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Abstract

Vertical Land Motion of the Australian Plate

by Anna RIDDELL

The surface deformation field on Earth represents an integrated response to a com-
plex array of geophysical processes that occur over different temporal and spatial
scales. High-accuracy measurements of surface deformation can therefore inform
our understanding of processes ranging from past and present mass loading (e.g.
water redistribution between land and ocean, atmospheric pressure, continental sur-
face and groundwater storage, non-tidal ocean, glacial isostatic adjustment), crustal
dynamics (e.g. tectonic motion, elastic and viscoelastic relaxation), as well as sub-
surface and internal processes (e.g. geocentre motion, mantle convection). The ver-
tical component of surface deformation is both particularly important, yet problem-
atic to observe. Vertical deformation informs our understanding of processes that
often present a natural hazard to society (e.g. earthquake, tsunamis and volcanic
eruptions), and are critical to enable quantitative predictions of regional sea level

change which poses an increasing concern to coastal and island communities.

Geodetic time series are used to monitor the deformation of the solid Earth, but their
accurate interpretation depends entirely on the stability and accuracy of the under-
lying reference frame. This thesis undertakes a homogeneous reprocessing of Global
Positioning System (GPS) data to serve as the foundation to aid in the understanding
of reference frame accuracy and stability, as well as to investigate the present-day de-
formation of the Australian continent. With a focus on the vertical coordinate com-
ponent at GPS site locations installed throughout the Australian AuScope network,
space geodetic time series are utilised alongside modelled estimates of mass surface
transport, glacial isostatic adjustment, coseismic offsets and postseismic deforma-
tion. Through the use of time series and spectral analysis, noise characterisation and
spatiotemporal filtering, three key contributions are made to improving knowledge

regarding vertical deformation across the Australian continent.

First, this thesis explores the temporal variation of the motion of the reference frame
origin and its deviation from an assumption of long-term linear motion. The real-
isation of the International Terrestrial Reference Frame (ITRF) origin is reliant on a
single geodetic technique, Satellite Laser Ranging (SLR), which is sensitive to the
movement of the Earth’s centre of mass. A comparison of the network translations
calculated from surface mass transport models with those observed by SLR finds
that unaccounted for variability and temporal correlation exists. Non-linear trends
and coloured noise are identified in the SLR translations, which increases uncertain-
ties in the rates by a factor of five (upper bound) compared to a linear and white-
noise-only assumption. The uncertainty of the ITRF2014 SLR Z rate is reduced by



27% since the previous model of ITRF2008 with the consideration of a powerlaw and
white noise model and short-term non-linear motion. The attainment of a stable ref-
erence frame with increasing accuracy to serve as the foundation for all geospatial
activity presents an ongoing challenge for the Earth Science community.

Second, the disagreement between large-scale geophysical theory and present-day
observations of land motion across Australia is investigated. Recent but sparsely dis-
tributed GPS measurements suggest that the vertical motion of the Australian conti-
nent at permanent GPS sites is between 0 and -2 mm/yr. Current understanding of
the Earth’s rheology and the knowledge that Australia is located in the far-field of
past ice sheet loading suggests that the expected vertical motion of the crust should
be close to zero. GPS data from more than 100 new Australian Global Navigation
Satellite System (GNSS) stations are processed, capitalising on the recent national
investment in geodetic infrastructure. The investigation of large-scale geophysical
models and GPS observations of vertical land motion in Australia reveals that the
velocities disagree at the millimetre per year level. The novel use of spatiotempo-
ral filtering, multivariate regression, and modelling short-term geophysical effects
is shown to reduce the uncertainty of vertical velocity estimates at Australian GPS
sites by 35%. It is shown that despite the level of noise in the filtered time se-
ries remaining too high to isolate land motion from glacial isostatic adjustment (the
solid Earth response to ice-ocean mass changes), significant insight is gained into
the spatial and temporal evolution of Australian GPS sites and the surface motion
they monitor. The El-Nifio Southern Oscillation is identified as a driver of spatially
coherent motion following the removal of surface mass transport as common mode

deformation.

Third, the elastic and viscoelastic response of the crust within the Australian plate is
investigated using several large earthquakes along the Indo-Australian plate bound-
ary and a recent intraplate earthquake. Postseismic motion of the Australian conti-
nent has been comprehensively studied in the horizontal direction, but there is a lack
of studies that investigate the vertical component. Earthquake events in the far-field
of AuScope GNSS sites are identified, selecting events that are not yet present within
publicly available deformation models. Ongoing far-field postseismic deformation
of the Australian continent from large plate-boundary earthquakes is supported
by evidence from forward viscoelastic models and GPS observations. Evidence of
changes in vertical velocity up to several mm/yr are observed in the GPS time series
following large earthquakes. Models constrained by earthquake rupture parameters
as far as 2000 km from the Australian continent suggest that coseismic deforma-
tion occurs in the vertical direction by up to 3 mm and postseismic deformation up
to 4 mm/yr over 2004.9-2010.0 (with the magnitude of both varying spatially and
by earthquake). Modelled postseismic deformation due to an historic earthquake
in 1979 to the south of New Zealand indicates ongoing present-day deformation in



xi

Australia. Far-field deformation from intraplate and large plate boundary earth-
quakes can be observed in Australian GPS time series and provides information on

how the Earth responds to changing stress fields.

Each of these advances presents a novel incremental advance to our understand-
ing of surface deformation across the Australian plate. The inclusion of coloured
noise and non-linear transients in the definition of geocentre motion is important
to accurately assess frame uncertainty and its contribution to interpretation of geo-
physical processes. The surface deformations modelled and observed in this the-
sis push the limit of signal to noise present in current space geodetic analyses and
available geophysical models. New insights in the spatial patterns of the surface de-
formation field informs our understanding of relevant processes and highlights an

ever-increasing demand for accurate position and velocity estimates.
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Chapter 1

Introduction

1.1 Overview

We live on a dynamic planet. Observations from seismic and geodetic techniques as
well as modelling approaches inform our understanding of the deformation of the
Earth’s surface. Over recent decades horizontal site velocities from space geodetic
techniques such as the Global Positioning System (GPS) have been used to study
plate tectonic kinematics in global (e.g. Argus and Heflin, 1995; Kogan and Steblov,
2008; Larson et al., 1997) and regional settings (e.g. Marquez-Azta and DeMets,
2009; McClusky et al., 2000). More recently, vertical velocities from GPS have been
used to determine absolute sea level from tide gauges (Bouin and Woppelmann,
2010; Han et al., 2015; Woppelmann et al., 2009; Woppelmann and Marcos, 2016),
to assess the response of the Earth’s surface to previous ice loading (e.g. Nocquet
et al., 2005; Sella et al., 2007), and for monitoring transient and ongoing deformation
in earthquake prone zones (e.g. Beavan et al., 2010a; Correa-Mora et al., 2009) and
in their far-field (Tregoning et al., 2013). For an accurate and stable reference frame,
unbiased position estimates and velocities with realistic uncertainties are necessary

to advance understanding in each of these application areas.

Our knowledge of the properties of the upper part of the Earth’s crust, including its
modern-day stress fields, informs decisions with implications across social, scien-
tific and economic domains. Present-day geological and geomorphological events
that cause deformation of the Earth’s crust are controlled in part by stress fields and
crustal dynamics that can be interpreted to better understand the ‘when, where and
how’ of earthquake events (Hillis et al., 2008; Sandiford et al., 2004; Seeber and Arm-
bruster, 2000; Stein, 1999), and that helps inform our understanding of how solid-
earth deformation occurs. Geodetic point positioning techniques, such as Global
Navigation Satellite System (GNSS), and in particular GPS, can provide time se-
ries of site locations suitable to monitor crustal dynamics in space and time (Bock
and Melgar, 2016). Three-dimensional time series of deformation across networks
of GNSS sites offers an important insight into evolving crustal stress fields, vital for
improving our understanding of various Earth processes, such as solid-earth defor-
mation.



2 Chapter 1. Introduction

The assessment of vertical land motion at tide gauge sites is key to understanding
relative and absolute sea level changes over the last century in both global and re-
gional contexts (Santamaria-Gomez et al., 2017; Woppelmann and Marcos, 2016).
Relative sea level measurements are important for understanding local implications
of inundation and adaptation methods (Karegar et al., 2017), yet differ from abso-
lute sea level measurements derived from satellite altimetry. Under a warming cli-
mate, rising sea levels are one of the key factors that will impact coastal communities
(Gehrels, 2016; Han et al., 2015). The measurement of sea level by traditional tech-
niques, such as tide gauges, is complicated by the location of the instrument on land
which is in turn influenced by motion of the Earth’s surface (King et al., 2012; Wop-
pelmann and Marcos, 2016). Monitoring of surface motion at tide gauge locations
is commonly undertaken using levelling surveys or observed as position differences
over time with GNSS. The sea level problem is one of many drivers that require high
accuracy and spatially comprehensive measurements of vertical land motion.

Australia’s economic, social and cultural identities are strongly tied to the coast, with
85% of its population living within 50 km of the coastline (Clark and Johnston, 2017).
The majority of the nation’s critical infrastructure — transport, energy, commercial,
defence and residential - lies along the coastline and are vulnerable to changes in sea
level and the occurrence of extreme events (Steffen et al., 2014). Global sea level is
the topic of considerable research with billions of dollars invested globally towards
understanding coastal impacts, adaptation and mitigation (Steffen et al., 2014; Stef-
fen et al., 2019). Non-linear deformation caused by short-term crustal dynamics can
influence relative sea level measurements from tide gauges where it is commonly
assumed that crustal motion is linear, being driven by millennial-scale geophysical
processes. Noting the importance of vertical land motion estimates for climate and
geophysical applications, reducing the scatter and common-mode errors in GNSS
observations will enable improved identification, quantification, and interpretation
of geophysical phenomena, as well as providing an understanding of the drivers of
Australia’s vertical movement.

Geodetic time series include signals which vary over days to millennia and over
global to highly local spatial scales. Figure 1.1 shows a schematic representing ma-
jor geophysical drivers of these signals globally. Because they act over long tempo-
ral and spatial scales, of particular interest are Glacial Isostatic Adjustment (GIA),
the solid Earth’s response to past ice-ocean loading changes (Mitrovica and Milne,
2002; Tamisiea and Mitrovica, 2011), and postseismic deformation (Hearn, 2003; Tre-
goning et al., 2013). Both are due to viscoelastic deformation of the Earth’s mantle.
Models of GIA are in contradiction with observed vertical motion for Australia, with
models suggesting ~ 0.5 mm/yr uplift, but geodetic observations suggesting ~ 1.0
mm/yr subsidence, while postseismic deformation of Australia is considered to be
negligible in the vertical (Altamimi et al., 2016; Tregoning et al., 2013). However,
these models and geodetic data are yet to be fully investigated in Australia. If these
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FIGURE 1.1: Schematic illustration of the broad number of processes
that influence surface position

signals are not of primary interest, then they represent potentially important biases
or noise in the time series, especially so for studies which assume long-term linear
surface motions (Hearn, 2003). Deformation from both GIA and postseismic sources
in Australia is examined in this thesis as contributing factors to the observed vertical

movement of the continent.

Beyond these large-scale geophysical signals, geodetic time series also include other
geophysical signals and measurement error, which can be considered as sources of
noise. Addressing the need to reduce noise and uncertainty in GNSS analysis and in
the realisation of the geodetic terrestrial reference frame is a further primary focus
of this thesis. GNSS analysis still faces many sources of error, bias and uncertainty
(Bock and Melgar, 2016). The scientific need to reliably estimate small deformations
in three-dimensions underlies a constant refinement to GNSS analysis and interpre-
tation to achieve greater accuracy, precision and reference frame stability. Residual
error will remain in GNSS coordinate solutions due to inaccurate models of other-

wise systematic biases, irrespective of whether the models are applied directly or
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indirectly at the observation level by the user. For example, the velocity of the verti-
cal coordinate component has been shown to be sensitive to the (mis-)modelling of
surface mass loading processes (e.g. Tregoning and Dam, 2005; van Dam et al., 2001),
Earth rotation parameters and satellite and clock products (e.g. Teferle et al., 2009),
inadequate modelling of the troposphere (e.g. Boehm et al., 2006), improper applica-
tion of transmitter and receiver antenna phase variations and offsets (e.g. Cardellach
etal., 2007; Ge et al., 2005), neglecting higher order ionospheric terms (e.g. Fritsche et
al., 2012; Herndndez-Pajares et al., 2007; Kedar et al., 2003), the treatment of seismic
deformation (e.g. Métivier et al., 2014; Tregoning et al., 2013), signal reflection and
multipath (e.g. King and Watson, 2010), and the over- or under-zealous application
of discontinuities in coordinate time series (e.g. Gazeaux et al., 2013).

The International Terrestrial Reference Frame (ITRF) attempts to meet accuracy and
stability goals of the Global Geodetic Observing System of 1 mm and 0.1 mm/yr re-
spectively (Gross et al., 2009). However, non-linear geocentre motion has exceeded
0.1 mm/yr and can no longer be considered as a negligible effect (Dong et al., 2014).
The need to monitor global change processes, such as distinguishing relative sea
level rise from land subsidence (Woppelmann and Marcos, 2016); satellite altime-
try estimates of global sea level (Desai and Ray, 2014); global plate motion models
(Argus et al., 2010); and for comparison of site motion models, such as postglacial
rebound and ice mass loss (Argus, 2012), at a level below 1 mm/yr illustrates the
requirement for an accurate and precise global geodetic reference frame with the

consideration of non-linear temporally correlated error sources.

Much of the noise in geodetic GNSS time series, which leads to biases in velocity
when estimating a linear model, have large spatial and temporal scales spanning
months to years. Therefore, at least partly, the noise is expressed as regionally cor-
related signals that can mask reduced accuracy with improved precision. Geodetic
measurements of site positions are not considered independent but are temporally
correlated in both regional networks (e.g. Beavan, 2005; Langbein, 2008; Williams
etal., 2004; Zhang et al., 1997), and global networks (e.g. Amiri-Simkooei, 2007; Mao
et al., 1999; Santamaria-Gomez et al., 2011; Williams et al., 2004). Some of these er-
ror sources can be identified as having a common source with similar magnitudes
over a large area and can be consequently removed using spatial filtering methods
(Wdowinski et al., 1997). This reduces the day-to-day scatter and improves the un-
certainty estimates on the parameters such as site velocities (e.g. Dong et al., 2006;
Nikolaidis, 2002; Teferle et al., 2009; Wdowinski et al., 1997).

The inappropriate treatment of coloured and flicker noise can lead to uncertainties
a factor of five too small (Riddell et al., 2017), thus artificially inflating confidence in
the estimation of the underlying geophysical process. This thesis seeks to improve
GNSS time series interpretation across the Australian continent using spatiotem-
poral filtering to identify spatially coherent patterns of behaviour. Traditionally,
geodetic site motions have been most commonly modelled as being linear over time
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with possible instantaneous offsets due to hardware changes or seismic evidence
and annual/semi-annual signals with time-constant amplitudes. The notion of a
standard linear site model is slowly being challenged as improvements in analysis
approaches are made that deliver an insight into non-linear and transient signals.

To detect and correctly interpret geophysical signals of interest in geodetic time se-
ries, the residual noise needs to be first understood (Beavan, 2005; Davis et al., 2012).
To determine the change over time at a site (its velocity), the standard procedure is to
estimate a linear trend (intercept and slope) together with seasonal signals (in-phase
and quadrature components to periodic signals with solar annual and semi-annual
periods). With amplitudes of a few millimetres, the periodic components can be par-
tially attributed to surface mass transport from hydrologic loading (van Dam et al.,
2001), atmospheric loading (Tregoning and Watson, 2009; van Dam et al., 1994), non-
tidal ocean loading (van Dam et al., 2012; Williams and Penna, 2011), and present-
day ice mass changes (Riva et al., 2017). As a prerequisite to estimating the site
velocity (position velocity) with realistic uncertainty, the noise structure in geodetic
time series needs to be modelled and quantified (Amiri-Simkooei, 2009; King and
Watson, 2010; Langbein, 2004; Langbein, 2012). The choice of processing strategy
(baseline or point positioning), observation models, terrestrial reference frame, site
dependent effects, as well as time period and span all influence velocities estimated
from GNSS time series (Bock and Melgar, 2016; Santamaria-Gémez et al., 2013). Sys-
tematic errors expressed at similar time scales also contribute to periodic variation

that can affect the uncertainty of the site velocity.

Observations of geophysical signals from GNSS may also be biased through errors in
the realisation of the Earth’s reference frame, and more specifically the centre of mass
and/or scale (Wu et al., 2011; Wu et al., 2012). The theoretical origin of the current
internationally recognised reference frame is the centre of mass of Earth, (Altamimi
et al., 2016), and is the point around which all geocentric Earth satellites orbit (Wu
et al., 2012). The motion of the centre of mass of the solid Earth system is sensitive to
contributions from changing ice sheets and their interiors, continental water storage
including surface water and groundwater, crustal dynamics, the atmosphere, and
the oceans (Figure 1.1). These features and processes also influence site positions.
Since the origin of the ITRF is defined as the long-term mean centre of mass (Al-
tamimi et al., 2016), geocentre motion will be absorbed into station coordinates and
velocities, primarily in the height component (Appleby et al., 2016). Precise position-
ing on the surface of the Earth depends on the reliability of the reference frame where
false or geophysically un-modelled geocentre motions will influence the accuracy of
downstream products such as site positions and velocities. This thesis analyses the
non-linear motion of the Earths centre of mass observed by Satellite Laser Ranging
(SLR) and the expression of the resulting uncertainty at the surface.

Having an improved knowledge of uncertainty of the geocentre provides greater
confidence in Chapters 3 and 4 to interpret geophysical signal and further separate
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it from more local and regional sources of noise. To assist in the understanding of
geodetic observations of vertical land motion in Australia, this thesis first explores
reference frame error, noise, and the contributing geophysical processes. The impor-
tance of the centre of mass definition of the ITRF is explored together with how it re-
lates to observations of vertical land motion. Key limitations arising from assuming
that the noise processes associated with time series are simplistic in nature are in-
vestigated. Observations of time dependent deformations of the Earth’s surface are
inherently reliant on the stability and accuracy of the underlying reference frame,
which is sensitive to the definition of the Centre of Mass, as well as the geophysi-
cal processes of other surface deformations that are included in the data processing
steps. Geodetic techniques can provide observations of vertical land motions at the
millimetre-scale, but the interpretation and data reduction techniques currently used
are prone to simplification, which can lead to erroneous geophysical interpretation.
This body of work aims to refine the estimates of vertical land motion across the
Australian continent by investigating geophysical drivers of surface deformation
and systematic errors in their expression in geodetic time series.

1.2 Australian context

The Indo-Australian Plate moves approximately 7 cm/yr towards the northeast.
This motion is well-constrained by geodetic measurements from GNSS, Very Long
Baseline Interferometry (VLBI) and SLR (Altamimi et al., 2012; Argus and Heflin,
1995; Tregoning et al., 2013). The Indo-Australian Plate is considered to be one
of the most internally stable crustal plates (excluding the south-east region), with
a recent study showing that a large portion of the plate is deforming horizontally
at less than 0.2 mm/yr (Tregoning et al., 2013). In contrast, the present-day verti-
cal velocity of the Australian crustal plate is not well understood and inconsistent
with modelled estimates of vertical motion. Although the Australian continent is
in the middle of the Indo-Australian tectonic plate and has previously been consid-
ered seismically inert, small magnitude intraplate events suggest that neo-tectonic
regional seismic deformation and large events at the plate boundaries cause stress
field changes. These intraplate events may appear as non-linear deformation sig-
nals in GNSS time series, and these have yet to be comprehensively studied using
state-of-the-art analysis approaches.

Contemporary crustal stress fields are primarily controlled by broad-scale tectonic
forces (Rajabi et al., 2017). The Indo-Australian Plate has complex plate boundary
and internal mechanisms, where stress and strain build up from compression at the
plate edges causes faults to rearrange to relieve the accumulated strain towards the
centre of the plate. Examples of such strain release can be expressed in the form of in-
traplate earthquakes. Although the occurrence of ‘moderate-large’ (>Myy 5.0) earth-
quakes are infrequent in Australia, there is still a record of events that have caused
surface ruptures, listed in Table 1.1. Geodetic studies are not available for most of
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these events (many of which predate the GPS). Although they have been studied
using seismology, their small size and remote location with respect to Australian
population centres means they are not always well observed. Large intraplate earth-
quakes, although rare, do occur within the Australian continent (Clark et al., 2014).
Low resolution GNSS networks and the infrequency of these earthquakes puts them
out of the scope of this thesis.

TABLE 1.1: Australian intraplate earthquakes with magnitude (M)

greater than 5.0 that have caused surface ruptures over the period

1698 to 2019. NB: magnitudes are as reported by Geoscience Aus-

tralia following an international effort to revise historic earthquake
magnitudes in 2016.

Magnitude

Earthquake Date Reference
a (M)
Meckering, 14 Oct 1968 65  (Gordon and Lewis, 1980)
Western Australia ’ !
Calingiri, .
Western Australia 11 Mar 1970 6.0 (Gordon and Lewis, 1980)
Cadoux,
Western Australia 29 Jun 1979 6.1 (Denham et al., 1987)
Marryat Creek, 30 Mar 1986 5.7 (Crone et al., 1997; Machette et al., 1993; McCue et al., 1987)
South Australia

Tennant Creek (series),

Northern Territory 22 Jan 1988 6.2-6.6 (Bowman et al., 1990; Crone et al., 1992; Crone et al., 1997)

Newecastle,

New South Wales 28 Dec 1989 54 (McCue et al., 1990)

Petermann Ranges, 1.0 5016 6.1 (Hejrani and Tkaléi¢, 2019; Polcari et al., 2018; Thom, 2017)
Northern Territory

The AuScope Geospatial program was funded by the Australian Government to,
in part, develop a new network of approximately 120 GNSS continuously operat-
ing reference stations to monitor crustal deformation, established under the Na-
tional Collaboration Research Infrastructure Strategy. These sites have been installed
across the Australian continent, as shown in Figure 1.2, since 2007 with each site con-
sisting of a reinforced concrete pillar monument, geodetic choke ring antenna and
multi-frequency code and carrier phase tracking receiver. Most of the sites were
built, installed and collecting reliable data by 2015. This substantially densified the
existing network in Australia and the South Pacific of about 20 sites. This large
network is now of an age (more than 3 years) where horizontal and vertical site ve-
locities can be reliably estimated from the continuous time series (e.g. Blewitt and
Lavallée, 2002; Bos et al., 2010). The new AuScope network presents a unique op-
portunity to reassess regional and continental-scale surface deformation using ad-

vanced analysis approaches and a relatively dense spatial network of new data.
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FIGURE 1.2: Australian AuScope GNSS network, including stations
from the Australian Regional GNSS Network (ARGN, shown in red).

1.3 Research motivation and knowledge gap

In industries such as mining, maritime, transport, construction and agriculture, the
use of precise positioning and location enabled services is growing rapidly, and
there has been a significant increase in the use of positioning across society. Po-
sition and navigation information is now routinely used for emergency service re-
sponses, hazard modelling and land, utility and asset management where the need
for accurate and reliable geodetic infrastructure and position and velocity products
is paramount. A clear understanding of the inherent uncertainty is critical to ensure
that the frame of reference meets user’s needs, including the quality and integrity of
the contributing geodetic data.

Scientific studies also depend on accurate and precise understanding of the vertical
movement of Australia and its causes. Many studies that focus on vertical land
motion at regional or continental scales tend to focus on land motion at coastal sites
which has the obvious application to the determination of relative and absolute sea
level. One of the primary factors that causes local sea level to differ from the global
average is vertical land motion (King et al., 2012; Pfeffer et al., 2017). Existing sea
level studies in the Australian region have only used a small number of GNSS sites.
Four sites were used by King et al., 2012 to investigate vertical land motion at tide
gauge stations; 12 sites were used in Burgette et al., 2013 and White et al., 2014, with
a focus on GPS sites near Australian tide gauges; 13 sites were used by Santamaria-
Gomez et al., 2012, again with a focus on GNSS sites located near the coast; and 36
Australian sites were used in Altamimi et al., 2016 for the realisation of ITRF2014.
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The maturation of the AuScope network to ~ 120 sites provides the opportunity for
new research of crustal deformation of the Australian continent, capitalising on the

availability of longer time series and better spatial coverage.

GPS observations from previous research indicates that the vertical motion of the
Australian continent at a dozen permanent sites is between 0 and -1 mm/yr (Al-
tamimi et al., 2016; Burgette et al., 2013; King et al., 2012; Santamaria-Gémez et al.,
2012). Across Australia, recent model predictions of ongoing surface deformation
due to GIA (the response of the solid Earth to past ice-ocean load changes), are am-
biguous as to the sign of vertical land motion, although predictions have values of
less than £0.5 mm/yr over the Australian landmass. GIA only represents one com-
ponent of the signal of the vertical land motion, but is commonly the only signal that
is considered in predictions of regional and coastal sea level change (Church et al.,
2013). Neglecting non-GIA related sources of vertical land motion is likely to bias
interpretation of sea level projections in some areas (Dangendorf et al., 2017; Han
etal., 2015).

Over recent decades GINSS time series have been used to quantify the crustal de-
formation of the surface of the Earth in the horizontal direction due to postseismic
relaxation, including Australia. However, there have not been any studies on the
extent of Australian vertical land motion as a result of postseismic deformation.
Tregoning et al. (2013) focused on observations and modelling of horizontal post-
seismic deformation due to ‘Great Earthquakes’” (>My 8.0) using GPS data over the
period 2000.0-2011.0. The presence of ongoing postseismic relaxation after Great
Earthquakes thousands of kilometres from plate boundaries has significant rami-
fications for interpretations of regional surface deformation. Detection of far-field
postseismic deformation from Great Earthquakes is possible in the horizontal com-
ponent (e.g. King and Santamarfa-Gémez, 2016; Kreemer et al., 2006; Watson et al.,
2010) and is a fundamental requirement for the production of an accurate and stable
global reference frame. The detection of vertical deformation from far-field postseis-
mic earthquakes also has ramifications for the accuracy and stability of the global
reference frame and GIA models of postglacial rebound.

Measurement of vertical land motion from GPS directly relies on the accurate de-
termination of the centre of mass of the earth, as defined by the reference frame.
The comparison of vertical land motion observed by GPS with values from GIA
models could be biased by postseismic deformation over temporal scales from years
to decades, and also complicated by shorter period signal due to surface loading
changes that add noise to shorter GPS records. In the realisation of the current ITRF,
the assumption remains that the centre of mass motion is linear and subject to a
white noise process. An alternative model of non-linear and temporally correlated
motion is presented in this thesis.
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1.4 Thesis research questions and objectives

1.4.1 Research questions

Several questions remain when interpreting geodetic time series of surface displace-
ment which are relevant to understanding the long-term (decadal to millennial) ver-
tical displacement of Australia: To what extent can geodetic time series represent
displacements beyond their data span? What is the appropriate model for this mo-
tion? How do short-period displacements or noise affect the ability to robustly esti-
mate the model parameters? What is the characteristic of the noise in the context of
the adopted model? Is the underlying geodetic reference frame sufficiently accurate

to allow measurement at the accuracy required?

This thesis starts global in its focus, by investigating the global reference frame, be-
fore moving to study the Australian domain in greater detail. In this thesis, the
following specific research questions (RQs) are addressed:

RQ1) What is the nature of the uncertainty in the centre of the mass of the Earth
and how does this relate to GPS position estimates?

Characterising noise processes in the geocentre time series will allow better deter-
mination of the uncertainty in the centre of mass of the Earth as used in the current
realisation of the International Terrestrial Reference Frame (ITRF2014). Geocentre
motion as measured by Satellite Laser Ranging (SLR) is compared with geocentre
motion from numerical surface mass loading models to characterise the noise pa-
rameters. Chapter 2 addresses RQ1, as shown in Figure 1.3, and examines how we
can observe and model the centre of the Earth’s mass in the context of ITRF2014. The
work described therein quantifies uncertainties for linear geocentre motion with the
existence of temporally correlated noise, where traditionally, only a white noise pro-
cess has been considered. Chapter 2 explores the modelled motion of the geocentre
with linear terms for the annual and semi-annual signals, but also considers tempo-

rally correlated coloured noise processes to account for non-linear geocentre motion.

RQ2) To what level is vertical land motion across Australia spatially coherent,

over what timescales, and what are the dominant driving mechanisms?

The discrepancy between the expected long-term solid-earth deformation from
glacial isostatic adjustment and present-day observations has not yet been resolved
for the Australian region. Chapter 3 seeks to answer RQ2 where there is a perceived
divergence between present-day observations and predicted land motion from a
range of processes. Using advanced GPS analysis techniques, spatiotemporal fil-
tering and multivariate regression, the differences between the models and observa-
tions are investigated. The research presented in Chapter 3 uses the full AuScope
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Australian GNSS network (~120 sites) that covers the full continental scale to deter-
mine if land motion across Australia is spatially coherent and whether the driving
mechanisms of the vertical motion can be further understood. Vertical land motion
from GNSS stations in Australia is compared with geophysical models (e.g. glacial
isostatic adjustment and hydrological surface mass loading from the Gravity Recov-
ery And Climate Experiment mission) to assess the spatial coherence and improve
the accuracy of the velocity field across Australia. Due to improvements in the mod-
elling and measurement of different contributions towards surface mass transport,

GPS velocities are then compared with a range of GIA models.

RQ3) What is the magnitude, extent and duration of plausible far-field postseis-
mic deformation in the vertical direction across the Indo-Australian Plate from
large plate boundary earthquakes?

Coseismic and postseismic deformation represent one of many drivers of spatially
coherent vertical land motion investigated in the previous research question. This re-
quires further detailed investigation and, in Chapter 4, both coseismic and postseis-
mic non-linear deformation of the Australian continent from large boundary events
are observed in GPS time series and compared with modelled postseismic viscoelas-
tic solid-earth deformation. The time series from Chapter 3 are used to continue
the investigation into the reduction of noise and uncertainty in GPS position and
velocity estimates in Chapter 4. Coseismic offsets and postseismic deformation are
modelled using elastic and viscoelastic parameters, the latter with a range of one-
dimensional Earth models with varying layered rheological structure. Vertical and
horizontal GPS daily time series are used to assess the predicted surface deforma-
tion to select the best-fit Earth model properties that describes the crustal thickness
and viscosity. Chapter 4 further explores if present-day deformation is potentially
still underway at non-negligible levels due to an historic event that occurred before
the modern satellite geodesy era.

1.4.2 Research objectives

By addressing the stated research questions, this thesis first seeks to understand
temporally correlated noise and uncertainty in the reference frame as is required to
robustly measure vertical land movement using geodetic techniques, and then seeks
to understand vertical motion of the Australian continent using GPS observations
and geophysical models of solid-earth deformation to determine dominant driving
mechanisms and spatial coherence. Noting the above research questions, this thesis
has the following research objectives:

1. Characterise the noise processes in the SLR geocentre time series to better de-
termine the uncertainty in the centre of mass of the Earth as used in the current
realisation of the International Terrestrial Reference Frame (ITRF2014).
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(a) Investigate the occurrence of coloured noise in the geocentre time series
as observed by SLR.

(b) Compare geocentre motion as measured by SLR with geocentre motion

from surface mass loading models.

2. Consistently process the entire Australian AuScope GNSS network of 120 sites
with advanced precise point processing techniques, producing a database of
time series that are robust.

3. Develop a spatiotemporal model of vertical land motion in Australia from
GNSS stations for comparison with global and regional geophysical models
(e.g. GIA ICE-6G model, hydrological surface mass loading from GRACE).

(a) Spatiotemporal analysis (such as empirical orthogonal functions) will be
used to decompose GPS time series to determine the dominant modes of
deformation that are expressed in vertical land motion time series across

Australia.

(b) Simultaneously estimate temporally correlated noise models to deter-
mine an Australian vertical velocity field using multivariate regression.

4. Model coseismic and postseismic deformation of the Indo-Australian Plate af-
ter the occurrence of large earthquakes and compare with GPS observations.

(a) Conduct modelling of large plate boundary earthquakes in the Australian
region with elastic and viscoelastic earth models.

(b) Compare observed crustal deformation from GPS with the modelled de-
formation.

(c) Investigate if Australia experiences ongoing deformation due to historic
earthquake events that occurred prior to the geodetic record.

1.5 Thesis structure

The research questions are related to each chapter as shown in Figure 1.3.

The Introduction (Chapter 1) has provided an overview of the setting in which this
research sits, providing both a global and regional context, by identifying the knowl-
edge gap and research questions to be addressed.

Chapter 2 addresses RQ1 and looks at how we can observe and model the centre
of the Earth’s mass in the context of the ITRF2014 and how the stochastic and func-
tional models of the realisation of the reference frame could be improved by consid-
ering the existence of coloured noise, where traditionally, only a white noise process
is considered. Chapter 2 has been published as Riddell et al. (2017) Uncertainty in



1.5. Thesis structure 13

Chapter 2 -

J
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Australia deformation
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FIGURE 1.3: Thesis structure and link between chapters and research
questions

geocenter estimates in the context of ITRF2014. Journal of Geophysical Research: Solid
Earth (122).

Chapter 3 seeks to answer RQ2 where a discrepancy between present-day observa-
tions and models of land motion in Australia is identified. Using advanced GPS
analysis techniques and spatiotemporal filtering, the differences between the mod-
els and observations are explored. Chapter 3 has been published as Riddell et al.
(2020) Present-day vertical land motion of Australia from GPS observations and geophysi-
cal models. Journal of Geophysical Research: Solid Earth (125).

Chapter 4 focuses on RQ3 where non-linear postseismic deformation of the Aus-
tralian continent from intraplate and large boundary events are observed and then
modelled and compared with solid-earth deformation signals. The GPS time series
from Chapter 3 are used as inputs. Chapter 4 has been submitted to Geophysical
Journal International as Riddell et al. (2020) Ongoing postseismic vertical deformation
of the Australian continent from far-field earthquakes.

Concluding remarks identifying the significance of the findings, the broader context
of the results, and suggestions for future research are in Chapter 5.

The Appendices contain supporting information for each of the chapters, a list of
oral and poster presentations, professional development opportunities, as well as
public outreach and engagement activities undertaken during the course of this
PhD.
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Chapter 2

Uncertainty in geocentre estimates
in the context of ITRF2014

Summary

Uncertainty in the geocentre position and its subsequent motion affects position-
ing estimates on the surface of the Earth and downstream products such as site
velocities, particularly the vertical component. The current version of the Interna-
tional Terrestrial Reference Frame, ITRF2014, derives its origin as the long-term av-
eraged centre of mass as sensed by Satellite Laser Ranging (SLR), and by definition,
it adopts only linear motion of the origin with uncertainty determined using a white
noise process. We compare weekly SLR translations relative to the ITRF2014 origin,
with network translations estimated from station displacements from surface mass
transport models. We find that the proportion of variance explained in SLR transla-
tions by the model-derived translations is on average less than 10%. Time-correlated
noise and non-linear rates, particularly evident in the Y and Z components of the
SLR translations with respect to the ITRF2014 origin, are not fully replicated by the
model-derived translations. This suggests that translation-related uncertainties are
underestimated when a white noise model is adopted, and that substantial system-
atic errors remain in the data defining the ITRF origin. When using a white noise
model, we find uncertainties in the rate of SLR X, Y and Z translations of £0.03,
+0.03 and +0.06 respectively, increasing to £0.13, +0.17 and £0.33 (mm/yr, one
sigma) when a Power Law and White (PLW) noise model is adopted.

This chapter has been published as: Riddell, A. R., King, M. A., Watson, C. S., Sun, Y., Riva, R.
E. M. & Rietbroek, R. 2017. Uncertainty in geocenter estimates in the context of ITRF2014. Journal of
Geophysical Research: Solid Earth, 122, pp. 4020-4032. Minor changes have been made to the original
published article for consistency in this thesis. This includes general terminology and grammar.
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2.1 Introduction

The need to monitor global change processes, such as sea-level change and post-
glacial rebound, at a level below 1 mm per year illustrates the requirement for an
accurate and precise global geodetic reference frame. The International Terrestrial
Reference Frame (ITRF) (Altamimi et al., 2016) attempts to meet accuracy and stabil-
ity goals of 1 mm and 0.1 mm/yr respectively (Gross et al., 2009). As each iteration
of the ITRF provides improvements in the precision and accuracy of the global refer-
ence frame, challenges remain to meet the accuracy and stability goals. Particularly
challenging is the realisation of the origin (defined as the long-term averaged centre
of mass of the Earth), and its evolution in time (Dong et al., 2014). Presently, this
realisation is limited given it is determined using measurements from a single mea-
surement technique [Satellite Laser Ranging (SLR), Altamimi et al. (2016) and Wu et
al. (2011)] that is known to be affected by systematic biases and network asymmetry
(Appleby et al., 2016). The ITRF2014 (and each predecessor) is a linear frame by def-
inition, and consequently the long-term motion of its origin is described by a linear
trend. Limitations arise given that when specifying the ITRF origin to coincide with
the long-term origin of the SLR frame, only time-constant annual and semi-annual
terms are included with a white noise model (Altamimi et al., 2007; Altamimi et al.,
2011; Altamimi et al., 2016; Argus, 2012), neglecting any other non-linear motions as

part of the functional or stochastic model.

Relative motion between the Centre of Mass of the total Earth system (CM) and the
Centre of surface Figure (CF) of the solid Earth can be observed using space geodetic
observations that tie Earth-fixed permanent geodetic sites and space-based satellite
platforms. Both secular and seasonal geocentre motion occurs as a result of past and
present mass re-distribution, where geocentre motion is the difference between CM
and CF (the difference between geophysically determined origins). Past mass redis-
tribution on the surface or interior such as glacial isostatic adjustment (GIA), induces
secular geocentre motion, while intra-annual, seasonal and inter-annual signals re-
late to present day distributions, such as exchanges within and between the ocean,
atmosphere, continents and cryosphere (Argus, 2012; Dong et al., 1997; Wu et al.,
2012). SLR translations with respect to the ITRF2014 origin therefore consist of both
measurement error and a component of real geocentre motion affected by the non-
homogenous network distribution of SLR tracking stations. This leads to a sampling
bias known as the “network effect”, and should ideally reflect the offset between the
network origin (CN) and the CM rather than the geocentre motion.

An alternative approach to studying geocentre motion uses observations and nu-
merical models of surface mass transport to derive deformation of the solid Earth at
the locations of the SLR stations (that change over time), from which network trans-
lations may be estimated. The mass transport models provide bounds on the net-
work translations which are to be expected from known surface loading processes.
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Any inconsistency between observed SLR translations and those derived from a sur-
face loading model will hint at problems in either the SLR methods (observations or
processing) or problems within the surface loading model. In this Chapter, SLR
translations and output from two surface loading models are used to assess the un-
certainty in the SLR translations with respect to the ITRF2014 long-term origin.

2.2 Data

The origin of ITRF2014 is defined such that there are zero translation parameters and
rates at epoch 2010.0 between the International Laser Ranging Service (ILRS) long-
term mean origin from SLR and ITRF2014 (Altamimi et al., 2016). The SLR temporal
translation components used here have been derived with respect to the ITRF2014
origin that has been defined using the internal constraint method described in Al-
tamimi et al. (2007) and Altamimi et al. (2016). The translations were estimated using
a 7-parameter similarity transformation between each week and a SLR ITRF2014 net-
work of 21 core stations. The time series of the 7-parameters were adjusted globally,
in one run using the CATREF software [Combination and Analysis of Terrestrial Ref-
erence Frames, e.g. Altamimi et al. (2016)], with the full variance-covariance infor-
mation of the total SLR SINEX time series. We analyse the translations from weekly
combined SLR solutions relative to the ITRF2014 (linear) origin over the time span
1993.0 to 2015.0 in the temporal and spectral domains. The complete ILRS SLR refer-
ence frame solutions in SINEX format submitted for the realisation of ITRF2014 cov-
ers the time span 1983.0 to 2015.0. Only the data from 1993.0 on-wards are used here
due to noisy data in the early section of the time series, producing large formal un-
certainties in the SLR translation series before the LAGEQOS-2 satellite was launched
in 1992 (Dong et al., 2014). We compare the SLR translation time series with respect
to the ITRF2014 long-term origin with two different estimates of network transla-
tions that are derived from independent surface mass transport models.

The ITRF2014 origin is considered theoretically representative of the long-term CM,
where geocentre motion is defined as motion of the CM with respect to the CF (Al-
tamimi et al., 2016). Linear motions for ground stations are assumed, with some
discontinuities and post-seismic deformations enforced for sites affected by major
earthquakes or equipment changes. The ITRF origin reflects CM on secular time
scales due to it coinciding with the long-term average CM as observed by SLR, but
on shorter (including seasonal) time scales, the ITRF origin reflects CF (Blewitt, 2003;
Collilieux et al., 2009; Dong et al., 2003). We note that some of the literature considers
the opposite convention, that is, displacement of CF with respect to CM, for example
Métivier et al. (2010) and Dong et al. (2014).

Our first comparative geophysical model is from Rietbroek (2015), who calculated
surface mass transport loading based on a combination of Gravity Recovery and Cli-
mate Experiment (GRACE) and radar altimetry data using an inversion approach
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that applied conservation of mass to solve the sea level equation (Rietbroek et al.,
2016). Surface displacement components are provided for the time span 2002.3 to
2014.5 with monthly sampling, here-on referred to as R15. R15 considers mass re-
distribution from the Antarctic and Greenland ice sheets, land glaciers, GIA, conti-
nental water storage, and contributions from the oceans and atmosphere. Although
GRACE alone is not capable of observing degree-1 mass redistribution, combination
with additional datasets and use of an inversion methodology enables derivation
of surface mass transport values. The short data span is limiting given it covers
only half of the SLR series, but remains useful given the independent GRACE-based
approach.

Our second dataset was estimated from numerical surface mass transport models
and solves the sea level equation to conserve mass for the global system after taking
into account self-attraction and loading effects (Gordeev et al., 1977; Frederikse et
al., 2016; Tamisiea et al., 2010) using fingerprints (Mitrovica et al., 2001) to represent
the non-uniform redistribution of water. Here-on this mass surface model product
is referred to as MSM. MSM yields values over the time span 1993.0 to 2015.0 with
monthly sampling. This dataset includes modelled ocean and atmosphere mass re-
distribution (defined using the AOD1B product) (Flechtner et al., 2015), continental
land glaciers (Marzeion et al., 2015), Greenland (van den Broeke et al., 2016) and
Antarctic ice sheet surface mass balance changes from the Regional Atmospheric
Climate Model (RACMO) version 2.3 (Noél et al., 2015), Global Reservoir and Dam
database (GRanD) dam water retention (Lehner et al., 2011) using the filling rate
method of Chao et al. (2008) and other terrestrial water storage from the Noah Global
Land Data Assimilation System (GLDAS) product (Rodell et al., 2004).

Both the land glacier and dam retention components are sampled annually and
have been linearly interpolated to monthly intervals for consistency with the other
datasets, constraining the temporal resolution. It would be expected for these com-
ponents to contain annual signals due to the seasonal nature of hydrologic mass
exchange, and we return to this in the Discussion. A groundwater component is
available using data from Wada et al. (2010). The contribution from groundwater
to the overall signal is primarily linear with very small annual amplitude for the
available period. Further data description for MSM is available in Appendix A and

Frederikse et al. (2016), including uncertainties for the component contributions.

Surface displacements from each geophysical model were derived by redistribut-
ing loaded masses within a thin shell on the Earth’s surface. They are spherically
symmetric, stratified, and non-rotating Earth responses elastically redistributed over
sub-secular (sub-daily to decadal) time scales. The displacements are proportional
to the incremental load potential according to the load Love number theory (Farrell,
1972), and are derived from the elastic Preliminary Reference Earth Model (PREM)
(Dziewonski and Anderson, 1981).
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Following the methodology of Collilieux et al. (2009), network translations have
been derived from station displacements due to loading effects from two distinct
surface mass transport models and compared with SLR translations with respect to
the ITRF2014 long-term origin to account for the network effect of the SLR station

geometry.

From each of the geophysical models, network translations are computed follow-
ing the methodology of Collilieux et al. (2009), using the ITRF2014 station positions
and velocities plus the modelled surface mass loading deformation at each epoch
of the respective dataset. At each epoch, we used only those SLR sites that were
active. The monthly surface deformation values are interpolated from monthly to
weekly values using a cubic spline. The two synthetic time series are then used to
estimate transformation parameters, using Globk (Herring et al., 2015), with respect
to ITRF2014 using the full covariance matrix of the ILRS combined solution submit-
ted for ITRF2014 analysis. Following Collilieux et al. (2012), only three rotations and
three translations were estimated (that is, scale was not estimated). Repeating the
analysis with the scale parameter included produced only negligible changes to the
estimated transformation parameters. Covariance information was used as given;
an occasional site was automatically removed for a given week due to the estimated
station adjustments being larger than 10-sigma. Given that the ILRS combined solu-
tion was generated using a loose constraint approach correlations exist between the
Helmert parameters, some of the station displacements may leak into the rotation
parameters (Collilieux et al., 2009). Here, the rotations have a mean and standard
deviation of 0.00+0.02 mas for all components from both models (one sigma), which

induces station displacements below 1 mm.

The two network translation models, R15 and MSM are compared with the SLR
translation components with respect to the ITRF2014 origin to assess the sensitivity
of the SLR observed origin against geophysically modelled geocentre motion taking
into account the network effect of the SLR observing network.

2.3 Comparison of SLR and modelled network translations

By construction, there are zero translation rates (trends) between ITRF2014 and the
SLR stacked frame of weekly solutions over the time span 1993.0 to 2015.0. Annual
and semi-annual periodic signals were not removed from the SLR translation com-
ponents as these are signals of interest. Figure 2.1 (left) shows the three datasets
in the temporal domain sampled at monthly epochs for clarity. The surface defor-
mation values at each site were detrended before transformation (Collilieux et al.,
2009). Formal errors are not available for either of the surface mass transport mod-

els, but uncertainties are available for the constituent datasets that contribute to each
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model. Further information on the model uncertainties can be found in the associ-
ated references. Our use of two geophysical models aims to reflect, at least partly,
the uncertainty in the two models.

Figure 2.1 (right) shows the SLR translations alongside the differences of R15 and
MSM with SLR, where the qualitative agreement of the curves reveal that the differ-
ences are heavily influenced by signal not in R15 and MSM. Considering the residual
series, the percentage of SLR variance explained by R15 is 12.5%, 1.3% and 2.1% for
the X, Y, Z components, respectively, with MSM explaining 8.1%, 4.0% and 2.0%, re-
spectively. The small proportion of variance explained by the surface mass transport
models indicates that either the geophysical models are not able to capture the sur-
face mass transport variability and /or systematic errors from the SLR technique are
substantial. The visual agreement between R15 and MSM is noteworthy given the
dissimilarity in the data used to construct the series. Surface thermoelastic effects,
with annual amplitudes approaching 3 mm for radial displacements and 1.5 mm
for transverse displacements (Xu et al., 2017), could explain some of the difference
between the SLR translations and the respective network translations.

2.3.1 Seasonal variation

The dominant signal throughout the SLR translation series has an annual period
with apparent variable amplitude. Over the full time series, the SLR translation
annual signal in the Z component is approximately twice that of the SLR translation
X and Y components (see Table 2.1). The greatest agreement in overall amplitude
and its temporal variation between SLR, R15 and MSM is found in the X component,
which is predominantly ocean-driven due to the limited land area along the X axis
(X is in the direction of 0° N 0° E, Y of 0° N 90° E, and Z of 90° N).

The annual signal expressed in the residuals for each coordinate component (Figure
2.1d, e, f, SLR minus model) computed between the SLR origin and model based net-
work translation estimates, demonstrate reasonable qualitative agreement in phase
and amplitude, again demonstrating that both the R15 and MSM models signifi-
cantly underestimate the amplitude of the annual signal within the SLR translations.
To explore the strength of the annual signals more closely we computed the Power
Spectral Density (PSD) using the Lomb-Scargle approach described by Press et al.
(1992). Figure 2.2 shows the PSD for each dataset across each coordinate compo-
nent. Lower frequency trends are less well resolved by R15 due to the restricted
temporal span, and care should be taken not to over-interpret differences at these
frequencies.

The annual signal expressed in MSM significantly underestimates the observed SLR
amplitude in all components, particularly during the latter part of the Y component
time series (Figure 2.1b) and remains visible as a peak in the residual PSD (Figure
2.2e). The shorter duration R15 model also underestimates the magnitude of the
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TABLE 2.1: Noise parameters from Hector of the full SLR data set and MSM network translation model [1993.0 2015.0]*

X
SLR MSM SLR-MSM

model white-only PLW GGM white-only PLW GGM white-only PLW GGM
AIC 1323.350 1282.103 1256.500 438.639 393.762 392.735 1225.414 1204.903 1198.35
BIC 1323.350 1289.263 1263.659 438.639 400.921 399.894 1225.414 1212.062 1205.51
k 0 -0.80 0.98 £0.30 0 -0.59 0.62 +0.30 0 -0.50 0.47 +0.18
1-phi 0.51 +0.14 0.02 £0.03 0.36 £0.19
STD 2.939 2.689 2.570 0.504 0.5041 0.554 2.443 2.3301 2.303
bias (mm) -0.000 £0.181 -0.197 £2.123 -0.014 £0.306 0.005£0.034 0.042+0.173 0.025+0.098 0.001 +0.150 -0.102 4 0.602 -0.003 & 0.229
trend (mm/yr) -0.000 £0.028 0.017 £0.128 0.000 & 0.048 -0.001 £ 0.005 -0.009 £0.016 -0.007 & 0.014 -0.005 £0.024 0.007 £ 0.061 -0.003 & 0.036

Y
AIC 1371.096 1222.215 1192.371 401.992 243.008 225.826 1193.983 1060.86 1064.138
BIC 1371.096 1229.374 1199.531 401.992 250.167 232.986 1193.983 1068.019 1071.297
k 0 -0.98 098 £0.13 0 -0.98 077 £0.11 0 -0.94 0.36 + 0.04
1-phi 0.29 +0.08 0.17 £ 0.08 0.01 £0.01
STD 3.216 2.391 2.275 0.517 0.3769 0.367 2.302 1.7056 1.786
bias (mm) -0.000 £0.198 -0.451 £8.952 -0.024 £0.473 0.008 £0.032 0.085£1.318 0.025+£0.088 0.001 £0.141 -0.374 £2.525 -0.218 £ 0.567
trend (mm/yr)  0.000 £ 0.031 -0.027 +0.166 -0.008 & 0.073  0.000 & 0.005 -0.007 +0.026 -0.002 +0.013  0.006 +0.022  0.003 £ 0.082  0.002 +£ 0.069

Z
AIC 1761.462 1638.007 1585.610 367.806 318.881 316.801 1626.136 1512.313 1508.971
BIC 1761.462 1645.166 1592.769 367.806 326.04 323.96 1626.136 1519.473 1516.13
k 0 -0.93 1.48 +0.32 0 -0.66 0.37 £ 0.07 0 -0.86 0.49 £ 0.07
1-phi 0.48 +0.10 0.05 £ 0.06 0.05 £ 0.04
STD 6.717 5.252 4.777 0.484 0.4375 0.436 5.203 4.1494 4.135
bias (mm) -0.000 £0.413 0.637 £9.503 0.017 +0.871 0.004 £ 0.030 -0.053 £0.191 -0.02540.078 0.010 £0.320 0.892 £4.456 0.284 4 1.061
trend (mm/yr) -0.000 £0.065 -0.044 £0.328 0.006 £0.135 0.003 £0.005 0.004 +£0.015 0.003 £0.012 -0.014 £0.05 -0.077 +0.223 -0.026 & 0.156

(units mm).

“AIC is a measure of the relative quality of statistical models for a given set of data; BIC is a criterion for model selection among finite set of
models; the model with the lowest AIC/BIC value is preferred; k is the spectral index; 1 phi is a GGM parameter; STD is the standard deviation



2.3. Comparison of SLR and modelled network translations 23

b PSDY c PSDZ

residual PSD Z

-

d residual PSD X £ residual PSD Y ot

SLR-R15

10°

Power (mmz)

107" 10° 10" 107" 10° 10 107
Frequency (cpy)

FIGURE 2.2: (a—) PSD from Lomb-Scargle analysis of the data from

SLR [1993.0-2015.0], R15 [2002.3-2014.5], and MSM [1993.0-2015.0],

for each time series component (X, Y, and Z). (d—f) PSD of the resid-

uals (data from Figures 2.1d—f) for each component. Note the differ-

ences in scale of the Z component plots (Figures 2.2¢ and f)versus the
Xand Y components (Figures 2.2a, b, d, and e).

annual signal, where the most notable differences for both R15 and MSM are with
respect to the Z component (Figure 2.1c). This is confirmed by the presence of a

residual peak at the one cycle per year frequency in the bottom panels of Figure 2.2.

The SLR series was compared with the MSM translations over the same time span
as R15 (results not plotted here). In this analysis, the annual signal amplitude and
phase of MSM were not statistically different from R15 in comparison to SLR over
the shortened time span. The MSM dataset, over the R15 time span, is very similar
to the SLR' Y component, but has reduced agreement with the SLR X and Z compo-
nents, particularly in the latter part (2002 onwards) of the time series (similarly as
for R15) where the signal deviates (Figure 2.1). That the surface mass transport mod-
els are indistinguishable from each other in the later part of the time series provides
confidence in their construction, noting again the dissimilarities in their constituent

data series.

The magnitude-squared coherence of the SLR time series with each of the models in
Figure 2.3, provides further evidence that an annual signal is clearly present in both
the observations from SLR and the network translation estimates from geophysical
models. A strong peak in each component is centred about one cycle per year, with
an average magnitude-squared coherence of 0.9 across the X, Y and Z components.
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FIGURE 2.3: (a—) Coherence-squared of SLR translation components
with network translations from surface mass transport models (R15
and MSM).

Figure 2.3a shows agreement in the X component is poor for signals other than an-
nual, particularly between SLR and R15. Better agreement at other frequencies is
evident in the Y and Z components between SLR and the network translation mod-
els. Other less significant peaks are observed at sub-annual periods, but they are not
considered further here.

To assess the time-variability of the time series, we follow a similar method to Argus
(2012) whereby each time series is divided into four-year segments, each overlap-
ping by one year, producing seven segments in our analysis. A linear plus seasonal
model was fitted to each segment, with the amplitude for each origin component
shown in Figure 2.4a, b, ¢, each centred on the mid-point of the segment. Four
years is sufficient to reliably estimate the linear plus annual and semi-annual terms
(Blewitt, 2003). For the SLR data, a number of annual amplitudes computed from
segmented data are significantly different to those computed over the full series in
the Y and Z components. While natural variation in these terms is expected, some
of the behaviour appears systematic and specific to SLR. For example, the Y com-
ponent shows a marked reduction in amplitude following the segment centred on
2003.5 (Figure 2.4b), which is not reflected in the R15 data, and only marginally re-
flected in the MSM data. The largest variability in SLR annual amplitude is found
in the Z component (Figure 2.4c), with the large deviation in the segment centred on
1997.5 not reproduced by either R15 or MSM.

We also note a decrease in the uncertainty of the annual amplitude across the SLR
data segments, most noticeably in the X and Z components. This perhaps reflects
refinements in the SLR observing networks’” geometry and operation capacity over

time (Varghese, 2013).
2.3.2 Noise characteristics

Examination of Figure 2.2 shows clear features other than the dominant annual sig-
nals. The noise floor of the SLR dataset is substantially higher than that of both the
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network translation models, presumably associated the effect of measurement error.
The SLR X component (Figure 2.2a) shows a flatter (whiter) spectrum than in Y and
Z indicating increased time-correlated noise in the latter components. The spectra of
SLR-R15 and SLR-MSM (Figure 2.2 d, e, ) also suggests time-correlated noise across
each component.

To further examine the properties of the time-correlated noise, we tested various
noise models for each dataset using Hector software (Bos et al., 2013), examining
white noise-only, random walk, flicker, autoregressive moving average, autoregres-
sive fractionally integrated moving average, Generalised Gauss Markov (GGM) or
Power Law and White (PLW) models. Noise model parameters and summary statis-
tics were estimated along with a linear rate and annual plus semi-annual periodic
terms. We used both the Akaike Information Criterion (Akaike, 1973) and Bayesian
Information Criterion (Schwarz, 1978) to identify the preferred noise model for each
time series. The characteristics of the SLR series are best fit by a GGM or PLW model,
in strong preference to a white noise-only model (see Table 2.1). Where a white noise-
only model was estimated in Hector, our values are consistent with the time constant
annual and semi-annual terms of Altamimi et al. (2016).

The uncertainty in the rate of the SLR translations, estimated with a PLW noise
model over the complete time span, is a factor of five larger in comparison to a
white noise-only model (see Table 2.1). That is, white noise uncertainties for X, Y
and Z rates respectively of £0.03, £0.03 and +0.06 increase to £0.13, £0.17 and
+0.33 (mm/yr) when a PLW noise model is adopted. A PLW noise model was cho-
sen instead of GGM for the remaining analysis as a conservative estimate of rate
uncertainty. We examined the apparent offset around 2010 in the SLR origin Y com-
ponent (Figure 2.1b, e), as described by Altamimi et al. (2016), and found it to be
statistically insignificant when estimated as an offset within the noise analysis. Nei-
ther of the geophysical models show an offset at this time. Together, this suggests
that the apparent discontinuity is simply characteristic of power law time-correlated
noise with spectral indices close to -1 (flicker noise) (Williams, 2003a). No other off-
sets were estimated for the datasets. Neither of the network translations from the
geophysical models capture the long period variability in the SLR series particularly
well. The removal of the models from the SLR series results in generally no change
to the spectral index for the PLW model in the X, Y and Z components for both MSM
and R15, (see Table 2.1 and Table 2.2).

2.3.3 Time variable trends

We next consider the multi-year trends in the SLR translation time series. By con-
vention, the linear rate of each SLR origin translation component are not statistically
different from zero (Altamimi et al., 2016) over the full time series. However, low
frequency variability is evident in the SLR time series, particularly in the Y and Z
components (Figure 2.1b, c). This signal is not present in either of the mass transport
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(d-f) Linear rates and uncertainty with a PLW noise model of
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models (Figure 2.1, noting the same scale is used in the left and right panels). The
non-linear signature observed in the temporal domain of the SLR Y component in
Figure 2.1b is similarly reflected in Figure 2.2b where the Y component of the SLR
origin series shows high power at low frequencies.

The time-variable rate within each data series is shown in Figure 2.4d, e, £, for each
of the four-year segments discussed previously. Similarly to the annual amplitude,
the largest temporal variability in the short-term rate is found in the SLR'Y and Z
components (Figure 2.4e, f), with a number of short-term rates significantly different
to the rate determined over the full record (grey line, Figure 2.4d, e, f). The sec-
tion of the SLR X and Z components before 1997.0 are distinctly different from the
long-term average, with the Z component almost a factor of three larger than the
long-term mean in this period. Segments in the Y component have differences from
the mean ranging from +0.8 mm/yr to -0.9 mm/yr, and the two segments covering
2005.0 — 2012.0 are statistically significant from the long-term average. R15 contains
contributions from ocean mass and ice sheets mass that are indirectly affected by
the GIA model used, which are not included in MSM and could explain some of the
offset between the rates derived from the two models.

2.4 Discussion

Our comparison of the SLR translations with respect to the ITRF2014 origin with
network translations derived from equivalently sampled geophysical models shows
that it is likely that signals of non-geophysical origin, with a range of frequencies
(monthly to inter-annual) are insufficiently accounted for in the stochastic model of
the ITRF2014 origin. Altamimi et al. (2016) suggested to add annual corrections to
the station positions (Equations 2 and 3 in their paper) in order to bring the network
origin closer to the instantaneous CM, as sensed by SLR. However, if the annual
estimates are partly affected by systematic errors in SLR it remains unclear how
these errors will propagate into station positions (and satellite orbits) if the published
annual and semi-annual geocentre terms derived from SLR are applied.

Several studies have examined potential systematic error in SLR, in particular the
influence of the time-variable ground network distribution (Collilieux et al., 2009;
Collilieux and Woppelmann, 2011), and satellite observation geometry (Spatar et
al., 2015) in order to assess uncertainty. Collilieux et al. (2009) found that the SLR
network effect could affect the amplitude of the annual geocentre motion in the Z
direction at approximately 1-mm, depending on the simulated observing network
geometry. We found that the network effect was dominated by the geophysical mod-
els” annual signal, rather than the network geometry and account for the SLR net-
work effect by deriving network translations from geophysical models, using only
the surface deformation at those active SLR stations for each epoch.
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Previous studies have explored uncertainty in the data series submitted to the pre-
vious ITRF, ITRF2008 (Altamimi et al., 2011), and found substantial non-linear vari-
ation around the origin (Métivier et al., 2010; Argus, 2012). Dong et al. (2014) notes
an acceleration in the Z geocentre component of the ITRF2008 origin after 1998, and
attributes this to terrestrial water mass redistribution, including mass loss from con-
tinental ice sheets and glaciers. We note the same feature in our analysis with a clear
change in the short-term rate of the SLR Z component (Figure 2.4f), but note this
is not replicated by MSM, even though MSM and Dong et al. (2014) both use the
GLDAS terrestrial water storage model. We note there are differences in the glacier
and ice sheet mass terms which could explain why the deviation is not present in
MSM,; the reason for this discrepancy requires further consideration.

Both the land glacier and dam retention components of the MSM surface mass trans-
port model have insufficient temporal resolution to capture the annual component
of these constituents. The resolution of surface displacements due to terrestrial wa-
ter storage changes remains challenging due to deficiencies in hydrologic models,
in particular the long-term trends and accurate representation of groundwater use.
The missing annual hydrologic signal could explain some of the gap between SLR
and MSM, but we note that this signal is included in R15 which also does not agree

with SLR in amplitude over a short period.

Others have evaluated the stability of the ITRF2008 origin using statistical and spec-
tral analysis (Collilieux and Altamimi, 2013; Argus, 2012). These analyses show
that a coloured noise model is more appropriate than a white noise-only model, an
outcome that we find remains robust for the ITRF2014 origin. Argus (2012) demon-
strated time-variability in both the annual amplitude and short-term rates of geocen-
tre motion and that the linear CM velocity uncertainties are 0.4 mm/yr for X and Y
and £0.9 mm/yr for the Z component (95% confidence limit). Our findings confirm
that a simple linear regression using a white noise-only model will poorly reflect the
true uncertainty of the estimated parameters, with the uncertainty for the linear rate
typically a factor of five smaller than estimates using a PLW noise model (see Ta-
ble 2.1 and Table 2.2). Our analysis of the SLR translations relative to the ITRF2014
origin suggests improvement of the CM velocity compared with those from Argus
(2012) for ITRF2008. Simply scaling our rate uncertainties to 2 sigma, the PLW noise
model results in a 27% improvement of the SLR Z component, reducing from +0.9
mm/yr (95% confidence limit) (Argus, 2012) to +0.66 mm/yr (95% confidence limit).

The future improvement of the precision and accuracy of the ITRF origin will de-
pend on advances in analysis of SLR data and improved network geometry. In-
deed, the present SLR station geometry is sub-optimal, with a concentration of SLR
stations in the northern hemisphere decreasing the precision of the Z component
compared to the equatorial components (Bouillé et al., 2000; Collilieux and Wop-
pelmann, 2011; Wu et al., 2012). Otsubo et al. (2016) confirmed this finding with a
simulation study indicating that the addition of a station at low latitudes (15°S-30°S)
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would improve the precision of the Z component of the geocentre, and that addi-
tional sites at high latitudes, particularly in the south, would provide an important
improvement in the X and Y geocentre components.

2.5 Conclusion

We assess the temporal variability of the latest SLR translations with respect to the
International Terrestrial Reference Frame (ITRF2014) origin, and find significant dif-
ferences when compared to modelled network translations from two independent
surface mass transport models. The proportion of variance explained in the SLR
origin time series by geophysical models is on average less than 10% in each com-
ponent. We identified coloured noise in both observed and modelled network trans-
lation time series, but substantial coloured noise remains after subtraction of the
model based translations, with notable signal remaining at annual and longer peri-
ods. Consideration of power-law noise when estimating the rate in the origin com-
ponents yields an upper bound five-fold increase in rate uncertainty, compared to
the white noise-only case. When using a power-law and white model the uncer-
tainty of the SLR Z component (+0.33 mm/yr; 1 sigma) is twice as large as that of
the X and Y components (£0.13 and £0.17 mm/yr respectively). This represents a
27% improvement for the Z component of the results in comparison to those from
Argus (2012) for ITRF2008.

Over shorter time-periods, the temporal variability of linear rates computed over
four years suggests that the SLR translations with respect to the long-term ITRF2014
origin cannot be rigorously represented by a simple linear model over longer pe-
riods. For the annual signal, model based network translations, particularly in the
Z component, do not represent the variability in the annual amplitude of the SLR
translations with respect to the ITRF2014 origin. This indicates that a significant
component of the signal is due to other processes, including likely large systematic

error.

Positioning uncertainty for geophysical applications is likely to be impacted by non-
linear geophysical signals of the kind we identify in the SLR translation time se-
ries with respect to the ITRF2014 origin, and may be further impacted when non-
geophysical signals exist. Space geodetic analyses that require an instantaneous CM
frame (precise orbit determination for example) will also likely be affected given
the annual geocentre motion model used is derived from the same SLR data that
is used to define the long-term origin of ITRF2014. Further improvements in SLR
data analysis and network geometry are likely required to address this issue. The
demonstration of other geodetic techniques to contribute to the Earth’s centre of
mass determination would also be of great benefit.
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2.6 Thesis Context

The study described in this chapter has progressed our understanding of the degree
to which geodetic observations can be used to study long term geophysical signals
globally, including Australia. Understanding the noise characteristics of the geo-
centre has fundamental importance for the realisation of the reference frame and
surface motion estimates from geodetic techniques such as GNSS. Using a coloured
noise stochastic model is a novel method to describe the uncertainty of the centre
of mass of the ITRF. Vertical land motion estimates from GNSS are sensitive to un-
certainty in the reference frame which impacts any application of derived quantities
of interest. This Chapter demonstrates the importance of accounting for coloured
noise and non-linear motion of the centre of mass of the Earth when realising the
reference frame to ensure that reliable and robust estimates of motion can be in-
ferred from GNSS position and velocities. This Chapter highlights that there is an
opportunity for the global community to consider an alternative stochastic model
for the realisation of the origin of the International Terrestrial Reference Frame to
improve the accuracy and reliability. With an improved understanding of noise and
the influence of the chosen stochastic model, this thesis will now focus on the noise
present in derived GPS coordinate time series.
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Chapter 3

Present-day vertical land motion of
Australia from GPS observations
and geophysical models

Summary

The secular rate of Australia’s vertical surface deformation due to past ice-ocean
loading changes is not consistent with present vertical velocities observed by a pre-
viously sparse network of Global Positioning System (GPS) sites. Current under-
standing of the Earth’s rheology suggests that the expected vertical motion of the
crust should be close to zero given that Australia is located in the far-field of past
ice sheet loading. Recent GPS measurements suggest that the vertical motion of the
Australian continent at permanent sites is between 0 and -2 mm/yr. Here we inves-
tigate if vertical deformation due to previous ice sheet loading can be recovered in
the time series of Australian GPS sites through enlarging the number of sites com-
pared to previous studies from 20 to more than 100 and through the application
of improved data filtering. We apply forward geophysical models of elastic surface
displacement induced by atmospheric, hydrologic, non-tidal ocean, and ice loading
and use Independent Component Analysis as a spatiotemporal filter that includes
multivariate regression to consider temporally correlated noise in GPS. Using this
approach, the common mode error is identified, and subsequent multivariate re-
gression leads to an average reduction in trend uncertainty of 35%. The average
vertical subsidence of the Australian continent is substantially different to vertical
motion predicted by glacial isostatic adjustment and surface mass transport models.

This chapter has been published as: Riddell, A. R., King, M. A. & Watson, C. S. 2020. Present-
Day Vertical Land Motion of Australia From GPS Observations and Geophysical Models. Journal of
Geophysical Research: Solid Earth, 125. Minor changes have been made to the original published
article for consistency in this thesis. This includes general terminology and grammar.
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3.1 Introduction

Accurate knowledge of vertical land motion is key to understanding sea level change
and variability in both regional and global contexts (Woppelmann and Marcos,
2016). To be able to determine regional and global patterns of absolute sea level
change, corrections for vertical land motion need to be made to relative sea level
estimates from tide gauges (Bouin and Woppelmann, 2010; King et al., 2012; Pfeffer
and Allemand, 2016; Woppelmann and Marcos, 2016). Vertical land motion origi-
nates from both geophysical and anthropogenic sources and is an important factor
to consider when inferring global changes from local observations (Dangendorf et
al., 2017; Frederikse et al., 2018), and for predicting future sea level changes (Kopp et
al., 2014). In the current Intergovernmental Panel for Climate Change (IPCC) Fifth
Assessment Report (AR5) (Church et al., 2013), only vertical land motion due to
Glacial Isostatic Adjustment (GIA), the solid Earth’s response to ice-ocean loading
changes (Mitrovica and Milne, 2002; Tamisiea and Mitrovica, 2011), is accounted for
in the regional and coastal mean sea level rise projections. Neglecting non-GIA re-
lated sources of vertical land motion is likely to bias interpretation of projections in
some areas (Dangendorf et al., 2017; Han et al., 2015).

The main geophysical process driving spatially coherent vertical velocities above 0.1
mm/yr globally is GIA. Current geodetic estimates of Australian vertical land mo-
tion do not agree with the motion predicted by earlier models of GIA, such as ICE-5G
(VM2) (Peltier, 2004), with a discrepancy at the level of a few millimetres per year
(e.g. Ostanciaux et al., 2012). Across Australia, recent model predictions of GIA are
ambiguous as to the sign of vertical land motion (Figure 3.1), although predictions
have values of less than £0.5 mm/yr over the Australian landmass (Table 3.1). The
differences between GIA models are partly due to their process of construction and
theoretical differences in their computation (Whitehouse, 2018).

Whitehouse (2018) provide a comprehensive overview of the response of the solid
Earth to past ice loading, commonly represented by various GIA models. Recent ad-
vances have led to a better understanding of the components of GIA models, such
as the history and construction of ice sheets, the changes to the global ocean and
the rheology of the solid Earth, and there will inevitably be differences between
GIA models. The main difference between ICE-5G and ICE-6G_C is that the newer
model (ICE-6G_C) contains updates in the loading history over Northern America
(Toscano et al., 2011). The ANU computation based on ICE-6G provides alternative
Stokes coefficients that improve the estimated radial uplift rates in Antarctica (Pur-
cell et al., 2016). Recent sparsely distributed Global Positioning System (GPS) mea-
surements suggest that the vertical motion of the Australian continent at a dozen
well distributed permanent sites is between 0 and -1 mm/yr (Altamimi et al., 2016;
Burgette et al., 2013; King et al., 2012; Santamaria-Gémez et al., 2012). Here we in-
vestigate vertical land motion at more than 100 sites across the Australian continent.
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TABLE 3.1: GIA velocity values over the Australian landmass. GIA

model descriptions in 3.2.1.4. Statistics computed from gridded data.

Caron et al., (2018) 0.4° grid, ICE-6G_C 0.2° grid, ICE6G_C_ANU 1°
grid, ICE-5G 1° grid

Caron et al., (2018) ICE-6G_C ICE6G_C_ANU ICE-5G

Minimum (mm/yr) -0.47 -0.49 -0.46 -0.43
Maximum (mm/yr) 0.28 0.08 0.01 0.04
Median (mm/yr) 0.11 -0.11 -0.21 -0.15

The present-day vertical velocity field from GPS demonstrates spatial coherency
across the Australian continent. If the GPS velocities are correct, this suggests the
non-negligible influence of other large-scale geophysical phenomena, for example
far-field deformation due to present-day ice unloading and postseismic deforma-
tion. If the derived quantities of land motion are biased, they will in turn bias GPS-
corrected tide gauge estimates of sea level rise or adversely affect other geophysical
interpretation (e.g. surface mass transport, ice loading, postseismic deformation,
thermal expansion, groundwater and oil pumping). If biases in vertical land motion
estimates are coherent over large spatial scales and sustained over significant time
periods, reference frame accuracy is also likely to be affected. Given that GIA mod-
els and vertical land motion observations are used to correct tide gauge measure-
ments of relative sea level (White et al., 2014), resolving this discrepancy is impor-
tant for both regional and global sea level change studies as well as for improving
our understanding of crustal deformation and dynamics. The reduction of uncer-
tainty achieved here allows a clearer understanding of spatial and temporal solid
earth deformation patterns in Australia.

Systematic error or drift in the GPS reference frame could be an important and wide-
spread source of velocity bias (Argus, 2012; Wu et al., 2011). The Earth’s centre
of mass (geocentre) is not stationary and its secular and seasonal motion is driven
primarily by changes in mass on the Earth’s surface and within the interior of the
Earth’s crust and mantle. GPS station height time series are inherently sensitive to
the stability and accuracy of a global reference frame, especially the variations of
the origin with respect to the Earth’s surface (Serpelloni et al., 2013). The secular
origin of the International Terrestrial Reference Frame (ITRF) approximates the cen-
tre of mass (CM) of the total Earth system, including the fluid envelope. However,
various ITRFs are not perfect realisations of CM even at secular timescales. Argus
(2012) found the uncertainty of the ITRF2008 origin translation parameters to be
+0.4 mm/yr for X and Y and +0.9 mm/yr for the Z component (95% confidence
limit). ITRF2014 shows a modest reduction in uncertainty compared with ITRF2008
where the uncertainty of the X and Y components was found to be £0.3 mm/yr, and
a reduction in the Z component uncertainty to £0.7 mm/yr (95% confidence limit)
(Riddell et al., 2017).
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FIGURE 3.1: Present-day GIA (background continuous field) and GPS
vertical velocities (dots). a) Caron et al. (2018) GIA on a 0.4° grid; b)
ICE-6G_C GIA (VMb5a) on 0.2° grid; c) ICE6G_C_ANU on 1° grid.
Section 3.2.1.4 provides details of the GIA models. GPS velocities are
the same for each panel and computed from our analysis presented
here. Dot size is inversely proportional to velocity uncertainty.
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Velocities from GPS in an ITRF and from forward GIA models are not strictly directly
comparable due to differences in frame origin. Forward GIA models are computed
in the centre of mass of the solid Earth (CE) frame which is not accessible by observa-
tion (Blewitt, 2003). Over seasonal and shorter time scales the ITRF reflects a centre
of figure frame (CF) (Blewitt, 2003; Collilieux et al., 2009; Dong et al., 2003). Jiang
et al. (2013) found that the majority (90%) of root mean square variations between
loading models computed on a grid in CE and CF frames were below 1%. There are
multiple reasons for differences in the uncertainty of the velocity of the centre of the
Earth (i.e. the velocity between CM and CE). These include the implicit sources of
error in Satellite Laser Ranging (SLR), which is the only geodetic technique currently
used to define the Earth’s centre of mass. The SLR Z translation rate uncertainty is
+0.7 mm/yr with a 95% confidence interval (Riddell et al., 2017). By minimising
the differences in geodetic observations of vertical land motion rates from GPS and
radial land motion rate predictions from a post glacial rebound model, the velocity
of CE can be estimated (Argus, 2007; Argus et al., 2010). There is ambiguity as to
the magnitude of the absolute motion of the geocentre. Argus (2012) estimated that
the CE was moving relative to the Z translation component of CM in ITRF2008 at 0.5
mm/yr over the period 1993.0-2009.0, whereas Schumacher et al. (2018) estimate CE
to be moving relative to CM (in ITRF2008) at less than or equal to 0.2 mm/yr in all
three translational components (X, Y, Z) over the period 2005.0-2015.0. We also note
that other estimates based on analysis of Gravity Recovery and Climate Experiment
(GRACE) data over the period January 2003 to August 2016 (Sun et al., 2019), suggest
a slightly higher value of 0.5 mm/yr and that this is an area of ongoing investigation.
A recent study by (Métivier et al., 2020), has obtained a geocentre velocity reaching
0.9 £ 0.5 mm/yr in 2013 with a Z-component of 0.8 £ 0.4 mm/yr from spherical
harmonic coefficients estimated from ITRF2014 Global Navigation Satellite System
(GNSS) velocities, over the period 1994.0-2015.1, which is larger than previous esti-
mates and attributed to accelerations of recent global ice melting as a purely elastic
response. We consider this further below and note that accurately determining small
rates of change from GPS coordinate time series is complicated by reference frame
errors and inconsistencies.

Other geophysical phenomena and measurement noise introduces short-term vari-
ability in the GPS time series which can bias velocity estimates and/or increase ve-
locity uncertainties. Spatially-correlated noise is the largest source of error in a re-
gional network, and this is also commonly referred to as “common mode error” (e.g.
Dong et al., 2006; Liu et al., 2018). To our knowledge, common mode error across
a spatially dense field of Australian GPS sites has not previously been investigated.
Common mode error within a network of GPS stations can be associated with non-
tectonically induced deformation from uncorrected or mis-modelled surface mass
transport, including atmospheric, hydrologic and non-tidal loading; tectonic-related
crustal deformations; reference frame realisation bias and mis-modelled effects of
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FIGURE 3.2: Process flow and chapter structure

polar motion; satellite errors related to clock, orbit and antenna phase centre varia-
tions; and systematic errors caused by software and data processing strategies.

In this Chapter, we seek to identify whether GPS estimates of GIA in Australia are
robust and if using decomposition techniques allows the identification or isolation
of GIA as a common cause of vertical land motion. To do this, we first remove the
short-term variability from GPS time series at Australian sites to avoid biasing trend
estimates computed from the vertical component. We then compare our observed
velocities of vertical land motion to predicted GIA radial rates. By attempting to
obtain present-day velocities reflective of long-term processes, we aim to elucidate
signal with geophysical origin above the inherent noise. In the context of this study,
“noise” refers to those quantities that are not of geophysical origin. The method-
ological advances in this research include the use of multivariate regression with
powerlaw noise; a unified approach to vertical velocity and uncertainty estimation
at Australian sites (including common mode error); and the quantification of the
discrepancy between observed and modelled vertical rates of solid Earth motion.

Figure 3.2 shows the processing flow and structure of this Chapter. Section 3.2
presents the data used for the comparison of the GPS vertical velocities with for-
ward surface mass transport models. The models are then subtracted from the GPS
to remove short-term variability from the time series. Section 3.3 describes the use
of spatiotemporal filtering methods to further filter common mode error. Finally, we
compare the final GPS vertical velocities and GIA followed by a discussion of the
data, models, assumptions and conclusions.
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3.2 GPS data and geophysical models

3.2.1 Data
3.2.1.1 GPS

GPS data from sites in the Australian regional GNSS and AuScope networks (Rud-
dick and Dawson, 1990) listed in Table B.1, were processed as daily precise point
position solutions using GIPSY v6.3 combined with the Jet Propulsion Laboratory
(JPL) clock and orbit products (Bertiger et al., 2010; Zumberge et al., 1997). A more
thorough description of the parameters, constraints and models are detailed in Ap-
pendix B.2. Times of offsets in the resultant time series were identified by consider-
ing site log file entries, supplemented by visual identification (Gazeaux et al., 2013).
The daily non-fiducial position time series were transformed to ITRF2014 (Altamimi
etal., 2016).

Some sites in the Australian network have been operational for more than 22 years,
with time series beginning in 1995, but the majority were installed in the period
2010-2013. To maximise the number of sites with a common data period we only
used data from 2013 onwards, giving a total of 113 sites. This presents a significant
increase in the number of sites used in previous studies, where four sites were used
by King et al. (2012) to investigate vertical land motion at tide gauge stations; 12
sites were used in Burgette et al. (2013), with a focus on GPS sites near Australian
tide gauges; 13 sites were used by Santamaria-Gémez et al. (2012), again with a focus
on GPS sites located near the coast; and 36 Australian sites were used in Altamimi
et al. (2016) for the realisation of ITRF2014.

The data used in this analysis spans from 2013.0 to 2019.0 (six years). Data spans of
three years or greater are sufficient to determine a horizontal or vertical velocity with
realistic uncertainty (Blewitt and Lavallée, 2002; Bos et al., 2010). Bos et al. (2010)
took into consideration the effect of coloured noise and found that 4.5 years of daily
GPS data is sufficient to reduce the trend uncertainty to below 1 mm/yr (estimated
with an annual signal). Consequently, a six-year data span is considered sufficient
to determine a robust linear trend and uncertainty in the presence of powerlaw and
white noise where the spectral index (k) is also estimated (that is, not fixed tox = —1
(flicker noise), or k = —2 (random walk noise)). To estimate velocities from the GPS
data we use the maximum likelihood estimator in Hector v1.6 software (Bos et al.,
2013), with a powerlaw plus white noise model, simultaneously estimating annual
and semi-annual signals as well as offsets with times as predetermined.

Before GPS velocities are compared to GIA, the GPS velocities need to be trans-
formed into reference frames with compatible origins (Argus, 2012). To correct GPS
vertical velocities for the CM drift, we use a range of forward models of surface mass
transport as an approximation of CE-CM corrections, including those from GRACE
with elastic loading due to present day ice mass loss, ideally achieving vertical land
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motion values in a secular CF frame. The CF frame can be considered as closely
approximating a CE frame (Dong et al., 1997), and is theoretically realised by an
infinitely dense and uniformly distributed network of station positions (and veloc-
ities) on Earth’s surface. The difference between CM and CE is predominantly due
to present day mass distributions from ice, terrestrial water storage and the atmo-
sphere.

It is important that all geophysical corrections made to GPS data are also consistent
with the geophysical timescale of interest. Changes in the motion of the Earth’s rota-
tion pole will change geodetic vertical velocities (King and Watson, 2014). Conven-
tionally the “pole tide correction” (Petit and Luzum, 2010) only removes deforma-
tion associated with periods of less than a few years. Longer-term deviations in the
data are neglected whereas for comparison to GIA models, for instance, they need
to be referred to a reference polar motion compatible with millennial timescales. We
discuss our treatment of this bias below.

3.2.1.2 Forward mass transport models

We use two alternative combinations of geophysical forward models to remove
the effects of present-day surface loading changes, with the aim to reconcile GPS
observations of vertical land motion and motion predicted by GIA models. The
first combined forward model accounts for atmospheric, hydrologic and non-tidal
ocean loading. The second approach uses surface mass loading determined from the
GRACE mission. We assess both to determine the optimal approach and then adopt
the time series corrected using the preferred approach in subsequent analysis.

Subtracting models of surface deformation due to surface mass transport is com-
monly used to reduce time series variance (evidenced by a reduction in root mean
square (RMS) error) (e.g. Lietal.,, 2017). This technique aims to reduce uncertainty
and improve accuracy but using RMS as an indicator of reduced variance is not
particularly effective at enabling the refinement of secular velocities (Santamaria-
Goémez and Mémin, 2015). With a focus on the vertical component, other studies
have shown that the impact of mass surface transport caused by continental water
(Fritsche et al., 2012), atmospheric pressure (Dach et al., 2011), and non-tidal oceanic
loading (van Dam et al., 2012) can bias geodetic velocity estimates depending on the
time series length. Reduction of the temporal variability is beneficial for isolating
transient signals in the time series and so we use this approach to start our investi-
gation of vertical land motion at Australian GPS sites.

Atmospheric loading displacements were estimated at each site across the Aus-
tralian AuScope network using the International Mass Loading Service (Petrov,
2015) MERRA_2 products (Gelaro et al., 2017). Terrestrial land water storage was
computed using land water storage pressure from the numerical weather model
MERRA2 (Reichle et al., 2017). Non-tidal ocean loading, based on the spherical
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harmonic transformation of the ocean bottom pressure, were computed with the
OMCTO05 model (Dobslaw and Thomas, 2007). The atmospheric, land water storage
and non-tidal ocean loading surface displacements were downloaded from the In-
ternational Mass Loading Service (Petrov, 2015) at http://massloading.net/ using
Stokes coefficients of the harmonic expansion of the contribution of the atmosphere
to the geopotential and Load Love numbers derived on the basis of the Preliminary
Reference Earth Model (PREM, Dziewonski and Anderson, 1981). All surface load-
ing products are downloaded with reference to the centre of solid mass of the Earth
(CF), which is appropriate for comparison with GPS time series in an ITRF that con-
tain non-linear motion (Dong et al., 2003).

3.2.1.3 GRACE determined surface mass loading

As an alternative approach, we considered surface displacements based on GRACE
data. The redistribution of surface mass causing vertical displacement can be well
predicted by the GRACE mission (Davis et al., 2004; Wang et al., 2017). Surface
loading deformations at Australian GPS sites were extracted from monthly GRACE
data and background models where the surface displacement solution is Release-06
from CSR (Center for Space Research at University of Texas, Austin), up to degree
96 using degree-one values from Swenson et al. (2008). The selection of the CSR
solution is arbitrary, with differences between alternative solutions from JPL and the
German Research Centre for Geosciences (GFZ), being small and within the error
bounds of the GRACE solution itself; for further information see Sakumura et al.
(2014). The degree-2,0 values were replaced following Cheng and Ries (2017), and
spatial filtering following Kusche (2007) (the DDK7 model) was applied. A GIA
model is not applied in the CSR spherical harmonic solution.

The surface loading contributions were split up into components from glaciers and
ice sheets, and a hydrological module, each of which is accompanied by a self-
consistent ocean response to conserve mass at a global scale. The deformations are
provided in the CF frame, and represent the elastic response of PREM to the esti-
mated surface loads. The secular linear trend was estimated over 2002-2016 and
removed from the modelled surface deformation.

3.214 GIA

Three GIA forward models are used for comparison to the GPS vertical veloci-
ties. Rates of radial displacement on a 0.2 x 0.2-degree grid were downloaded
from http://www.atmosp.physics.utoronto.ca/ peltier/data.php (last accessed
7 May 2018) based on the ICE-6G_C ice history model with VM5a Earth model (Ar-
gus et al., 2014; Peltier et al., 2015). The model of Purcell et al. (2016) provides an
alternative realisation of this model using the same ice and Earth models but a dif-
ferent computational framework, with results provided on a 1-degree grid of GIA
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rates that have been modelled with alternative Stokes coefficients, and is hereafter
called ICE6G_C_ANU.

We supplement these two conventional forward GIA models with a more recent
model determined using a Bayesian framework to generate expected GIA estimates
and formal uncertainties globally (Caron et al., 2018). This model is based on
128,000 forward models of varying ice history and 1-D Earth structure constrained
by moraine positions, dating history of the ice sheet collapse, tide gauge relative sea
level measurements and vertical land motion trends derived from GPS. There are
minimal data constraints in Australia. The model output is on a 0.4-degree grid.
The uncertainties from this model over the Australian continent are relatively con-
sistent at ~0.12 mm/yr.

3.2.2 Mass loading comparison

The GPS time series are ‘corrected” with the modelled surface deformation data to
account for inter-annual variability and to obtain a vertical velocity that is not pre-
dominantly induced by terrestrial water storage. Table 3.2 shows the median val-
ues over the Australian AuScope network where the mass transport models have
been removed from the GPS time series. We found that truncating the time series
to the time span 2013.0-2019.0, to maximise the number of sites with co-temporal
data, does not degrade or significantly change the noise characteristics or velocity
estimated from the individual site time series as shown in Appendix Table B.2.

Coloured noise is known to yield quasi-periodic patterns and variations within
time series, interfering with the real periodic terms making the detection of signals
with small amplitude and power difficult to isolate (Amiri-Simkooei, 2007; Amiri-
Simkooei, 2013). Using the maximum likelihood estimator in Hector software, we
assess the geophysical models (i. forward surface mass transport models and ii.
GRACE derived mass transport) against the GPS time series to attenuate the in-
fluence of mass surface loading. The combination of powerlaw and white noise
was chosen as the representative noise model for GPS time series (Bos et al., 2007;
Santamaria-Gémez et al., 2011; Williams, 2003b), based on both the Akaike informa-
tion criterion (AIC) and Bayesian information criterion (BIC) (He et al., 2019).

When the respective surface mass transport loading models are removed from the
GPS series (GPS minus SMT), the median unfiltered GPS trend shows a reduction
of the trend by 0.6 mm/yr (with median uncertainty £0.5 mm/yr) (Table 3.2). Re-
moval of surface mass transport does not substantially change trend uncertainties,
with the exception of when surface displacement from GRACE is removed and the
median uncertainty increases from 0.4 to 0.9 mm/yr (1-sigma). The dominant nega-
tive trends across the network suggest subsidence is the dominant signal even after
consideration of present-day mass loading signals.
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FIGURE 3.3: Power spectral density of unfiltered stacked AuScope

GPS sites (blue), and residual stacked GPS after surface mass trans-
port (SMT) models have been removed (red).

The amplitude of powerlaw and white noise is reduced when mass loading series are
removed from the GPS time series, an example being the median reduction from 8.5
(with median uncertainty 0.2) mm/ yr_"/ 4 t0 7.0 (0.2) mm/ yr_K/ 4, when the com-
bined surface mass transport loading displacement product is removed from the
GPS series. The largest change in spectral index is an increase from a median value
of -0.6 (0.1) for the GPS series to -0.9 (0.1) when the GRACE series are removed from
the GPS time series, representing a colouring of the noise. Itis also interesting to note
that removing the atmospheric loading displacement increases the spectral index to
-0.9 (0.1).

After following the standard approach of removing mass loading from the GPS time
series, we note there is remaining residual signal with some power at annual and
semi-annual frequencies (Figure 3.3). We test an idea that the loading models are
mis-scaled, due to for example, GRACE or forward model resolution issues mean-
ing the mass change is not sufficiently localised. Consequently, as a variation on
the standard removal approach we choose to regress the mass loading time series
against the unfiltered GPS time series within Hector while estimating the other pa-
rameters and noise model as usual. The multivariate regression considers the rela-
tionship between the surface mass transport and the GPS time series in the presence
of noise other than white (as would be the case for simply removing the surface mass
transport series from the GPS time series).

Regression of each of the forward mass loading models against the GPS time series
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results in a larger reduction of the trend uncertainty than simply removing the for-
ward model from the GPS time series (Table 3.2). Regardless of removal (RM) or
regression (REG), the trend does not show a statistically significant change from the
median original GPS series trend from -0.8 mm/yr for the unfiltered GPS time se-
ries to 0.4 mm/yr when the surface mass transport regressed against the GPS series
(noting a median uncertainty of 0.4 mm/yr). The median trend across all approaches
(summarised in Table 3.2) is negative suggesting that even after the consideration of
modelled surface mass transport subsidence is the dominant present-day land mo-
tion across the Australian continent.

The median GIA velocity over the Australian landmass for each respective model
is -0.1 mm/yr for ICE 6G_C, -0.2 mm/yr for ICE6G_C_ANU, and 0.1 mm/yr for
the model from Caron et al. (2018) (Table 3.1). The median GIA velocities over the
Australian landmass are substantially different to the median velocity of the GIA
models calculated at the GPS sites (Table 3.4), but the level of noise remains too
high to identify if GIA is a contributing factor to the distinct pattern of subsidence.
The velocity of vertical motion after the respective surface mass transport forward
models have been regressed against the GPS height series provides an improvement
in the match between GPS and GIA, but the GPS velocities are biased towards the
GIA models. This comparison does not account for differences in reference frame
between GPS and GIA. Significant residual noise remains in the time series which
may mask the geophysical signal of interest (Figure 3.3). To address this potential
affect, in the next section a common mode filtering approach is investigated.

3.3 Residual analysis

Using a spatiotemporal filter, we now assess the residuals remaining after includ-
ing the combined surface mass transport (SMTgrgc from Table 3.2) as a dependent
variable in the regression, with regression parameters estimated in the presence of
powerlaw and white noise. Spatiotemporal filtering is an effective method of as-
sessing the relative error contribution of various geodetic datasets and testing if the
scaling of the variates is appropriate. We seek to identify and reduce residual com-
mon mode error in the Australian AuScope network.

3.3.1 Spatiotemporal filtering

Using the surface mass transport loading deformation at each site within the regres-
sion provides a reduction of the powerlaw and white noise and trend uncertainty but
substantial noise remains in the solution (Figure 3.3). We therefore attempt to fur-
ther reduce the noise through empirical filtering. In this section we investigate spa-
tially correlated common mode error using Principal and Independent Component

Analysis (PCA and ICA) methods for decomposing GPS time series into temporal
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components and their associated spatial responses. PCA methods are well-known
and are described, for instance, in He et al. (2015).

Improving the signal-to-noise ratio of geodetic coordinate time series by separat-
ing and removing the source signals that contribute to the reduction of precision is
an effective way of identifying small or weak deformation signals. Two commonly
used matrix factorisation methods for reducing dimensionality in data are PCA and
ICA (Hyvérinen and Oja, 2000). Component analysis approaches have been used to
identify and remove common mode error in GPS networks for both the spatial and
temporal domains (e.g. Dong et al., 2006; Gruszczynski et al., 2016; He et al., 2015;
Lietal, 2015; Liu et al.,, 2015; Liu et al., 2018; Ming et al., 2017; Serpelloni et al., 2013;
Shen et al., 2014; Zerbini et al., 2013).

By applying spatiotemporal filtering using the PCA and Karhunen-Loeve Expan-
sion algorithms, the primary objective of Dong et al. (2006) was to identify local site
effects within a network of stations. Liu et al. (2015) and Liu et al. (2017) focused
on investigating if ICA could be used to identify signals with geophysical meaning
related to surface mass loading.

For ICA computations, we use the FastICA fixed-point optimisation algorithm
(Hyvaérinen, 1999a) to maximise computational efficiency with the pow3 approach,
where the derivative function § = G’ is termed the non-linearity. Using the classi-
cal kurtosis optimisation approach gives the non-linearity g(#) = u3(pow3). The
implementation of ICA follows the description in Hyvérinen (1999b) and (Comon,
1994):

x = As

Where x is an observed m-dimensional vector, s is an x-dimensional random vector
whose components are mutually independent (the sources), and A is a constant m x
n matrix to be estimated (mixing matrix). The original sources (s) can be recovered
by multiplying the observed signals (x) with the inverse of the mixing matrix (W =

A1), also known as the un-mixing matrix.

The separation of independent components from multidimensional data is the ob-
jective of ICA, but a well-known issue is that because both the separation matrix
and independent components are estimated simultaneously, neither the amplitudes
nor the ordering of the components can be established. Hendrikse and Spreeuwers
(2007) consider ordering the components based on the power of each component as a
contribution to the independent components. Strong sources are those that provide a
larger contribution, and weaker sources are those that present a smaller contribution
to the overall signal. Selection of the components with the highest power mimics the
ordering of eigenvectors in PCA, which provides the best selection of independent
components in the realm of least squares. We apply this pseudo-ordering of ICA
components to identify the largest contributors. Gaps in the time series of individual



3.3. Residual analysis 47

sites were initially infilled with a spatial mean, and then updated with reconstructed
series from the six leading PCA modes.

Each GPS position component (north, east, up) is assessed individually considering
that spatial cross correlations between components are not likely to be significant
(Amiri-Simkooei, 2013). Cross correlations between the position components of the
Australian AuScope GPS network were confirmed as insignificant and only the re-
sults of the vertical time series are presented here.

3.3.2 Results

We find that the leading six modes of PCA are representative of the common mode
error in the GPS time series noting the common spatial pattern and proportion of
variance explained. For ICA the appropriate number of principal components used
needs to be resolved. Here, the number of principal components used in ICA was de-
termined using a trial and error approach (Barnie and Oppenheimer, 2015). Careful
consideration needs to be given using this approach as too many principal compo-
nents retained can result in overfitting sources as isolated spikes, and too few can
result in discarding useful information (Hyvérinen et al., 1999).

The temporal and spatial representations of the leading modes are shown in Figure
3.4 following principal and independent component analysis of the AuScope GPS
vertical time series. We normalise each time series to allow the comparison of PCA
and ICA time series. Each spatial response is normalised by the maximum absolute
value to enable comparison and are scaled to lie between -100% and +100%.

For large networks, common mode error is generally represented by smooth transi-
tional patterning of the spatial response (Serpelloni et al., 2013). The common sign of
the spatial eigenvector in Figure 3.4 provides a strong indication that the modes from
each analysis demonstrate a coherent and common spatial pattern that can be inter-
preted as a signal above the noise floor. The temporal series of the leading principal
component (PC1) and the first independent component (IC1) show a quasi-periodic
signal with similar amplitude that is prevalent in the series even after removing
modelled deformation due to atmospheric, land water storage and non-tidal ocean
surface mass transport. This suggests short term quasi-periodic signals remain in
the GPS height series are spatially coherent over length scales more than 4000 km;
whether these are due to surface loading model deficiencies or other affects requires
further investigation.

We removed the leading modes from the GPS time series and examined its effect on
temporal and spatial variability. We found that this approach did not substantially
improve the time series and note that this approach of simply subtracting common
modes from time series neglects the temporal correlation of noise and uncertainty

propagation. To improve on this, we took the approach of regressing the principal
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FIGURE 3.4: Temporal and spatial response of the leading modes
from a) PCA and b) ICA, where for both the loading due to surface
mass transport (atmosphere, land water storage, non-tidal ocean) at
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modes against the original GPS time series while also co-estimating other parame-
ters and noise models as above.

The leading modes from both PCA and ICA were detrended then regressed individ-
ually and collectively (PC1-2, PC1-3, PC1-4 etc.) to assess the change in noise char-
acteristics and to determine which component analysis method is more effective at
reducing noise and trend uncertainty. The regression coefficients are generally less
than one with a median value of 0.8 for PCA components and 0.7 for the ICA compo-
nents (Table B.1). The modes can also be used to make downstream determinations

of individual site anomalies and regional deformation patterns.

We compared the estimated noise characteristics for the time series after removing
regressed leading modes, PC1 and IC1, against those for the unfiltered GPS time se-
ries. The results in Table 3.3 show the larger reduction of powerlaw noise amplitude,
spectral index and trend uncertainty for the PC1 regression, where the powerlaw
noise amplitude of the unfiltered GPS series are changed from 8.5 (0.2) mm/ yr*"/ 4
to 8.7 (0.2) mm/ yr*"/ 4 and 7.8 (0.2) mm/ yr*"/ 4 after the leading modes from ICA
and PCA have been removed and regressed respectively. As more of the leading
modes are included in the regression, (e.g. top 4 components, 1:4), the difference in
powerlaw noise amplitude and trend between PCA and ICA is reduced from a 10%

difference to a 5% difference.

A general concern with PCA is the orthogonality constraint imposed by the statis-
tical definition of the method. By defining that the primary and secondary axes of
the maximum variation must be orthogonal, a constraint is placed on analysis that
can result in over, or under, interpretation of real spatial and temporal variability.
We address this by providing results from ICA as a comparison and noting that
they are similar. The combination of the top 4 independent components (Table 3.3)
demonstrated a larger relative reduction of powerlaw amplitude, reducing the me-

dian powerlaw and white noise from 8.7 (0.2) mm /yr—*/4

of the first independent
component to 7.2 (0.2) mm/yr—*/# for the leading four independent components

combined.

The regression coefficient from the multivariate regression analysis demonstrates a
similar scaled magnitude and spatial pattern as the spatial eigenvectors from each
PCA and ICA analysis, providing confidence in the regression technique. A check
of the independent component ordering also showed that the regression of the first
independent component against the individual GPS time series showed the largest
reduction in powerlaw noise amplitude, the smallest trend uncertainty, and the low-
est spectral index when compared to the other independent components, providing
validation that the pseudo-ordering of the independent components is reasonable.

The median value of the GPS vertical velocities with the common mode error re-
moved (the top 4 modes from ICA) is -0.5 mm/yr with a median uncertainty of

0.4 mm/yr compared with the same statistic computed from the unfiltered velocity
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field of -0.8 (0.4) mm/yr (Table 3.3). Independent and principal component analysis
provided similar velocities when the residual time series were regressed against the
original GPS time series over the period 2013.0-2019.0 and so we compare only the
GPS velocities computed after removal of regressed ICA to GIA. By reducing com-
mon mode error in GPS time series, we can better isolate the remaining signal with
the assumption that this represents underlying vertical land motion and compare
the velocities with those predicted from GIA models.

3.3.2.1 GIA velocity comparison

The median uplift velocities from the three GIA models are shown in Table 3.4, after
interpolation of the GIA grids to the GPS site locations. The GPS and GIA models all
agree within one-sigma, but this assumes that the uncertainties are robust. In fact,
the median residual trend after filtering remains as subsidence within the network.
The mean trend of GIA radial displacement from the ICE6G_C model, interpolated
at each of the GPS sites is -0.12 mm/yr (uncertainty is not provided). The remaining
signal cannot clearly be attributed to GIA and could be the product of other large-
scale geophysical phenomena, reference frame error or systematic error within the

GPS series (such as effects related to aliasing at draconitic periods).

To mitigate the effects of reference frame errors, a re-comparison of the GPS and
model outputs is completed by considering the spatial covariance of the estimated
trends. The empirical semi-variogram for the GPS shown in Appendix B, Figure
B.1a suggests the correlation length for GPS to be around 500 km, while this is larger
than 2000 km for the GIA models (Figure B.1b and Figure B.2).

3.4 Discussion

The contribution of GIA to vertical land motion velocities in Australia is expected
to be relatively small considering that Australia lies in the far-field of the past ma-
jor ice sheets (i.e. North America, Northern Europe, Greenland). However, as the
different contributions of surface mass loading’s improve, the discrepancy between
GPS and GIA velocities is worthy of investigation noting the importance of both in
sea level studies. GIA models are commonly used as a correction in both altimetry
and tide gauge studies (Tamisiea, 2011), and so the validity of the modelled defor-
mation is paramount for reliable sea level estimates. In Australia, previous studies
have noted that GIA is close to zero, whereas the GPS observations show a general
rate of subsidence that is currently unexplained.

We have demonstrated that the noise level in residual time series from Australian
GPS sites, combined with reference frame uncertainty remains too high to con-
fidently separate competing GIA models even after cleaning and filtering. Mis-
matches between the decomposed and filtered GPS observations and GIA models
could result from other sources of uncertainty in GPS such as draconitic aliasing
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TABLE 3.4: Median trend of GIA models interpolated at the GPS sites,

and regressed leading modes from PCA and ICA. The trend uncer-

tainty for the GIA model from Caron et al. (2018) is presented as a for-

mal uncertainty assuming no covariance using inverse proportional

weighting. Uncertainty values for ICE6G_C and ICE6G_C_ANU are
not available.

ICE6G_C ICE6G_C_ANU Caron et al., (2018)
Trend (mm/yr) -0.12 -0.20 0.03 (0.12)

with seasonal signals (Amiri-Simkooei, 2013; Bogusz and Klos, 2015; Ray et al.,
2007); other unconsidered geophysical processes, such as thermal bedrock expan-
sion (Wang et al., 2018; Yan et al., 2009); site-specific effects such as multipath or
antenna phase centre corrections (King and Watson, 2010) and reference frame align-
ment (Argus, 2012; Riddell et al., 2017; Santamaria-Gémez et al., 2017).

Due to the shortness of the time series we are not able to separate the solar sea-
sonal and draconitic signals in a harmonic analysis. We expect that the contribution
from draconitic signals would be small. Using an extended set of global sites, yet
a comparable GPS analysis strategy to our approach, Amiri-Simkooei et al. (2017)
find that the mean amplitude of the first eight draconitic signals have an amplitude
of less than 1 mm for the horizontal components and 2 mm for the vertical compo-
nent. Coloured noise is known alias with periodic patterns and variations (Amiri-
Simkooei, 2007; Amiri-Simkooei, 2013), mixing with the real periodic terms in time
series, making the detection of signals with small amplitude and power difficult to
isolate.

We note that there is a limitation associated with the length of the time series that
is related to the installation date of when the majority of the Australian sites were
installed. Unfortunately, while there are a small number of sites that have operated
for an extended period (eight sites since the mid-1990s), the majority (more than
80%) of the sites were installed after 2012. Klos et al. (2017), demonstrated using a
global network of 174 GPS sites processed with GIPSY that 13 years of data was able
to attain a trend uncertainty of less than 0.1 mm/yr for the horizontal components
and less than 0.15 mm/yr for the vertical components (simultaneously estimating
time-variable seasonal signals). Assuming the noise model is time constant and rep-
resentative, using a simulation of temporally correlated noise in GPS time series

—x/4

with amplitudes ranging from 1 to 25 mm/yr we find it would take >10 years

for the trend uncertainty to reach ~0.1 mm/yr at an individual site. Using the me-

dian noise amplitude from our data of 8.5 mm/yr—*/4

, we find approximately 15
years is required to reach +0.1 mm/yr. Initial investigations were performed with
less sites over longer periods of time, but the spatial resolution of the principal and
independent components (common mode error) was compromised by the reduced
number of sites and length of separation between the available sites. Here we aim to

maximise the number of sites while still robustly estimating the trend uncertainty,
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and so use the sites with time series available from 2013.0-2019.0.

GPS reference frame bias will likely contribute to the mismatch of median values be-
tween the GPS and GIA models since ITRF does not necessarily accurately represent
CM. Past ice loss and present-day ice mass loss are not likely to provide a significant
difference in the CE and CM (Argus, 2012), with the assumption that plate interiors
are not drifting with respect to CE. However, a drift can exist between the reference
frame origin and the true Earth centre of mass which manifests as a bias between
measured and modelled vertical velocities (van der Wal et al., 2015). The reference
frame uncertainty over Australia is likely larger than the GPS uncertainties, where
Argus (2012) estimated the CE velocity from GPS vertical observations to be +0.4
mm/yr for the X and Y components, and +0.8 mm/yr at the upper bound for the Z
component for ITRF2008. By comparing estimates from very long baseline interfer-
ometry and satellite laser ranging, Wu et al. (2011) found that the uncertainty of the
scale drift of ITRF2008 was +0.16 mm/yr, which may also contribute to the observed
differences between GPS and GIA. Using the results from Riddell et al. (2017), we
calculate the expression of ITRF2014 geocentre drift in the vertical direction at Alice
Springs (central Australia) to be ~0.5 mm/yr.

GIA models are computed in a CE system, whereas GPS (referenced to an ITRF) is
representative of CM at temporal scales longer than a few seasonal cycles. Although
the differences between the reference frames are considered to be small, they may
contribute to the discrepancy between GPS trends and GIA velocities. Postglacial re-
bound models have an implicit assumption that the plate interiors are moving verti-
cally relative to the CE (Argus, 2012). Due to the small ongoing differences in ocean
water distribution due to GIA, the difference between GIA predictions in CM and
CE is minimal (Argus, 2007; Klemann and Martinec, 2011). Station velocities from
GPS are reference frame dependent being affected by both rotation and translation
parameters. Uncertainty in the reference frame origin translation parameters will
likely contribute to GPS error, and are larger than the bias associated with different
CE and CM frames.

Variations in surface mass transport loading due to hydrologic forcing and terrestrial
water storage is not well modelled primarily due to the absence of a global monitor-
ing network and a lack of understanding of the temporal and spatial unpredictability
(Lettenmaier and Famiglietti, 2006). Terrestrial water storage load is known to de-
form the Earth’s surface and influence the annual signal of GPS time series, particu-
larly the vertical component. Although GRACE is able to provide a global picture of
mass redistribution, it is not able to recover variations in the total mass of terrestrial
water storage (degree-0 coefficients) (Meyrath et al., 2017). Hydrologic models are
also limited by the omission of polar ice sheet contributions and poor representation
of groundwater storage. Groundwater has not been considered here despite know-
ing that extraction and recharge signals can significantly contribute to vertical land
motion signals, for example in the Perth basin (Featherstone et al., 2015).
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Inter-annual variability of the terrestrial water storage deformation signal in Aus-
tralia is largely related to the El-Nifio Southern Oscillation (ENSO) and the Indian
Ocean Dipole (Forootan et al., 2012; Garcia-Garcia et al., 2011). This signal was
observed as a spatial pattern in the second principal component and independent
component (Figure B.3), where the spatial eigenvectors of sites towards northern
Australia focused around the Gulf of Carpentaria are flipped in sign, compared to
other sites. Forootan et al. (2012) were able to demonstrate that climate teleconnec-
tions, such as the El Nifio-Southern Oscillation, and independent components of
GRACE in northern Australia were significantly correlated. In Australia, the appar-
ent vertical land motion due to Neogene tilting as a N-down, SSW up differential
reflects contributions from both dynamic topography and the geoid evidenced by
paleo-shorelines (Sandiford, 2007).

Each of the GIA models will also contain levels of uncertainty due to discrepancies
in approach and assumptions made during computation. Uncertainties from the
definition of the spatial and temporal variations in the ice load and uncertainties
in the viscoelastic rheology of the solid earth will propagate into the GIA modelled
radial rate (Martin-Espafiol et al., 2016). Unlike the Caron et al. (2018) model, the
ICE-6G_C (VMb5a) and ICE6G_C_ANU forward GIA models are not provided with
uncertainty estimates which makes it difficult to determine if the radial velocities
in Australia are considered statistically significant from that model. Assumptions
made about the viscosity of the mantle will propagate as differences between the
respective GIA models and each models’ respective difference from the median GPS
velocity. Uncertainties for GIA models are difficult to compute given the unknown
unknowns and while Caron et al. (2018) are able to provide uncertainty estimates, it
is unclear whether these are realistic and representative of the fit between GPS data
and the GIA model in regions such as Australia where minimal GPS data is used to
constrain the model.

Using a median value as the primary metric of comparison between rates of land
motion presents some limitations over an irregularly distributed and sparse net-
work. This assumes that there is minimal spatial autocorrelation which we know
is not the case over the Australian continent but is sufficient here as we are conduct-
ing a first order comparison. A more complex comparison accounting for spatial

autocorrelation is planned for future research.

The improved techniques (multivariate regression to account for variation and trend
estimation in the presence of coloured noise) yield improved geophysical interpreta-
tion given a reduction in uncertainty in long term rates of vertical land motion. Our
work provides an improved quantification of these land motions, highlighting that
the observed land motion cannot be explained by GIA or other elastic modelling
over shorter time scales — we contend this is an important incremental advance in
understanding land motion in Australia, yet also provides insight in the techniques
also applicable elsewhere.
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Improved trend estimates of vertical land motion directly improves our understand-
ing and interpretation of the velocity field dynamics in Australia. We were able to
achieve a reduction of the variability in the Australia GPS series providing a refined
estimate of trend and uncertainty following spatiotemporal filtering. A comparison
of the traditional practice of removing the common mode error with the novel ap-
proach taken in this Chapter by regressing the common mode error demonstrates
that including the leading modes in the regression analysis as dependent variables
further reduces the noise. Providing realistic uncertainty estimates of height changes
is paramount for downstream geophysical interpretation and allows an improve-

ment of the signal-to-noise ratio to isolate small deformation signals.

The installation date and location of the Australian AuScope sites has an influence
on the application of spatial filtering methods. The AuScope GNSS network was
designed and installed with the intent of 200 km nominal spacing between stations
(Johnston et al., 2008). This has been achieved in some areas, but there remain large
portions of the continent where there is noticeably sparse coverage (i.e. Western
Australia). Amiri-Simkooei (2013) demonstrated that spatial correlations of indi-
vidual components (north, east, up) between stations are significant over angular
distances of 30° (~3000 km) and that maximum spatial correlations are found be-
tween the nearest sites, suggesting that noise in GPS time series has a physical basis.
Gruszczynski et al. (2016) looked for common spatial response of 87 GPS sites in
central Europe using PCA where maximum site separation was less than 1900 km.
The maximum distance between any two sites in the AuScope network is < 1000
km [WLAL to WARA is approximately 995 km]. There is presently a trade-off be-
tween using longer time series to improve the signal-to-noise ratio of the vertical
time series and the spatial density of sites given the number available.

Considering that GPS is a point source measurement and only representative of the
change at a single location, it would be relevant to investigate the use of other space
geodetic techniques in the future that are capable of continental-wide motion, such
as Interferometric Synthetic Aperture Radar (InSAR).

3.5 Conclusions

This Chapter investigates the present-day velocity and spatial variability of GPS-
derived vertical land motion across Australia and finds distinct patterns that can
be only partially explained by GIA. These are compared with models of GIA in an
attempt to separate competing GIA models which show either subsidence or uplift
across Australia. Time series of 113 Australian GPS sites are analysed to quantify
the residual noise magnitude after removing geophysical models of surface mass
transport from atmospheric, water and non-tidal ocean influences, as well as mass
loss from past ice sheets and glaciers. Previous studies of Australian vertical land
motion have relied on less than 20 GPS sites.
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By using multivariate regression of surface mass transport in the presence of pow-
erlaw noise, we reduce the temporal variability of the GPS series and then test the
impact of regressing the leading ICA mode against the residuals from the GPS anal-
ysis. Simply removing the leading mode from the time series and then comparing
the noise properties of the resulting time series does not consider the aliasing of
coloured noise with periodic patterns. In our analysis, once the common mode error
has been identified the leading modes are regressed against the original GPS time se-
ries. Spatiotemporal filtering provides a methodology for reducing correlated errors
between stations within a regional network allowing for the suppression of noise.
This results in better estimates of solid earth deformation in the Australian region
and evidence of common mode error.

The technique of multivariate regression is advanced by the use of coloured noise to
account for variation and trend estimation. We regress the determined component
time series against the GPS time series as a method of detecting change in the noise
properties in the presence of powerlaw and white noise. We then compare the noise
characteristics of the original time series with the multivariate regressed time series
and note a substantial reduction of powerlaw and white noise amplitude from 8.5
(0.2) 1rnrr1/yr_"/4 to 7.0 (0.2) mm/yr"‘/4.

The average vertical subsidence of the Australian continent is substantially different
to vertical motion predicted by postglacial rebound models. This is based on the ev-
idence that the median vertical trend of land motion across the Australian continent
is -0.8 mm/yr with a median uncertainty of 0.4 mm/yr, and first and third quar-
tile values of -1.2 and -0.4 mm respectively. The background rates of motion from
postglacial models across Australia range between -0.20 — 0.03 mm/yr. We note that
it is challenging to have a statistically significant difference given the irregular spa-
tial distribution of sites across the continent, the non-gaussian distribution of rates
and their associated uncertainties, and unknown uncertainty of the ICE 6G/VMba

vertical rate predictions.

We note that uncertainty in the absolute reference frame is likely at the level of 0.5
mm/yr and will likely contribute to the discrepancy between GPS and GIA vertical
velocities. Here we have considered that the reference frame errors would express
in a spatially coherent way across the spatial scale of the Australian continent. Spa-
tiotemporal filtering is an effective method of assessing the relative error contribu-
tion of various geodetic datasets to geophysical interpretation. This leads to a more
rigorous determination of vertical land motion, which is particularly important for
sea level estimation at tide gauge sites along the Australian coastline.

3.6 Thesis Context

By publishing the first vertical land motion estimates using a Precise Point Posi-
tioning approach exploiting the entire Australian AuScope GNSS array, the study
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presented in this chapter advances our understanding of broad scale continental de-
formation across the Australian continent. Understanding uncertainty sources and
applying multivariate regression have allowed more robust position and velocity
estimates leading to a better understanding of surface motion of the Australian con-
tinent. These vertical land motion estimates can then be applied to a range of appli-
cations, such as at tide gauge sites to assist with the determination of absolute sea
level change. GPS site velocities are also fundamental to the realisation of the ITRF
and other national datums, particularly at the geodetic observatories where multiple
observing techniques are co-located. Improved GPS site velocities as produced here
are required to drive improvement in the ITRF in the Australian region. With the aid
of the improved coordinate time series and noise analysis, improved geophysical in-
terpretation is now possible. By the end of this Chapter this thesis described research
that has developed an understanding of the uncertainty in the reference frame, re-
moved much of the local to regional common mode error and explored the secular
velocity of Australia within the context of ITRF2014. This progresses in the next
chapter to explore non-linear large-scale geophysical signals across the Australian
continent.
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Chapter 4

Ongoing postseismic deformation
of the Australian continent from
far-field earthquakes

Summary

We use Global Positioning System (GPS) observations to investigate the magnitude
and spatial distribution of vertical coseismic and postseismic deformation of the
Australian continent and compare these with elastic and viscoelastic model outputs.
We observe and model surface deformation in Australia caused by six recent large
far-field events: 2004 My 8.1 Macquarie Ridge, 2004 My 9.3 Sumatra-Anderman,
2005 My 8.6 in northern Sumatra, the 2007 series of My 8.5 and 7.9 in southern
Sumatra, two events in 2012 of My 8.6 and 8.2 in northern Sumatra, and the 2009
Myw 7.8 south of New Zealand. Observed vertical coseismic deformation reaches 3
mm, with the magnitude varying spatially and by earthquake in broad agreement
with modelling of coseismic deformation. Postseismic deformation is observed in all
three coordinate components at Australian GPS sites nearest to these earthquakes,
with deformations reaching several mm/yr in the vertical over multiple years. In
particular, the Sumatran sequence produces observed subsidence in north-western
Australia of up to 4 mm/yr over 2004.9-2010.0 where predictions based on one-
dimensional viscoelastic Earth models replicate the subsidence but underpredict the
vertical rate by a factor of two. Across all earthquakes, the models often fit one or
two coordinate components of the observations, but rarely all three. Unmodelled
lateral rheological structure likely contributes to this given the difference between
the oceanic location of the earthquakes and the Australian continental setting of the
GPS sites. The magnitude and spatial extent of these coseismic and postseismic de-
formations warrant their consideration in future updates of the geodetic terrestrial

reference frame.
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4.1 Introduction

The conventional theory of plate tectonics suggests that earthquakes in their most
simple form are a result of the interaction between “rigid plates” (Miiller and Se-
ton, 2015). Being located far from active plate boundaries, continental Australia ex-
periences very infrequent large-magnitude seismicity, and hence intraplate crustal
deformation, aside from instantaneous deformation due to large and far-field plate-
boundary earthquakes. However, the complex stress fields at plate boundaries
results in far-field deformations that have been observed across Australia in the
horizontal coordinate component (e.g. Burbidge, 2004; Kennett and Blewett, 2012;
Tregoning et al., 2013). Recent geodetic evidence has shown that plate interiors
globally are deforming horizontally due to near and far-field earthquakes, both
co-seismically and post-seismically, including Australia (e.g. King and Santamaria-
Gomez, 2016; Tregoning et al., 2013)

The Australian continent is located entirely within the Indo-Australian Plate (Figure
4.1), which has been formerly labelled as a “plate of extremes’ (Keep and Schellart,
2012) due to the complex plate boundary interactions. The plate boundary includes
the large converging mountain range on the north-western margin (the Himalayas);
one of the largest convergent subduction zones (Sunda megathrust) located along
the north-eastern boundary (Yong et al., 2017); and the inclusion of one of the fastest
subduction zones on Earth (the Tonga-Kermadec-Hikurangi zone) along the eastern
boundary (Bevis et al., 1995). The variety of plate boundary interactions provides
various mechanisms for significant numbers of earthquakes, some with very large

magnitudes.

Geodetic studies have shown non-negligible horizontal coseismic and postseismic
deformation of Australia (Tregoning et al., 2013) but these have not yet been ex-
tended to consider the vertical component of coseismic and postseismic deforma-
tion. The theoretical potential for cumulative horizontal coseismic deformation in
Australia was highlighted by Métivier et al. (2014) to be ~1 cm over the period
1991.0-2011.0, but there are no observational studies that have focused on vertical co-
seismic deformation in Australia. As a result of mega-earthquakes, Trubienko et al.
(2014) showed that the accumulated postseismic deformation values in the far-field
(500-1500 km) of the Sumatra 2004, Chile 2010 and Japan 2011 earthquakes could
be as large as the coseismic offsets after 3-4 years of deformation with a tendency

towards subsidence, but did not investigate sites in Australia.

The deformation of the Earth’s crust and mantle after an earthquake is a function
of the earthquake magnitude, the rheological structure of the solid Earth, and the

This chapter has been submitted to Geophysical Journal International, June 2020. Minor changes
have been made to the article, as submitted, for consistency in this thesis.
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FIGURE 4.1: Indo-Australian tectonic plate setting including the focal

mechanisms of the earthquakes investigated in this study (the two

digits in the EQ label reflect the year of occurrence), Australian GPS

sites are shown as blue squares. Plate boundaries are in red (Bird,
2003).

geometry and mechanism of the fault failure (strike direction, dip, rake, length, lo-
cation). Geodetic point positioning systems, such as GPS, can provide time series of
site locations suitable to monitor crustal dynamics in space and time (Bock and Mel-
gar, 2016). Combined with geodetic observations, viscoelastic modelling of postseis-
mic deformation provided insights into the rheological structure of the mantle and
asthenosphere. Tregoning et al. (2013) assessed the global horizontal deformation
field of 15 great earthquakes (My > 8.0) over the period 2000.0-2011.0 and the post-
seismic deformation observed in a subset of Australian GPS time series, but only
presented results for the horizontal coordinate components. Watson et al. (2010)
studied the vertical deformation of the 2004 Macquarie Island event at the MAC1
site, showing substantial vertical deformation at this near-field site, but did not con-
sider vertical deformation at other locations further north.

Postseismic surface deformation changes the surface trajectory of a site relative to
its pre-earthquake velocity, which if un-modelled in the GPS time series can bias
geophysical interpretation that otherwise assumes secular motions (Altamimi et al.,
2016; Hearn, 2003). In the realisation of geodetic reference frames, like the Interna-
tional Terrestrial Reference Frame (ITRF), the GPS time series are considered rep-

resentative of observed surface motion and reflecting that motion in models can
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be challenging given often poorly constrained fault parameters (Hearn et al., 2013).
Poorly constrained fault parameters are sometimes caused by the complexity of the
fault geometry or the remote location (and limited observation) of the earthquake
event. Here we define transient motion as a residual signal which is non-periodic
and non-secular (e.g. Bedford and Bevis, 2018; Walwer et al., 2016). Un-modelled
deformations affect the accuracy of the terrestrial reference frame, which is con-
structed from Very Long Baseline Interferometry (VLBI), Satellite Laser Ranging
(SLR), Global Navigation Satellite Systems (GNSS) and Doppler Orbitography and
Radiopositioning Integrated by Satellite (DORIS) observations. Vertical postseismic
deformations, if identified, would need to be considered to meet the Global Geodetic
Observing System requirements of an accurate and reliable reference frame at the 1-
millimetre level with the desired goal of stability of 0.1 millimetres per year (Blewitt,
2015; Gross et al., 2009).

Globally, the dominant driver of vertical land motion over centuries to millennia is
glacial isostatic adjustment (GIA). Predictions of GIA-induced vertical land motion
from different GIA models show discrepancies at the level of up to a few millimetres
per year globally (e.g. Ostanciaux et al., 2012), but the magnitude of the signal across
the Australian landmass is in the range of 0.5 mm/yr (Riddell et al., 2020). In con-
trast, current GPS observations, spanning 15 years at a dozen permanently operating
sites in Australia suggest that the continent is subsiding at the rate of ~1.0 mm/yr
(Altamimi et al., 2016; Burgette et al., 2013; King et al., 2012; Santamaria-Gémez et
al., 2012; Schumacher et al., 2018). Pfeffer et al. (2017) compared land motion mea-
sured as a difference between altimetry and tide gauge observations with predicted
land motion from surface mass loading and present day ice-mass changes show-
ing significant disagreement at the level of 1-2 mm/yr, again suggesting increased
subsidence around the Australian coastline from observations compared to models.
Pfeffer et al. (2017) attributed the difference between observed and predicted rates of
land motion to be linked to an assumption of continental tilt and dynamic topogra-
phy (e.g. Heine et al., 2010; Sandiford, 2007), which supports their finding of greater
uplift rates in southeast Australia. These differences between geodetic measure-
ments and GIA models have, thus far, not been clearly attributed to a geophysical
origin or systematic error (Riddell et al., 2020), but broad-wavelength deformation,
such as far-field postseismic motion could be a contributor.

In this chapter, we investigate non-linear deformation induced by a selection of re-
cent and historic earthquakes, taking into consideration far-field effects from large
plate boundary earthquake events in the Australian region. Our focus is on the thus-
unexplored vertical component but we also consider the horizontal components of
deformation. In this Chapter we consider a representative selection of recent large
earthquakes in various locations in the Australian region (northwest and southeast
of Australia). Time series from GNSS sites in the Australian AuScope network over
the period 2000.0-2019.0 are used (Figure 4.1, see also Table C.1). We further extend
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the study backward in time to consider the effects of large earthquakes pre-GPS on
present-day deformation, based on two events south of New Zealand.

4.2 Recent earthquakes and observed deformation in the
Australian region

To address the question of deformation of the Australian continent from far-field
events we select seven representative events, detailed in Table 4.1 and their locations
shown in Figure 4.1. We do not attempt to consider all events that have occurred in
the geodetic period, rather we consider some of the most significant plate boundary
earthquakes over the time period 2004.0 — 2013.0. This time period allows us enough
data span and spatial density of GPS observations before and after each earthquake
to define changes in surface velocity associated with each earthquake. In the follow-
ing sections, we briefly detail each earthquake.

TABLE 4.1: Details and references for earthquake parameters

Earthquake Name Latitude Longitude Date Magnitude  Source of earthquake

Mw) fault slip information
Puysegur Trench,  prog  yos70g 16573°E 12 0ct 1979 7.4 (Anderson et al., 1993)
New Zealand
Macquarie Ridge MI04 49.84°S  161.38°E 23 Dec 2004 8.1 (Watson et al., 2010)
Sumatra-Anderman SU04  3.29°N 95.98°E 26 Dec 2004 9.3 (Banerjee et al., 2007)
Northern Sumatra SU05 2.08°N  99.11°E 28 Mar 2005 8.6 (Banerjee et al., 2007)
Southern Sumatra SU07  4.44°S 101.37°E 12 Sep 2007 8.5,7.9 (Konca et al., 2008)
Puysegur Trench, o o
NZ (Dusky Sound) PT09 45.76°S  166.56°E 15 Jul 2009 7.8 (Beavan et al., 2010b)

(

Northern Sumatra SU12  2.31°N 93.06°E 11 Apr 2012 8.6,8.2 Duputel et al., 2012; Yue et al., 2012)

4.21 Puysegur Trench 1979 & 2009 (PT79, PT09)

The My 7.8 2009 event occurred off the west coast of the South Island of New
Zealand (Figure 4.1) on 15 July at a depth of 12 km. The earthquake occurred along
the boundary of the Indo-Australian and Pacific plates and was the result of shal-
low thrust faulting. Faulting along this margin is accommodated by oblique con-
vergence at the Puysegur Trench as the Indo-Australian Plate subducts beneath the
Pacific plate (Beavan et al., 2010b; Hayes et al., 2009; Hayes et al., 2017). Estimates
of fault depth, orientation and location suggested that the slip occurred on the sub-
duction thrust interface between the Indo-Australian and Pacific plates (Hayes et al.,
2017). Maximum slip estimates are 5-6 m over a subduction interface patch of 80 by
50 km (Beavan et al., 2010b).

On 12 October 1979 a My 7.4 event (Webb and Lowry, 1982) occurred in a simi-
lar location under similar subduction circumstances to the 2009 event (Figure 4.1),
showing active subduction on an east-dipping thrust with a reverse faulting mech-
anism (Anderson et al., 1993). Approximately 110 km separates the surface location
of the 2009 and 1979 epicentres. The 1979 event predates the commencement of
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the continuous GPS record in Australia (in 1995) by approximately 17 years and the
VLBI record by three years.

4.2.2 Macquarie Ridge 2004 (MI104)

On 23 December 2004, a My 8.1 earthquake occurred within the Indo-Australian
Plate on the Macquarie Ridge (Figure 4.1). This event was the result of a rupture
along a shallow left-lateral south-southeast strike-slip fault with approximate di-
mensions of 140 km x 20 km (length x width) (Hayes et al., 2017). Watson et al. (2010)
provide a set of fault parameters derived using coseismic estimates from GPS and
seismic locations. These were then refined by Tregoning et al. (2013) using an up-
dated slip inversion and then further refined by King and Santamaria-Gémez (2016).

4.2.3 Sumatra-Anderman 2004 (SU04)

Three days after the M104 event, on 26 December 2004, one of the largest earthquakes
on record (My 9.3) occurred along the intersection of the India plate and the Burma
microplate, rupturing along a zone 1300 km in length. The event was as a result of
thrust faulting (Hayes et al., 2017). Fault rupture parameters are used from Banerjee
et al. (2007) in a multi-block rupture model.

4.2.4 Northern Sumatra 2005 (SUO05)

On 28 March 2005, a My 8.6 earthquake occurred 160 km to the south of the SU04
epicentre (Figure 4.1) as a result of thrust faulting along the interface of the Aus-
tralian and Sunda plates (Hayes et al., 2017). The event had a maximum slip of ~12
m along a 360 km by 200 km (Ilength x width) fault patch (Banerjee et al., 2007). This
earthquake is likely to have been the result of stress changes following the SU04
event (Hayes et al., 2017).

4.2.5 Southern Sumatra 2007 (SUQ7)

The My 8.5 event on 12 September 2007 occurred along the offshore plate boundary
of the Australian and Sunda plates as a result of shallow thrust faulting (Hayes et
al., 2017). Twelve hours later a My 7.9 event followed in the same area with similar
mechanism. Maximum slip of ~8 m was modelled on a fault patch of 250 km by
170 km (length x width) (Konca et al., 2008) for the combined event. These events
occurred further south east along the Australian and Sunda plate boundary, closer
to the Australian mainland compared to the other Sumatran events considered in
Figure 4.1 and are considered in a combined fault model.

4.2.6 Northern Sumatra 2012 (SU12)

Two large strike-slip intraplate earthquakes, separated by 200 km, occurred as a se-
quence on 11 April 2012 with moment magnitudes My 8.6 and 8.2 in the oceanic
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lithosphere of the Cocos Basin (Duputel et al., 2012). The location is represented as
a single event (SU12) in Figure 4.1. The initial My 8.6 mainshock represents a com-
plex four-fault structure with large slip (20-30 m) (Yue et al., 2012). Focal mechanism
solutions are consistent in indicating that each of these events could have occurred
as the result of left-lateral slip on a north-northeast striking fault or right-lateral slip
on a west-northwest-striking fault (Hayes et al., 2017), and are considered here as a
combined fault model.

4.2.7 Australian intraplate earthquakes

The seismic cycle and strain rates provide important information regarding the im-
plications for intraplate seismicity and stresses (Trubienko et al., 2013).

The data used to infer neotectonic structures presented in Clark et al. (2014) sug-
gests that the primary cause for ongoing deformation of the Indo-Australian Plate
is an active response to distant plate boundary interactions. With ongoing changes
at the plate margins, the Australian continent will continue to deform at some level
in response to plate boundary forces (Hillis et al., 2008; Sandiford et al., 2004; Tre-
goning et al., 2013), also with series of intraplate events occurring in specified seis-
mic zones (e.g. Dentith and Featherstone, 2003; Revets et al., 2009; Sandiford and
Egholm, 2008). An understanding of the plate boundary events is therefore critical
for interpreting transient present-day surface deformation as observed by GPS. We
now investigate these events using the geodetic record as well as co- and postseis-
mic modelling with a simplistic one-dimensional earth structure to assess ongoing

deformation.

4.3 Data & Methods

4.3.1 GPS time series

Following the methods outlined in Riddell et al. (2020), the GPS data over the pe-
riod 2000.0-2019.0 was sourced from the Geoscience Australia GNSS data archive
(https://gnss.ga.gov.au/), and daily point positions were estimated using GIPSY
v6.3 software with clock and orbit products (repro2) from the Jet Propulsion Labo-
ratory (JPL) (Bertiger et al., 2010; Zumberge et al., 1997). Further details describing
the processing, including outlier and offset detection and removal is described in
Riddell et al. (2020). The daily GPS series were aligned to ITRF2014 (Altamimi et al.,
2016).

Elastic deformations due to atmospheric loading were removed from the time series
using the Modern-Era Retrospective analysis for Research and Applications, Version
2 (MERRAZ2) gridded products (Gelaro et al., 2017), as well as deformations due to

terrestrial land water storage, computed using land water storage pressure from the
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numerical weather model MERRA2 (Reichle et al., 2017), and non-tidal ocean load-
ing from ocean bottom pressure fields of the Max-Planck-Institute for Meteorology
Ocean Model (MPIM; Jungclaus et al., 2013). These estimates of elastic deforma-
tion were downloaded from the International Mass Loading Service (Petrov, 2015)
in the Centre of Figure frame (Blewitt, 2003), which is appropriate for correcting
non-secular changes in coordinate time series in the ITRF (Dong et al., 2003). We
note that the earlier segments of the GPS time series (prior to 2005) are especially
sensitive to receiver changes. Offsets due to equipment and firmware changes are
estimated and removed simultaneously with a linear and seasonal (solar annual and
semi-annual) model. The estimated offset times and magnitudes are provided in the
Supporting Information (Table C.2).

4.3.2 Coseismic modelling

The expected elastic coseismic deformation for each earthquake is computed on a
spherically layered Earth with STATICID (Pollitz, 1996). An Earth model with 69
layers defined by the Preliminary Earth Reference Model (PREM) (Dziewonski and
Anderson, 1981) was used with a maximum spherical harmonic degree of 1500, suf-
ficient to resolve deformation with a spatial scale of approximately 13 km. Regions
radially deeper than 3300 km were considered as an incompressible fluid and the
ocean in PREM was replaced by crust. Fault slip parameters from the references
given in Table 4.1 are used to derive estimates of coseismic slip.

Modelled coseismic slip displacements were compared to coseismic offsets (in 3D)
computed using daily GPS data. The instantaneous coseismic offset magnitude is
calculated using two weeks of GPS data either side of the time of the earthquake,
fitting a linear trend with a Heaviside jump using ordinary least squares. Recog-
nising that white noise dominates over short periods in GPS time series we take
the formal uncertainties to represent the offset uncertainty. We use two weeks of
data to calculate the coseismic offset magnitude as a compromise between biases
caused by postseismic relaxation, daily variability and noise correlation (e.g. King
and Santamaria-Gémez, 2016; Watson et al., 2010). Similar results are found with es-
timating the coseismic offset using only one week either side of the event. Where the
modelled coseismic displacements disagree with the computed offsets, we scale the
slip model accordingly by adopting the modified result that retains agreement with
the seismic location and fault geometry of the event, while most closely fitting the
GPS (e.g. Jiang et al., 2018; King and Santamaria-Gémez, 2016). An arbitrary value
of 1.5 for the weighted root mean square (WRMS) is chosen as acceptable. The site
selection for constraining the coseismic model was based on data availability, data
quality and distance from the earthquake epicentre.
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4.3.3 Postseismic modelling

Near-field deformation after an earthquake is a response to the combination of co-
seismic displacement followed by viscoelastic relaxation and fault after-slip which
can be difficult to separate (Bedford et al., 2016; Wang et al., 2012). Afterslip is mo-
tion at depth along the fault face causing local deformation, approximately within
200 km of the earthquake epicentre (Klein et al., 2016; Wang et al., 2012) and is the-
oretically small outside this distance (Hearn, 2003). We assume that far-field defor-
mation does not contain a signal from after-slip, given most of our GPS locations
are more than 500 km from the earthquake epicentres. Evidence of minimal afterslip
within the far-field for an earthquake event of My 7 is provided by Freed et al. (2007)
and for events of magnitude My 8 and greater by Klein et al. (2016). We therefore
only model viscoelastic postseismic processes.

We make use of the VISCO1D (Pollitz, 1992; Pollitz, 1997) code to compute the vis-
coelastic deformation with a linear bi-viscous (Burgers) rheology. VISCO1D com-
putes surface displacements generated by an earthquake using a symmetric spher-
ically layered elastic-viscoelastic Earth model. The surface displacements are con-
trolled by fault parameters (latitude and longitude of lower fault corner, strike, rake,
dip, slip, length, and the depth of the upper and lower fault edges); as well as the
relative thicknesses and rheological properties of the chosen layers. Following King
and Santamaria-Goémez (2016), multiple versions of the model were run with vary-
ing thickness of an elastic lithosphere ranging from 30-130 km, asthenosphere thick-
ness and effective viscosity (0-190 km; 1x10%” - 5x10?! Pa s), and upper mantle thick-
ness and effective viscosity (320-670 km; 2x10'8 - 5x10%! Pa s). Predictions from
VISCOID can be sensitive the layers of the lower mantle (pers. comm. G. Nield
February 2020). We include a lower mantle with 30 layers with bulk and shear mod-
ulus values of 44 x 10 Pa and 22 x 10'° Pa respectively. This difference in handling
the lower mantle did produce different results to those without a detailed lower
mantle such as were published by Tregoning et al. (2013). An example earth model
(readable by VISCO1D v3) is provided in Appendix C.2. The values of density, bulk
modulus and shear modulus were taken from PREM and depth-averaged for each
layer in our model. Gravity was taken into consideration during the computations.

We use GPS daily time series to assess the predicted surface deformation from
VISCOI1D and select the best fit model based on the chi-square per degree of free-
dom statistic and the lowest value of the standard deviation from an ordinary least
squares fit. The best fit model is chosen independently for the horizontal (east and
north combined) and vertical components per site.
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4.4 Results

Here we present results of the computed coseismic offsets for the earthquakes in
Table 4.1, followed by the postseismic deformation. The Sumatran events that oc-
curred in 2004, 2005, 2007 and 2012 are presented as a compilation of observed and

modelled deformation, whereas all other events are presented singularly.

4.4.1 Macquarie Ridge 2004
4.4.11 Coseismic displacements

Site selection is limited by the availability of GPS data before 2004, with eight far-
field sites in southeast Australia with data available from 2000.0 onwards (Table 4.2).
The largest coseismic offset of 5.98 = 1.33 mm is in the east component of HOB2
(Hobart), which is the closest site on the Australian continent that sits in the far-
tield of the MI04 event (Figure 4.1; Table 4.2). Offsets in the vertical components of
sites in southeast mainland Australia range from -3.49 + 2.42 mm to 1.89 & 2.65mm.
The uncertainties for the up-component offsets are large for the majority of sites,
where only three of the vertical offsets are significant at one-sigma (Table 4.2). Both
the horizontal and vertical offsets are comparable to those calculated by STATIC1D,
which provides confidence that the fault geometry parameters taken from Watson
et al. (2010) (Table 4.1) are sufficient and that the model does not require scaling
for this study. The WRMS value of the modelled coseismic offsets are comparable
to those from Tregoning et al. (2013) and King and Santamaria-Gémez (2016). Our
coseismic estimates compare well with those of Watson et al. (2010), with HOB2
being displaced by ~5 mm to the east.

TABLE 4.2: Macquarie Island 2004 (M104) earthquake coseismic off-
sets at GPS sites ordered by distance, uncertainties are one-sigma.
Bold values are statistically significant at one-sigma.

Site Distance from N offset E offset U offset
MI04 eq (km) (mm) (mm) (mm)

MAC1 544 4.014+099 0.74+148 2.80+1.86
HOB2 1322 020+140 598 +1.33 -1.08 +1.95
MOBS 1861 135+ 151 4.20+1.38 -2.18 = 1.68
TID1 1887 1.10 = 0.77 295+2.01 158 +2.12
TIDB 1887 111+ 0.59 390 +341 1.89+2.65
STR1 1893 1.53 £ 0.71 3.95+1.04 -042+1.85
SYDN 1963 0.60 =2.69 3.17 +226 3.38+3.60
CEDU 3004 1.45+0.79 1.75+0.93 -3.49 +2.42

4.4.1.2 Postseismic displacements

We build on the investigation by Tregoning et al. (2013) of viscoelastic postseismic

relaxation occurring after the MI104 earthquake. Our GPS time series adds eight years
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to those analysed by Tregoning et al. (2013) (end date of 2019.0 compared to 2011.0),
we make use of a precise point positioning approach rather than a double differ-
enced solution, and our solutions are aligned to the ITRF2014 reference frame rather
than ITRF2008. We also attempt to account for short-term temporal variability by
removing surface mass loading caused by atmospheric, hydrologic and non-tidal

sources.

Figure 4.2 shows the coordinate time series for three sites in SE Australia over the
period 2000.0-2019.0, encompassing the MI04 event. The velocity for the period
prior to the earthquake (2000.0-2004.9) was removed from the entire time series to
highlight any postseismic change in velocity. The velocity prior-to and following the
earthquake are calculated using Hector software (Bos et al., 2013), adopting a power-
law plus white (PLW) noise model including estimates of linear, annual and semi-
annual terms and coseismic offset. The linear velocity post-earthquake is plotted in
Figure 4.2 as a blue dashed line.
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FIGURE 4.2: GPS time series at Mt Stromlo (STR1), Tidbinbilla (TID1),
and Hobart (HOB2) after removing the trend computed over the pre-
earthquake period 2000.0-2004.9. A 100-day running mean is shown
in solid blue. Blue dashed line is the estimated linear velocity post-
earthquake. Red is the best fitting viscoelastic model for the horizon-
tal components, cyan is the best fitting visco model for the vertical
component and magenta is the best fitting visco model for all com-
ponents. The dashed vertical line indicates the date of the Macquarie
Island earthquake (23 December 2004). The value in the bottom left
of the upper panels is the distance of each site from the earthquake
surface epicentre. Coseismic offsets have been removed.

The site time series in Figure 4.2 are shown as they experienced the largest change
in velocity following the MI04 event based on our analysis. We have chosen to use
TID1 instead of TIDB as the time series is of slightly better quality (smaller scatter
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and the difference between the time series shows no distinct trends). We distrust
the Melbourne (MOBS) time series over this time period as it shows substantially
different behaviour compared to the other sites (Figure C.1), presumably due to the
short pre-MI04 time series making the pre-MI04 velocity unreliable and/or being
affected by substantial near-field multipath (Moore et al., 2014). Tregoning et al.
(2013) also cover this event and we return to this in the discussion.

We compared model predictions from VISCO1D with the time series/velocities for
each of the GPS sites. The coloured lines in Figure 4.2 represent the optimal models
where red is the best fitting viscoelastic model for the horizontal components, cyan is
the best fitting viscoelastic model for the vertical component, and magenta is the best
fitting viscoelastic model that is a compromise between the fit to each component
(north, east, up). Table 4.3 contains the parameters of the viscoelastic models that
best fit the GPS results for each of the earthquakes considered in Table 4.1.

TABLE 4.3: Parameters of best fitting viscoelastic models for horizon-

tal and vertical components of the sites for each earthquake. [hori-
zontal | vertical]

Site Elastic Asthenosphere Asthenosphere Upper mantle
thickness (km) depth (km) viscosity (1019 Pas) viscosity (1019 Pa s)
MI04
STR1 50 | 70 80 | 220 0.01 | 0.05 511
TID1 50 | 70 80 | 220 0.05 1 0.05 50 I'1
HOB2 50 1 90 60 | 220 5105 411
SU04
KARR 50 | 70 80 | 220 0.1 10.05 50 I'1
YAR2 90 | 70 220 | 220 0.5 10.05 3011
DARW 50 | 50 220 | 80 0.510.01 100 | 500
PT09
SYDN 50 1 70 80 | 220 0.0110.5 1011
TID1 90 | 50 100 | 220 51 0.05 411
MOBS 110 | 110 140 | 220 0.01 1 0.01 100 | 500
HOB2 90 | 90 220 | 120 1.2 1 0.01 14110

4.4.1.2.1 Horizontal

Table 4.4 shows the change in velocity of sites in Australia, noting that the northern
sites are likely to also contain a postseismic signal from the SU04 event that occurred
3 days after the MI04 event. The decay function in Hector can be set separately and
so we look at the full time series (up to 2019.0) following each event. The changes in
velocity of the north and east components for the sites in SE Australia (HOB2, MOBS,
TIDB, TID1, STR1, CEDU) following the MI04 earthquake are less than 0.5 mm/yr
(Table 4.4) with the exclusion of the site on Macquarie Island (MAC1). Our time
series analysis for HOB2 agrees with that of Tregoning et al. (2013) with a reduced
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TABLE 4.4: Difference in GPS site velocities calculated before and
after the Macquarie Island 2004 earthquake. Uncertainties are one-

sigma.

Pre-earthquake trend calculated over the period 2000.0 —

2004.9, and post-earthquake trend calculated over the period 2004.9
- 2019.0. Sites are ordered by distance from the earthquake. Bold

values are statistically significant at one-sigma.

Site Distance from AN trend AE trend AU trend
MI04 eq (km) (mm/yr) (mm/yr) (mm/yr)
MAC1 544 -245+0.21 -1.77+0.18 1.66 4+ 0.49
HOB2 1322 -0.37 £ 0.23 0.23 +0.15 -1.87 + 0.48
MOBS 1861 -0.21 +0.38 -0.34 +0.28 0.57 + 0.48
TID1 1887 0.33 +£0.23 0.07 £0.15 -2.40 + 0.42
TIDB 1887 021+0.23 0.13+0.16 -2.08+ 0.44
STR1 1893 -0.38 + 0.36 -0.28 + 0.26 -2.55 + 0.48
CEDU 3004 0.18 +-0.23 -0.20 +0.20 -0.96 + 0.71
TOW2 3574 1.51 +£0.21 0.61 +0.21 -1.62 + 0.53
PERT* 4166 0.05+0.36 -0.90 034 2.27 +0.76
NNOR* 4198 0.30 +£0.26 -0.40 +0.22 -0.02 +0.80
YAR2* 4397 0.70 +0.29 -0.16 £0.23 -3.15 + 1.06
DARW* 4820 049+ 050 -0.134+050 2.77 +1.61
KARR* 4898 0.58 +0.28 -0.36 +0.19 -2.82 + 0.65
COCO* 6791 3.17 +£0.38 -3.29 +0.31 -3.99 +0.70

*these results may be confounded by the SU04 event

northward trend. Figure 3 of Tregoning et al. (2013) shows a southerly postseismic
velocity relative to the inter-seismic movement in the north component at TIDB,
whereas our series for TID1 show northerly motion (as does our series for TIDB).
The difference between our TID1 time series at the TIDB time series of Tregoning
et al. (2013) may be explained by changes in equipment hardware and firmware.
TIDB and TID1 share the same antenna but have different receivers that have been
changed and updated at different times. Our velocity estimates for TIDB and TID1
differ by less than 0.1 mm/yr, which provides confidence in our analysis.

4.4.1.2.2 Vertical

From Table 4.4, the observed change in the vertical component is larger than +1
mm/yr for most sites over the period 2004.9 — 2019.0. STR1, TIB1, and HOB2 all
show uplift in the 4.5 years prior to the MI04 earthquake, but following the event,
the series each shows subsidence over the next 14.5 years. The postseismic change
in vertical velocity is 1.5-3.5 mm/yr for the sites with a consistent shift towards
subsidence after the MI04 earthquake. The largest change in vertical velocity (-3.24
mm/yr) is observed at STR1 where the pre-earthquake velocity changes from 1.97
+ 0.50 mm/yr to 1.27 & 0.21 mm/yr post-earthquake. No postseismic deformation
model fits the GPS well in the vertical and we return to this in the discussion.
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4.4.2 Sumatran events

Given that the Sumatran events cluster closely together in time and space it is not
possible to independently analyse postseismic deformation due to each earthquake.
Instead, we present the combined results of the events that occurred in northern and
southern Sumatra over the period 2004 — 2012. Following the previous methodol-
ogy, the coseismic offsets are calculated with STATIC1D for each earthquake and
then compared to the observed offset in the GPS time series. Then the postseis-
mic deformation is modelled for each earthquake individually (SU04, SU05, SU07,
SU12), with the total accumulated displacement for each model setup compared to

the GPS time series to identify the best-fit viscoelastic postseismic model.

4.4.2.1 Coseismic displacements

We show the estimated coseismic displacements in Table 4.5 at the Australian GPS
sites located on islands off the NW shelf, Cocos Island (COCQO) and Christmas Is-
land (XMIS), as well as sites on mainland Australia (Figure 4.1). The only available
GPS data in the NW Australian region, following the 2004/2005 earthquakes in the
Sumatran region, are from COCO and Karratha (KARR, see Table C.2 and Figure
4.1). For the modelling of the coseismic displacements of the SU04 event we used
the total slip displacement of five sub-sources over ten rupture planes from Banerjee
et al. (2007) obtaining an WRMS of 0.62 mm. We also explored using instead a scaled
version of the USGS solution but the smallest WRMS derived was 1.13 mm and so
we adopted the Banerjee et al. (2007) solution. The large uncertainties on the coseis-
mic offsets are due to noisy time series in the mid-2000’s due to receiver tracking and
scintillation issues (e.g. Conker et al., 2003), and we return to this in the discussion.
Coseismic offsets at the available sites across Australia are shown in Table 4.5 for

each of the Sumatran earthquakes considered.

TABLE 4.5: Coseismic offsets at GPS sites for the 2004 Sumatra-

Anderman, 2005 northern Sumatra, 2007 southern Sumatran and

2012 northern Sumatran events. Uncertainties are one-sigma. Bold
values are statistically significant at one-sigma.

Distance from

Site N offset (mm) E offset (mm) U offset (mm)
eq (km)
Su04
COCO 1709 1.96 +2.12 1.54 + 1.30 071 +1.72
KARR 3492 1.35 £+ 2.05 0.67 £0.76 1.16 +2.44
YAR2 4061 1.39 + 1.02 2.25 + 0.06 -0.24 +2.11
DARW 4196 3.04 £ 3.95 0.70 £1.76 -3.43 + 3.14
HIL1 4325 242 +1.78 241+ 2.15 -0.24 +2.38
PERT 4330 1.34 + 1.07 2.00 + 0.87 -3.66 + 1.94
CEDU* 5402 1.02 £ 0.74 1.33 £ 0.41 -5.97 +2.37
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TOW2 5887 3.01 + 2.06 2.59 +£2.10 0.54 + 1.89
STR1* 6636 1.16 + 0.82 3.53 £+ 1.56 -1.72 £1.92
TID1* 6637 0.78 + 0.70 3.19 + 1.95 0.89 +=2.03
HOB2* 6869 1.54 £1.83 1.09 £ 2.00 1.056 £1.95
*these results may be confounded by the MI04 event

su05
COCO 1575 0.98 £3.13 1.99 + 1.24 2.59 + 2.50
KARR 3316 4.27 +£1.51 0.01 £0.35 -2.71 £ 1.56
YAR2 3893 3.04 +£1.78 099 £1.07  -5.63 £ 2.63
DARW 4035 1.68 £1.08 -1.12+1.26 0.26 £+ 2.30
NNOR 4112 3.36 &= 0.99 0.87 &= 0.81 -3.56 = 1.45
HIL1 4160 3.90 = 1.34 243 =142 -1.94 £2.65
PERT 4164 3.54 £+ 0.99 0.81 £ 0.44 -3.00 £ 0.98
CEDU 5236 259 +£0.64  -1.23 +0.68 -2.90 +1.14
TOW2 5735 137 +£432 -089+1.43 -0.92 +2.65
STR1 6479 2.23 + 0.42 -0.53 £0.94 0.02 + 1.66
TID1 6481 2.57 = 0.82 -1.92 + 0.62 -3.17 £ 1.52
HOB2 6714 2.80+1.09 -047+231 -0.37 £1.24

suo07
XMIS 810 2.51 +£1.79 3.72 £ 3.45 -013 £1.7
COCO 984 2.94 £+ 1.52 2.28 £+ 0.79 -0.851.84
KARR 2475 3.72 £ 0.88 1.94 £+ 1.03 0.84 £+ 0.81
DARW 3357 3.52 & 0.50 0.26 =0.51 2.45 +1.83
YAR2 3059 3.45 £+ 0.67 1.77 £ 1.42 0.26 =0.99
NNOR 3284 3.49 +0.74 1.37 +1.29 -1.04 £ 1.32
HIL1 3335 4.22 £ 0.66 2.25 £+ 0.95 3.02 £ 1.55
PERT 3339 3.83 +0.97 1.99 +£1.23 0.58 £ 1.70
CEDU 4443 3.18 £0.71 0.88 £ 0.47 0.36 + 0.65
TOW2 5072 2.85+0.54  -0.86 + 0.65 044 +1.33
STR1 5741 2.86 £ 0.79 0.17+£0.70 -0.74 +1.47
TID1 5742 2.93 £ 0.96 1.57 £1.75 0.38 +1.31
HOB2 5967 2.56 + 1.35 0.57 £1.38 1.28 £ 1.65

SsuU12
COCO 1654 2.07 £3.95 0.76 £+ 0.76 -0.70 +2.90
XMIS 1980 3.50 & 3.67 -0.78 £ 3.67 0.81 + 3.04
BRO1 3625 2.75 £ 1.54 0.97 = 0.74 -1.04 £ 1.37
KARR 3847 3.54 + 0.98 0.26 £0.83 2.28 +1.34
YAR2 4131 215+ 1.14 2.52 + 1.65 -0.39 £+ 1.60
NNOR 4343 3.31 £ 0.61 0.62 £+ 0.63 248 £2.15
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HIL1 4383 3.26 £ 0.53 1.08 £ 0.95 2.07 £ 0.92
DARW 4434 -2.52 £ 3.47 -0.34 £1.24 0.18 £ 2.53
CEDU 5536 2.24 £+ 0.69 0.56 &+ 0.52 0.60 +1.01
TOW2 6105 2.35 + 0.82 0.76 = 1.05 -2.71 = 1.35
STR1 6780 1.92 £+ 0.58 0.74 £ 0.75 027 £1.24
TID1 6781 1.54 £ 0.66 0.02 £1.87 -1.96 + 1.59
HOB2 6975 0.80 = 0.74 042 £1.57 2.16 = 1.04

Noting that the northern SU05 event occurred three months after the SU04 event, we
modelled the event as a separate solution, and remove the estimated coseismic signal
of the SU04 event from the GPS series before modelling the 2005 event. The calcu-
lated coseismic offsets for the SU05 event have a WRMS of 0.83 mm when compared
to the GPS estimates. The coseismic model is used in the viscoelastic modelling
without scaling. For this event we only consider the GPS sites at Darwin (DARW)
and KARR to constrain the coseismic model. We do not use COCO time series to
constrain the model because we are restricting the constraining sites to mainland
Australia. Both sites show offsets in the north component, with the KARR offset
greater than 4 mm (Table 4.5). KARR has a significant offset in the vertical compo-
nent of -2.71 £ 1.56 mm.

For the sequence of events in southern Sumatra in 2007, we calculate the coseismic
offsets at Australian sites that have available GPS data, again shown in Table 4.5.
KARR and DARW are again used to constrain the coseismic model. All offsets for
KARR in each of the three components are significant, and DARW has significant
offsets in the north and up components. The fault rupture models of the two events
from Konca et al. (2008) required a small amount of scaling of the slip magnitude
for the WRMS value to be acceptable (< 1.5 mm) and for the modelled coseismic
displacement to align with the GPS offsets.

A simple fault rupture model was adopted to model the far-field deformation asso-
ciated with the SU12 earthquake. As outlined in Section 4.2.6, there were two events
within 24 hours separated by approximately 200 km. The fault rupture model is that
from Yue et al. (2012) with five blocks, the first four blocks are for the earlier MW 8.6
event and the fifth block for the My 8.2 event that occurred 12 hours later. DARW
and KARR are used to constrain the slip, without scaling and a resulting WRMS
of 1.48 mm. The coseismic offsets at sites on the Australian plate, associated with
the SU12 earthquake are given in Table 4.5. Most sites on mainland Australia, aside
from DARW, show significant offsets in the north and up components.

4.4.2.2 Postseismic displacements

We plot the GPS time series and modelled viscoelastic postseismic deformation of
the Sumatran events in Figure 4.3. All four events are combined in an attempt to
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understand the long-term cumulative effects of postseismic deformation from mul-
tiple events that have occurred in the same region. The time series in Figure 4.3 is
detrended relative to the pre-SU04 rate. The GPS velocities for the period prior to
2004, and the Sumatran earthquakes considered here are in Table C.4.
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FIGURE 4.3: GPS time series at Karratha (KARR), Yarragadee (YAR2),
and Darwin (DARW) after removing the trend computed over the
pre-earthquake period for SU04 (2000.0-2004.9). A 100-day running
mean is shown in blue. Blue dashed line is the estimated linear veloc-
ity post-earthquake. The solid lines of the viscoelastic models are for
SU04 only, the dashed lines incorporate the combined response of all
four Sumatran earthquakes. The brown dashed vertical line indicates
the date of the earthquakes. Coseismic offsets have been removed.

Only three GPS sites on the Australian mainland have robust data available from
2000 onwards to enable the investigation of postseismic deformation following the
SU04 event (Figure 4.3). We focus on those sites mainland Australia that are closest
to the Sumatran events (and have available data), KARR, YAR2 and DARW. Even
though these sites are located in the very far-field of the earthquake deformation
field, changes in velocity at KARR, YAR2 and DARW are visible as a subsidence
signal in Figure 4.3 (values in Table 4.6); we take these sites as being representative
of the motion across NW Australia. The optimal model for all components is repre-
sented by a magenta line in Figure 4.3 where the solid line is the modelled postseis-
mic deformation for SU04 only and the dashed line is the cumulative deformation
from each of the four Sumatran events. Other than SU04, the remaining events have
a subtle effect on the observed long-term deformation at each site (dashed line in
Figure 4.3).



76

Chapter 4. Postseismic deformation of Australia

TABLE 4.6: Difference in GPS site velocities calculated before and af-
ter the Sumatra Anderman 2004 earthquake. Uncertainties are one-
Pre-earthquake trend calculated over the period 2000.0 —
2004.9, and post-earthquake trend calculated over the period 2004.9 —
2019. Bold values are statistically significant at one-sigma.

sigma.

Site Distance from AN trend AE trend AU trend
SU04 (km) (mm/yr) (mm/yr) (mm/yr)
COCO 1709 3.23 £ 0.75 -2.64 +0.39 -3.98 £+ 0.94
KARR 3492 093 + 042 -0.33+0.34 -2.34+0.84
YAR2 4061 059 +1.25 -0.33 £0.28 -2.53 +1.75
DARW 4196 0.13+0.52 -0.24 £051 -2.14 4 1.66
HIL1 4325 0.86 + 0.52 -2.62 +£0.67 5.37 & 1.58
PERT 4330 0.03 +0.36 -0.92 +£0.35 -2.57 & 0.77
CEDU* 5402 0.50 £0.25 -0.14 £0.23 -0.56 +0.79
TOW?2 5887 135+ 031 0.72 +£0.29 -1.46 + 0.68
STR1* 6636 031+£039 -0.28+0.26 -2.55+ 0.48
TID1* 6637 0.18+0.25 0.11 £0.20 -1.97 &+ 0.52
HOB2* 6869 -0.59 +0.36 0.26 £ 0.25 -0.76 + 0.57

*these results may be confounded by the MI04 event

4.4.2.2.1 Horizontal

The changes in velocity following the SU04 event are shown in Table 4.6 for each
of the Australian GPS sites that have data from 2000 onwards to ensure that we
capture the full extent of the cumulative postseismic displacement from each of the
four Sumatran events across the Australian continent. The observed postseismic de-
formation of the east component is well matched by the modelled viscoelastic relax-
ation for each of the sites in Figure 4.3, and the observed deformation in the northern
components is well represented at YAR2 and DARW, but not at KARR. The time se-
ries at KARR is subject to many hardware changes in the early part of the series
which introduces uncertainty in the velocity estimation, suggesting that the change
in trend pre- and post-earthquake could be unrealistic, with large uncertainty.

4.4.2.2.2 Vertical

The velocity changes in the vertical component following the Sumatran events are
in Table 4.6 for each of the Australian GPS. The dominant change in velocity is sub-
sidence following the SU04 event with the sites in NW Australia showing a change
in trend for the vertical component ranging between -2 to -2.5 mm/yr (Table 4.6),
which is also visible in Figure 4.3. The observed postseismic deformation at KARR
and YAR?2 is well modelled by the viscoelastic response, whereas DARW is not. The
DARW postseismic model suggests a gradual return to pre-SU04 trend which is not
replicated by the GPS observations.
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4.4.3 Puysegur Trench 2009 (PT09)
4.4.3.1 Coseismic displacements

The coseismic offsets estimated at nearby Australian GPS sites due to the 2009 My
7.8 Puysegur event are listed in Table 4.7. Significant offsets are observed in sites
for the north and up components for some sites, although the magnitude of the
offset does not show a clear linear relationship with distance from the location of the
earthquake. This implies that the axis of the lobes of the deformation are oblique to
a transect taken from south to north through the sites.

TABLE 4.7: Puysegur Trench 2009 earthquake coseismic offsets at GPS
sites, uncertainties are one-sigma. Bold values are statistically signif-
icant at one-sigma.

Site Distance from N offset E offset U offset
PT09 (km) (mm) (mm) (mm)
MOBS 1553 0.98 = 0.66 0.96 +0.69 1.54 + 1.33
STR1 1861 1.74 = 056 042 +4.83 0.19 +2.85
SYDN 1868 033 +215 2784513 0.50+£2.85
HOB2 1868 1.214+179 173 +£294 -3.13 £+ 2.53
TID1 1982 273 £0.79 389 +500 3.26 4+ 2.30

The coseismic offsets in the horizontal component are all positive, indicating a shift
of the sites north-east, whereas the vertical coseismic offsets are mixed with signif-
icant displacements (at one-sigma) at HOB2 with a subsidence of -3.13 £ 2.53 mm,
and the remainder of the sites suggesting uplift of 1.54 + 1.33 mm at MOBS and 3.26
+ 2.30 mm at Tidbinbilla (TID1) (Table 4.7). Insignificant coseismic offsets in the east
component are observed at the majority of GPS sites on the Australian continent as
a result of the PT09 event, where the uncertainty of the east component is large (> 2
mm) due to noisy time series at this time. The offsets observed in the GPS series for
all components are comparable to those calculated with STATIC1D, with a WRMS
of 1.17 mm. Out of interest, we also compared the coseismic offsets for several sites
in New Zealand and these are detailed in Appendix C.1.

4.4.3.2 Postseismic displacements

Time series of the Australian GPS sites after the Myy 7.8 Puysegur event are shown in
Figure 4.4, where the estimated pre-earthquake velocity (2006.0-2009.5) is removed
from the full time series. There magnitude of the changes does not vary simply with
distance from the rupture. The sites are ordered in Figure 4.4 from north (left) to
south (right) and the coloured lines match the previous description of the optimal
models for the components and combined results. We note that there is some resid-
ual MI04 deformation present in the time series, but it is largely linear and hence
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removed when we subtract pre-earthquake velocity from our time series. The rhe-
ological structure of the optimal model for the PT09 event is similar to that for the
MI04 optimal model (Table 4.3).

SYDN TID1 MOBS HOB2
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FIGURE 4.4: GPS time series at Sydney (SYDN), Tidbinbilla (TID1),
Melbourne (MOBS), and Hobart (HOB2), detrended over the pre-
earthquake period (2006.0-2009.5). 100 day running mean is plot-
ted in blue. Blue dashed line is the estimated linear velocity post-
earthquake. Red is the best fitting viscoelastic model for the horizon-
tal components, cyan is the best fitting visco model for the vertical
component and magenta is the best fitting visco model for all compo-
nents. Dashed vertical line indicates the date of the Puysegur earth-
quake (15 July 2009). The value in the bottom left of the upper panels
is the distance of each site from the earthquake surface epicentre. Co-
seismic offsets have been removed.

4.4.3.2.1 Horizontal

The change in horizontal velocity for HOB2 and MOBS show statistically significant
changes in the north component, and SYDN and MOBS showing statistically signifi-
cant (but opposite) changes in the east velocity (Table 4.8). There appears to a visible
offset at HOB2, TID1 and MOBS in the east component in 2009, but our method does
not see it as significant due to high frequency noise. In Figure 4.4, MOBS show a no-
ticeably high temporal variability over the period 2011-2014 in the north component,
which remains unexplained. The difference may be due to sites in the south east of
Australia still undergoing a small amount of postseismic deformation following the
MI04 event, which is most significant in the north component (Tregoning et al., 2013;
Watson et al., 2010).

4.4.3.2.2 Vertical
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TABLE 4.8: Difference in GPS site velocities calculated before and af-

ter the Puysegur Trench 2009 earthquake. Uncertainty is one-sigma.

Pre-earthquake trend calculated over the period 2006.0 — 2009.5, and

post-earthquake trend calculated over the period 2009.5 — 2019.0.
Bold values are statistically significant at one-sigma.

Site Distance AN trend AE trend AU trend

from PT09 (km) (mm/yr) (mm/yr) (mm/yr)
HOB2 1553 031 +0.19 -0.13+£0.17 -1.69 % 0.40
TID1 1861 -0.11 £ 023 0.08+0.26 -0.57 +0.69
SYDN 1868 -0.06 £0.22 0.38 +0.20 0.87 £+ 0.65
MOBS 1982 -1.16 = 0.34  -0.30 + 0.24 -0.28 = 0.60

The velocity changes following the PT09 event in Figure 4.4 show no specific spatial
pattern, with the largest change in the vertical component. The HOB2 site shows
a velocity change larger than 1 mm/yr in the vertical component (Figure 4.4, Table
4.8) following the earthquake. The sites at TID1, MOBS and HOB2 demonstrate an
increase in the rate of subsidence following the PT09 event (Figure 4.4), but Sydney
(SYDN), with a lower latitude, shows positive change in trend.

4.5 Discussion

Our observational dataset (2000.0-2019.0) shows that not only has Australia de-
formed co-seismically and post-seismically in the horizontal component, it has (and
continues to) deform in the vertical component since a series of events in 2004. Given
the large earthquakes considered here occur close in time to the deployment of much
of Australia’s geodetic GNSS infrastructure, most Australian coordinate time series
are affected by coseismic and postseismic deformation and therefore should not be
considered as entirely consistent with longer-term inter-seismic velocities. The pe-
riod 2000.0-2004.9 represents the longest period in our dataset with GPS data unaf-
fected by significant earthquake activity (i.e., over this period there are no events >
My 7.5 within subduction zones around the Australian plate boundary). While data
exists before 2000 at about 12 sites, we note that the time series up to around the mid-
2000s are complicated by frequent equipment changes (both antenna/receiver hard-
ware and firmware) which increases the time series variability and the estimated
velocity uncertainties. Nevertheless, we consider these velocities to be our most re-
liable estimate of the inter-seismic vertical velocity as we take into consideration the
most up-to-date PPP processing strategy and models and simultaneously estimate
seasonal signals, contributions from surface mass loading and identified offsets from

equipment and firmware changes.

The inter-seismic velocities for the sites considered in this Chapter are given in Table
10 (2000.0-2004.9) and demonstrate a range in the vertical component from -3.95 &
1.59 to 1.76 £ 0.61 mm/yr with an average magnitude and average sigma of -0.52
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TABLE 4.9: Velocities of Australian GPS sites over the period 2000.0-
2004.9, uncertainties are one-sigma. NB: MOBS and NNOR only have
data from 2002.8 and 2002.5 respectively; PERT is likely undergoing
increased subsidence due to local groundwater extraction (Feather-
stone et al., 2012). COCO and MACT1 are island sites and not included

in the average values reported in the text.

Site N (mm/yr) E (mm/yr) U (mm/yr)
CEDU 59.08 £0.21 2898 +0.18 0.29 £ 0.64
COCO 50.15+0.36 47.33+0.30 2.20 £ 0.64
DARW 59.74 +0.48 36.154+049 -3.95+1.59
HOB2 5593 +0.22 13.75+0.14 -1.09 +0.52
KARR 5828 +£0.26 39.08+0.18 1.76 £0.61
MAC1 33.03+0.17 -1091 +£0.16 -3.04 043
MOBS 5741+0.36 19524027 -2.16+0.46
NNOR 5796 +£0.24 3851 +020 -1.124+0.78
PERT 5798 +£0.34 39.10+0.32 -5.08 4+ 0.68
STR1 5596 £0.35 1851 +0.25 1.20+0.44
TID1 5523 £0.22 18.04 £0.13 1.07 £0.36
TIDB 55354022 1798 +0.14 0.64 £ 0.38
TOW2 55354020 28.68+0.20 0.66+ 0.50
YAR2  57.36 +0.29 38.95+021 1.55+0.70

£ 0.64 mm/yr (excluding island sites COCO and MAC1). The pre-2004 signals are
mixed in sign, with sites at Darwin (DARW), Hobart (HOB2), Melbourne (MOBS)
and New Norfolk (NNOR) indicating subsidence ranging from -3.95 £ 1.59 to -1.09
+ 0.52 mm/yr. The remaining mainland Australia sites at Ceduna (CEDU), Karratha
(KARR), Mt Stromlo (STR1), Tidbinbilla (TID1, TIDB), Townsville (TOW2) demon-
strate uplift ranging from 0.29 + 0.64 to 1.76 £+ 0.61 mm/yr. We note that MOBS
and NNOR only have data from 2002.8 and 2002.5 respectively while PERT is likely
undergoing subsidence due to local groundwater extraction (e.g. Featherstone et al.,
2012; Featherstone et al., 2015). Note that these rates do not consider the effects of
inter-decadal surface mass transport (largely driven by ice mass change) on vertical
land motion, which would shift the estimates in Australia by -0.4 mm/yr in a centre
of mass frame (Riva et al., 2017), or ~0.2 mm/yr in a centre of figure frame. Nor
does it consider the potential biases due to errors in reference frame origin (Riddell
et al., 2017) or in the scale rate.

The series of large earthquakes in the Sumatra region over the period 2004 — 2012
caused significant changes in GPS vertical velocity estimates at Australian island
territories and surface deformation at sites on the Australian mainland. Cocos
(COCO) and Christmas Island (XMIS) are located on small islands in the Indian
Ocean, whereas Karratha (KARR) and Broome (BRO1) are on the Australian main-
land (Figure 4.1). Distant sites from the Sumatran events, such as Darwin, observe
postseismic deformation in the horizontal and vertical components ongoing to at
least 2010. Large subsidence (up to 4 mm/yr) is evident, particularly due to the
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2004 Sumatran event, and observable deformation is seen to extend as far south as
Karratha (KARR, 3500 km) and as far east as Darwin (DARW, 4200 km). While the
changes in velocities, in all three components, are smaller following the SU12 earth-
quake, they are still evident in the time series at these very distant sites.

We find coseismic displacements of up to 3 mm at distances more than 5000 km from
the earthquake event, highlighting that coseismic deformation can be far reaching
across the Australian continent. For the Sumatran events (Table 6) we find the largest
coseismic displacements in the vertical component after SU05 of -5.63 £ 2.63 mm at
Yarragadee (YAR?2), 3890 km from the event. The coseismic displacements for the
MI04 event are shown in Table 3 and range, over distances of up to 3000 km, from
insignificantly different from zero to 4.01 4= 0.99 mm in the northern component, up
to 5.98 £+ 1.33 mm in the eastern component and -3.49 + 2.42 mm to 2.80 &+ 1.86
mm in the vertical component. At the time of the PT09 event, we find coseismic
displacements (Table 4.7) that reach 2.73 £ 0.79 mm in the northern component, 3.89
+ 5.00 mm in the eastern component (noting the large uncertainty) and -3.13 £ 2.53
mm to 3.26 £ 2.30 mm in the vertical component over distances of up to 2000 km.
The coseismic estimates that are statistically significant (one-sigma) are highlighted
in each of the tables using bold text, and we note an increased uncertainty on the
vertical estimates.

Our preferred viscoelastic Earth model for MI04 is different to that identified by
Tregoning et al. (2013). There are several reasons that are likely to contribute to
this. First, our time series are computed differently to those used by Tregoning et
al. (2013), although our modelling approach is broadly similar. In particular, the
data period used to estimate the postseismic velocities is 8 years longer than used
in Tregoning et al. (2013). Further, To determine if the additional length of the series
affected the velocities pre- and post-earthquake, velocities were recomputed for the
period 2004.9-2011.0 (Table C.3), matching the time period in Tregoning et al. (2013).
The postseismic velocity estimates for the shorter period showed insignificant dif-
ferences for the north and east components. The postseismic velocity uncertainties
for HOB2, MOBS, STR1 and TID1 from the shorter series are about half that of those
from the longer series.

Compared to Tregoning et al. (2013), we also use a different earth model as input
into VISCO1D. We explicitly model the lower mantle in VISCO1D which made im-
portant differences to the model outputs. The template Earth model in VISCO1D is
explicitly specified down to 670 km, with the lowest layer representing everything
that sits below it. Adding explicit lower mantle layers both changes the predictions
and improves agreement with an independent model (Grace Nield, pers. comm.
February 2020). In our case, the fit of the viscoelastic models to the post-earthquake
GPS velocity estimate was dramatically improved with the addition of an explicit

lower mantle.
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Of the earthquakes considered here, none of the postseismic deformation model pre-
dictions reproduce the observations in all three components. Earth models inferred
from seismic tomography over Australia and its region provide evidence of sub-
stantial lateral variations at different depths (e.g. Debayle et al., 2005; Leki¢ and
Romanowicz, 2011). These variations may be sufficiently large to mean that a 1D
rheological model may not be appropriate for modelling post-seismic deformation
of Australia and a 3D rheological model could be required to explain the observa-
tions. King and Santamaria-Gémez (2016) also suggested this to be the case for post-
seismic deformation of East Antarctica caused by far field earthquakes occurring in

an oceanic setting.

In our analysis, we have assumed all deformation beyond ~500 km from the earth-
quake event is in the far-field and can be attributed to viscoelastic postseismic de-
formation and not afterslip. The frictional response of the fault interface causes the
near-field postseismic deformation to be dominated by afterslip (e.g. Marone, 1998).
The implication for assuming no, or minimal, contribution from early afterslip be-
haviour is that the coseismic estimates can be biased by up to 10% (Twardzik et al.,
2019). This has a small effect given the limitations of the 1D viscoelastic model.

Previously it has been suggested that while horizontal deformations are important
for the accuracy of the reference frame in Australia, vertical deformations have a
negligible effect (e.g. Tregoning et al., 2013). Our results suggest that this is not
correct and failure to consider deformation in the vertical component will have im-
plications for the realisation of the terrestrial reference frame. The current realisation
of the frame (ITRF2014) does not consider the effects of the earthquakes we study on
most Australian sites. Despite the demonstration of postseismic horizontal defor-
mation of continental Australia by Tregoning et al. (2013) (e.g., HOB2, MOBS figure
1), Altamimi et al. (2016) only considered postseismic deformation at COCO and
MACT1 (both island sites) during the construction of ITRF2014.

In this study we find substantial coseismic and postseismic deformations from
several other earthquakes not considered in ITRF2014. For instance, we
find significant coseismic offsets also occurred at several Australian sites as
a result of the 2009 Puysegur Trench earthquake. This earthquake is not
listed as having observable coseismic or postseismic deformation at Australian
sites in publicly available offset files, such as those used in the realisation
of ITRF2014, available at ftp://ftp.iers.org/products/reference-systems/
terrestrial/itrf/itrf2014/ITRF2014-soln-gnss.snx (Altamimi et al., 2016), or
for open access GPS time series, such as those in the Nevada Geodetic Labora-
tory “steps.txt” file, that is available at http: //geodesy.unr.edu/NGLStationPages/
steps.txt. Blewitt et al. (2018) use a threshold based on the distance of the GPS
site from the earthquake to determine if there is possible expected seismic transient
deformation at a site. The threshold (r0) is calculated as a simple function of the
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earthquake magnitude:
r0 = 10(Mw+05-08) (4.1)

In this instance the Australian GPS sites are beyond the distance threshold for the
Mw 7.8 PT09 earthquake, and so would not be recognised in an automated proce-
dure based purely on distance from the earthquake.

In some cases, present-day deformation at GNSS sites is still occurring in response
to earthquake events that occurred prior to the commencement of the GNSS instru-
mental record. In these cases, modelling the event assists to understand the spatial
variation in postseismic relaxation that cannot be detected from geodetic time se-
ries. We explored the effect of the 1979 My 7.8 Puysegur Trench earthquake on the
present-day deformation of Australia. The 1979 event was in a similar location to
the 2009 event, approximately 110 km separating the two surface epicentres. We
considered the ongoing effects of that earthquake using a method similar to that de-
tailed in Watson et al. (2010) where they investigated the deformation of Macquarie
Island due to historic earthquakes. Using the range of Earth models adopted in the
previous section relating to the Puysegur Trench earthquake in 2009, we can pre-
dict the surface deformation of the event in 1979 that may cause ongoing surface
changes observed at Australian sites. Model outputs suggest that the south east
of Australia (HOB2, SYDN, MOBS) may have been still experiencing subsidence of
approximately 0.1-0.4 mm/yr during 2000.0-2010.0. There is no horizontal deforma-
tion (Figure C.2) indicated by our modelling over the period 1979-2010. While these
deformations are small and maybe considered unreliable given the presence of un-
modelled lateral variations in Earth properties, this finding highlights the need to
consider postseismic signals from prior to the commencement of the GNSS record,
with important impact on our determination of intra-seismic crustal velocities and

potentially interpretation of long sea level records from tide gauges.

4.6 Conclusion

Using geodetic data, we have identified three dimensional coseismic and postseis-
mic deformation of Australia occurring as a result of several large (Mw > 7.5) off-
shore plate boundary earthquakes since 2000. Our work extends the previous iden-
tification of horizontal deformation of Australia due to far-field offshore earthquakes
by identifying substantial and sustained vertical deformation of Australia. We also

study the effects of earthquakes not previously considered.

In the vertical component, we find coseismic offsets of up to 3 mm more than 5000
km from the earthquake event, and postseismic signals reaching several mm/yr sus-
tained over several years. While viscoelastic models of postseismic deformation can
explain the observed changes in velocity in one or two coordinate components, we
were not able to reproduce them in all three coordinate components with a single
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model. We suggest that this is due to limitations in using viscoelastic deforma-
tion models with a 1D (radially varying) Earth model, whereas the Earth rheological
structure between the offshore earthquakes and continental Australia is complex.

As the demand for an accurate and stable geodetic reference frame increases to-
ward stated international goals, we suggest that the earthquakes discussed here,
and the deformation induced in all coordinate components, need to be considered.
Given that ITRF2014 did not parameterise postseismic deformation at the sites stud-
ied on mainland Australia, there is scope for improvement in future realisations of

the frame across this region.

There are limitations to this research based on the GPS time series length and the
availability of high quality data, as well as limitations of the 1D viscoelastic mod-
elling that does not consider lateral heterogeneities in rheology. These considera-
tions offer scope for future research to improve observed and modelled postseismic
deformation of the Australian continent, and advocates for improvements to avail-
able postseismic models. Improvements are required in reducing the number of off-
sets in time series due to, for example, equipment changes at GNSS sites. Although
these are documented and can be applied as an offset in time series analysis, the in-
troduction of offsets weakens the velocity and coseismic estimates at these sites, and
potentially changes the noise characteristics (Williams, 2003a).

Although the effect of vertical land motion due to coseismic and postseismic defor-
mation in Australia is small, it will influence estimates of absolute sea level from
tide gauges along the Australian coast. Conversely, the use of satellite altimetry to
derive estimates of relative sea level change also requires understanding of vertical
land motion. This also has direct relevance to those in the altimetry community who
seek to understand systematic error in altimeter records through comparison of al-
timetry and tide gauges corrected for land motion (e.g. Watson et al., 2015). This
work underscores the inadequacy of assumptions of linear land motion, even in re-
gions previously thought to be relatively immune from anthropogenic influences on
crustal displacement.

4.7 Thesis Context

The research in this Chapter has used the improved coordinate time series from
Chapter 3 to progress our understanding of the surface deformation occurring across
Australia due to large earthquakes that occur on the plate boundary. Here, GPS ob-
servations of earthquake deformation from historic and present-day events are com-
pared with forward predictive models or earthquake motion. Previously unidenti-
tied coseismic and postseismic deformation signals are identified in Australian GPS
records. By the end of this Chapter this thesis has provided evidence and research
that more robustly defines the uncertainty in the reference frame, recognised and
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removed much of the local to regional common mode error, explored the secular ve-
locity of Australia within the context of ITRF2014 and identified deformation caused
by large plate-boundary earthquakes. These deformations are important for main-
taining the integrity of the ITRF and understanding the cause of vertical land mo-
tion across the Australian plate. These newly identified deformations can be used
to improve the vertical land motion estimates across Australia, as well as the de-
termination and realisation of the ITRF. These improvements in understanding the
deformation associated with earthquakes are particularly important at co-located
geodetic observatories where the GNSS sites are fundamental to the reference frame
realisation. Opportunities for future work exist using these series for understanding

earth structure.
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Chapter 5

Conclusions, Contributions and
Future Research

5.1 General Conclusions

This thesis sets out to improve the determination and understanding of vertical land
motion in Australia. It does this by first assessing the accuracy and stability of the
International Terrestrial Reference Frame 2014 (ITRF2014) which underpins present-
day geodetic positioning, and then investigates geophysical and systematic sources
of temporal and spatial variability within Australian GPS time series. Present-day
vertical surface deformation is shown to be measurable across Australia.

Accurately quantifying vertical land motion from GPS requires attention to the
frame as well as to the analysis and interpretation of the derived coordinate time se-
ries. For this reason, the thesis first focused on understanding the influence of noise
on the centre of mass definition of the ITRF. The thesis was then able to advance
to identifying patterns of vertical land motion before finally addressing geophysical
drivers of surface deformation across Australia in the final analysis chapter. Collec-
tively this thesis explores the full set of uncertainties, signal and noise within GPS
time series and velocities associated with the vertical motion of Australia. While
further work remains, this thesis has substantially advanced our knowledge of both
the vertical motion of Australia and uncertainty in geodetic measurements within
Australia and indeed globally.

Prior to this thesis, significant progress was made in terms of understanding the
broad geophysical processes driving vertical land motion, developing geodetic tools
and techniques that were used to observe and monitor crustal deformation gener-
ally, but a gap remained in the detailed geodetic observation and interpretation of
vertical land motion of the Australian continent. The identified knowledge gaps
were addressed and answered by the three research questions (RQs):

1. What is the nature of the uncertainty in the current definition (ITRF2014) of the
centre of the mass of the Earth and how does this effect GNSS height estimates
in Australia?
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2. To what level is vertical land motion across Australia spatially coherent, over
what timescales, and what are the dominant driving mechanisms?

3. What is the magnitude, extent and duration of plausible far-field postseismic
deformation in the vertical direction across the Indo-Australian Plate as a re-
sult of great earthquakes?

To address these questions, a series of objectives were defined:

1. Characterise the noise processes in the Satellite Laser Ranging (SLR) geocen-
tre time series to better determine the uncertainty in the centre of mass of the
Earth as used in the current realisation of the International Terrestrial Refer-
ence Frame (ITRF2014).

(a) Investigate the occurrence of coloured noise in the geocentre time series
as observed by SLR.

(b) Compare geocentre motion as measured by SLR with geocentre motion
from surface mass loading models.

2. Consistently process the entire Australian AuScope GNSS network of ~120
sites with advanced precise point processing techniques, producing a database
of time series that are robust.

3. Develop a spatiotemporal model of vertical land motion in Australia from
GNSS stations for comparison with global and regional geophysical models
(e.g. GIA ICE-6G model, hydrological surface mass loading from GRACE).

(a) Spatiotemporal analysis (such as empirical orthogonal functions) will be
used to decompose GPS time series to determine the dominant modes of
deformation that are expressed in vertical land motion time series across

Australia.

(b) Simultaneously estimate temporally correlated noise models to deter-
mine an Australian vertical velocity field using multivariate regression.

4. Model coseismic and postseismic deformation of the Indo-Australian Plate af-
ter the occurrence of large earthquakes and compare with GPS observations.

(a) Conduct modelling of large plate boundary earthquakes in the Australian
region with elastic and viscoelastic earth models.

(b) Compare observed crustal deformation from GPS with the modelled de-
formation.

(c) Investigate if Australia experiences ongoing deformation due to historic
earthquake events that occurred prior to the geodetic record.

The key results chapters of this thesis focus on reaching these objectives.
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This chapter presents reflections on the work undertaken, identifies limitations, and
proposes future research opportunities. The research findings of this thesis combine
to present novel advances in geodetic analysis and contributes to the current under-
standing of present-day solid earth deformation of the Australian continent. Some
of the identified limitations in this research are expanded upon in suggestions for
future research in Section 5.3.

Chapter 2 describes work that contributes to answering RQ1 through addressing
objective 1. In that Chapter, assumptions are challenged about the realisation of the
ITRF, where currently a linear and white noise-only model is used. Reference frame
errors not only propagate through station coordinates but will also affect down-
stream analysis products such as site velocities. In this thesis, it is revealed that geo-
centre motion time series relative to the ITRF2014, as determined using SLR data,
contain errors that are temporally correlated. It is shown that if a non-temporally
correlated model (white noise-only) is used the uncertainty on the motion of the
origin translation rates (representing geocentre motion) can be underestimated by a
factor of five. This equates to almost 0.5 mm/yr of uncertainty at the Earth’s sur-
face in central Australia (Alice Springs). This thesis demonstrates that a powerlaw
and white noise model more realistically describes the temporally correlated noise
of the origin translations with respect to ITRF2014 where the translation uncertain-
ties (one-sigma) for X, Y, and Z are +0.13, £0.17 and £0.33 mm/yr. This finding is
significant given that a goal of the international community is to have a reference
frame that is stable and accurate to within 0.1 mm/yr (Gross et al., 2009). These
targets are not currently met, and the use of a realistic stochastic model is required
to understand if this goal is met. Ultimately, because of long-term surface mass
redistribution, the ITRF will need to be realised considering non-linear parametric
models or time-varying (e.g., Kalman Filter) models for geocentre motion. Some of
the present limitations in geocentre motion determination could be overcome by the
inclusion of other geodetic observations, such as GNSS.

Having understood further the uncertainty of the underlying reference frame, Chap-
ters 3 and 4 then focus on the observation and interpretation of vertical land motion
of Australia using GPS to answer RQ2. Previously published geodetic observations
of vertical land motion for Australia have thus far suggested substantial subsidence
across the continent and this is not in agreement with models of Glacial Isostatic Ad-
justment (GIA) or plate tectonic theory. Viewed alternatively, geodetic estimates of
vertical motion of the Australian continent are yet to be fully explained by a combi-
nation of GIA, tectonic and surface mass transport models. The second objective of
this thesis is to consistently process the entire Australian AuScope GNSS network of
~120 sites to produce a robust database of time series. Under objective three, these
time series were then used to build a spatiotemporal model of short-period noise
as described in Chapter 3, with a focus on spatially coherent movement to improve
the signal-to-noise ratio of GPS time series in Australia. This thesis investigated the
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existence of a large-scale geophysical deformation such as due to global far-field
earthquake sources or GIA, and surface loading. Reducing the uncertainty of GPS
velocity estimation enabled the recognition of crustal deformation signals that are
present in Australia spanning years to millennia, such as GIA and postseismic de-
formation.

In Chapter 3, surface deformation due to global surface mass transport was inves-
tigated using forward models and GRACE data and removed from the GPS time
series. The El Nifio-Southern Oscillation (ENSO) was explored in terms of its cor-
relation with GPS time series. Empirical orthogonal functions were used to decom-
pose the time series into common signals. It was suggested that the GPS velocities,
obtained after spatiotemporal filtering and modelling of short-term geophysical ef-
fects, are better able to reflect the solid Earth’s long-term motion. The refined verti-
cal velocities can be used to improve estimates of sea level change at tide gauge sites
around the Australian coastline and will have implications for such measurements
globally. The geodetic velocity estimates could also be used to attempt to separate
existing or future models of GIA in the Australian region, although the findings here
were that GPS velocities even after filtering could not robustly separate different GIA
models given their residual uncertainties.

The final objective of this thesis, to answer RQ3, was to determine if the filtered
time series could be used to observe non-linear vertical postseismic deformation of
the Indo-Australian Plate due to large plate boundary events. In Chapter 4 of this
thesis, the filtered GPS time series are examined for evidence of coseismic and post-
seismic deformation induced by a selection of large (Mw > 7.5) offshore earthquakes
over 2000.0-2019.0. This thesis finds that Australia is deforming vertically at mea-
surable levels due to past earthquakes. Forward viscoelastic models can reproduce
the approximate magnitude and evolution of these signals in one or two coordinate
components but not all three components together, possibly due to lateral rheologi-
cal variations not considered in the one-dimensional models. It is noted that a three-
dimensional viscoelastic model may be required to explain the observed postseismic
deformation. Modelled postseismic deformation from far-field earthquakes around
Australia suggest ongoing deformation up to 5 mm over 20 years (2000.0-2019.0),
but larger for the 2004 Sumatra-Anderman earthquake over a shorter period (~4
mm over 2004.9-2010.0). Both coseismic and postseismic deformations are identified
and these have implications for the realisation of reference frames, noting that they
were not considered in ITRF2014. Combined with the results of Chapter 3, these
results suggest that after filtering, important signals of geodetic and geophysical in-

terest become more evident.

The findings included in these chapters have a series of wider implications for the
understanding of the vertical land motion of Australia.

Firstly, with state-of-the-art GPS analysis and filtering, the current vertical rate of
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motion of Australia is not able to be determined confidently. The best estimates,
from the period before 2004 when recent large earthquakes commenced, are scat-
tered and ambiguous in sign (ranging from -3.95 £ 1.59 to 1.76 £ 0.61 mm/yr with
an average value and average sigma of -0.52 £+ 0.64 mm/yr). This has important
implications for validating geophysical models (e.g., GIA) or correcting tide gauges.
Compounding this is the uncertainty of the ITRF, which is determined to have origin
uncertainty of +0.13, +0.17 and £0.33 (mm/yr, one sigma) in X, Y, and Z when a
powerlaw and white noise model is adopted. Uncertainties in the reference frame
scale will add to this.

Therefore, there remains a need for precise and accurate estimates of centennial or
longer-term rates of the vertical land motion of Australia which are currently not
available. A large fraction of the geodetic GPS stations in Australia have been de-
ployed in a period coinciding with, or shortly after, a series of nearby ‘Great Earth-
quakes’ (>Mw 8.0) and the vertical, as well as horizontal, velocities derived using
their data are biased from inter-seismic rates. In this dataset, the period 2000.0-
2004.9 is the longest period where there is no significant earthquake activity in the
Australian region. A small number of sites (~12) have available data over this pe-
riod (and back to 1994 in some cases) and analysis of data from these sites represent
the best chance of estimating reliable inter-seismic velocities. However, but there are
a large number of equipment changes and upgrades in this period and these intro-
duce offsets and variability and increase the uncertainty of the estimated velocities.

Secondly, the movement of the Earth’s centre of mass with respect to the surface as
a result of coseismic deformation influences the resulting site coordinates because
pre- and post-earthquake vectors between the origin and the site are different. This
also influences the set of coordinates used to define the ITRF due to the origin shift.
Coordinates from sites not located near active seismic regions or in the near-field
of earthquake events are also affected as a shift in reference frame origin changes
the coordinate definition. This highlights the need for more accurate and complete

offset and decay models for robust reference frame construction.

The range of coseismic and postseismic deformations presented in Chapter 4 sug-
gests changes in internal stress which may have consequences for intra-plate earth-
quakes in Australia. Over geological time scales, within the last ~25 million years,
the Indo-Australian Plate has undergone significant deformation that has accumu-
lated internally and can still be observed as motion today (Hayes et al., 2009). The
concept that internal strain and external forcing from many years ago can cause
present-day deformation has guided this research. Most large-scale stress patterns
across Australia are generally attributed to broad plate tectonic interactions (Clark et
al., 2014), but the stress pattern in eastern Australia are not easily explained by plate
boundary forces and can more likely be attributed to present-day intraplate stress

sources such as due to contrasts in elastic rock properties or stress rotations from
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geological structures and density changes (Rajabi et al., 2017). The complex geolog-
ical history of Australia plays an important part in the present-day observations of
surface deformation, and the GPS time series produced by this research could help
further understand the internal deformation of the Indo-Australian Plate.

To continuously measure how the Earth is changing in order to understand the geo-
physical processes, we need to continue to improve the measurements and subse-
quent data analysis. This requires us to understand the systematic bias and sources
of error in our observations and modelling. This thesis has highlighted progress in
understanding and removing sources of noise, but also the limitations in both obser-

vations and geophysical models; these motivate further research.

5.2 Contributions to the body of knowledge

¢ This thesis contains the first published results from a homogeneous and state-
of-the-art processing of the complete the Australian AuScope GNSS array data
as an entire network using a Precise Point Processing (PPP) approach. The pro-
cessing approach uses repro2 orbits and clocks, high-resolution tropospheric
modelling with the inclusion of higher order ionospheric terms and improved
ocean loading displacement modelling (Chapter 3, Riddell et al. (2020)). The
methodology used in this research contributes to the understanding of the sig-
nal and noise structure of the current best practice approach for rigorous anal-
ysis of GNSS data for the interpretation of natural and anthropogenic geophys-

ical signals.

¢ This thesis contributes to the understanding of the uncertainty in the ITRF2014
origin (Chapter 2, Riddell et al. (2017)). The findings demonstrate that the cur-
rent assumption of a white noise-only model significantly underestimates the
uncertainty of reference frame origin motion with respect to ITRF2014. This
result contributes to the refinement and attainment of a stable and accurate
global geodetic reference frame presenting an improvement on current prac-

tices.

* This thesis contains the first observation of vertical deformation of the Aus-
tralian continent caused by viscoelastic postseismic relaxation from far-field
plate boundary earthquake events (Chapter 4). This work extends previous re-
search that focused on the horizontal component of accumulated deformation,
helping to understand the stress-state of the Australian crust, and can be used
to improve the realisation of the ITRF in the Australasian region.

* Anovel approach to estimate noise in geodetic time series has been used to re-
alistically characterise uncertainties with the consideration of temporally cor-
related noise and multivariate regression (Chapter 3, Riddell et al. (2020)). This
method can be applied to other geodetic data sets.
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* This thesis highlights the value of old data (pre-2004) and how its careful anal-
ysis has tremendous geophysical importance in the future.

¢ Previously unidentified coseismic offsets and postseismic deformation are pre-
sented in this thesis (Chapter 4) that are not recorded in publicly available
offset or decay models which can be used to improve the reference frame real-
isation in the Australasian region.

5.3 Recommendations and future research

Recommendations as a result of the research in this thesis are detailed below.

The use of a white noise-only model significantly underestimates the trend uncer-
tainties of the SLR translations with respect to the ITRF2014 origin by a factor of five
and could potentially bias applications which are reliant on the stability of the ref-
erence frame origin. The recommendation from this work is to highlight the impor-
tance of adopting an appropriate stochastic model for geocentre motion, particularly
where the focus is on the vertical component. It is recommended that a noise model
is used that considers the temporal correlation of the reference frame origin transla-
tion parameters in the determination of the next iteration of the ITRF (i.e. ITRF2020),
and/or that non-linear parametric or Kalman Filter models (e.g. Abbondanza et al.,
2017) are considered.

The spatiotemporal analysis performed in this thesis (Chapter 3, Riddell et al. (2020))
revealed that GPS time series can be used to determine the dominant modes of de-
formation that are expressed in vertical land motion time series across Australia.
Temporally correlated noise, offsets, and transient deformation should be routinely
and rigorously considered in future geophysical interpretation of Australian GPS
time series. The results presented in this thesis provide evidence that deformation at
GPS sites across the Australian continent is partially spatially coherent, but there is
also evidence of individual site responses to earthquake events (Chapter 4) and other
local site-dependent effects. The Indo-Australian tectonic plate should no longer be
considered as a rigid reactive body, but one that undergoes complex deformation as
a result of plate boundary forces, and intraplate stress and strain patterns.

During the analysis of individual time series that form the AuScope network the
sensitivity of the series to offsets, non-linear signals, and spurious transients became
apparent. There is a fine balance between updating firmware and hardware to make
use of technological advances and introducing unnecessary sources of error. It is
important to reiterate the need for the geodetic community to take care when making
equipment changes and upgrades at GNSS stations. Where possible the approach
should be to minimise changes and disruptions at fundamental sites.

This thesis fills a research gap in quantifying and further understanding vertical
motion of the Indo-Australian Plate. The ability to address this gap has emerged
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given the increased availability of computing infrastructure, data accessibility and
improvements in data analysis. One major challenge in addressing the questions
set out in this thesis is the signal to noise ratio in the context of the generally small
geophysical signals of interest. The Australian continent is large, and initially the
AuScope GNSS network was designed and installed with the intent of 200 km nom-
inal spacing between stations (Johnston et al., 2008). This has been achieved in some
areas, but there remain large portions of remote Australia where there is noticeably
sparse coverage (e.g. Western Australia, Figure 1.2). With the announcement of Fed-
eral funding support for the National Positioning Infrastructure Capability in the
Australian Federal Budget 2018-2019, the existing network will be extended with
new GNSS ground stations as well as a new analytical data capabilities (Australia,
2018). High-quality geodetic stations are needed to infill areas that are sparsely ob-
served by GNSS, as well as more focus on the combination of complementary space
geodetic techniques such as gravity observations, Interferometric Synthetic Aper-
ture Radar (InSAR) and satellite altimetry.

The new Australian investment in ‘Positioning Australia’ presents an exciting op-
portunity for further detailed analysis of surface motion, troposphere delays, and
other associated GNSS analysis products and activities. Research opportunities are
being explored across government and industry to enable Australians to have access
to reliable positioning information. GNSS alone cannot isolate local deformations
and this suggests the need for spatially continuous measurements, like those pro-
vided by InSAR, to complement the observations of solid-earth deformation. InNSAR
can be more sensitive to vertical motion than GNSS, and so a complementary study
across Australia could demonstrate the occurrence of local or regional deformation
caused by anthropogenic effects.

The research in this thesis paves the way for future studies to extend understanding

on:

¢ the application of high-quality GNSS vertical velocities estimates to tide gauge
observations of regional sea level change, including research into the spatial
relationships between GNSS site and tide gauge locations (i.e. can kriging or
regional network solutions be used to transfer GNSS estimates of vertical land
motion to tide gauges if they are not in close proximity?). This links to the remit
of the new International Association of Geodesy Inter-Commission Committee
on "Geodesy for Climate Research" (ICCC) joint working group on sea level

and vertical land motion;

¢ the need for spatially continuous INSAR measurements of vertical land motion
to compliment the GNSS observations at tide gauges to improve the under-
standing of local anthropogenic effects on surface deformation in Australia;

¢ the consideration of draconitic and chandler periodic aliasing to further im-

prove the signal to noise ratio in Australian GNSS series;
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* the adoption of a laterally varying Earth model for far-field postseismic relax-
ation studies to assess if this could improve surface deformation estimates;

¢ the use of precise Australian GNSS velocity estimates to constrain future deter-
minations of GIA models, which are used as a correction for satellite altimetry
observations or to correct sea level estimates from tide gauges for vertical land
motion; and

¢ an assessment of the benefit of including other GNSS signals (e.g. Galileo,
GLONASS, Beidou) for site position and velocity estimates in Australia.

This research could additionally be used to inform future analyses including:

e future analyses of the AuScope GNSS array as the data matures and with the
addition of new infrastructure, taking into consideration site-specific effects
(equipment changes, monument types, individual antenna calibrations, local

surface deformation, thermal expansion);

* investigation of the ongoing effects of firmware and hardware upgrades of a
national GNSS network, such as the ‘Positioning Australia” National Position-
ing Infrastructure Capability project that has commenced (2018-2022); and

¢ inclusion of other geodetic observations in geocentre motion determinations,
such as GNSS. The current determination of geocentre motion as realised in

ITREF is limited to observations from Satellite Laser Ranging.

5.4 Final remarks

This thesis advances our understanding of the geophysical processes that drive sur-
face deformation, and the space geodetic techniques that are used to quantify them.
With a focus on the Australian continent this work has investigated the response
of the Earth’s surface to a range of geophysical processes that occur over various
temporal and spatial scales. The surface deformations modelled and observed in
this thesis push the limit of the signal-to-noise ratio present in current space geode-
tic analyses and the available geophysical models. New insights into the spatial
patterns of the surface deformation field informs our understanding of relevant
processes and highlights an ever-increasing demand for accurate crustal position
and velocity estimates. Having a greater understanding of the motion of the Indo-
Australian Plate with rigorously determined uncertainties will allow a more accu-
rate and reliable geophysical interpretation, and the development of a reference
frame to support international efforts towards disaster mitigation, sustainable de-
velopment and data interoperability.
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Appendix A

Supporting Information for
Chapter 2

A.1 Constituent datasets

Further description of the constituent datasets that are included in the Mass Surface
Model (MSM) dataset are provided here.

Antarctica and Greenland: Surface mass balance estimates are based on the Regional
Atmospheric Climate Model (RACMO) 2.3 (Noél et al., 2015). For ice discharge over
Greenland, the data from van den Broeke et al. (2016) is used. For ice discharge
over Antarctica, a model is developed based on Gravity Recovery and Climate Ex-
periment (GRACE) and Ice-sheet Mass Balance Inter-comparison Exercise (IMBIE)

(www.imbie.org).

Dam Retention: Annual dam retention data is based on Global Reservoir and
Dam (GRanD) database (http://www.gwsp.org/products/html). Rates estimates
are based on the method proposed by Chao et al. (2008). Monthly estimates are

obtained based on a linear interpolation.

Groundwater Depletion: Groundwater pumped away by humans that is not re-
placed. The data is from Wada et al. (2010). The dataset is not available after 2010.
To make the time series consistent with other components, annual and semi-annual
variations, and linear trend are estimated and then the data series is extrapolated
from 2011 to 2014.

Glaciers: Annual glacier mass balance estimates are based on Marzeion et al. (2015).

Monthly data is obtained based on a linear interpolation.

Atmosphere over land and Ocean Bottom Pressure: The atmospheric contribu-
tion over land and Ocean Bottom Pressure (OBP) are all sourced from the Atmo-
sphere and Ocean Dealiasing level-1B (AOD1B) product (Flechtner et al., 2015),
which is constructed from the European Centre for Medium-range Weather Fore-
casts (ECMWF) and Ocean Model for Circulation and Tides (OMCT) datasets.


www.imbie.org
http://www.gwsp.org/products/html
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Terrestrial Water Storage: The Noah Global Land Data Assimilation System
(GLDAS) products (Rodell et al.,, 2004) currently contains snow, soil moisture
and canopy contributions (the surface water and groundwater components are
not included). The GLDAS Noah vl is used (variables considered are the
same as described by http://grace.jpl.nasa.gov/data/get-data/land-water-
content/). Note that Greenland and the periphery area (300 km) are masked out
as snow and ice dynamics are poorly modelled there.

Self Attraction and Loading Effects: To ensure mass conservation, the non-zero
total mass of all considered components is balanced by adding/removing water
from oceans. The distribution of this added/removed water layer is not uniform,
but should follow footprints (Mitrovica et al., 2001) calculated by solving the sea
level equation after taking into account Self-Attraction and Loading system effects
(Gordeev et al., 1977; Tamisiea et al., 2010).

A more detailed description of the datasets for Antarctica, Greenland, glaciers, dam
retention and groundwater depletion can be found in the online supplement to Fred-
erikse et al. (2016).


http://grace.jpl.nasa.gov/data/get-data/land-water-content/
http://grace.jpl.nasa.gov/data/get-data/land-water-content/
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Appendix B

Supporting Information for
Chapter 3

B.1 Overview

This supporting information provides a detailed description of the GPS data pro-
cessing in section B.2 and a list of the GPS sites in Table B.1. The daily RINEX
files for each GPS site can be accessed from the Geoscience Australia ftp website:
ftp://ftp.ga.gov.au/geodesy-outgoing/gnss/data. Table B.2 provides evidence
for the result that shortening the GPS series to six years has no adverse effects on the
noise characteristics of the time series. Figures B.1 and B.2 show the additional semi-
variogram plots of the GPS and GIA models. Figure B.3 shows the second modes
for PCA and ICA to complement Figure 3.4 of the main text.

B.2 GPS processing

Daily GPS data from the Geoscience Australia data archive was processed using
the GIPSY /OASIS II software, version 6.3, developed at NASA Jet Propulsion Lab-
oratory (JPL), with no net rotation Earth orientation parameters, satellite orbit and
satellite clock fiducial-free final products using the precise point positioning tech-

nique.

Absolute phase centre offsets for the ground antennas with elevation and azimuth
dependent corrections were applied. Observations below 10 degrees were excluded
and elevation dependent weighting (square-root sine) were applied to minimise
the effects of mis-modelled antenna phase centre variation and mis-modelled low-
elevation troposphere errors. Absolute corrections were also applied for satellite
antennas with block-specific nadir angle-dependent, and satellite-specific antenna
phase centre offsets used. Satellite arcs with a duration less than 20 minutes were

rejected.


ftp://ftp.ga.gov.au/geodesy-outgoing/gnss/data
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The dual-frequency and linear combination of carrier phase measurements were
used to correct the first-order effects of the ionosphere. The International Geomag-
netic Reference Model was used to correct second-order ionospheric refraction fol-
lowing Kedar et al. (2003). Using the International Reference Ionosphere 2016 model
(Bilitza et al., 2017), with an effective shell height of 600 km (Petrie et al., 2011), the
slant Total Electron Content was extracted. Tables of monthly satellite-dependent
P1-C1 differential code biases from the Astronomical Institute of the University of
Bern were applied for the whole period.

Following the International Earth Rotation and Reference Systems Service (IERS)
Conventions 2010 (Petit and Luzum, 2010), solid Earth tides, including ocean pole
tides and frequency-dependent corrections were corrected to account for the motion
of the Earth’s crust. Deformations from ocean-tidal loading were modelled in the
centre of mass of the total Earth system frame using the TPXO7.2 tide model and
SPOTL software (Agnew, 1997; Egbert et al., 2009; Fu et al., 2012; Petit and Luzum,
2010).

Station positions were estimated in daily batches with receiver clock biases, real-
valued phase ambiguities and tropospheric delays. Intervals of 24 hours were used
to estimate station positions, while 5 minute intervals were used for clock bias
and tropospheric delays. Zenith tropospheric delays were mapped to the eleva-
tion of each satellite using the Vienna Mapping Functions 1 (VMF1, Boehm et al.,
2006), with a priori hydrostatic zenith delays extracted from the European Centre for
Medium range Weather Forecast meteorological data (Tregoning and Herring, 2006).
Assuming that the tropospheric delays are dominated by the un-modelled wet com-
ponent, they were adjusted using a random walk process. Real-valued phase am-
biguities were adjusted to integer values (Bertiger et al., 2010) for each station. The
daily non-fiducial position time series were then transformed to ITRF2014 (Altamimi
et al., 2016), using computed X-files with a 7-parameter transformation.
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FIGURE B.1: Semi-variogram of a) vertical velocities at AuScope GPS
sites and b) radial velocities from ICE-6G_C GIA model interpolated
at AuScope GPS sites.

The empirical semi-variogram for the GPS sites is shown in Figure B.1a and for ICE-
6G_C in Figure B.1b. These are computed using 15 bins representing spacing at 185
km and the semi-variogram was then modelled using an empirical spherical model.
The number of bins were selected to mitigate high-frequency variation. Varying the
bin sizes (spacing between sites) did not significantly alter the sill and range values.
The range is the distance at which the semi-variance model ‘flattens’, and the sill
represents the value at which the model reaches at the range, represented in Figure
B.1 and Figure B.2 as a change of the line colour from blue to red.

The semi-variogram for GPS (Figure B.1a) shows increased power at shorter wave-
lengths as expected given the existence of site-specific noise. The range for GPS is
536 km, after which the sites are no longer considered to be spatially correlated. The
range for the ICE6G_C GIA model (Figure B.1b) is 2185 km using a spherical fit to
the variogram. There were negligible changes to the range for both GPS and GIA
using alternative variogram functions. The nugget for both models is estimated and
is small (non-zero). There appears to be a double sill for the GIA data, with the first
sill at ~500 km which is not resolved by the variogram functional model.
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FIGURE B.2: Semi-variograms of alternative GIA models interpolated
at AuScope GPS sites for a) ICE6GC_ANU and, b) Caron et al., (2018)
GIA model.

The semivariogram for ICE6G_C_ANU and Caron et al. (2018) GIA models (Figure
B.2) show a similar pattern where there appears to be an initial sill ~500-1000 km

and then reaches a secondary sill ~2500 km. This suggests that the data is spatially

correlated up until a point and then model error begins to influence data correlation.
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FIGURE B.3: Temporal and spatial response of the third modes from

PCA and ICA, where the loading due to surface mass transport (at-

mosphere, land water storage, non-tidal ocean) at each site has been

removed prior to analysis. Top is the scaled leading component time

series and below is the normalised spatial eigenvector (not displace-

ment direction). The up arrows represent a positive spatial response,
and down arrows represent a negative spatial response.
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Figure B.3 highlights the spatial pattern and temporal variability that can be associ-
ated with Inter-annual variability of the terrestrial water storage deformation signal,
largely driven by the El-Nifio Southern Oscillation (ENSO) and the Indian Ocean
Dipole (Forootan et al., 2012; Garcia-Garcia et al., 2011).
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B.4 Supporting tables

TABLE B.1: Sites used from the Australian AuScope network that
have continuous time series from 2013.0-2019.0 and their approxi-
mate geographic coordinates. SF is scale factor from the multivariate

regression analysis. *excluded due to noisy time series

Site Latitude  Longitude Height  Up velocity PC1 IC1

(m) (mm/yr) SF SF
ALBY  -35°02"59" 117° 48 36" 34121 -020+034 0.66 0.71
ALIC -24°19748" 133°53708" 602315 -1.89£0.55 0.86 0.77
ANDA  -31°32748" 137°09"36" 103.721 0.00+0.51 0.95 0.92
ARMC  -23°02"36" 145°14’44" 271505 -1.54+0.88 0.84 0.68
ARUB  -32°11"27" 125°55"28" 101.601 -0.53 +0.65 0.81 0.83
BALA  -33°32"21" 123°52°05" 125.073 -0.71+0.66 0.76 0.86
BBOO  -33°11"23" 136°03"31" 292122 -019+042 091 0.92
BDVL  -26°05"59" 139° 20" 53" 66.088 -1.04+038 0.87 0.75
BEEC -37°39713" 146°39728" 445391 -136+040 093 0.77
BING -33°35"18" 151° 397 08"  487.280 -0.90+0.63 0.78 0.53
BKNL  -32°00"13" 141°28 12" 309.366 -0.12+0.56 0.93 0.84
BMAN  -32°5337" 138°42'25" 618132 -142+0.72 094 0.85
BNDY  -25°05"30" 152°19" 16" 81375 -0.48+0.72 0.78 0.56
BRO1  -19°59"46" 122° 12’ 33" 45598 -0.22+0.82 0.76 0.68
BROC  -37°58 07" 144°12"14" 132.059 -1.19+045 091 0.78
BULA  -23°05"11" 139°54"11" 201.199 -0.34+0.60 0.87 0.73
BUR2 -42° 56" 60" 145° 54’ 54" 2139 -015+032 0.81 0.73
BURA  -31°2828" 117°10"29" 327566 -0.06+0.57 0.65 0.72
CEDU  -32°07"60" 133°48 35" 142371 0.01£0.62 090 0.79
CNBN  -32°40°00" 149°16"10" 682.128 0.31+0.66 0.79 0.46
COEN  -14° 02" 28" 143°10"36" 250.755 -0.90+0.65 0.84 045
COOB  -30°57"55" 134°43"21" 232533 -0.01+0.59 0.95 0.90
COOL  -27°15"28" 145°40"49" 335166 -0.28+0.61 0.83 0.65
DARW  -13°09"23" 131°07°58" 128.177 -0.98 £0.87 0.66 0.20
DODA  -14° 09’ 55" 131° 11" 13" 87113 049+0.54 073 045
EDSV  -26°3727" 151°07"11" 288718 -198+0.75 0.79 0.65
ESPA -34° 07" 32" 121° 53" 40" 29379 -020+£042 0.72 0.79
EXMT  -22°0222" 114° 06" 48" 16.697 -042+040 0.66 0.63
FLND  -41°47°08" 148° 14" 30" 6.604 -0.78+0.25 0.81 0.78
FROY  -19°52727" 125°48 02" 160.766 -0.40+0.88 0.70 0.62
GABO  -38°25'55" 149° 54’ 55" 18.461 -0.72+0.33 0.80 0.68
GASC  -25°2203" 115°20"19" 185.042 0.16+0.46 049 046
GGTN  -19°41'38" 143°32"26" 366.602 -213+0.74 0.82 0.63
HERN  -31°40"24" 152°29"13" 1241537 -1.09+0.85 0.79 0.68
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HIL1
HNIS
HOB2
HUGH
HYDN
IHOE
JAB2
JERV
JLCK
KALG
KARR
KAT1
KGIS
KILK
KUNU
LAMB
LARR
LIAW
LKYA
LONA
LURA
MAIN
MCHL
MEDO
MNGO
MOBS
MRBA
MRO1
MTCV
MTDN
MTEM
MTIS
MTMA
MULG
NBRK
NCLF
NEBO
NHIL
NMTN
NNOR
NORS
NSTA

-32° 10" 28"
-11° 24’ 35"
-43° 11" 43"
-21° 03 09"
-33° 33" 02"
-33° 08" 09"
-13° 20" 24"
-23° 08’ 22"
-21° 19 51"
-31° 12’ 56"
-21° 017 07"
-15° 37’ 26"
-40° 03’ 29"
-27° 54’ 57"
-16° 19’ 23"
-27° 03" 41"
-16° 25" 37"
-42° 05’ 52"
-13° 32’ 40"
-29° 07’ 18"
-16° 25" 21"
-15° 57" 14"
-27° 38’ 28"
-27° 14’ 33"
-39° 13" 13"
-38° 10" 14"
-18° 58’ 55"
-27° 18" 12"
-26° 03’ 16"
-23° 52" 02"
-38° 24’ 45"
-21° 18’ 35"
-29° 53’ 05"
-31° 43’ 05"
-30° 19’ 22"
-35° 177 30"
-22° 21" 35"
-37° 41’ 30"
-18° 19’ 42"
-32° 57" 05"
-33° 44’ 24"
-30° 57’ 16"

115° 44’ 19"
142° 17 46"
147° 26" 19"
144° 12" 16"
118° 53" 31"
143° 29" 31"
132° 53" 40"
136° 06" 02"
141° 44’ 21"
121° 277 33"
117° 05 50"
132° 09" 12"
143° 50" 49"
152° 15" 07"
128° 45" 46"
134° 03" 46"
133° 12" 46"
146° 40" 23"
130° 49" 29"
121° 19" 09"
144° 27" 25"
134° 05" 34"
148° 08" 42"
114° 36" 34"
143° 39" 06"
144° 58" 31"
145° 19" 26"
116° 38" 15"
133° 12" 24"
131° 29" 34"
143° 26" 56"
139° 29" 11"
117° 50" 35"
134° 03" 31"
145° 48" 51"
116° 07" 24"
148° 41’ 55"
141° 38" 46"
141° 04’ 09"
116° 117 34"
121° 477 14"
150° 26" 39"

-32.432
90.440
43.239

526.539

298.085

152.119
80.119

382.295

168.775

339.514

110.470

180.178

9.367

249.107
89.225

309.035

230.405

1049.591
69.925

358.423

149.864

160.086

531.905

115.786
63.761
41.099

647.383

353.265

544.991

668.516

515.234

397.333

391.956

213.747

182.660
73.854

342.745

142.270
58.211

232.783

457.216

460.342

-2.53 £0.71
0.05 £ 0.51
-2.28 +0.42
0.72 £ 0.85
-0.46 + 0.51
-0.06 £ 0.63
246 £1.10
-0.36 + 0.42
-0.20 £ 0.82
0.21 £ 0.63
1.04 = 0.45
0.02 + 0.67
-1.84 £0.32
-0.58 £+ 0.84
0.06 = 0.67
-0.01 £0.45
-0.32 £0.80
-0.78 £ 0.42
0.07 £0.43
-0.26 + 0.50
-0.35 £ 0.48
-0.07 £0.74
-0.37 £ 0.85
-0.07 £ 0.52
-0.30 £ 0.48
-1.40 £ 0.48
-0.15 £ 0.94
0.83 == 0.44
-0.25 £0.37
-0.06 £ 0.56
0.55 +0.81
-0.75 £ 0.69
0.10 + 0.45
-1.29 £ 0.57
-0.85 £ 0.50
0.28 £ 0.34
-1.87 £ 0.65
0.47 +0.49
0.90 £ 1.02
-0.18 £0.71
-0.07 £ 0.48
-0.46 £ 0.58

0.63
0.79
0.71
0.89
0.67
0.93
0.79
0.91
0.91
0.77
0.62
0.78
0.86
0.75
0.82
0.92
0.85
0.78
0.90
0.78
1.00
0.86
0.94
0.67
0.86
0.87
0.83
0.59
0.91
0.82
0.90
0.88
0.69
0.92
0.93
0.69
0.80
0.95
0.88
0.72
0.67
0.89

0.62
0.39
0.51
0.75
0.79
0.82
0.14
0.77
0.70
0.82
0.59
0.40
0.74
0.75
0.68
0.87
0.62
0.57
0.94
0.80
0.87
0.54
0.80
0.65
0.85
0.74
0.62
0.60
0.86
0.75
0.80
0.72
0.73
0.84
0.80
0.71
0.57
0.77
0.54
0.69
0.75
0.67
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NTJN -22° 327 34" 133°58 12" 620952 -0.86+0.76 0.83 0.71
PARK -33° 00" 05" 148°15'53" 399.866 1.32+0.79 0.78 0.96
PERT -32° 11’ 53" 115° 53’ 07" 18569 -0.96 +0.59 0.64 0.56
PTHL -21° 277 37" 118° 40’ 44" 38.201 238+055 0.61 0.55
PTKL -35° 317 28" 150° 54’ 49" 40.182 0.16 £0.56 0.83 0.55
PTLD -39° 397 20" 141° 36’ 49" 1.093 -0594+0.27 0.87 0.83
PTSV -36° 54" 19" 138° 29’ 09" 53.429 -1.67 £0.41 093 0.92
RAVN  -34°24712" 120°04"15" 205236 -0.10+042 0.71 0.77
RKLD  -20°01’57" 137°50°05" 273.072 -0.064+0.73 0.88 0.72
RNSP -19° 36" 44" 133°48'59" 346978 -0.69 £0.84 0.85 0.76
RSBY -24° 50" 21" 150° 47’ 24" 55.831 0.66 £0.63 0.97 0.81
SA45 -33°31747" 137°56’ 04" 201.340 0.07+042 098 0.95
SPBY -43° 27 13" 147° 55’ 51" 6981 -0.79+024 082 0.73
STHG* -25°38'59" 143°17°07" 194.667 6.70+1.18 0.90 0.95
STNY -39° 377 29" 145° 12’ 50" 25.889 -0.29+0.32 094 0.79
STR1 -36° 417 04" 149° 00" 36"  798.627 -0534+0.54 0.84 0.58
SYDN  -34°13709" 151° 09" 01" 87.603 -0.34+052 0.82 0.64
TBOB -30° 32"59" 142° 03’ 27" 191.898 0.33+0.52 0.92 0.80
THEV  -33°52"17" 133° 41’ 49" 1.451 -0564+042 094 1.00
TID1 -36° 36" 03" 148° 58" 48" 667.141 -043+0.39 0.80 0.49
TMBO  -25°13"42" 146°17°03" 589.956 -1.81 +0.89 0.88 0.73
TOMP  -23°09"13" 117°24’01" 430.063 0.86 +0.46 0.72 0.70
TOOW  -28°27'56" 151°55"42" 684.005 -0.68+0.99 0.74 041
TOW2  -20°43"51" 147° 03’ 21" 83.802 -0.01+£0.60 0.81 0.56
TURO  -37°57°53" 150° 07’ 20" 51.796 -1.28 +£0.34 0.84 0.69
UCLA  -32°19"14" 128°52’ 59" 65917 048 +£049 0.87 0.92
WAGN  -34°40'01" 117°24’36" 291.679 -0.97£055 0.64 0.67
WARA  -26°57"46" 128°17'46" 592257 -0.36 £0.40 0.86 0.81
WILU -27°22'28" 120°13' 06"  490.709 -0.27 £0.45 0.68 0.72
WLAL  -20°13"17" 120° 38" 37" 23.566 199+ 053 0.69 0.61
WMGA -20°03"60" 134°21’'16" 417466 -1.16+0.65 0.85 0.72
WWLG -34°17748" 147°19°18" 359.843 -1.34+049 0.87 0.65
YAR2 -30° 577 12" 115°20°49" 245.084 -1.274+0.56 0.65 0.62
YEEL -35°51’21" 135°47°04" 173.070 -0.06 =0.38 091 091
YELO -32°42' 33" 119° 38" 45" 350926 -0.59+0.53 0.71 0.81
YNKI -39° 11 16" 146° 13’ 06" 36.530 -1.34+042 0.84 0.78
YULA -26° 46" 08" 130° 56" 30" 514.084 0.03+0.54 0.87 0.81
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TABLE B.2: Difference in median PLW noise parameters and median
PLW trend of the full GPS time series (variable for each site) and trun-
cated GPS time series (2013.0 — 2019.0)

FULL SERIES 2013-2019 A
Trend (mm/yr) -0.6(04) -03(05) 03
PLW amplitude (mm/yr=*/4) 96(0.2) 9.0(02) 0.6
Spectral Index (x) -0.6(0.1) -0.6(0.1) 0.0
Annual Amplitude (mm) 4.2 (0.5) 41(0.5) 0.1

B.5 Copyright and License details

©2020 Geoscience Australia, Commonwealth of Australia

This is an open access article under the terms of the Creative Commons Attribution

License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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C.1 PYGR coseismic offsets (PT09)

Our coseismic estimates at Puysegur Point, New Zealand (PYGR) using two weeks
of data either site of the earthquake event are -59.7 &+ 23.7 mm, -323.8 &+ 11.7 mm, and
6.4 + 2.4 mm for north, east and up components respectively. The coseismic offsets
for sites in the near-field may be influenced by postseismic deformation, however
PYGR is included for completeness. The high uncertainty on the PYGR coseismic
offsets is largely due to the immediate postseismic deformation. This site was very
close to the hypocentre of the earthquake (~47 km), and so it is difficult to distin-
guish between afterslip and postseismic deformation, which can skew the coseismic
offset estimation. Using one week either side of the event we calculated the coseis-
mic offset at PYGR to be -52.5 + 22.1 mm, -320.1 & 9.7 mm, and 2.1 4= 4.0 mm for
north, east and up components respectively. These differ from those of Mahesh et
al. (2011) who estimate coseismic offsets at permanent GPS sites in New Zealand
within the near- and far-field of the earthquake, but only consider three days of data
either side of the event and do not provide uncertainty estimates. For the closest
permanent GPS site, PYGR, Mahesh et al. (2011) estimate the coseismic offsets to be
-30 mm, -301 mm and -200 mm for north, east and up components respectively. Our
results show substantially smaller changes coseismic uplift suggesting that afterslip

could be occurring.

When investigating the inversion of GPS and differential INSAR observations Bea-
van et al. (2010b) estimate the maximum horizontal slip displacement from PT09 to
be approximately 1.7 m and demonstrate that the pre- and post-earthquake veloc-
ities are different up to 3 mm/yr at sites in New Zealand. Due to site availability,
the displacement inversion for the total slip in Beavan et al. (2010b) only uses ten
sparsely located continuous GPS sites that are supplemented with campaign obser-
vations. This is not an optimal solution, but unfortunately the availability of per-
manently operating sites at the time of the event does not allow for a more rigorous
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inversion or comparison of results. We were able to obtain similar coseismic offsets
at a New Zealand sites (PYGR) with those from Beavan et al. (2010b), meaning that
our offsets observed at Australian sites can be considered realistic and significant.

C.2 Supporting File

This is an example of the modified earth.model used in VISCO1D (v3) with extra
parameters defining the lower mantle.

67 4 6371.000 0.714
3480.000 3481.000 5.000 44.000 22.000 1.000000E+03
3481.000 3500.000 5.000 44.000 22.000 1.000000E+03
3500.000 3600.000 5.000 44.000 22.000 1.000000E+03
3600.000 3700.000 5.000 44.000 22.000 1.000000E+03
3700.000 3800.000 5.000 44.000 22.000 1.000000E+03
3800.000 3900.000 5.000 44.000 22.000 1.000000E+03
3900.000 4000.000 5.000 44.000 22.000 1.000000E+03
4000.000 4100.000 5.000 44.000 22.000 1.000000E+03
4100.000 4200.000 5.000 44.000 22.000 1.000000E+03
4200.000 4300.000 5.000 44.000 22.000 1.000000E+03
4300.000 4400.000 5.000 44.000 22.000 1.000000E+03
4400.000 4500.000 5.000 44.000 22.000 1.000000E+03
4500.000 4600.000 5.000 44.000 22.000 1.000000E+03
4600.000 4700.000 5.000 44.000 22.000 1.000000E+03
4700.000 4800.000 5.000 44.000 22.000 1.000000E+03
4800.000 4900.000 5.000 44.000 22.000 1.000000E+03
4900.000 5000.000 5.000 44.000 22.000 1.000000E+03
5000.000 5100.000 5.000 44.000 22.000 1.000000E+03
5100.000 5200.000 5.000 44.000 22.000 1.000000E+03
5200.000 5319.100 5.000 44.000 22.000 1.000000E+03
5319.100 5353.700 5.000 44.000 22.000 1.000000E+03
5353.700 5388.300 5.000 44.000 22.000 1.000000E+03
5388.300 5422.900 5.000 44.000 22.000 1.000000E+03
5422.900 5457.600 5.000 44.000 22.000 1.000000E+03
5457.600 5492.200 5.000 44.000 22.000 1.000000E+03
5492.200 5526.800 5.000 44.000 22.000 1.000000E+03
5526.800 5561.500 5.000 44.000 22.000 1.000000E+03
5561.500 5596.100 5.000 44.000 22.000 1.000000E+03
5596.100 5630.700 5.000 44.000 22.000 1.000000E+03
5630.700 5665.400 5.000 44.000 22.000 1.000000E+03
5665.400 5701.000 5.000 44.000 22.000 1.000000E+03
5701.000 5731.300 3.800 5.000 3.000 1.500 0.100000E+01 0.100000E+02
5731.300 5771.000 3.800 5.000 3.000 1.500 0.100000E+01 0.100000E+02
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C.3 Supporting figures

T T T T

-0.04 +——— . — —
2000 2005 2010 2015

FIGURE C.1: GPS time series at Melbourne (MOBS) after removing
a trend computed over the pre-earthquake period (2000.0-2004.9) for
MIO04. A 100-day running mean is shown in blue. Blue dashed line is
the estimated linear velocity post-earthquake. Red is the best fitting
viscoelastic model for the horizontal components, cyan is the best fit-
ting visco model for the vertical component and magenta is the best
fitting visco model for all components. The dashed vertical line in-
dicates the date of the Macquarie Island earthquake (23 December

2004).
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FIGURE C.2: Modelled postseismic deformation for the 1979 Puyse-
gur Trench earthquake at sites Hobart (HOB2), Sydney (SYDN), and
Melbourne (MOBS) using the Puy09 best fit models and fault geome-

try from Anderson et al. (1993).
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C.4 Supporting tables

TABLE C.1: GPS sites used in this research with approximate coordi-

nates
Site Latitude Longitude Height (m) EQ’s Time period
ALIC -23° 407 12.25" 133°53’7.71"  602.315 SuU12 2007.4-2019.0
BRO1  -18° 00’ 14.41" 122° 12’ 32.76" 45.598 SU12 2010.5-2019.0
CEDU -31°5270.03" 133°48’35.34" 142.371 5104, 5U05, 1997.7-2019.0
SuU07,SU12, MI04
4
COCO -12°11718.12" 96°50°02.31" -36.433 SU04, SU05, 1996.0-2019.0
suU07,SU12
4
DARW -12° 50’ 37.31" 131° 07’ 57.81" 128.177 SU04, SU05, 1996.5-2019.0
SuU07, SU12, MI04
HIL1 -31° 497 31.82" 115° 44’ 18.90" -32.432 2005.5-2019.0
HOB2  -42° 48 16.99" 147° 26’ 19.23" 43.239 MI04, PT09, PT79  1996.0-2019.0
4
KARR -20°5852.97" 117° 05" 49.73" 110.470 5104, 5U05, 1996.3-2019.0
suU07, SU12
MAC1 -54°29’58.22" 158°56’9.175" -10.050 MI04, PT09, PT79 1996.0-2019.0
MOBS -37°49"45.83" 144° 58" 31.41" 41.099 MI04, PT09, PT79 2002.8-2019.0
NNOR -31°02’55.30" 116° 11’ 33.70" 232.783 SU05,SU07,SU12  2002.5-2019.0
4
PERT -31° 48" 7.12"  115°53’6.94" 18.569 SU04, SU05, 1996.0-2019.0
suU07,SU12
STR1 -35° 18’ 55.97" 149° 00’ 36.12" 798.627 MI04, PT09 1998.4-2019.0
SYDN -33°46’51.18" 151° 09’ 1.24" 87.603 M1I04, PT09 2004.3-2019.0
TID1 -35° 23" 56.96" 148° 58 47.97" 667.141 MIO04, PT09 1996.5-2019.0
TIDB -35° 23" 56.96" 148° 58’ 47.97" 667.141 MI04 1996.0-2019.0
4
TOW2 -19°16°9.48" 147° 03’ 20.55" 83.802 SU04, SU05, 1996.0-2019.0
su07, SU12
XMIS -10° 27 0.018" 105° 41’ 18.46" 261.133 suU07,SuU12 2005.5-2019.0
4
YAR2  -29°02"47.52" 115°20°49.20" 245.084 5104, 5U05, 1996.2-2019.0
suU07,SU12
TABLE C.2: Offsets calculated from the GPS time series at the time
of equipment changes or coseismic earthquake displacement. Uncer-
tainty is one-sigma.
. Time
Site N (mm) E (mm) U (mm . Offset cause
(decimal year)
ALIC 250+072 037 +0.34 0.42 + 0.61 2007.696 SU07
ALIC 269+123 145+052 -047+0.89 2008.290  rcvr change
ALIC 196 £0.80 1.38+0.65 -2.35+0.98 2009.534 PT09
ALIC 418+070 1.17+045 5.33 = 1.53 2011.551 ant change
ALIC 237+057 0.81+061 -0.74+0.97 2012.276 SU12
ALIC 268+1.07 1104+0.73 -0.04 +£1.32 2016.093 rcvr change
BRO1 274+154 0974+0.74 -1.04 +£1.37 2012.276 SU12
CEDU 3.69+026 3524130 0.45 1-1.44 2000.358  rcvr change
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CEDU
CEDU
CEDU
CEDU

CEDU

CEDU

CEDU
CEDU
CEDU
CEDU
CEDU

CEDU

COCO
COCO
COCO
COCO

COCO

COCO
COCO
COCO
COCO
COCO
COCO
COCO
COCO

DARW

DARW
DARW
DARW
DARW
DARW
DARW
DARW
DARW
DARW
DARW
DARW
DARW
HIL1

HIL1

HIL1

HIL1

1.45+0.79
1.02 £ 0.74
2.59 £ 0.64
432+ 0.75

0.80 = 1.79

3.80 £1.77

0.42 +1.85
3.18 £0.71
2.01 £0.48
1.23 £ 0.66
2.24 + 0.69

1.97 £ 0.40

3.61 +2.26
-3.12 £ 4.34
-0.69 £5.48

248 +2.05

1.88 = 2.11

3.75£279
5.33 £3.67
10.46 = 1.52
232 +1.30
296 £ 3.73
18.93 £ 3.92
140 =1.24
3.40 £3.00

2.61 £2.40

3.84 +4.20
-3.36 + 3.96
1.20 £ 0.71
3.14 £3.19
3.04 £3.95
1.68 £ 1.08
3.52 +0.50
3.01 £0.63
254 £1.07
-2.52 £ 3.47
2.00+1.76
12.49 £ 0.45
6.28 + 9.88
3.57 £1.95
242 £1.78
390+ 1.34

1.75 £ 0.93
133 £041
-1.23 £ 0.68
3.32 £ 0.54

0.76 + 0.83

0.06 +1.28

2.36 +0.78
0.88 + 0.47
1.22 + 0.63
0.38 £ 0.69
0.56 + 0.52

0.70 £0.75

1.25 + 3.39
33.29 £ 1.39
3.02 +2.93
1.64 £1.89

217 £2.04

1.82 +1.03
1.47 £1.28
5.40 + 0.79
221 £261
1.56 £ 1.84
-4.19 £0.77
241 £0.66
-0.17 £ 2.27

-0.52 +2.97

-0.13 £ 4.45
3.20 + 2.06
0.72 £0.35

-0.42 £ 1.58
0.70 £ 1.76

-1.12 +1.26
0.26 £ 0.51
1.40 = 0.76
2.10 £0.45

-034£1.24
0.04 £ 091
6.80 = 0.54
0.49 +£1.29
257 £3.31
241 £215
243 +£142

-3.49 +2.42
-5.97 £2.37
290 £1.14
-5.04 £1.96

-2.82£1.99

8.54 + 1.60

-0.99 £1.45
0.36 = 0.65
-3.46 £ 1.53
244 £1.27
0.60 £ 1.01

-9.70 £ 1.06

3.73 £3.82
492 £ 1.64
1.10 £ 3.45
3.35+2.79

-1.07 £ 2.14

-277 £1.79
0.70 £2.45
1.53 £1.84

-3.99 £ 1.55
0.07 £ 2.46

-0.85 £ 3.05
0.52 £2.09

-0.46 £ 3.15

-8.43 £+ 3.45

3.23 +4.09
2.05+2.79
543 £4.25
-0.70 £ 2.77
-3.43 £3.14
0.26 +2.30
245+ 1.83
3.28 +1.47
1.83 £ 1.55
0.18 +2.53
3.13+321
1.09 £ 0.90
6.23 £4.73
-1.29 £ 2.32
-0.24 £ 2.38
-1.94 £ 2.65

2004.975
2004.984
2005.236
2005.416

2006.156

2006.537

2007.312
2007.696
2009.534
2011.375
2012.276

2016.577

1999.945
2000.437
2001.455
2001.592

2004.478

2004.975
2005.238
2007.696
2009.534
2011.811
2012.279
2015.452
2016.167

1999.899

2003.211
2003.258
2004.538
2004.975
2004.984
2005.236
2007.696
2008.363
2009.534
2012.276
2016.801
2017.507
2004.858
2004.975
2004.984
2005.236

MI04

SU04

SU05

rcvr change

both revr and
antenna changed
both rcvr and
antenna changed
rcvr change
suo7

PTO09

rcvr change
SU12

rcvr change,
radome removed
rcvr change
unknown

rcvr change

rcvr change

rcvr change,
radome removed
MI04

Ssu05

18074

PTO09

rcvr change
SuU12

rcvr change
SuU16

rcvr change,
radome removed
rcvr change

ant change

rcvr change
MI04

SU04

SU05

suo7

rcvr change
PTO09

SuU12

rcvr change

ant change

ant change

MI04

SsuU04

SU05
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HIL1 4.01 +£2.31 1.33 £+ 0.86 -1.97 +£1.73 2005.882  rcvr change
HIL1 293 +0.78 1.51 £ 1.25 -1.05 £ 1.20 2006.800 ant change
HIL1 4.22 + 0.66 225+ 0.95 3.02 &£ 1.55 2007.696 SU07
HIL1 1.97 £+ 0.88 0.84 £+ 0.90 0.98 £ 1.60 2009.534 PT09
HIL1 3.26 &+ 0.53 1.08 £+ 0.95 2.07 +£0.92 2012.276 SU12
HIL1 1.49 £+ 0.65 295+ 0.80 1.29 £+ 0.95 2014.926 rcvr change
HIL1 244 +1.16 3.86 4+ 0.98 -3.36 + 1.08 2017.874 rcvr change
HOB2 1.68 £1.06 -1.82+2.89 8.32 £+ 2.30 1999.910 rcvr change
HOB2 -1.82+1.79 -1.84 +2.73 5.54 + 2.39 2000.566 rcvr change
HOB2 1.05 +£2.07 -0.21 £+ 2.99 418 +2.21 2002.236 rcvr Change
HOB2 275+ 1.78 1.45 £+ 1.96 248 +2.15 2002.249  rcvr change
HOB2 047 +1.30 6.07 +2.22 -1.07 £ 2.02 2004.975 MI04
HOB2 -0.27 £ 1.57 5.38 + 2.69 0.28 +1.99 2004.984 SU04
HOB2 280+1.09 -047 4+2.31 -0.37 £ 1.24 2005.236 SU05
HOB2 4.66 +1.93 1.67 +=1.19 -2.07 £+ 3.37 2005.753 rcvr Change
HOB2 2.56 + 1.35 0.57 +1.38 1.28 £ 1.65 2007.696 SU07
HOB2 1.88 + 0.99 0.09 £+ 1.06 0.25 4+ 1.85 2008.937 rcvr change
HOB2 072 +1.72 1.11 £1.71 -2.86 +2.23 2009.534 PT09
HOB2 0.80 +0.74 042 4+ 1.57 2.16 £ 1.04 2012.276 SU12
HOB2 1.30 £ 1.33 255+1.92 -1.72 £ 2.61 2016.888 rcvr change
KARR 1.04+097 189 +£1.05 -478+1.56 1999.501 rcvr change
KARR 1.52 £091 1.89 £ 2.06 3.19 +3.44 1999.948  rcvr change
KARR 4294+ 084 -0.17+1.35 -5.54 4+ 1.30 2000.448 rcvr change
KARR 516 +£252 -0.31 +£0.45 -2.08 +1.37 2001.660 rcvr change
KARR 3.18 = 1.29 1.22 £1.01 -3.42 4+ 1.40 2001.732  rcvr change
KARR 433 +0.73 0.84 +1.11 0.15 +2.92 2001.797  rcvr change
KARR 1.19+0.79 149 £0.70 4.06 £ 0.96 2003.422  rcvr change
KARR 1.73 £1.92 1.33 £ 0.79 1.73 £2.12 2004.975 MI0O4
KARR 1.35 £ 2.05 0.67 £ 0.76 1.16 +2.44 2004.984 SU04
KARR 405+147 -0.224+0.32 -2.07 £+ 1.50 2005.236  SU05
KARR 3.72 + 0.88 1.94 +1.03 0.84 4+ 0.81 2007.696 SU07
KARR 1.92 £+ 0.64 0.97 +0.73 1.71 £ 1.22 2009.534 PT09
KARR 279 +0.88 0.68+036  2.88 +1.00 2010381 Dothrevrand

antenna changed
KARR 3.54 + 0.98 0.26 £+ 0.83 228 +1.34 2012.276 SU12
KARR 3234693 007+150 354 +461 2013606 Corevrand
antenna changed
MAC1 2.37 £ 0.64 1.42 +1.23 -4.59 £+ 1.58 1999.649 rcvr Change
MAC1 292 4+132 -2.02+1.59 2.87 +£1.33 2001.008 rcvr change
MAC1 0.67 £0.60 -0.81 +£2.20 -1.45 £+ 1.65 2005.236 SUO05
MAC1 0.36 + 0.43 0.98 £ 0.88 1.75 £ 1.22 2005.304 rcvr change
MAC1 1.69 £ 0.60 -2.154+1.26 1.68 + 0.89 2007.696 SU07
MAC1 088 +1.01 -1.13+1.73 -3.31 +£1.32 2009.534 PT09
MAC1 -0.42 £0.81 -0.63 +3.81 0.10 £1.35 2011.310  rcvr change
MAC1 -0.60 £0.63 -0.10 £1.55 -0.37 £ 1.00 2012.276 SU12
MAC1 2454056 127+124 -1.17 +155 2016913 Dothrevrand

antenna changed
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MOBS
MOBS
MOBS
MOBS
MOBS
MOBS
MOBS
MOBS
MOBS
MOBS
MOBS
NNOR
NNOR
NNOR
NNOR
NNOR
NNOR
PERT
PERT
PERT
PERT
PERT
PERT
PERT
PERT
STR1
STR1
STR1
STR1
STR1
STR1
STR1
STR1
STR1
STR1
STR1
STR1
STR1
STR1
SYDN
SYDN
SYDN
SYDN
SYDN
SYDN
TID1
TID1

1.81 £1.89
0.68 +1.40
2.70 £ 049
2.83 +£1.20
2.07 £0.51
394 £1.04
2.52 £ 0.60
0.97 £0.71
3.15+0.33
2.25 +0.60
1.60 = 0.45
2.96 £ 1.09
1.71 £ 1.51
3.36 = 0.99
3.49 +£0.74
1.40 £ 0.67
3.31 £0.61
1.14 +£1.21
1.34 £ 1.07
3.54 +0.99
3.83 £0.97
3.67 £0.83
2.26 £1.39
1.49 £0.76
2.86 = 1.02
533 +223
1.04 £ 1.00
4.60 = 2.19
429+1.73
423 +£1.21
1.55 £0.90
1.16 £ 0.82
223 + 042
1.53 £ 0.39
2.86 £0.79
1.88 £0.70
2.09 + 0.62
1.92 £ 0.58
2.33 £0.51
1.33 £ 1.09
1.13 £0.79
229 £ 092
2.85 +0.80
095 +1.74
0.97 £0.84
1.97 £1.02
0.70 £ 0.77

4.65 £ 1.62
3.29 £1.90
-1.51 £ 0.59
2.08 £1.22
-0.74 £ 0.86
0.36 £ 0.51
3.21 £ 0.63
091 +£0.77
0.11 £ 0.55
0.76 + 0.40
0.41 £0.72
1.42 +1.23
1.25 £ 0.65
0.87 £ 0.81
137 £1.29
1.18 = 0.85
0.62 £ 0.63
240 £+ 0.68
2.00 £ 0.87
0.81 +0.44
1.99 £1.23
1.64 £ 0.16
4.58 +£2.90
0.57 £1.97
1.68 £3.79
0.63 + 3.77
0.46 + 1.60
1.38 + 2.57
246 £2.05
142 £0.99
3.82+1.74
3.53 £ 1.56
0.53 + 0.94
1.08 = 0.80
0.17 £0.70
251 +1.44
1.61 £2.70
0.74 £ 0.75
0.73 £ 0.64
2.25£0.74
222 +0.65
-1.92 £1.68
0.56 + 0.75
1.98 £2.62
0.68 = 0.50
1.17 £ 1.96
2.63 £ 2.55

-3.62£1.72
-1.32£1.76
-044 £1.15

0.47 +1.45
-3.31 £ 1.02
-1.21 £1.13
-1.55 £ 0.88

1.55 £1.34

212+ 1.26

1.58 £1.17
-0.22 £1.22
-0.87 £2.19
-3.24 £2.20
-3.56 £ 1.45
-1.04 £1.32
276 £2.11

248 £2.15
-2.96 £ 2.08
-3.66 £ 1.94
-3.00 £0.98

0.58 +£1.70
-7.42 £ 2.52

6.96 £ 2.39
-017 £1.18
214 £3.13
14.49 £ 5.49

1.51 £2.23
-0.87 £3.05

1.05 + 1.85
-2.07 £2.61
-0.63 £1.76
-1.72 +£1.92

0.02 +1.66

127 £1.78
-0.74 £ 1.47
-0.67 £1.41

2.84 +£221

027 £1.24
-2.13 £ 1.66
-0.92 £2.89
-0.73 £2.80
-5.81 £2.26
277 £2.33
-1.61 +2.42
-1.74 £1.52

0.34 £2.35
-0.056 £ 2.27

2004.975
2004.984
2005.236
2006.063
2007.468
2007.696
2008.877
2009.534
2009.559
2012.276
2016.055
2004.975
2004.984
2005.236
2007.696
2009.534
2012.276
2004.975
2004.984
2005.236
2007.696
2008.022
2008.852
2009.534
2009.871
1999.049
1999.882
2000.145
2000.656
2004.803
2004.975
2004.984
2005.236
2006.326
2007.696
2008.803
2009.534
2012.276
2016.702
2004.975
2004.984
2005.236
2007.696
2009.534
2012.276
2004.934
2004.975

MI04
SU04
SU05
rcvr change
rcvr change
suo7
rcvr change
PTO09

rver tracking issue

SuU12

rcvr change
MI04

SU04

SU05

suo7

PTO09

SuU12

MI04

SU04

SU05

suo7

rcvr change
unknown
PTO09
unknown

radome removed

ant change
rcvr change
rcvr change
rcvr change
MI04

SU04

SU05

rcvr change
suo7

rcvr change
PT09

SuU12

rcvr change
MI04

SuU04

SU05

suo7

PT09

SsuU12

ant change
MI04
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TID1 0784070 319+195  0.89 +2.03 2004.984 SU04

TID1 2574082 -1.92+062 -317 4152 2005236 SUO5

TID1 2934096 1574175 0384131 2007.696 SU07

TID1 143+ 067 239£1.22 1.78 & 1.56 2009.323  rcvr change

TID1 2824100 3784485 3214229 2009.534 PT09

TID1 1544066 0024187 -1.96+1.59 2012276 SU12

TID1 195+138 0.63+183 -1.30+2.14 2016.227 radome removed

TID1 401+117 2454262 2504127 2016590 ant change

TID1 1914077 009+213  -0.99 +1.77 2017.337 rcvr change

TIDB 681 +468 4.00+312 -10.13 4537 1996.484 ant change

TIDB 2334101 2634370 -11.06=+2.97 1999.466 rcvr change

TIDB 2354082 0.67+241 -0.51+2.06 2004934 ant change

TIDB  062+055 345+391  0.16+271 2004.975 MI04

TIDB  054+058 351+373 -0.55+ 2.68 2004.984 SU04

TIDB 3284060 -2.03+085 058175 2005236 SU05

TIDB 3544132 1.61+193 -0.04+ 150 2007.696 SU07

TIDB 3244093 401+520  4.04+223 2009.534 PT09

TIDB  -043+132 -093+042 142+ 201 2010.504 revr change

TIDB 110+£079 026+208 -2.98+1.76 2012276 SU12

TIDB  372+121 1944292 2494129 2016590 ant change

TOW2 051+19 -1.07+184 -1.11 £298 1999.904 rcvr change

TOW2 -036+159 0.66+067 593 +1.63 2002.748 rcvr change

TOW2 2114202 3224216 0.0+ 2.08 2004.975 MI04

TOW2  3.01+£206 259+210  0.54+1.89 2004.984 SU04

TOW2  137+432 -089+143 -0.92 +2.65 2005236 SU05

TOW2 1184213 0854096  4.12 + 3.49 2006.121 revr change

TOW2 2854054 -0.86+065  0.44+133 2007.696 SU07

TOW2 2944107 046+122 167 +1.82 2008.743 rcvr change

TOW2 1944117 083+051 241 +203 2009.534 PT09

TOW2  561+1.04 003+172 -11.16+1.62 2011.729  ant change

TOW2 2354082 0764105 -2.71+ 135 2012276 SU12

TOW2 1614085 019+106 029+ 1.50 2015.644 revr change

XMIS 4234149 3154650 206+ 1.79 2006540 EQ

XMIS 2514179 3724345 -0.13+1.70 2007.696 SU07

XMIS 1984549 0204576  1.85+238 2009.534 PT09

XMIS 6644432 -440+371 1404294 2012.279 2ntenna cable
changed

XMIS 2734176 0.82+364 1214205 2014450 Pothrevrand
antenna changed

YAR2 3814107 275+107 -5.62+3.04 1997.633 ant change

YAR2  587+096 048+081 433 +172 2002.370 ant change

YAR2 2204092 2514107 -1.98+ 207 2004.975 MI04

YAR2 1394102 2254060 -024+211 2004.984 SU04

YAR2 3044178 099+1.07 -563+2.63 2005236 SU05

YAR2 2004081 1.87+089 -0.13+148 2005584 rcvr change

YAR2 3454067 177+142 026+ 0.99 2007.696 SU07

YAR2 2924074 2294162  -4.09 +2.50 2008.352  rcvr change
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YAR2
YAR2
YAR2
YAR2
YAR2

1.27 £0.72
453 +1.14
226 +£1.47
1.55 £ 0.67
312 £0.74

0.82 £ 0.92
1.34 £ 1.65
427 £1.99
1.12 £ 0.65
3.46 £ 0.64

074 = 1.16
1.85 £ 1.60
-2.83 £1.58
-0.01 £1.13
-3.32 £1.52

2009.534
2012.276
2012.391
2012.686
2013.466

PT09
SuU12
radome removed
radome replaced
radome removed




TABLE C.3: GPS site velocities calculated before and after the Macquarie Island 2004 earthquake. Uncertainty is one-sigma.
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. Distance Pre EQ trend  Post EQ trend AN trend Pre EQ trend  Post EQ trend AE trend Pre EQ trend  Post EQ trend AU trend

Site from MI0O4 N (mm/yr) N (mm/yr) (mm /yr) E (mm/yr) E (mm/yr) (mm/yr) U (mm/yr) U (mm/yr) (mm/yr)
eq (km)  [2000.0-2004.9] [2004.9-2011.0] y [2000.0-2004.9] [2004.9-2011.0] y [2000.0-2004.9] [2004.9-2011.0] y

HOB2 1291 55.95 + 0.22 55.40 £+ 0.11 -0.55 13.78 + 0.13 14.21 + 0.12 0.43 0.21 + 047 -0.78 £0.19 -0.99

MOBS 1830 57.52 +0.31 57.45 + 0.21 -0.07 19.51 + 0.29 19.32 + 0.18 -0.19 -2.44 +0.47 -1.12 £0.30 1.32

STR1 1880 55.95 + 0.36 55.63 £ 0.12 -0.32 18.68 + 0.26 18.21 + 0.18 -0.47 1.97 +0.50 -0.68 +0.40 -2.66

TID1 1873 55.24 +£0.22 55.66 + 0.10 0.42 18.10 + 0.14 18.02 + 0.13 -0.08 1.24 +0.44 -0.92 £ 0.46 -2.16
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Appendix D

List of publications, research

output and public engagement

D.1 Peer-reviewed journal papers

Year

Citation

2017

2020

2020

Riddell, A. R., King, M. A., Watson, C. S., Sun, Y., Riva, R. E. M,, &
Rietbroek, R. 2017. Uncertainty in geocenter estimates in the context of
ITRF2014. Journal of Geophysical Research: Solid Earth, 122, pp. 4020-
4032, doi: 10.1002/2016]JB013698

Riddell, A.R., King, M. A., & Watson, C. S. 2020. Present-day verti-
cal land motion of Australia from GPS observations and geophysical models.
Journal of Geophysical Research: Solid Earth, 125, €2019]B018034, doi:
10.1029/2019jb018034

Riddell, A. R., King, M. A., & Watson, C. S. 2020. Ongoing postseismic
vertical deformation of the Australian continent from far-field earthquakes.
Submitted to Geophysical Journal International.
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Appendix D. List of publications, research output and public engagement

D.2 Oral presentations

Year Event

2016 25 August. Tasmanian Surveying and Spatial Conference (Launceston,
Australia). Up and Down: Dealing with a disruptive Earth.

2016 16 December. American Geophysical Union Fall Meeting (San Fran-
cisco, USA). Uncertainty in ITRF2014 origin residuals.

2017 25 April. European Geosciences Union (Vienna, Austria). Temporal vari-
ability and coloured noise of SLR translations with respect to the ITRF2014
origin.

2017 9 May. Bonn University (Bonn, Germany). Geodesy at Geoscience Aus-
tralia & Uncertainty in the Geocentre.

2017 13 June. School of Land and Food conference (Hobart, Australia). Mo-
tion of the Earth’s centre of mass.

2017 29 June. Australian Geodesy Workshop (Canberra, Australia). Temporal
variability and coloured noise of SLR translations wrt ITRF2014.

2017 14 September. GeoRabble (Hobart, Australia). Measuring Earth’s ‘wig-
gle’: A journey to the centre.

2017 16 November. Geological Society of Australia Earth Science Student
Symposium (Hobart, Australia). Surface deformation of Australia from
nearby earthquakes.

2018 28 March. FameLab (Melbourne, Australia), Measuring Earth’s wiggle.

2020 25 June. Australian National University Research School of Earth Sci-
ences Seminar (Canberra, Australia). Estimating present-day Australian
vertical deformation using space geodetic techniques.

2020 15 July. Geoscience Australia Distinguished Lecture Series (Canberra,
Australia). What goes up must come down... Why is Australia sinking?.

D.3 Poster presentations

Year Event

2016 Riddell, A. R., Vertical Motion of the Australia Plate, Graduate Research
Conference, 2 September, Hobart, Australia.

2019 Riddell, A. R., King, M. A., Watson, C. S., Up & Down: Vertical land
motion of the Australian continent, The International Union of Geodesy
and Geophysics 8-18 July, Montreal, Canada.

2019 Riddell, A. R, King, M. A., Watson, C. S., Brennand S., Deformation of the

Australian Continent from Intraplate and Far-field Earthquakes, American
Geophysical Union Fall Meeting, 8-12 December, San Francisco, United
States of America.
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D.4 Professional development and research exchanges

Year Event

2016 Seven Secrets of Highly Successful Research Students, 29 July, Hobart,
Australia.

2017 Australia-Germany Joint Research Cooperation Scheme, 28 April - 4
May, Bonn, Germany.

2018 France-Australia Science Innovation Collaboration Fellowship, 5-20
May, Toulouse, France.

2018 British Council, FameLab Australia, 28 March, Melbourne Australia.

2018 Theo Murphy Grant, Early Mid Career Research Science Pathways
2018: Diversify your thinking, 23-24 April, Brisbane, Australia.

D.5 Media and outreach

Year Citation

2017 Riddell, A. R, King, M. A., Melting ice and satellites:  how
to measure the Earth’s ‘wiggle’, The Conversation. https:
//theconversation.com/melting-ice-and-satellites-how-to-
measure-the-earths-wiggle-77799

2018 Lusuan, A. The woman who explores Australia’s outback to mea-
sure the Earth’s sea level, Angies Ink Untold: Women in Science.
https://sketchessciencestories.wordpress.com/2018/01/15/the-
woman-who-explores-australias-outback-to-measure-the-
earths-sea-level/

2018 Wright, C., Tides of time - analysing changes in sea level to recon-
struct Earth’s history, NatureVolve, 1, pp. 5-8. https://issuu.com/
naturevolve/docs/naturevolve_issue_1_summer_high res

2019 xyHt, Outlook 2019, 40 under 40 Remarkable Geospatial Professionals,
https://www.xyht.com/surveying/anna-riddell/

2019 AGU, Deformation of the Australian Continent from Intraplate and Far-

Field Earthquakes, [video file], retrieved from https://www.youtube.
com/watch?v=L0Yvu5e1CDE
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