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SUMMARY

Quasigeoid models can be determined from surface gravity anomalies, so are sensitive to
changes in the shape of the topography as well as changes in gravity. Here we present results
of forward modelling gravity/quasigeoid changes from synthetic aperture radar data following
the 2016 My, 7.8 Kaikoura earthquake with land uplift of up to 10 m. We assess the impact of the
topographic deformation on the reference surface of the New Zealand vertical datum in lieu of
costly field gravity field measurements. The most significant modelled gravity and quasigeoid
changes are—2.9 mGal and 5-7 mm, respectively. We compare our forward modelled gravity
signal to terrestrial gravity observation data and show that differences between the data sets
have a standard deviation of +0.1 mGal. The largest modelled change in the quasigeoid is
an order of magnitude smaller than the 57.7 mm estimated precision of the most recently
computed NZGeoid model over the Kaikoura region. Modelled quasigeoid changes implied
by this particular deformation event are not statistically significant with respect to estimated

precision of the New Zealand quasigeoid model.

Key words: Geopotential theory; Time variable gravity; New Zealand.

1 INTRODUCTION

In tectonically active regions, the shape of the Earth’s topographic
surface can change significantly over short time periods. Changes in
the topography have a direct effect on gravity anomalies and there-
fore quasigeoid models derived from them. On the 14" of November
2016, a 7.8 M,, earthquake occurred below the Kaikdura region, in
the northeast of New Zealand’s South Island. This earthquake was
the most powerful experienced in New Zealand for more than 150
yr (Hamling et al. 2017). It caused the Earth’s surface to uplift by
up to 10 m (Fig. 1a), occurring over two distinct seismic domains
and on multiple fault lines (Hamling et al. 2017; Gusman et al.
2018).

Following the study by Chen e al. (2007) on the Sumatra—
Andaman earthquake, we initially attempted to assess the change
in the gravity field over the Kaikdura region by analysing GRACE

© The Author(s) 2019. Published by Oxford University Press on behalf of The Royal Astronomical Society.

(Tapley et al. 2004) data. However, the Sumatra—Andaman earth-
quake had magnitude of 9.3 M,, and deformation extending over
1800 km. In contrast, the 2016 Kaikoura earthquake was smaller in
magnitude (7.8 M, and more localized, with topographic deforma-
tion extending over a region of less than 100 km. This is shorter than
the wavelengths that can be reliably resolved by GRACE spherical
harmonic and mass concentration solutions. For this reason, we were
unable to detect any discernible change in the gravity signal pro-
vided by GRACE data. Instead, we forward-model the change in the
quasigeoid from topographic changes measured by interferometric
satellite radar altimetry.

On-shore, short wavelength (<100 km) features of the New
Zealand regional quasigeoid model were determined from terres-
trial and airborne gravity anomalies (¢f. McCubbine et al. 2018a).
The acquisition of terrestrial and airborne gravity data is costly
and time consuming, so an alternative becomes attractive. Various
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Figure 1. (a) Vertical deformation following the Kaikoura earthquake determined from SAR. [min: —5.24, max: 10.04, mean: 0.07, std: 0.28] m. Red and
black dots show the ground truth and land gravity profile (b) Gravity change synthesized from the vertical deformation using free air gradients and Newtonian
prism integration [min: —2.9, max: 1.6, mean: —0.0(1), std: 0.1] mGal. (c) Gravity change synthesized from the vertical deformation due to free air gradients
[min: =3.1, max: 1.6, mean: —0.0(2), std: 0.1] mGal. (d) Gravity change synthesized from the vertical deformation due to Newtonian prism integration [min:
—0.7, max: 1.1, mean:0.0(07), std: 0.0(51)] mGal.
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forward-modelling formulas exist to determine the gravity field re-
sulting from a body with a known volume and density (e.g. Nagy
1966; Zhou et al. 1990; Li & Sideris 1994; Nagy et al. 2000). These
formulas are frequently used to approximate gravity signals that
are under sampled by gravity field measurements by forward mod-
elling residual terrain with constant density (e.g. Forsberg 1984,
1993; Hirt et al. 2010; Rexer et al. 2018). We propose that localized
changes in the shape of terrain can be considered in the same regard,
in effect modelling residual terrain in the time domain rather than
the space domain.

Synthetic aperture radar (SAR) data can be used to measure Earth
surface displacements over large areas via either interferometric
SAR (InSAR) processing or by measuring pixel offset tracking
of SAR amplitude images. InSAR can resolve centimetric surface
displacements in the radar-looking direction, which is sensitive to
vertical surface movements if the radar incidence angle is steep.
Indeed, InSAR was able to capture the surface deformation field
of many recent large thrust earthquakes (e.g. Lindsey ef al. 2015;
Hamling et al. 2017; Garcia & Funning 2018). Furthermore, if
InSAR data from both ascending and descending orbital viewing
geometries is available, the vertical displacement can be derived.
However, the InSAR technique suffers from signal decorrelation
that can reduce its effectiveness in resolving a complete picture of
the deformation field (e.g. Garcia & Funning 2018).

Pixel offset tracking of SAR amplitude images involves measur-
ing offsets in the range and azimuth of the radar images by per-
forming cross-correlation across image patches and measuring the
position of peak correlation. Since the range direction of the radar
viewing geometry is slanted between the ground and the satellite,
offsets in this direction are sensitive to vertical surface displace-
ments. Hamling ef al. (2017) used this approach to derive vertical
and horizontal surface displacement maps for the 2016 Kaikoura
earthquake. Pixel offset tracking has the advantage that it does not
suffer from decorrelation like INSAR and can therefore map the sur-
face deformation field more completely. However, it has the draw-
back that it is less precise than InSAR, with surface displacements
at the scale of the image pixel size (e.g. metre-scale) only being re-
solvable. It is therefore only viable for measuring large-magnitude
(metre-scale) surface deformation.

In this investigation, we explore the use of topographic elevation
changes derived from Sentinel-1 SAR data (Torres et al. 2012)
to estimate an equivalent ‘snap shot’ of changes in the surface
gravity and the quasigeoid, following the 2016 Kaikoura earthquake.
We also present a method to model variations in the estimated
surface gravity and quasigeoid within the paradigm of a simplistic
formulation due to changes in the vertical gravity gradients and
topographic bulk density. From a practical standpoint, we hope
to establish the potential impact of the deformation event on the
quasigeoid in lieu of costly gravity surveys over and around the
affected region.

The 2016 Kaikdura earthquake may also have caused a redistri-
bution of masses below the topographic surface, which would also
cause a change in the gravity signal at the Earth’s surface. However,
we do not have access to data that can be used to determine these
mass-density changes across the whole region directly. Instead, we
only consider changes in gravity anomalies produced by the changes
in surface elevation. Forward gravity modelling SAR data approx-
imates the gravitational response of the earthquake purely by the
addition (uplift) and/or removal (subsidence) of topographic masses
at the Earth’s surface. For this reason, the forward modelling results
we present are only suitable as an initial assessment. To evaluate the
integrity of our forward-modelled gravity change, we compare it to
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a profile of gravity observations through the area of deformation
collected before and after the earthquake.

Broadly speaking, but not definitively (see, e.g. Sanso & Sideris
2013), there can be two approaches to quasigeoid modelling: one
where Molodensky gravity anomalies after application of the G1
terms (often approximated by Faye gravity anomaly, being the free
air gravity anomaly plus the planar terrain correction (e.g. McCub-
bine et al. 2018c) are Stokes-integrated; the other also includes
Stokesian integration but the topographic effects on gravity are re-
moved using forward modelling beforehand and later restored in
terms of gravitational potential to the quasigeoid. Least-squares
collocation can also be used, but we have not used it here.

To assess the possible change in the quasigeoid with respect to
differences between the two theoretical approaches, we experiment
with (i) forward modelling of the gravity change from the changed
topography as measured by SAR, then Stokes-integrate this using
the same parameter choices as used for NZGeoid2017 (McCubbine
et al. 2018b) and (ii) determining the change in gravitational po-
tential purely from forward gravity modelling, then converting this
to quasigeoid changes via Bruns’s formula. In the latter case, both
forward modelling approaches (gravitational and potential) use the
right-rectangular prism method of Nagy et al. (2000).

2 FORWARD MODELLING THE
GRAVITATIONAL SIGNAL

2.1 Modelling the change of gravity at the Earth’s surface

We have forward modelled the change in surface gravity by the addi-

tion and removal of topographic/bathymetric masses at the surface

of the Earth’s crust due to the change in topography/bathymetry

caused by the earthquake, with assumed-constant density and grav-

ity gradients over the whole region. For this idealized model, any

change in the surface gravity (Dg) can be approximated by the
g

linear free air gravity gradient, 37 and Newtonian integration of

topographic mass changes, denoted Agropo(0).

dg
dn

Denoting points above the datum level as ‘onshore’ and every-
where else as ‘offshore’, A H |ynshore 1S the change in surface eleva-
tion onshore only.

To implement the forward model, we make use of published topo-
graphic and bathymetric height change data for the 2016 Kaikoura
earthquake derived from Sentinel-1 SAR imagery onshore (Ham-
ling et al. 2017) and GPS and tsunami waveform inversion offshore
(Gusman et al. 2018). These data cover the region where surface
deformation has occurred (Fig. 1a). Onshore, there are isolated
(~10 km wavelength) elevation changes of up to 10 m in mag-
nitude and broader (approximately 50 km wavelength) changes of
up to 2 m in magnitude. Offshore, the features of the deformation
field are longer wavelength and have a maximum of around 2 m
and minimum of —1 m. The largest SAR-observed change in height
was +10.04 m, which is located onshore at 42.13°S and 173.83°E.

Fig. 1(b) shows the forward modelled gravity changes us-
ing eq. (1), where Agroo(p) has been computed at the surface
of the ‘deformed’ Earth using the Nagy (1966) right-rectangular
prism formula, where the prisms are described by the cells of the
vertical deformation model. We have taken p = 2670 kgm™> as
the topographic bulk density onshore and p = 1670kgM~> as
the density offshore. The differing density value offshore accounts
for the displacement of water with an assumed density of 1000

Dg ~ A[—[lonshore + AgTopo (p) . (1)
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Figure 2. (a) Dg(obs) shown as circles with the standard deviation of the residuals indicated with dots, Dg forward modelled gravity changes shown as solid
lines, along ground truth profile. Statistics of differences: [min: —0.5 max: 0.2 mean: —0.0(8) STD: 0.1(4)] mGal (b) GPS observed height changes, shown as
circles, and SAR modelled height changes, shown as the solid line, along ground truth profile. Statistics of differences: [min: —0.87 max: 1.21 mean: 0.15 STD:

0.50] m.

kgM™3 by rock with density 2670kgm~3. The 8-m-resolution
New Zealand DEM (NZ 8 m Digital Elevation Model, 2012, from
https://data.linz.govt.nz) was block averaged to 15” (~500 m) using
GMT (Wessel et al. 2013), commensurate with the deformation ob-
servations, and was used to establish / onshore and the bathymetric
model Etopol (Amante & Eakins 2009) was used offshore. We as-
sumed during this process that the reference datum for the New
Zealand DEM and Etopol coincide; differences are undetectable at
the supplied 1 m integer rounding of the Etopol depths.

The Newtonian integration required the computation of the
gravitational effect and sum of all 490000 right-rectangular

prisms for each point of the grid. To accomplish this we
used our own public domain Matlab code [available here
(2019);  https://au.mathworks.com/matlabcentral/fileexchange/57
349-nagyprism-x1-x2-y1-y2-h-rho]. No cap on the integration ra-
dius was required to alleviate the computational burden, due to
the small (<100 km) size of the area under investigation. The de-
rived surface gravity changes have a minimum of —2.9 mGal and
a maximum of +1.6 mGal (Fig. 1b). The changes are caused pre-
dominately by variations in elevation related to the corresponding
free air gravity gradient (cf. eq. 1). The separate contributions of
the free air effect (A H |onshore g—f) and topographic effect [ Agropo(0)]
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Figure 3. Change in the quasigeoid due to the vertical deformation caused
by the Kaikoura earthquake synthesized by Nagy ez al. (2000) prism formula
for potential. [min: 0(.4), max: 6, mean: 1, std: 0.(6)] mm.

are shown in Figs 1(c) and (d). The minimum is located at the point
(42.13°S, 173.83°E) where the largest amount of vertical deforma-
tion occurred (+10.04 m).

2.2 Uncertainty in the forward-modelled gravity signal

The choice of 0.3086 mGal m™! linear vertical free air gradient is
based on a spherical Earth approximation and the topographic bulk
density of 2670 kg m™ is based on the most commonly used value
in Bouguer reductions. They may not be strictly representative of
the Kaikoura region, although the density estimate agrees closely
with published data for New Zealand rock densities over the region
(Hatherton & Leopard 1964). We have investigated how the mod-
elled surface gravity changes might vary due to feasible variations
in the, assumed, regionally constant linear free air gravity gradient
and rock bulk density values by considering the first-order Taylor
series expansion of eq. (1) around these terms. We consider a range
of possible gravity gradients and densities by modelling them as
Gaussian-distributed values with standard deviations ogs and o),
respectively. Eq. (2) gives a propagation formula due to both of
these terms.

2
o (Dg) = i/ (AHow) + [aAgTT(’”] . @)

In Fig. 2(b), we have taken o, = +0.034 mGalm™! and 0, =
+340 kgm~3. The maximum is 0.3(7) mGal, again at the point
where there has been the most elevation change. With these standard
deviation values, the results given by eq. (2) correspond to the
standard deviation in the surface gravity change due to (i) the density
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varying up to =1000 kgm~3 (i.e. so that we capture the effect of a
range of rock types from loose sediments with p ~ 2300kgm™ to
mantle density with p ~ 3300 kg m~>) and (ii) the free air gradient
varying up to 40.1 mGalm~! within the three sigma levels of
the respective distributions. These capture generous bounds on the
possible surface gravity values within the paradigm of our simplistic
forward modelling.

3 VALIDATION DATA SET: REPEATED
LAND GRAVITY SURVEYS

A profile of terrestrial gravity observations have been collected,
before and after the earthquake, at existing geodetic marks along
the east coast of New Zealand’s South Island (Fig. 1a). We have
used these data to assess our forward-modelled gravity changes. The
marks were part of a nation-wide network of first order (vertical)
geodetic marks spaced about 5 km apart that were surveyed during
the late 1970 and 1980 s with the aim of monitoring long-term
changes in gravity. The Marlborough and Kaikoura marks (red/black
dots in Fig. 1a) were each occupied between 4 and 12 times using
Lacoste and Romberg relative gravimeter D-37 in 1981 and 1986.
We re-analysed the original field observations using Gsolve software
(McCubbine et al. 2018a) relative to marks in western Marlborough
(173.1°E, 41.7°S) and North Canterbury (172.7°E, 43.1°S). These
have been used as reference for gravity observations made after the
2016 Kaikdura earthquake.

In 2017 and 2018, new gravity observations were acquired at all
marks still assessable after the Kaikoura earthquake. Field observa-
tions were made with five different Lacoste and Romberg gravime-
ters (D-37, G-106, G-680, G805 and G1110) during several short
campaigns. Several of the surveys coincided with absolute obser-
vations made with a MicroG FG-5 gravimeter at Seddon, Ward
and Kekerengu (Fukuda et al. 2017). Due to the limited time avail-
able, the field observations concentrated on benchmarks between
Blenheim and Kaikdura where most uplift occurred. The data were
tied to the same marks in western Marlborough and north Can-
terbury used when reprocessing the 1981/1986 data. The average
residual error for the processed data is £ .016 mGal. The differ-
ences in gravity [Dg(obs)] between the 1981/1986 data and the
2017/2018 data are shown in Fig. 2(a). A standard deviation of the
residual error for each surveyed location is shown in Fig. 2(a) as
two dots either side of the measured gravity change value (shown
as a circle).

The agreement between the change in the measured terres-
trial gravity and the forward modelled change in the surface
gravity bicubically interpolated from the grid appears reasonable,
having a standard deviation of 40.1(42) mGal. Fig. 2(a) shows
the observed and modelled gravity and their standard deviations
with respect to eq. (2). The profiles trace well together, although
there are differences of up to —0.5 mGal, which we attribute as
follows.

We believe the difference between the forward-modelled and
measured gravity changes are due to one more or all of: (i) the grid-
ded deformation data being mean elevation changes over 400 m
grid cells, whereas the gravity observations are point-wise mea-
surements, which capture more immediate local fluctuations; (ii) a
mismatch in epochs, that is the deformation model captures the to-
pographic changes either side of the earthquake, but there may have
been gravity changes from the initial observations from 1980 s to
just before the earthquake due to other phenomena; (iii) unknown,
unmodelled error in the deformation grid itself and (iv) the intrinsic
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Figure 4. (a) Change in the Faye gravity anomaly, following eq. (3b). [min: 0.5, max: 1.1, mean: 0.0(1), std: 0.0(5)] mGal. (b) STD of the feasible variations
of the change of the Faye gravity anomaly with opa = =+ 0.034 and 0, = =+ 0.34 following eq. (2). [min: 0 max: 0.4 mean: 0.0(03) std: 0.0(16)] mGal.

inadequacies in the forward modelling using topographic changes
alone (e.g. assumed constant density values/gravity gradients, dis-
cretization of the topography and unmodelled mass/density changes
within/beneath the surface). Unfortunately, these points are not easy
to investigate with the data that are available to us.

Prior to the Kaikoura earthquake, levelled height observations
were made at the geodetic gravity marks for the profile shown in
Fig. 1(a), these data were transformed to ellipsoidal heights us-
ing the LINZ coordinate converter (https://www.linz.govt.nz/data/
geodetic-services/coordinate-conversion/online-conversions). Fol-
lowing the earthquake, a subset of the marks was re-surveyed with
GPS. The difference between the deformation grid and the repeat
height observations are shown in Fig. 2(b). The GPS-derived height
changes exhibit similar departures from the SAR derived defor-
mation as the forward modelled and observed gravity (Fig. 2a),
albeit with a change of sign. This indicates that the differences
between the measured and forward modelled gravity values are
largely attributable to the qualifiers (i), (ii) and (iii) mentioned
above.

4 MODELLING CHANGES IN THE
QUASIGEOID

4.1 Direct forward modelling of the quasigeoid

Given a right-rectangular prism of some assumed-constant bulk
density p, Nagy et al. (2000) provide the formulas to evaluate the
resulting potential field, /. We have used this formula to com-
pute the potential field, /' resulting from the vertical deformation

model with uniform densities values of p = 2670kgm™ onshore
and p = 1670kgm™> offshore. The change in the quasigeoid
height, D¢, is given by Bruns’s formula, that is the change in the
potential field ' divided by normal gravity, y, computed at the
corresponding point on the telluroid (e.g. Moritz 1980). The quasi-
geoid height change is shown in Fig. 3 and has a maximum of
46 mm.

Similarly to the gravitational acceleration effect, the integration to
obtain potential field values was computed with respect to the effect
and sum of all 490 000 right-rectangular prisms at each point of the
grid. However, on comparison to the prism formula to determine
gravity (Nagy 1966) the formula for the potential instead involved
the evaluation of twice as many terms per prism (48 rather than 24),
thus doubling the computation time.

4.2 Modified Stokes’s integration

NZGeo0id2017 (McCubbine et al. 2018b) was computed by a
Wong & Gore (1969) modified Stokes’s integration of surface Faye
gravity anomalies with the remove-compute-restore technique us-
ing the EGM2008 (Pavlis et al. 2012, 2013) global geopotential
model. Free-air gravity anomalies were determined by interpolat-
ing point-wise Bouguer gravity anomalies at regular grid points,
then restoring the effect of topography using a ‘reverse’ Bouguer
slab (Featherstone & Kirby 2000), applied with a constant density
of p = 2670kgm™>. Heights for the Bouguer slab were deter-
mined from a DEM. Faye gravity anomalies, as approximations of
Molodensky gravity anomalies on the topography, were computed
by adding high-resolution planar terrain corrections.
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Figure 5. (a) Change in the Wong—Gore modified Stokesian quasigeoid due to the vertical deformation caused by the 2016 Kaikoura earthquake with gravity
changes synthesized by eq. (3b). [min: —1, max: 5, mean: 0.1, std: 1] mm. (b) Propagated effects of the feasible Faye gravity anomaly change variations into

the quasigeoid. [min: 0.0, max: 0.1, mean: 0.0, std: 0.0(05)] mm.

Within this framework, the gravity response, A ggaye, to the ver-
tical deformation model is modelled by the addition of (i) the to-
pographic effect due to the mass prisms offshore, Agropo(0)lofshore
and (ii) the additional contribution to the Bouguer slab for all height
changes onshore, 0.04190 A H |onshore- This can be formulated in a
simple way by the cancelation between terms in eq. (1) when apply-
ing the free air correction and planar gravimetric terrain corrections
(given by eq. 3a).

Ach (,0) ~ 0-0419pAH|onshorc - Angpn (/O)
+ AgTopo (p) |0ffshorc (3&)

AgFaye ~ 0~0419pAH|onshore + Ag’l'opo ()0) |0f’fshure (3b)

Fig. 4(a) shows the expected change in the Faye gravity anomaly
using the vertical deformation observations and eq. (3b). The
bulk density values are the same as used in eq. (1). The grav-
ity anomaly changes have a minimum of —0.5 mGal and a max-
imum of 4+ 1.1 mGal. The changes are mostly dominated by
the Bouguer slab effect, although the Newtonian integration of
bathymetric changes offshore lead to gravitational changes of up
to 0.1 mGal. Standard deviations of the modelled Faye gravity
anomaly changes due to variations in the assumed-constant free
air gradient and topographic density are also captured by eq. (2)
(Fig. 4b).

The change in Faye gravity anomalies (Fig. 4a) was Stokes-
integrated to give the corresponding quasigeoid height changes due
to the earthquake (Fig. 5a). We used the same integration parame-
ters as used for NZGeoid2017 (McCubbine et al. 2018b), that is a

degree-160 Wong & Gore (1969) modified Stokes’s integral over
a spherical cap radius of 2.5°. The maximum quasigeoid change
is +5 mm and is centred at the point where the most land uplift oc-
curred. These results demonstrate how the quasigeoid model might
have changed had an alternative ‘deformed” DEM been used to
recover the Faye gravity anomaly from the interpolated Bouguer
gravity anomaly values.

Standard deviation estimates of the forward modelled Faye grav-
ity anomaly changes, by eq. (2), (Fig. 4b) have also been propagated
through the modified Stokes’s integral (following the methodology
given by Featherstone et al. (2018) but here for the Wong—Gore
kernel). They have a maximum of +0.1 mm, again centred at the
location of the most topographic change. These are relatively small
in comparison to the predicted quasigeoid changes, which indicates
that the modelled quasigeoid change is reasonably insensitive to
variations in the assumptions made of uniform density and vertical
gravity gradient.

4.3 Unmodified (spherical) Stokes’s integration

Modified Stokes kernels in conjunction with the remove-compute
restore procedure for regional quasigeoid solutions can deliver bet-
ter agreements with independent GPS-levelling data, for example
from empirical tests in New Zealand (McCubbine et al. 2018b) and
elsewhere [too many to cite here]. This is due to the reduction of
long-wavelength terrestrial gravity data errors that are not present in
a vertical deformation model. If one wishes to determine a ‘correc-
tion’ to a gravimetric quasigeoid model as we have done here, one
should choose to use an unmodified kernel over a large integration
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Figure 6. (a) Change in the quasigeoid over the Kaikoura region with gravity changes synthesized by eq. (3b) integrated using an unmodified spherical Stokes’s
kernel. [min: 0, max: 7, mean: 1, std: 0.6] mm (b) Propagated effects of the feasible Faye gravity anomaly change variations into the quasigeoid integrated
using an unmodified Stokes’s kernel. [min: 0, max: 0.(1), mean: 0, std: 0.(006)] mm.

cap even if the underlying quasigeoid may have used a modified
kernel and smaller cap.

For this reason we also performed Stokes’s integration of the
estimated change in the Faye gravity anomaly (Fig. 4a) with an un-
modified [spherical] kernel. The cap radius was increased to 10° so
that the quasigeoid change was affected by all modelled changes
to the Faye gravity anomalies. This is equivalent to a global inte-
gration, so there is no truncation bias, as there are no gravitational
effects outside the deformation zone that contribute to the quasi-
geoid change. The results are given in Fig. 6(a) and have a maximum
of +7 mm. As before, the standard deviations were also propagated
through Stokes integral (following the methodology given by Feath-
erstone et al. (2018) but here for the spherical Stokes kernel) and
are shown in Fig. 6(b).

Similarly to the results of the so-called direct approach (Section
4.1), the quasigeoid features from the unmodified Stokes kernel
are broader in scale and larger in magnitude on comparison to the
truncated Wong—Gore modified kernel (¢f. Figs 3, 5a and 6a). This
is within expectation since long-wavelength features are partially
filtered from the quasigeoid using the modified Stokes’s integration,
whereas the unmodified spherical Stokes is not a filter when applied
globally (¢f. Vanicek & Featherstone 1998). Likewise, the so-called
direct method, via the Nagy et al. (2000) prism formula, to compute
the quasigeoid change resulting from the vertical deformation does
not perform any high pass filtering of the gravity/quasigeoid signal.
The difference between the direct approach and unmodified Stokes’s
integral are shown in Fig. 7. In Fig. 7, there appears to be some
Gibbs fringing artefacts. These are likely to be attributable to the
discrete Fourier transform methods applied to solve a global Stokes

convolution integral (Fig. 6) over a limited integration domain. They
are not present to the Nagy prism method (Fig. 3) and so appear in
the plotted differences.

5 STATISTICAL [IN]SIGNIFICANCE OF
THE MODELLED QUASIGEOID
CHANGES

The precision of the NZGeoid2017 model was assessed externally
by comparison to GPS-levelling quasigeoid heights (McCubbine
et al. 2018b). Over the Kaikoura region, there are 170 GPS-levelling
data points. The 170 quasigeoid/GPS-levelling residuals had a zero
mean after the removal of local vertical datum offsets [following
the methodology of Amos & Featherstone (2009)] and a standard
deviation of +58 mm. Figs 8(a) and (b) show the NZGeoid2017
model over the Kaikoura region and NZGeoid2017/GPS-levelling
residuals.

The largest modelled changes in the quasigeoid due to the vertical
deformation were given by unmodified spherical Stokes integration
(Fig. 6a). We have added these modelled quasigeoid changes to
NZGeo0id2017 to produce an ‘updated quasigeoid’ model, which
is ‘deformed’ to account for the gravitational effect of the vertical
deformation.

The ‘updated quasigeoid’ model/GPS-levelling residuals have a
mean of 4+0.(03) mm (without adjusting the applied local vertical
datum offsets) and a standard deviation of £57 mm. An F-test

2
(with the test statistic :—L = % and 169 degrees of freedom
Pl .0

(e.g. Snedecor & Cochran 1989) shows that the difference between
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Figure 7. Difference between Nagy et al. (2000) prism formula quasi-
geoid change and unmodified Stokes integral of forward modelled changes
in the Faye gravity anomaly [min: —1, max: 1, mean: —0.(003), std:
0.(2)] mm.

the quasigeoid/GPS-levelling residuals of both the NZGeoid2017
model and the updated model is not statistically significant at the
95 per cent confidence level. Furthermore, the largest standard
deviation value in Fig. 6b has a value of +-0.(1) mm. This indicates
the quasigeoid change could be a further 0.4 mm different (at
the three sigma level) at the point of the maximum had the
choice of uniform density and free air gradient been different.
As a worse-case scenario, even adding random variables with the
maximum 0.1 mm standard deviation to the all of the residuals, the
change in the propagated variance is still statistically insignificant.

6 FURTHER DISCUSSION

The forward-modelled change in the gravitational signal and cor-
responding variations due to assumptions about the topographic
bulk density and vertical gravity gradient have been compared
to some repeat terrestrial gravity observations along a profile of
geodetic gravity observations. The differences between the mod-
elled change in the gravitational signal and the repeat terrestrial
gravity observations have a standard deviation of £0.1(42) mGal.
The modelled and observed gravity signal differences largely seem
to mirror differences between observed GPS height changes and
the SAR-derived vertical deformation model. This indicates that
inaccuracies in the modelled gravity data are largely attributable to
inaccuracies in the SAR-derived vertical deformation model rather
than intrinsic deficiencies in the forward modelling approach, at
least along this profile. However, we feel that this needs further
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investigation with a larger set of repeat gravity observations, in par-
ticular to assess the effect of neglecting subsurface bulk density
changes.

We have modelled the corresponding change in the quasigeoid
over the Kaikoura region via three methods: (i) directly forward
modelling the potential gravity field due to the changed in topog-
raphy from the vertical deformation model and dividing by nor-
mal gravity on the telluroid to produce the quasigeoid change;
(i) using the vertical deformation model to compute the change
in the Faye gravity anomaly and propagating the change through
the same modified Stokes integral as was used to compute NZ-
Geoid2017 and (iii) propagating the modelled changes in the Faye
gravity anomaly through an unmodified Stokes integral. Following
the broad classification in the Introduction, method (i) is akin to the
remove-compute restore approach based on a DEM. Methods (ii)
and (iii) are akin to the ‘classical’ Stokesian integration of gravity
anomalies.

Method (i) evaluates the contribution of the vertical deformation
to the potential gravity field and subsequently the quasigeoid by
Newtonian integration of the prisms in the vertical deformation
model. The largest quasigeoid change modelled by this method
was +6 mm. Like method (iii), no [partial] high-pass filtering of the
gravity signal is performed. For this reason, the results of methods
(1) and (iii) match more closely than the results of method (ii),
particularly with respect to longer wavelength features [e.g. the
difference between the means = —0.(003) mm].

The treatment of the topographic gravitational effect via method
(1) differs from the other two. For methods (ii) and (iii), the quasi-
geoid is determined by Stokesian integration of the Faye gravity
anomaly, where the gravitational effect of the topography is re-
placed by that of a Bouguer slab. Whereas using method (i), the
effect of missing masses below and additional masses above each
computation point are preserved. Therefore, some differences in the
quasigeoid’s change computed by the differing methods are to be
expected, as shown in Fig. 7.

The agreement between 170 GPS-levelling quasigeoid heights
and the NZGeoid2017 model did not appear to be adversely affected
by including the largest amplitude quasigeoid changes modelled
via method (iii). The change in the residuals is not evident visually
or statistically. This demonstrates that the effect of the vertical
deformation on the quasigeoid model is not appreciable, at least
given the underlying precision of the NZGeoid2017 model, the
GPS-levelling data and the way the quasigeoid response has been
modelled.

7 SUMMARY AND CONCLUSION

National vertical datums that use an assumed-static regional quasi-
geoid model as a reference surface rely upon its temporal stabil-
ity. However, topographic changes have a strong correlation with
changes in the surface gravity field, from which quasigeoid models
are modelled. Temporal changes in the topography can be mea-
sured reasonably easily and freely using SAR/InSAR techniques.
We have shown here that, with some underlying assumptions re-
garding topographic bulk density and vertical gravity gradient,
these data can be used to produce an initial assessment of the
surface gravity and quasigeoid response to topographic changes.
This is pertinent for large magnitude (earthquakes) or ongoing
topographic deformation (high-rate subsidence or uplift), where
the spatial scale of the topographic changes may be too short a
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Figure 8. (a) NZGeoid2017 of the study region [min: 8.05, max: 20.31, mean:14.15, std: 3.10] m. (b) 170 GPS-levelling derived quasigeoid height values—

NZGeo0id2017 [min: —163.2, max: 170.9, mean: 0, std: 57.7] mm.

wavelength to be captured by satellite gravimetry and in circum-
stances where it is not feasible to collect new terrestrial gravity
observations.

Over New Zealand’s Kaikoura region, a 10-100-km-scale crustal
deformation event occurred due to the 2016 Kaikoura 7.8 M,, earth-
quake. We have forward modelled a SAR-derived vertical displace-
ment field into gravitational acceleration and quasigeoid changes.
The largest modelled change in the surface gravity is approxi-
mately +2.9(19) mGal with a nominal accuracy of +0.1(42) mGal
on comparison to a profile of repeated terrestrial gravity observa-
tions. The largest quasigeoid changes were ~6 mm for the so-called
direct method, ~5 mm for the same modified Stokes kernel method
used for NZGeoid2017, and ~7 mm for an unmodified [spheri-
cal] Stokes kernel. We were not able to fully validate the modelled
quasigeoid changes with GPS levelling, although 5-7 mm is an
order of magnitude smaller than the 58 mm nominal precision of
NZGeoid2017. For this reason, we believe it would not be appro-
priate to amalgamate these quasigeoid changes into the current
gravimetric quasigeoid.
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