  This solution shows only small 372 
differences with respect to NZGeoid09, indicating that the Stokesian integration in 373 
the spectral range from degree 361 to 2160 gives similar results to spherical 374 
harmonic synthesis of EGM2008 coefficients.   375 

 The second (NZG_unmodified) is a quasigeoid solution based on Stokesian 376 
integration with an unmodified spherical kernel and unlimited cap radius.  This is 377 
effectively the remove-compute-restore approach that is popular in many other 378 
regional quasi/geoid computations.  The statistics of this solution show that it does 379 
not perform as well as NZGeoid09 and even worse than EGM2008, indicating that 380 
the modified kernel is better suited to the integration of residual gravity anomalies 381 
than the unmodified kernel (cf. Vanicek and Featherstone 1998), at least in New 382 
Zealand.   383 

However, caution must be exercised before generalising this observation because of 384 
the error budgets associated with the GPS and levelling data. 385 
 386 
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 387 
 388 

Fig. 6. NZGeoid09 quasigeoid heights in the central computation area (units in m) 389 
 390 
 391 

Table 8. Composite descriptive statistics of NZGeoid05, EGM2008 and  392 
NZGeoid09, as well as two experimental quasigeoids with alternative  393 

parameter choices, versus 1422 GPS-levelling observations (units in m) 394 
 395 

model min max mean RMS=STD 
NZGeoid05 -0.316 0.361 0.000 ±0.079 
EGM2008 -0.284 0.337 0.000 ±0.064 
NZGeoid09 -0.378 0.280 0.000 ±0.062 
NZG360 (experimental) -0.369 0.348 0.000 ±0.063 
NZG_unmodified (experimental) -0.426 0.304 0.000 ±0.066 

 396 
 397 

SUMMARY 398 

NZGeoid09 is a 1´x1´ gravimetric quasigeoid model for New Zealand computed using 399 
the iterative strategy of Amos and Featherstone (2009) that accounts for the 13 offset 400 
LVDs.  EGM2008 is used up to degree and order 2160 as a reference model.  Terrain-401 
corrected land gravity anomalies and marine gravity anomalies from DNSC08 were 402 
used in a Stokesian integration with the deterministically modified kernel of 403 
Featherstone et al. (1998). 404 
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Several improvements were made to the processing strategy used for NZGeoid05.  405 
Most notably, the interpolation of land gravity anomalies in coastal areas is augmented 406 
through use of DNSC08 marine gravity anomalies, area means of reconstituted Faye 407 
anomalies are computed using a sophisticated regridding technique, and area means of 408 
gravity anomalies from EGM2008 are computed ellipsoidally.  Other refinements to 409 
the computation software were also used.  410 

The optimal Stokesian integration parameters of degree of modification L = 40 411 

and cap radius of 0 = 2.5˚ were determined empirically through a comparison with 412 
1422 GPS/levelling observations across New Zealand.  The overall precision of 413 
NZGeoid09 was assessed using the same GPS/levelling dataset, yielding an RMS of 414 
6.2 cm after removal of the LVD offsets.  NZGeoid09 performs marginally better than 415 
EGM2008, but few data are available in the Southern Alps to give a better evaluation.  416 
 417 
 418 
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