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Abstract

Deformation measurements from satellite-borne synthetic aperture radar interferometry (InSAR) are
usually measured relative to an arbitrary reference point (RP) of assumed stability over time. For
InSAR rates to be reliably interpreted as uplift or subsidence, they must be connected to a defined
Earth-centred terrestrial reference frame (TRF), usually made through GNSS continuously operating
reference stations (CORS). We adapt and compare three methods of TRF connection proposed by
different studies which we term the single CORS RP (SCRP), plane-fit multiple CORS (PFMC), and
the multiple CORS RP (MCRP). We generalise equations for these methods, and importantly,
develop equations to propagate InSAR and GNSS uncertainties through the transformation process.
This is significant, because it is important to not only estimate the InSAR uncertainties, but also to
account for the uncertainties that are introduced when connecting to the CORS to better inform our
interpretation of the deformation field and the limitation of the measurements. We then test these
methods using Sentinel-1 data in the Latrobe Valley, Australia. These results indicate that
differences among the three TRF connection methods may be greater than their estimated
uncertainties. MCRP appears the most reliable method, although it may be limited in large study
areas with sparse CORS due to long wavelength errors and that gaps and/or steps may appear at the
spatial limit from the CORS. SCRP relies on the quality of the single CORS connection, but can be
validated by unconnected CORS in the study area. The PFMC method is suited to larger areas
undergoing slow, constant deformation covering large spatial extents where there are evenly
distributed CORS across the study area. Selecting an optimal method of TRF connection is
dependent on local site conditions, CORS network geometry and the characteristics of the
deformation field. Hence, the choice of TRF connection method should be carefully considered,
because different methods may result in significantly different transformed deformation rates. We
confirm slow subsidence across the Latrobe Valley relative to the vertical component of the
ITRF2014, with localised high subsidence rates near open cut mining activities. Subsidence of ~ -
6mm/yr is observed in the adjacent coastal region which may exacerbate relative sea level rise along
the coastline, increasing future risks of coastal inundation.

Keywords: InNSAR, GNSS, terrestrial reference frame, error propagation, datum connection, coastal
subsidence.
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1. Introduction

Satellite-borne synthetic aperture radar interferometry (InSAR) observations provide high resolution
spatial coverage of ground motion in the off-nadir direction of the line of sight (LOS) of the SAR
satellite. However, the LOS displacement from these processed data are differential within the extent
of the scene. That is, the deformation is relative to the pixel(s) within the SAR scenes used as the
reference point (RP), so is dependent on the uncertainty in the RP pixels, and their stability over
time. Many InSAR studies adopt an RP in a region of assumed zero motion. However, if the assumed
zero-motion RP is in fact undergoing unidentified horizontal or vertical land motion (VLM), then all
other displacements in the scene relative to this RP will be misrepresented, and their true physical
motion may be misinterpreted. A worst-case scenario is when subsidence is misinterpreted as uplift,
and vice versa (e.g., Bui et al. 2020), a situation that can become more complex if the RP is
undergoing non-linear VLM when it is assumed to be either stable, or undergoing linear motion only
(e.g., Raucoules et al. 2013; Chang and Hanssen 2016).

To fully analyse and interpret land deformation from InSAR, the displacement results must
be referred to a known Terrestrial Reference Frame (TRF; e.g., ITRF2014; Altimimi et al. 2016).
This facilitates the consistent analysis of VLM in global and regional settings for geophysical
phenomena such as tectonic studies (e.g., Hammond et al. 2018), ground water extraction (Bell et al.
2008), and monitoring tide gauge and coastal stability for global sea level studies (e.g., Brooks et al.
2007; Woppelmann et al. 2013; Bekaert et al. 2017; Poitevin et al. 2019; Filmer et al. 2020). As well
as referencing InSAR displacements in a TRF, there are numerous other error sources that can
propagate into the InNSAR-derived deformation, including tropospheric delay (e.g., Williams et al.
1998; Bekaert et al. 2015a; 2015b; Cao et al, 2018. Murray et al. 2019), long-wavelength ionospheric
biases (e.g., Gomba et al. 2017; Fattahi et al. 2017), and orbit bias (e.g., Bihr and Hanssen 2012;
Fattahi and Amalung 2014). These InSAR errors are in addition to those associated with connecting
to the TRF, which is most commonly made through continuously operating GNSS stations (referred
to herein as continuously operating reference stations; CORS), whose 3D positions are expressed
with respect to a TRF. In this study, we transform the rates estimated from the InSAR time series
(rather than the time series themselves), so as to mitigate the noise associated with individual InSAR
acquisitions or GNSS daily positions (e.g., Mahapatra et al. 2018). The TRF connection errors can be
divided into the following three components that can propagate through the TRF connection and
contaminate the transformed InSAR rates: (1) uncertainty in the InSAR rate estimation at the RP; (2)
uncertainty due to differences in time series between the InSAR rate estimation at the RP and the
InSAR rate estimation at any other pixel in the scene; and (3) uncertainty in the GNSS rate
estimation at the single (or multiple) CORS. The uncertainties and biases in the TRF itself (e.g.,
Collilieux et al. 2014; Riddell et al. 2017) are generally less than 1 mm/yr and are not considered
here in TRF connection errors.

In this study, we assume that the connection must be made using InSAR pixels where the
radar is backscattered from the natural or man-made features surrounding the CORS. This is the most
commonly encountered situation, although alternatives (where available) are radar transponders (e.g.,
Mahapatra et al. 2014) fixed to the CORS structure as in Mahapatra et al. (2018), or corner reflectors
(CRs) with a known connection to the CORS structure (e.g., Dheenathayalan et al. 2016; Parker et al.
2017; Fuhrmann et al. 2018). In these cases, the stable, high intensity signal from the transponder or
CR is identified within the SAR scene and can be connected with higher accuracy (e.g., Mahapatra et
al. 2014; Garthwaite 2017). However, transponders have not been widely used due to limited
availability and costs, and the installation of CRs can be problematic given their size and shape and a
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potential need for monitoring by repeat ground survey. A method for InNSAR connection to a global
TRF was suggested by Parker et al. (2019) where ties could be made to very long baseline
interferometry (VLBI) antenna across land masses separated by ocean. However, this is not practical
for local or regional studies because global distribution of VLBI antennas is sparse (e.g., there are
only three VLBI stations in Australia).

There have been a number of methods used for TRF (or datum) connection. These vary in
terms of the three steps for TRF connection, which require (1) determination of the InSAR RP rate
(local spatial interpolation); (2) transformation of the InNSAR RP rate to the GNSS rate at the CORS;
and (3) transformation to multiple CORS where these are available within the InSAR extent. For
example, Mahapatra et al. (2018) transform InSAR rates from an arbitrary ‘free’ datum to a TRF
using the S-transform of Baarda (1981). In Mahapatra et al. (2018), a radar transponder (e.g.,
Mabhapatra et al. 2014) is co-located with (i.e., physically fixed to) a CORS, so that the 3D position
of the single InSAR pixel representing the transponder is known within the TRF. The transformation
parameters computed between the GNSS and RP (transponder) pixel time series is applied to all
InSAR pixels in the arbitrary datum. The method of Chang and Hanssen (2016) was used to mitigate
the RP noise where the noise specific to the RP pixel time series (but not common across all pixels)
is removed from all pixels following the transformation. An example was shown in Mahapatra et al.
(2018) where InSAR time series from multiple RADARSAT-2 scenes processed over the
Netherlands were transformed from the InSAR free datum to the RP from a transponder attached to a
CORS co-located with a tide gauge station. The method of Mahapatra et al. (2018) was adapted by
Filmer et al. (2020) where there was no transponder or CR in place, with a modification to handle a
square array of >827,000 X-band pixels, and using the Create, Analysis Time series software
(CATS; Williams 2008) to estimate rates and account for InNSAR noise. Filmer et al. (2020)
connected InSAR to a single GNSS CORS, using two additional CORS to verify the single CORS
TRF connection.

Fuhrmann et al. (2015) used a two-step approach to datum connection, where the processed
C-band (ERS and Envisat) InNSAR persistent scatterers (PS; e.g., Ferretti et al. 2001; Kampes 2006;
Hooper et al. 2007) were interpolated to levelling benchmarks and CORS. The vertical offset and
spatial trend for the InSAR linear vertical rates were estimated from historical repeat levelling at
benchmarks (Fuhrmann et al. 2014), with CORS used to estimate only the horizontal (east, north)
offset and trend for the 3D velocities computed from the ascending and descending LOS InSAR PS.
The vertical offset and trend were computed as a rate in mm/yr per 100 km, which assumed that the
trend was the result of long-wavelength InSAR errors, primarily orbital error, and ionospheric
effects. The levelling velocities were used for vertical constraint because they were considered more
precise over a much longer time period (~100 years) than the CORS vertical velocities.

An alternative method for TRF connection was used by Bekaert et al. (2017) where six
CORS in the US coastal region of Hampton Roads, Virginia, USA were used to reference historic
ALOS-1 (L-band) InSAR (acquired 2007-2011) to the NA12 plate reference (Hammond et al. 2016).
This study investigated coastal subsidence, and chose to reference only InSAR PS within 20 km of
each of the six CORS because L-band atmospheric errors beyond this distance become too large
(e.g., Fattahi et al. 2017). By limiting the PS distance from the CORS, the long-wavelength L-band
errors are filtered out. Tying the 20 km radius of PS to six individual CORS was considered
preferable to fitting a plane to the multiple CORS, as this may not properly account for variable
ionospheric noise. Each CORS RP connection was referenced to at least 50 PS within 500 m. PS
rates in overlapping radii from different CORS were estimated by weighted average.
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Hammond et al. (2018) used levelling, tide gauges, GNSS and InSAR in their study of
vertical land motion (VLM) in southern California. The GNSS imaging algorithm (Hammond et al.
2016) was used to estimate and remove rate differences among data sets, resulting in a grid of
weighted median VLM values based on the closest neighbouring CORS so that the field is a function
of the CORS network spacing that retains discontinuities rather than smoothing based on an assumed
spatial distance. The GNSS imaging algorithm from Hammond et al. (2016) was also used to connect
the GNSS rates to levelling benchmarks that were generally not co-located. To tie the LOS InSAR to
the GNSS rates, the 3D GNSS rates were transformed into the radar LOS at each CORS using the
InSAR incidence angle at the specific CORS location.

To determine the relative advantages and disadvantages of the different TRF connection methods, we
test three adaptations of those discussed, then present generalised equations for the TRF connection
steps and derive their error propagation for the uncertainty components in Section 2. We do not test
the method of Hammond et al. (2018) because this requires a dense array of CORS which we do not
have in our study area (Section 3). The three methods we test are:

1. Single CORS RP (SCRP): This method is based on that of Mahapatra et al. (2018) where
the InSAR is connected at one CORS, applying a uniform transformation across the
scene. Other CORS available within the SAR extent can be used to validate the single
connection. This method is suited to limited area studies of <50 km from the CORS RP,
and is adapted for where there are no transponders or CRs available (cf., Filmer et al.
2020; and Section 4 this article). Fuhrmann et al. (2018) implemented a variation of this
method with ascending and descending SAR scenes to compute the rigorous conversion
to VLM.

2. Plane fit to multiple CORS (PFMC): This method applies a planar transformation and can
be employed where there are at least three CORS available. The relative InSAR
observations are held fixed relative to each other, but forced to a best fit plane to all
available CORS. This is the same as the method adopted by Fuhrmann et al. (2015) which
was well-suited to the small magnitude long period linear deformation rates in that study
area.

3. Multiple CORS RP (MCRP): Applies a transformation that varies at each CORS so as to
avoid fitting as a rigid plane across the full scene. This method adopts multiple single
CORS RPs within the SAR extent and can be considered a compromise between methods
1 and 2. For this method, we adapt that of Bekaert et al. (2017).

While it is assumed that rates from a long, uninterrupted CORS time series will be more
reliable than the InSAR-derived relative displacement rates, it is often unclear what errors are
introduced when the InSAR rates are transformed into the TRF using the CORS rates; specifically,
how do we account for the errors in the GNSS and InSAR rate at the RP? The TRF transformation
may introduce an error into relative InSAR rates that results in a possible bias when constrained at
multiple CORS. Alternatively, constraining at one CORS implicitly trusts the phase ramp estimate
that is computed from the InSAR stack and then used as a correction for long-wavelength orbit (cf.
Fattahi and Amelung 2014) and ionospheric errors (cf. Fattahi et al. 2017; Gomba et al. 2017; Liang
et al. 2019).

We will describe these three TRF connection methods, including how the different
uncertainty components propagate into the final InSAR rates through the transformation so as to
realise rates with associated uncertainties that account for different sources of error. To test this in a
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practical sense, we will use ~2.7 years of processed Sentinel-1 data in the Latrobe Valley region of
Australia. The purpose of this study is to test the relative advantages and disadvantages of these
methods, and their TRF propagated uncertainties so as to guide InSAR users as to the most suitable
method for their particular situation. An additional motivation for this experiment is to determine
methods that can be used to develop a deformation model for use with national datums and reference
frames, as suggested by Fuhrmann et al. (2018), and the optimal methods of combining InSAR and
CORS in situations where there are limitations on the available data and infrastructure. Through
these experiments, we present results and discussion on the land deformation occurring in this
region. This extends to apparent subsidence along the adjacent coastline of south east Australia that
may have the effect of exacerbating sea level rise (cf. Brooks et al. 2007; Mazzotti et al. 2008,
Featherstone et al. 2015). This highlights the significance of not only transforming to a known TRF,
but also being aware of the uncertainties of the transformed rates, and that using different
transformation methods may result in different rates.

2. Methods

In this section, we set out the three methods listed in Section 1 (SCRP, PFMC, MCRP) to transform
LOS InSAR data to a TRF. We do not discuss the InSAR processing method in this section (see e.g.,
Hanssen 2001), but consider that the input InSAR data for these methods are LOS post-processed
deformation time series. The post-processed InSAR time series used for this study are output from
the Stanford Method of Persistent Scatterers (StaMPS; Hooper 2008; Hooper et al. 2012), which are
described in Section 3.1. The methods here result in transformed InSAR LOS rates, with the method
to convert to vertical land motion (VLM) described in Section 2.4. The reader should assume all
InSAR rates in this paper are LOS, unless otherwise stated.

2.1 Local spatial interpolation of InSAR to the RP

The first step in connecting INSAR to the TRF is to estimate the LOS InSAR rate (v}) for each pixel
across the scene in the InSAR reference frame. Then we identify the v! near the RP that best
represents the motion of the CORS pillar supporting the GNSS antenna (v}) to which the TRF
connection will be made. This is generalised as

— 1
vy = ZieNO W;U; (D

where N is a set of pixels in the neighbourhood of the RP (e.g., all points within a distance d). The
weights should satisfy 0 < w; < 1, so that };ey, w; = 1.

There are a number of ways to estimate v{. These include adopting the rate of the nearest
pixel (e.g., Mahapatra et al. 2018; Filmer et al. 2020), in which case both |N;| (the number of
elements in Ny) and w; = 1 in Eq. (1), or interpolating the rates from a number of pixels around the
RP so that |[Ny| >1 in Eq. (1). When using v/ from multiple pixels, the average or median v of all
pixels within a set distance (radius) of the RP can be used, or alternatively the radius can be
determined on a case by case basis to take into account the different characteristics for each RP (see
Section 3.2). Fuhrmann (2016) uses ordinary kriging (OK) to determine the weights w; and the
uncertainty in the derived rate v{. Bekaert et al. (2017) uses the bootstrap method to interpolate to
the RP in the MCRP method by taking random samples of pixels within 500 m of the RP, so that v
is the mean of all the random samples. The MCRP uncertainty in v} is computed as the standard
deviation (SD) of those means, so is actually the SD of the mean and is therefore less than the
uncertainties for other methods. This may lead to the uncertainty being under-estimated for the
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MCREP (cf. Table 1). Note that the uncertainty for the RP spatial interpolation using multiple pixels is
only used to assess the quality of the estimation for v{ (e.g., Section 3.2). For the purposes of
propagating uncertainties through the TRF, we adopt the uncertainty from the InSAR rate estimation
of v} (a{) and not the uncertainty of the spatial interpolation to the RP. This is because we assume
that v} is representing the same motion as the CORS pillar.

2.2 Transformation for single RP and error propagation

The second step in the TRF connection is to estimate the 3D GNSS linear rates (east, north, up) in
the TRF at the CORS, solving for annual and semi-annual terms (e.g., Blewitt and Lavallée 2002),
spectral index (e.g., Williams 2003a) and any offsets due to changes in the receiver antenna or
processing methodologies at known times (e.g., Williams 2003b). These 3D GNSS rates are then
rigorously converted to the LOS rate (e.g., Fuhrman and Garthwaite 2019) in the TRF (v%) using the
incidence angle (0) and the satellite heading («) of the InSAR sensor. This avoids converting the
InSAR rates to the GNSS vertical rate, which requires the assumption of no relative horizontal
motion (Fuhrman and Garthwaite 2019).

The SCRP transformation (TRP) is computed from a single CORS RP as
TSCRP = 6 _ pl )

A visual example of this transformation at a CORS is shown in the results (Section 3.1) in Figure 2.
This transformation is applied to all pixels in the SAR scene so that the SCRP transformed rate
(.UiSCRP) is

SCRP = pl — pl 4+ v (3)

Vi

The uncertainties propagating through the SCRP transformation are shown here as variance
SCRP)? 1_ .0 G )2 1?2 12 I 1 G )2
(05FF)" = (o(v} = vb)) + (%) = (o})" + (6} = 2C (v}, v}) + (0©) (4)

C() is covariance, (af )2 is the variance of v} which is estimated for each pixel’s time series.
2
(a(v{ — v(’,)) is the variance from estimating the linear rate of the difference between each InSAR
2
pixel’s time series (used to compute v) and the RP time series (used to compute v}). (a(vi’ — v{,))
2
increases with distance from the where (o(v; —v = 0) until there is no correlation between
th dist from the RP (wh [ —v 0) until th lation bet
2
v! and v} (so that (a(vi’ - v{,)) ~ (al-’)2 + (64)?). (6% )? is the variance of v¢ at the RP and applied
as a constant across the scene (e.g., Figure 5 (top right)).
2.3 Regional spatial interpolation — multiple RPs

In study areas where there are three or more evenly spaced CORS, it is possible to apply the PFMC

method as follows. Let d; = v — v} ; be the difference between GNSS and InSAR rates at the j

. . 2 2 .
CORS, with variance 0']-2 = (a]‘-;) + (af)lj) ,and Py j = (P(f I P(’)Y ;) are the east and north co-ordinates
of the CORS station provided in a conventional planar coordinate system. The difference between v
and v} can be modelled as follows:

TPPMC = By + Bz (PE — PE) + By (P — PV) (5)
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The location P = (PE, PN) is the average position of all pixels in the InSAR scene. The model
parameters fP9"% = (B, PBr Py)T are the transformation components to LOS rate at P and the
dependence of the transformation on east and north coordinate. They are obtained by weighted least
squares regression (e.g., Press et al. 1986)

ﬂplane — (XTZ X)_lXTZd (6)

where X = diag(l/O'jz), j=1,2,.., Ngp, with Ngp the number of RPs and the j" row of X is
(1 PjE — PE PjN - P_N). The covariance matrix of the model parameters is Cp = (X Ty X)~1. The

total variance of the transformed InSAR rates (a7 C)Z is approximated by adding the variance of

the InSAR rates (o/)*to the variance due to the model. i.c.,

5 L L _ —
(o_plane) =1 PiE — PE PiN _ PN)Cﬁ(l PiE — PE PiN - PN)T

L

L

2

PFMC\? ! 2
(offMe)" = (07.) a"e) + (d}) (7)
This assumes independence of v! from SP!4"¢ which is true for the entire scene except for locations
within a few hundred metres of each CORS where the errors may be over-estimated. A minimum
requirement to apply this method is three CORSs that are not collinear.

A second approach to transforming v} to multiple GNSS CORS sites, the MCRP (method 3
in Section 1), is to limit the region where the TRF connection applies to a specified radius from each
CORS (Bekaert et al. 2017). The specified distance may be based on the sensitivity of a sensor
wavelength to long-wavelength errors, particularly ionospheric errors. According to Fattahi et al.
(2017), L-band InSAR should be restricted to a 20 km limit to avoid large magnitude long-
wavelength ionospheric errors (as in Bekaert et al. 2017), with C-band limited to ~85 km, and X-
band to ~155 km. Where multiple CORS sites are within these distances, a spatially variable
weighted sum (a;;) of the transformation from each CORS site is applied for the overlapping regions.
The variance of the transformed deformation in such regions is reduced because there is more than

one transformation value. The MCRP transformation (TY“RP) is defined as
1/6?
MR =¥ ad;,  ay = —/0:} (8)
(%)
LJj

where the summations are over all CORS sites within a given distance of the j™ RP . The variance
due to the j RP (cf. Eq. (4) for (a¢RF )2) is

2 2
oty = (ol =) +(of) ©)
Following the MCRP transformation, v} in the TRF is computed as
v{VICRP — viI + TiMCRP (10)

and the variance is calculated as

(O_iMCRP)Z - (0(171-1 -3 aijv{),j))z +2; aij(UJG )2 =
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This method can only be applied to pixels within the scene that are within the specified radius of at
least one CORS RP, with the radius dependent on the InSAR frequency band. While this method
takes advantage of v¢ from all CORS available in the study area, it also generates discontinuities in
the transformation and errors at the edges of the disk-shaped regions around the RPs. Finally, if only
one RP is within range, a;; = 1, then the MCRP equations (8) and (11) become the SCRP equations

(2) and (4).
2.4 Conversion from LOS to vertical

The vertical rate is usually of more practical interest than the InNSAR LOS rate and so a
further step is required to estimate VLM from the LOS rates. When redundant InSAR viewing
geometries are available, e.g., ascending and descending orbits, the vertical and east-west
deformation rates can be rigorously resolved, although north-south deformation is less well resolved
due to the near polar satellite orbits (cf. Fialko et al. 2001; Wright et al. 2004). When there is only
one SAR satellite orbit available (i.e., ascending or descending) the InSAR LOS cannot be rigorously
converted to the vertical component. In these cases, other geodetic constraints on horizontal motion
can be applied, or zero horizontal motion can be assumed, but this assumption should be clearly
stated, and if possible, supported by geological or other geodetic information (e.g., Fuhrmann and
Garthwaite 2019).

Where the vertical v can be rigorously computed, conversion from LOS to vertical rates is given by

vy = (tanfcosa —tanfsina sech) (Ve VUn Vros) (12)

When only single pass LOS InSAR is available, and in the absence of any other horizontal rate
information, the horizontal rates are assumed to be zero, and the vertical rate computed in Eq. (12)
reduces to the approximate equation:

Vy = Vs Sect (13)

3. Case study in the Latrobe Valley, Australia

In this section, we apply three different methods of TRF connection (i.e., (1) SCRP, (2) PFMC, (3)
MCRP) to Sentinel-1 data for the Latrobe Valley in southeast Australia (Figure 1) for the period 2
December 2015 to 25 June 2018 (decimal years 2015.92 - 2018.57). We compare the results from
these methods, discussing their advantages and disadvantages within this study area.

Our study of the Latrobe Valley follows one of the wider Gippsland Basin by Ng et al. (2015)
using ALOS PALSAR data from 2007-2011. Their study found localised high magnitude subsidence
reaching -82 mm/yr in the Latrobe Valley that they attribute to above ground mining activities and
associated mine dewatering. We will investigate this localised deformation for the years 2015.92 —
2018.57, but will connect our InSAR rates to ITRF2014-Aus, which is ITRF2014 with the horizontal
Australian plate motion removed using the Australian Plate model published in ICSM (2017). This is
a standard TRF used in Australia which is fixed horizontally with respect to the Australian continent.
ITRF2014-Aus has the same vertical component as [ITRF2014.
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3.1 Study area and data used

Figure 1 shows the study area in the Latrobe Valley with the SAR scene extents in the red rectangle
containing three CORS located near Yallourn North (YALL), Ellinbank (EBNK), and Yarram
(YRRM). All of these CORS are GNSS antennas mounted on top of buildings, so cannot be verified
as stable in the way a deep-seated concrete pillar could be. It is assumed that the motion detected in
the GNSS time series reflects the ground motion rather than that of the building structure. Building
mounted CORS are increasingly included in global and regional estimates of deformation (e.g.,
Blewitt et al. 2018), and are the only available CORS in this region. Dual-frequency GPS data at the
three sites were processed using Bernese software v5.2 (Dach et al. 2015) by Geoscience Australia in
ITRF2014, constrained to seven Australian core IGS stations (G. Hu, 2019, personal
communication). The GNSS east and north components were transformed to ITRF2014-Aus by
removing the horizontal Australian Plate Model (ICSM 2017). YALL is central to the three sites, and
although it has a data gap during the period of InSAR acquisition (Figure 2), it has many nearby
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pixels (Figure 3) and is chosen as the reference site for the SCRP connection method. All three

CORS were used for PFMC and MCRP.
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Figure 2: Comparison of 2015.92-2018.57 LOS GNSS (ITRF2014-Aus) and LOS Sentinel-1 (arbitrary
reference frame) time series displacements at each CORS. The Sentinel-1 time series RP is an average of the
(11, 4, 8) closest InSAR pixels (within 70 m) of the (YALL, YRRM, EBNK) CORS respectively, with the
dashed red and solid blue line showing the CATS-derived LOS rate for the Sentinel-1 and GNSS time series
respectively. Two offsets were estimated and removed from the YALL GNSS time series in CATS using the
complete time series (2011-2019.5), with the rate and uncertainty then re-estimated for the Sentinel-1 time

period 2015.92-2018.57 only.
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The 77 C-band Sentinel-1 (from the European Space Agency; ESA) descending scenes were
processed to generate interferometric products for the period using the GAMMA software
(Wegmiiller and Werner, 1997). We then used StaMPS to apply the multi-temporal small baseline
subset (SBAS) method of Hooper (2008) resulting in slowly decorrelating filtered phase (SDFP)
differences. The SBAS SDFP difference matrix was inverted to provide post-processed LOS
displacement time series ready for transformation to a TRF. A planar phase ramp was computed for
each interferogram independently in StaMPS and removed to mitigate long-wavelength orbital and
ionospheric biases.

The GPS daily solutions were then transformed into ITRF2014-Aus East, North and Up
coordinate differences. The LOS positions for the 2015.92-2018.57 time series are shown in Figure
2, where the GNSS 3D positions have been transformed to LOS position at the relevant Sentinel-1
incidence angle (6=40°) and satellite heading (0=193°), as per Section 2.2. The CATS time series
estimation software was used to compute 1D GNSS LOS rates (v%) and uncertainties (¢¢), using a
spectral index of -1 (flicker noise), while solving for offsets and annual and semi-annual terms.
Figure 2 shows the LOS time series for the GNSS and Sentinel-1, and the modelled trend and offsets.
The GNSS time series is LOS in the ITRF2014-Aus, while the Sentinel-1 is shown in an arbitrary
datum prior to transformation to the TRF.

3.2 Interpolating to the RP

Connecting the InSAR scene to the TRF is a three-step process, as stated in Section 1 (Introduction),
where the first step is to interpolate the InSAR data to the CORS RP using rates v; from the nearest
pixel(s). Each of the three methods being tested estimate the InSAR RP v} in different ways. SCRP
uses either the single nearest v} (e.g. Filmer et al. 2020) or the average of v} within a given distance;
PFMC as used by Fuhrmann et al. (2016) employed OK; Bekaert et al (2017) used the bootstrapping
method to interpolate v} for the MCRP method.

Following Section 2.1, using the closest single v/ (or multiple v}) to estimate v}, relies on the
assumption that the motion of the estimated v is the same, or very close to the true motion of the
CORS structure in the arbitrary InSAR reference frame. This assumption is also dependent on the
number and proximity of the InSAR pixels adjacent to the CORS. Figure 3 shows the SDFP pixels at
each of the CORS for this case study. This indicates that there are gaps around all of them in some
directions, and EBNK has few coherent pixels within a radius out to 500 m, which is the criterion for
the method of Bekaert et al. (2017). From this, it is clear that the effectiveness of any criterion is site-
dependent. Specifically, YALL has a large variation in v} near the CORS possibly due to the nearby
(within 1 km) coal mining activity (e.g., Ng et al. 2015). Around YRRM, the v} are more uniform
and are likely to be reflections from houses in the town of Yarram. The EBNK CORS is in a rural
location surrounded by farmland with few buildings that reflect C-band radar, hence the sparse
pixels.

In addition to the number of adjacent pixels, the variation in their v/ may also contaminate
the TRF connection. Figure 4 shows the v} in Figure 3, but plotted as a function of distance from the
RP. YALL RP (Figure 4) demonstrates the possible risk of including large numbers of pixels several
hundred metres from the RP, because the variation in v! increases noticeably with distance from
YALL. This is likely to be caused by the close proximity of mining activities to YALL, where v}
close to the RP are ~ -2 mm/yr, but tend towards uplift at 0.2-0.3 km while indicating subsidence >-5
mm/yr beyond 0.3 km. Acknowledging that taking the average, or better still, the median of these v}
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will mitigate the variation, v} may not fully represent the CORS motion which explicitly connects it
to the TRF. All three sites have a small variation in v} within 70 m of the CORS, so this distance is
chosen for averaging nearby pixels. Table 1 summarises results for four methods for RP v}
estimation used for TRF connection, and demonstrates possible errors for each.

Another method of combining multiple v to determine v} is by using OK (e.g., Fuhrmann et
al. 2016). OK estimates of v} at each CORS were determined by first estimating the semivariogram
using a spherical model function for circles of radius 5 km (the distance beyond which v/ are
uncorrelated, cf. Figure 4) on a regular grid across the scene. Additionally, the nugget was
constrained to be zero (i.e., at zero distance, the semivariogram should be zero), because if this is not
done, the spherical covariance model function does not fit the empirical semivariogram data well in
this study. This is likely due to the small number of data points for short distance lags in the
semivariogram resulting from sparse InSAR pixel distribution (see Chipeta et al. 2016). By setting
the nugget to zero, we were able to derive a more realistic model function. Note that setting the
nugget to zero implies a higher weight for data points close to the interpolation location compared to
more distant data points and results in a less smooth interpolated surface (Guedes et al. 2020). In our
case, OK interpolation is only used to estimate v}, with the objective to derive the most
representative value at the CORS, so there is no particular requirement for smoothness compared to
neighbouring interpolation locations. In order to derive a statistically rigorous semivariogram model,
we use the median of all the semivariogram parameters fitted in the 5 km circles across the scene
resulting in the parameters sill=11.13 (mm/y)?, range=600 m (used as “radius” for OK in Table 1).
Note that the estimated errors for OK are somewhat larger than for averaging from points closer to
the site. The semivariogram (not shown) indicates that v} are correlated over a larger distance than
used for the other methods in general, but this is not necessarily the case in the vicinity of the three
CORS stations.

LOS rate (mm/y)

Figure 3: InSAR pixels (coloured circles) in an area of 1 sq. km around YALL, YRRM and EBNK CORS
(black triangles). Colours represent the LOS v/ in the InSAR reference frame. Circles of radius 70, 500 and
600 m radius are drawn for reference. Background image: Sentinel-2 optical data (RGB channels) acquired on
2017-03-09.
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Figure 4: LOS Sentinel-1 v} (before TRF connection) and their change with respect to distance (up to 0.5 km)
from the CORS. EBNK (purple dots), YALL (red dots) and YRRM (blue dots).

Table 1 shows that the SCRP differences between the 70 m radius v{, and ‘nearest pixel’
v} are no more than 0.1 mm/yr which is less than the estimated uncertainty, whereas the 500 m
radius v} differences are up to 0.65 mm/yr which is more than the estimated uncertainty for the
bootstrap method. Over all, the different methods have no more than 0.65 mm/yr difference at
YALL, which suggests that v} errors are mostly within uncertainty as determined by the ‘nearest
pixel’ and 70 m radius threshold. OK includes data over a 600 m radius (the estimated range
parameter) which although including pixels over a large area, varies weights according to the
distance from the RP resulting in maximum differences of less than 0.15 mm/yr compared to the
SCRP methods. The difference between the other methods and the bootstrap suggests that the
bootstrap o} may be over-optimistic. Nevertheless, to be consistent with the RP interpolation
methods used in the original publications, we used the average within 70 m method for the SCRP
method, OK (to 600 m radius) for the PFMC and bootstrap (to 500 m radius) for the MCRP.

Site GNSS Nearest single | Average Bootstrap 500 | Ordinary
(ITRF2014- | pixel (SCRP) | within 70 m m (MCRP) Kriging 600
Aus (SCRP) m (PFMC)
YALL -6.6 0.7 -1.72 £ 0.53 -1.75£0.53 -2.37+£0.22 -1.82 +£0.98
YRRM -1.6+0.6 2.09 +0.56 2.03 +0.62 1.95+0.12 2.18 £1.18
EBNK -0.9+0.8 2.19 +0.66 2.29 +0.65 1.85+0.27 2.21+0.87

Table 1: LOS InSAR v} and o{ (mm/yr) in an arbitrary InSAR reference frame at each CORS using different
TRF connection methods. This can be compared with Figure 4 showing the change in pixel rate with respect
to distance from the CORS. The GNSS rate v¢ and uncertainty ¢ for each CORS from Figure 2 are also
shown for comparison.
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3.3 Analysis and error propagation of TRF errors for a single RP

Here, we apply error propagation (described in Section 2) to the SCRP transformation to demonstrate
the uncertainties that may propagate into the transformed v;“®” . This is based on the terms in Eq. (4)

(shown as variance (o} )2), but with the estimated uncertainty shown in this section as SD /. Figure
5 shows how the errors propagate across the deformation map from the SCRP by applying the
different terms in Eq. (4). Figure 5 (top left) shows the spatial variation of time series noise o/, which
comprises turbulent atmospheric error, and also variation in linearity of deformation, such as annual
signal, non-linear motion etc. Figure 5 (bottom left) shows o(v{ — v{). This error is zero at YALL
increasing noticeably within a km or so of YALL. In most parts of the scene, o(v! — v}) > o/ due to
the contribution of error from the RP. Figure 5 (top right) shows ¢ applied uniformly across the
scene. Figure 5 (bottom right) shows 6P which is the quadrature sum of o(v! — v}) (bottom left)
and ¢ (top right). 6;°“RP is smallest (~1 mm/yr) close to YALL where the errors are correlated. The
uncertainties increase up to £2 mm/yr away from YALL, exceeding this in the northwest and
southwest regions, and also in an area between YALL and YRRM.

I
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Figure 5: Components of error propagation from Eq. (4). Top leftis o at each pixel. Bottom left is
a(v{ - v{)) for the YALL RP (which is approximately the quadrature sum of g/ and of except near the RP).

Top right is the GNSS rate uncertainty at the YALL CORS station. Bottom right is the total error a;°“RP as per
Eq. (4). Background image: Sentinel-2 optical data (RGB channels) acquired on 2017-03-09.
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3.4 Comparison of methods for TRF connection

InSAR v/ and associated o] for each of the three TRF connection methods tested are shown in
Figure 6. The SCRP TRF method (Figure 6, SCRP, top) indicates rates between 0 mm/yr and -5
mm/yr for much of the scene, but with subsidence reaching magnitudes larger than -20 mm/yr near
YALL and other isolated small areas where the subsidence rate is around -20 mm/yr. The uncertainty
map on the top right indicates a;°“®” (as per Eq. (4), i.e., the same map as in Fig. 5, bottom right) to
be < 1 mm/yr close around the single YALL CORS, but increases towards 2 mm/yr further away
from YALL. The reliability of v;“RP towards the edge of the scene is dependent on the phase ramp
estimated and removed in the processing to mitigate the long-wave orbital and ionospheric errors that
can be present in C-band SAR (e.g., Fattahi and Amelung 2014; Gomba et al. 2017). This is a key
difference with the PFMC method adopted by Fuhrmann et al. (2015), where the long-wavelength
errors are determined by the constraints to multiple CORS. ¢/"M¢ is lower than 6 %" near the
CORS not used as the RP for the SCRP method, but 77 increases away from the CORS sites.

Figure 6 (PFMC right) shows that a small change in the tilt of the plane, while still fitting v{ at the
CORS sites, produces large a7 7M¢ at the edge of the scene. This effect would be reduced if the
CORS sites were more widely distributed with more robust geometry, however, this study area
illustrates the challenges of TRF connection where there is a limited number of CORS available,
which is often the case for limited area deformation studies. Figure 6 (PFMC left) shows larger
magnitude v/ "M subsidence in the northeast corner and larger magnitude uplift in the southwest
corner (cf. top row of Figure 7). Figure 6 (bottom right) shows that a;*“R? are small near the CORS
and because the transformation is not extrapolated beyond the specified CORS radius, ;"“%* do not
increase at the scene edges as per g/ "M¢. We used a radius of 85 km which is more appropriate for
C-band Sentinel-1 whereas Bekaert et al. (2017) chose a radius of 20 km appropriate for the L-band
ALOS. The increase in radius is justified because the C-band frequency is 4.3 times higher than the
L-band frequency, so the same number of phase cycles that would occur over 20 km for L-band
would occur over 4.3 x 20 km for C-band (Fattahi et al. 2017).

A further insight is shown in Figure 7 (bottom left) where v}“F? are more positive across the scene

than v;“RP_ This is because the difference between v¢ and v} (d; in Eq. 8) at YALL (-4.9 mm/y) is

more negative than at YRRM (-3.5 mm/y) and EBNK (-3.7 mm/y) by >1 mm/yr. Therefore, the

difference v}RP — pFCRP s less near YALL where the connection to YALL is more heavily

weighted (a;; in Eq. (8)), but because the radius from both EBNK and YRRM overlap (and

influence) YALL, v}“R? is not the same as v“RF at YALL. The difference vMRP — v5CRP i5 also

less in the northeast of the scene which is greater than 85 km from EBNK with the discontinuity in

MCRP _ ySCRP evident. Figure 7 (top, right) shows o/ ™¢ - gS¢RP

v ; is close to zero in the centre of
the scene, notably near YRRM and EBNK. Near YALL, o/ M€ is slightly higher than ¢;°“®* due to
the uncertainty contributions from the other CORS connections. Within 20 to 30 km of YALL,
aMCRP is slightly higher than ;°“®® for the same reason. o™ has larger magnitude than o;?R?

near the northeast and southwest edges of the scene.
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Figure 6: InSAR v/ resulting from the three TRF connection methods (left) and their respective o] propagated

through each transformation (right). Background image: Sentinel-2 optical data (RGB channels) acquired on

2017-03-09.
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Figure 7: Rate difference v; ™ ¢ - vl-SCRP (top left) and rate uncertainty difference o™ ¢ - aiSCRP (top
right). Rate difference v}¢RP — v3¢RP (bottom left) and rate uncertainty difference o}“RP — g5RP (bottom

right). Background image: Sentinel-2 optical data (RGB channels) acquired on 2017-03-09.

The differences and similarities between the methods can be seen more clearly in Figure 8 by
comparing TRF connected v} from each method at seven locations as shown in Figure 7. At YRRM
and EBNK, v{*™¢ and vM°RP are similar, while v7*? is from 1.5 to 2 mm/yr larger magnitude
because of the larger difference between v) and v% at YALL. v/ at sites SW and NE are
significantly different from the other two methods, where v is 5 mm/yr higher than v¢*? at
site SW and 5 mm/y lower than v7¢RP at site NE (Figures 7 and 8). This is because the plane fit can
amplify errors at large distances because they are extrapolated beyond the constraining CORS.
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Figure 8: InSAR v/ for the sites shown in Figure 7 with error bars indicating their o/ . There are no sites where
all three methods have rates within their uncertainties suggesting that the differences among the methods in
some locations are statistically significant.

An additional example of the impact from the choice of TRF method is demonstrated when
we focus on the coastal region to the east of YRRM. There are sufficient InSAR pixels along this
coastline to estimate the VLM (converted from LOS rate using Eq. (13) and assuming zero
horizontal rate) in this coastal region. To provide independent comparisons for the InSAR, we used
rates calculated from two GNSS campaigns conducted by the Victorian Department of Environment,
Land, Water and Planning (DELWP) in 2004 and 2019. The GNSS station locations are shown in
Figure 9 (top), with the mean v/ from the 10 nearest pixels used for the INSAR comparison (Figure
9, bottom). The relevance of coastal VLM is demonstrated by the impact of relative sea level change
when the coast is also subsiding or uplifting (e.g., Mazzotti et al. 2008; Woppelmann et al. 2013;
Featherstone et al. 2015; Bekaert et al. 2017). If the coastal region is subsiding, as suggested in
Figure 6 (highlighted in Figure 9), then this will exacerbate the rise in sea level and increase the risk
of coastal communities to coastal inundation (Nicholls and Cavenaze 2010; Karegar et al. 2017). We
take the mean v! of pixels along the coastal fringe within 7 km of the coast (Figure 9) from each
method, with the median of their uncertainty (Table 2). The differences among the mean rates reach
3.6 mm/yr, with the largest mean difference between v“R? and v*M¢ (cf. Figure 9; all v] are
converted to VLM).

Method SCRP PFMC MCRP
Mean v! + SD (VLM) 6.5+ 6.5 -8.3+6.9 4.7+6.5
Median o/ 1.98 2.23 2.09
Minimum v} (VLM) -34.9 -39.8 -33.1
Maximum v; (VLM) 20.9 18.8 22.7

Table 2: Descriptive statistics for Sentinel-1 v} (converted to VLM) (cf. Figure 9) for each of the three TRF

connection methods. The SD reflects the v/ variability across the coastal region, while median O'il is the

median of all Gil as shown in Figure 6 (left). Units are mm/yr.
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Figure 9: (top) Closer view of the Gippsland coastal region with Sentinel-1 vertical v/ from each of
the three TRF connection methods. Background image: Sentinel-2 optical data (RGB channels)
acquired on 2017-03-09. Campaign GPS sites are numbered in black: 1) Alberton; 2) Tarra Tarra; 3)
Woodside 27; 4) Woodside 26; 5) Darriman; 6) Sale. (bottom) TRF transformed Sentinel-1 v}
(mean calculated from the nearest 10 pixels converted to vertical assuming zero horizontal velocity)
and GNSS rates calculated from the Victorian Department of Environment, Lands, Water and
Planning (DELWP) observations in 2004 and 2019 (15 years).

Coastal Sentinel-1 vertical v} are shown in Figure 9, with the pixels mostly sparse over the
rural areas, but there are areas of higher backscatter mid-way along the coastline, and to the south
that run around the northern edge of the lakes. There are no towns or built-up areas at these locations,
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so it is assumed that there are firm areas of dried lake bed or compacted surface that provides
additional backscatter. The vertical v} are mostly negative, suggesting subsidence in the region on,
and adjacent to the coast, with VLM around -6 mm/yr (the large SD and regional variability
notwithstanding). This suggests subsidence at a rate that is larger than both the 1966 - 2009 and 1993
— 2009 sea level change rates of +2.1 £ 0.2 mm/yr and +3.1 + 0.6 mm/yr respectively estimated from
Australian tide gauges by White et al. (2014) and the 3.15 mm/yr (1993-2018) for the temperate
Pacific subregion (35°S - 50°S) from satellite altimetry (Karimi and Deng 2020). This means that
relative sea level rise along this part of the Gippsland coast may be as large as +9 mm/yr for the 1993
to present period, effectively tripling the rate of geocentric ‘absolute’ sea level rise for this section of
the coastline.

In Table 2 and Figure 9, the different TRF connections provide variable results, although
there is also a large spatial variation in rates across the coastal regions. As shown in Figure 7 and
Figure 8, there are larger differences that are spatially dependent on the TRF connection method and
the geometry of multiple CORS. The GNSS vertical rate, estimated by dividing the change in
vertical position by the 15 years between them, are shown at six coastal locations in Figure 9 (site
locations in top, GNSS rates at the bottom). While caution is advised when interpreting rates from
only two GNSS campaigns conducted 15 years apart, the GNSS rates indicate that there has been
subsidence along this section of the coast over the last decade or more. Figure 9 indicates general
agreement (mostly within error bars) for the 2004-2019 GNSS and the 2015.92-2018.57 Sentinel-1
v} suggesting that the subsidence has been steady along this section of the coast over the last decade
or more. It is notable that the GNSS rates (between 0 mm/yr and -5 mm/yr) at the GNSS observation
points in Figure 9 are less than the v/ at those GNSS points, suggesting that the subsidence may have
increased during the 2015.92-2018.57 period, although this is not conclusive. The GNSS rates

appear to be in best agreement with v}1¢RP.

4. Discussion and Conclusions

We have presented three methods for INSAR TRF connection, generalised their equations and
propagated their uncertainties through the three TRF steps to account for error sources in this
process. From these results in the Latrobe Valley, and the surrounding regions, we can discuss the
advantages and disadvantages of these methods, which are summarised in Table 3.

The decision on how many pixels to include in the RP determination, or method of spatial
interpolation when using multiple pixels was not conclusive from Table 1, although it is logical to
consider that closer pixels will best represent the motion of the CORS structure. It is important to
restate that the objective of TRF connection at CORS is to determine the InSAR rate of the CORS
structure, so as to achieve an accurate transformation to the TRF as determined by the GNSS rate at
the CORS. The RP connection is site dependent, and the important factors for connecting each
CORS are: how many coherent pixels are close to the RP, how large is the range of pixel rates close
to the RP, or is the area at or around the site rapidly deforming and different from the CORS?
Figures 3 and 4 suggest that apart from YALL, the rates at other CORS were relatively stable, so in
these cases the method used is not that critical.

An analysis of each site is essential, because it is necessary to use a method that best suits
each particular site. Hence, in the absence of corner reflectors or transponders at RPs, caution is
advised using a large radius such as bootstrap over 500 m, or OK over the estimated range (600 m
for Sentinel-1) because in some cases this may not reflect the deformation rates of the CORS
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structure. Likewise, the use of a single pixel should be verified by surrounding pixels to confirm that
this is not an outlier. So, while the OK and bootstrap method over a larger radius may be a more
robust estimate of the InNSAR rate over the chosen area, it may not be representative of the rate at the
CORS. An option is to reduce the radius for the bootstrap method or adapt the covariance model
used for OK to suit the characteristics of the RP site.

Method | Advantage Disadvantage When to use Deformation
type
SCRP | e Simplicity of e Deterioration in e Small area of e More
computation reliability with interest. suitable for
e Transformation is distance from single | e Only one available local rapid
constant in space CORS CORS with reliable | deformation.
e Other CORS can e May induce an offset | GNSS time series,
be used for in rates at other or for independent
validation CORS validation at nearby
CORS
PFMC | e Utilises multiple e Extrapolating outside | @ Large study area e For use over
CORS for robust the region bounded with multiple large regions
TRF connection. by the RPs can CORS in a robust where the
e Transformation is exacerbate errors network geometry long-
smooth in space e Unreliable across the full wavelength
connection at one study area. deformation
CORS may introduce | ® Region of interest is linear
a tilt in InSAR rates. is within the area (constant) in
e Weak CORS bounded by the time.
geometry may cause RPs
a tilt across the study
area.
MCRP | e Utilises multiple ¢ Transformation is e When a dense e Suitable
CORS for robust discontinuous in CORS network is where there
TRF connection. space available so that the | 1is variable
e Fits well at all RPs |  Limited by distance radius from each deformation
from CORS, but CORS overlaps, over short
dependent on SAR avoiding gaps in temporal and
wavelength, so may InSAR coverage. spatial scales
not cover full region. so that each
CORS can
constrain the
local
deformation.

Table 3: Summary of advantages and disadvantages of each method and the recommended situation
in which each should be used.

The comparisons among the three TRF methods in the case study demonstrates the
characteristics of each method. The first point is that the results of each of these are relatively
similar, but closer inspection in Figures 7 and 8 indicate differences compared to the SCRP in some
places in the study area approaching +5 mm/yr and -5 mm/yr for the PFMC, and up to + 2 mm/yr for
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the MCRP. The differences are spatially dependent, and relate to the geometry of the multiple CORS
and how the TRF transformations connect to these in the context of the deformation varying in space
and time. Comparisons at different points in the scene in Figure 8 show that there is no station where
all three methods agree within their uncertainty. The difference at YALL for SCRP is due to the
larger difference between the INSAR and GNSS rate at YALL compared with the other two CORS.
SCRP and MCRP have the best agreement at most locations although these are not all within their
uncertainty, and the MCRP rates generally are larger. Both SCRP and MCRP are significantly
different (by more than their uncertainty estimate) from PFMC near the edges of the scene due to the
geometry of the CORS and their effect on the fitted plane. The MCRP method was in best agreement
with the campaign GNSS data along the coastal areas shown in Figure 9. This assessment of the TRF
connection methods relies on the error propagation equations developed in Section 2, highlighting
the importance of considering the error contributions to the transformed rates within the specified
TRF.

We conclude that the MCRP method appears more reliable than SCRP and PFMC because it is less
sensitive to the geometry of the available CORS and may be a pragmatic solution for many study
areas with multiple CORS. However, the MCRP can be limited in spatial coverage due to long-
wavelength errors, so that the PFMC may be a suitable alternative over larger areas with larger
spacings between CORS, provided that the CORS are evenly spaced across the full scene. The SCRP
method may be suitable over smaller areas where long wavelength errors are effectively mitigated in
the InSAR processing. An additional consideration for choice of TRF connection is the
characteristics of the deformation field (cf. Table 3, column 4). For example, the SCRP appears
better suited to deformation that has large spatial and temporal variations, because it is constrained in
only one place so is less likely to introduce a bias or tilt from multiple CORS connection that are
undergoing different deformation. The MCRP also appears suitable for deformation fields with rates
that vary in time and space because the local deformation field is connected to the local CORS RP.
However, care should be taken at overlap regions which may introduce discontinuities, or introduce a
bias at neighbouring CORS. The PFMC is best suited to small magnitude, constant rate deformation
where the CORS RPs can mitigate long wavelength InSAR errors and constrain the rates to the
steady deformation.

A further comparison was made at the coastal region of southeast Australia. The results from all
three TRF methods indicate average subsidence of ~-6 mm/yr. This is a significant finding itself, as
it is larger than ‘absolute’ regional sea level rise, and suggests a relative sea level rise of ~+9 mm/yr,
and should be considered when planning for future sea level inundation of the coastal region (e.g.,
Ramm et al. 2018). However, these rates should be viewed with some caution and be considered an
upper bound given that both the Sentinel-1 and GNSS rates at the DELWP GNSS sites were
generally less than the mean Sentinel-1 rates of -6 mm/yr across the coastal region. Slow subsidence
of a few mm/yr is found across the study region in relation to ITRF2014-Aus, which generally agrees
with the study of Ng et al. (2015) using four years of ALOS PALSAR data (2007-2011), which
although referenced to a limited area of assumed stable land, suggests that the 2007-2011 rates are
continuing through to 2018.5. The relative sea level comparison highlights the importance of the few
mm/yr difference at some locations, because this may directly impact the observed magnitude of
relative sea level change. Importantly, the rates are referenced to a TRF (ITRF2014-Aus for this
study) so can be compared to other sea level studies within the same TRF (cf. Woppelmann et al.
2009), and assessed in terms of the uncertainties propagated through the transformation process.
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