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of using a GGM to transform heights, the
accuracy of the GGM in relation to the
local gravity field (as well as the accuracy of
the inpurt heights) needs to be considered.
This method will not give heights in terms
of a LVD. The resultant heights will be in
relation to the average level of the sea as

defined by the GGM.

To convert a GNSS (ellipsoidal) height
to a LVD normal-orthometric height, the
common approach has been to physically
survey a benchmark with a LVD height using
GNSS, and therefore geometrically determine
the difference between NZGD2000 and
the LVD. This offset can then be used
to transform heights in the vicinity of the
benchmark. Because this approach utilises
asingle offset to model the geoid surface, the
accuracy of the transformation degrades with
increasing distance from the benchmark. If
a number of matks ate surveyed over a small
area (generally up to 5 km x 5 km), then
an inclined plane can be used to model the
offset and thereby extend the coverage of
the transformation. The primary limitation
of this approach is that it is attempting to
model an irregular surface with a point or
plane. Larger regions can be better modelled
if additional regression coefficients are used

to define a non-planar surface.

No single reference system for large
applications

The existing LVDs wortk suitably for tasks

that are wholly contained within a single

that the datum relating to a particular height
could be mistaken. Having height dataina
number of datums also makes the integration
of different datasets difficult, especially
over large areas. To avoid these problems a
national datum needs to be defined so that
all heights can be referred to it.

Unsuitability of levelling-based datum

Internationally, the most common method
of establishing a vertical datum has been
to determine MSL at a tide gauge and
then transfer the level to benchmarks in
the hintetland by precise levelling. Precise
levelling is a labour intensive and expensive
method of transferring heights that only
provides heighted benchmarks along the
levelling routes. Since NZ does not have
an extensive road network over many parts
of the country (cf. Figures 5 and 6) it is not
possible to efficiently implement a national
vertical datum based on precise levelling

alone.

One approach to modernise the LVDs would
be to determine updated estimates of MSL
at the original tide-gauges and re-adjust
the existing precise levelling observations
in terms of the 13 LVDs. Alternatively,
the precise levelling observations could be
readjusted to form single networks in the
North, South and Stewart Islands. In both
cases the levelling observations that would
be readjusted are typically 30 to 50 years
old. Without physically re-observing large
parts of the height network (an untenable

vertical datum has been implemented across
NZ and its continental shelf. The notable
feature of NZVD2009 is that it uses a
gravimetric geoid as its reference surface
rather than the conventional tide-gauge
estimate of MSL.

NZVD2009 is a world first implementation
of a geoid-based national vertical datum.
The concept of using a geoid as the reference
surface in NZ’s vertical datum was initially
proposed in 2001 (Grant and Blick, 2001).
Since 2001, the approach has gained in
popularity and it is being proposed as the
basis for a number of modernised vertical
datums (e.g. United States [Childers et al,
2009], Canada [Véronneau et al, 2006]).

The key parameters for NZVD2009 are:
Table 3. NZVD2009 parameters.

Attribute Value

Height system Normal-orthometric

Reference surface New Zealand
Quasigeoid 2009

Normal gravity field ~ GRS80

Reference ellipsoid GRS80

The New Zealand Quasigeoid 2005
(NZGeoid05; Amos 2007) was published
by LINZ in 2005 together with a set of
offsets that could be used to transform
NZGD2000 ellipsoidal heights to the 13
LVDs. NZGeoid05 was intended for use as
a transformation surface not asa datum in its
own right, and heights should not be referred
to as being in terms of ‘NZGeoid05’.
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the normal orthometric correction (NOC)
as defined in Equation 8 should strictly be
applied to the height differences.

>k
NOC:—f—H sin2¢p Cosods
R avg

Equation 8

Where:  f * GRS80 normal gravity flattening

constant (0.005 302 440 112)

R GRSS80 mean Earth radius
(6,371,000 m)

H avg Average normal-orthometric

height of benchmarks (m)

¢ mid-latitude latitude of

benchmarks
o azimuth between benchmarks

d S horizontal distance between

benchmarks (m)

The magnitude of the NOC is 0.83 mm
when evaluated over 1 km at 1000 m altitude
(45° S, 1 km north-south levelling line with
20 change points 50 m apart). At a more
typical average height of 200 m the NOC is
0.17 mm. This means that application of the
NOC should take into account the length
of the levelling line and the accuracy of the
resulting NZVD2009 heighs.

New Zealand quasigeoid 2009
NZGeoid2009 (Figure 8) is a regional

gravimetric quasigeoid computed over
the extent of NZ’s continental shelf
(160°E — 170°W, 60°S — 25°S). Although
NZGeoid2009 is technically a quasigeoid, the
more common term ‘geoid” and symbology
(V) is used to avoid confusion when
describing it in relation to NZVD2009.

The NZGeoid2009 was computed by the
Western Australian Centre for Geodesy
(Claessens et al, 2010) following the same
general procedure that was used for its
predecessor NZGeoid05 (Amos, 2007;
Amos and Featherstone, 2009). It is based
on the EGM2008 global gravity model
up to degree and order 2160 and has been
enhanced with 40,737 terrestrial gravity
observations across NZ, marine anomalies
from the DNSCO08 global model (Andersen
etal, 2008), and a 1.8” grid (-56 m) digital

elevation model to correct for the effect of

the topography on the gravity field.

The model was computed using a remove-
compute-restore approach using Stokes
integration with a deterministically modified
integration kernel (Featherstone et al,
1998) with L =40 and y, =2.5° (L is
the spherical harmonic degrees removed
from the kernel and y, the integration
cap radius). A detailed description of the
computation process for NZGeoid2009 is
provided in Claessens et al (2010).

Across the NZ mainland the “height” of
NZGeo0id2009 above the GRS80 ellipsoid
varies from 0 m at the south of Rakiura/
Stewart Island to approximately 40 m at
the north of the North Island. This change
is generally in a north-south direction, with
some local variations around topographic
and geological features. It is published (and
was computed) ona 1’x 1" grid (-1.9 km in
NZ) which means that localised variations
in the geoid that are smaller than this will

not be represented in the model.

165" 170°

Datum offsets
The accuracy of NZGeoid2009 in relation

to the LVDs was estimated by comparisons
with geometrically determined geoid values
at control marks where both ellipsoidal and
normal-orthometric heights had previously
In NZ there are 1,422
suitable GPS-levelling points that are

been observed.

unequally spread among the 13 LVDs
(Figure 9, Table 4). The spatial coverage of
the GPS-levelling points is not uniform, and
large gaps exist in some areas, notably the
south-west of the South Island, north-west
Nelson and East Cape. Furthermore, many
of the points are located in topographically
flat terrain rather than the mountains where
the geoid surface is expected to be more

variable.

The results of the GPS-levelling comparisons
on a datum-by-datum basis are shown in
Table 4 (LINZ 2009). All of the offsets are
significantly non-zero, and in most cases
they agree (within statistical limits) with the
offsets observed at the LVD junction points
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Figure 8. New Zealand Quasigeoid 2009 (NZGeoid2009) relative to
the GRS80 ellipsoid (two metre contours).

Pace 12



NEW ZEALAND SURVEYOR No. 300 2010

165" 170" 175" 180"
t ———— X

35 35

40 400

—
165 170° 175 180

Figure 9. 1422 GPS-levelling points.

(Table 2). The standard deviation of the
Stewart Island 1977 datum is larger than
the others because it has been determined
from five relatively low accuracy GPS-
levelling points. The Lyttelton 1937 offset is
probably higher due to the very long levelling
lines that were used to establish the initial
normal-orthometric heights (e.g. Lyttelton
to Haast via Arthurs Pass). All of the offsets
are positive as a matter of coincidence
rather than planning. This shows that the
NZGeoid2009 is consistently ‘higher’ than
the LVDs.

An estimate of the overall accuracy of the
NZGeoid2009 can be found from the
standard deviations at all 1422 GPS-levelling

points once their respective offset biases have

been removed. This gives an overall standard

deviation for NZVD2009 of 0.062 m.

Transformations

Heights can be transformed between
NZVD2009, NZGD2000 and the NZ
LVDs using Equations 9 to 12 (LINZ,
2009). The relationship between the heights
is shown schematically by Figure 10.

To determine the value of the NZGeo0id2009
at a point, the geoid grid needs to be bi-
linearly interpolated at the NZGD2000
(latitude/longitude) position of the height
being transformed. The transformations
to/from the LVDs do not take into account
the change in the normal gravity field from
GRS67 to GRS80 because its effect is
typically sub-millimetre (Amos, 2007). The
sign convention in Equations 9 to 12 was
chosen to ensure that the LVD offsets were
positive and therefore increase the likelihood

that they would be implemented correctly.

The nominal accuracy of the transformations
is a combination of the offset/NZGeo0id2009
accuracy (from Table 4) and the accuracy
of the original height. Care needs to be
taken when combining heights that have
been derived from different sources, such
as transformed ellipsoidal heights and
precisely levelled NZVD2009 heights. In
this scenario it is possible that the heights

may not be in terms of each other and

Table 4. Offsets from NZVD2009 to the 13 LVDs and their standard deviations

(metres).
Local vertical datum Number of points  Offset from NZVD2009 Standard deviation
One Tree Point 1964 51 0.06 0.03
Auckland 1946 137 0.34 0.05
Moturiki 1953 258 0.24 0.06
Gisborne 1926 61 0.34 0.02
Napier 1962 54 0.20 0.05
Taranaki 1970 70 0.32 0.05
Wellington 1953 78 0.44 0.04
Nelson 1955 111 0.29 0.07
Lyttelton 1937 251 0.47 0.09
Dunedin 1958 73 0.49 0.07
Dunedin-Bluff 1960 181 0.38 0.04
Bluff 1955 92 0.36 0.05
Stewart Island 1977 5 0.39 0.15

additional checks should be made to verify
the relationship.

NZGD2000 to NZVD2009:
H\yzup2005 = Anzepaons = N

Equation 9
LVD to NZVD2009:
H\ 2vo000s = Ha— 04 Equation 10
Between LVD:s:

Hy=H, -0, +0;, Equation 11
LVD to NZGD2000:
Pnzapaooo =Ha + N =0,

Equation 12

Where:  H zup000s NZVD2009 normal-
orthometric height

H,, Hy IVD A and B normal-
orthometric heights

M\z6m2000 NZGD2000 ellipsoidal
height

N NZ Geoid2009 value at the
NZGD2000 position of h

0, 0g Offsets of LVDs A and B
from Table 3

Use of NZVD2009
NZVD2009 provides, for the first time

in NZ, a national height reference system

Topography
H 4 H nzvb2009
NZGeoid2009
O
LVD 4
h nzepz000 N

NZGD2000 Ellipsoid

Figure 10. Schematic relationships
between NZVD2009, NZGD2000 and
IVD heights.

that can be used to consistently integrate
geospatial datasets. Although itis the official
national vertical datum, it will not formally

replace the existing LVDs in the near future.
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Instead, it will co-exist with them, so that
existing datasets that cover distinct areas can
continue to use a LVD as their height system,
and also take advantage of the NZGID2000/
GNSS height transformations that are
provided with NZVD2009.

Unlike the LVDs, NZVD2009 is not
explicitly tied to local MSL. The Zzero level’
of the NZGeoid2009 surface is defined by
the EGM2008 GGM that was used in its
computation, and as such, NZVD2009
heights do not attempt to represent local
MSL, although they typically occur within
0.5 metres of it. This means that, if the
relationship between a NZVD2009 height
and local sea level is required, then this will
need to be quantified by physical inspection
at the site in question. This requirement is
actually no different for the LVDs since the
MSL value for these heights is only applicable
in the vicinity of the origin tide-gauges, and
pethaps also only during the time period of
the tide gauge observations (Table 1).

The new NZVD2009 heights for control
marks that currently have ellipsoidal or
normal-orthometric LVD heights will be
obtainable from the LINZ geodetic database.
In the first instance, however, these will be
determined by transformation. This means
that a mark that has a LVD height that was
precisely levelled in 1973 will be assigned a
NZVD2009 height derived from the 1973
height. Therefore, although the NZVD2009
height will be computed in 2010, it will in
effect be a height from 1973 that in many
cases has not been recently verified. As such,
like with any survey mark, the published
heights or coordinates should be verified
in the field to ensure that they are reliable
before they are used.

The NZVD2009 will not be a panacea for
all height applications in NZ. The datum
has been designed as a national datum for the
consistent representation of geospatial and
surveying data rather than for high-accuracy
engineering projects. Where a particular
application demands very precise heights,
or where gradients/outfall levels are critical,
it may be appropriate to use an application-
specific datum that may also be related to
NZVD2009.

SUMMARY
NZVD2009 provides for the first time

a consistent height reference system that
can be accessed across NZ and its offshore
islands. Because gravity observations are
not available at many of the control marks
in NZ, the normal-orthometric height
system has been retained. NZVD2009 is
based on the NZGeoid2009 quasigeoid
surface. Unlike most datums it is not directly
connected to MSL art a tide gauge but it is
generally within 0.5 metres of it.

TheNZGeoid2009 is based on the EGM2008
GGM and s defined in relation to the GRS80
ellipsoid, therefore NZVD2009 normal-
orthometric and NZGD2000 ellipsoidal
heights can be efficiently transformed
between the two systems. This relationship
also allows GNSS derived ellipsoidal heights
to be consistently related to NZVID2009.
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TECHNICAL REFERENCE
INFORMATION

The following information is not strictly a part of
this paper, but is included here for those readers
who wish to obtain further information.
LINZS25004 Standard for New Zealand Vertical
Datum 2009: http://www.linz.govt.nz/geodetic/
standards-publications/standards/index.aspx.
LINZG25705 NZVD2009 Factsheet:
http://www.linz.govt.nz/geodetic/standards-

publications/standards/index.aspx.

LINZ Geodetic Database: http://www.linz.govt.
nz/gdb

Coordinate Conversion on the LINZ website:

http:/ /www.linz.govt.nz/coordinateconversion

Further information about NZVD2009 and
NZGeo0id2009: http://www.linz.govt.nz/nzvd
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