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SUMMARY

The anticipated improvement in precision and pecdifion of GNSS and GIS is dependent
upon consistency between ITRF and a local referdremme which defines fixed land
boundaries, services, physical infrastructure amdime control (e.g. precision agriculture,
automated mining and navigation). This is only aghble through use of a suitable
transformation and deformation model to relateltiternational Terrestrial Reference Frame
(ITRF) and closely aligned GNSS reference frameb s1s WGS84 to a local reference frame
at any epoch.

Regional reference frames are typically defined asgional densification of the ITRF. These
reference frames are necessarily kinematic in aatmmccount for tectonic and site specific
deformation. GNSS data processing (e.g. point positg and baseline processing) are
performed within these kinematic reference framesider to maintain consistency with
GNSS orbit products. Time dependent transformatiamsl deformation models are
subsequently required to relate these ITRF cooresndo a specified fixed epoch of
realisation of a local reference frame.

This paper compares several different approaches kiteematic reference frame
transformations and deformation models. The method strategy used depends upon the
precision required and the tectonic setting ofltdoal reference frame. A novel approach to
high precision modelling in complex deforming zonggh frequent episodes of seismic
deformation is presented.
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1. INTRODUCTION

GNSS positioning is intrinsically done within a geatric reference frame closely aligned
with the International Terrestrial Reference FrafiidRF) e.g. WGS84 and 1GS08 for the
GPS system. GNSS reference frames are necessangmétic in nature to prevent
degradation of orbit products arising from relatdeformation of GNSS tracking networks as
a result of plate tectonics and localised deforomati

The kinematic nature of GNSS positions within ITRk WGS84 is poorly understood by
land surveyors and other spatial science profeasom-or example, ad hoc realisations of
ITRF derived from Precise Point Positioning sersi@PP) (e.g. NrCan) or global RTK (e.qg.
OmniSTAR, Starfire) and post-processing services. (gusPOS, OPUS) are often used as a
basis for an operational datum. This approach isnsonplace in countries or regions with a
sparse or non-existent network of geodetic monusnantl Continuosly Operating Reference
Stations (CORS). Such ad hoc realisations of ITiR€df at a different reference epochs are
inconsistent. Repeated use of PPP is further coatpli by interseismic tectonic deformation
which can be up to 100 mm¥iin magnitude, and seismic deformation. Unless eginsnt
positions are corrected for tectonic deformatioantmued use of PPP will degrade the
precision of localised geodetic networks as a foncof time. The implications of this are
quite significant considering that global RTK sers are often used for precision navigation
and steering applications which are typically dedinby ground-fixed coordinates (e.qg.
precision agriculture, automated mining and higecimon navigation applications).

The use of CORS and long GNSS baseline processislgo adversely affected by global and
local deformations. For example, Network Real Tikieematic (NRTK) GNSS requires 15
mm a priori precision of the CORS stations (Ramrd dfale, 2004) in order to correctly
model tropospheric and orbit biases. This precisodifficult to attain in a deforming zone.
Another more sinister effect is that of rigid platgation of a geodetic network where no
changes in length of GNSS baselines are evideet Kgg 2). In order for positions from
precision GNSS techniques to maintain consistentlyiwa static local reference system, a
deformation model or time dependent transformat&trategy is required to relate
instantaneous (kinematic or dynamic) ITRF cooraiadd the local system.

This paper describes a novel approach for the mapadf complex global and local
deformations when GNSS techniques are used for figbision positioning, with a view to
maintaining coordinate repeatability within a logaference frame. The characteristics of
different types of reference frames, modes of de#&bion, positioning tolerances and
deformation models are also discussed.
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2. HIERARCHY OF TERRESTRIAL REFERENCE FRAMES

2.1 Global Reference Frames

Global reference frames define the fundamentakifasigeodetic coordinates and their rates
of change for any location with respect to the Ea@tonventionally, the centre of mass of the
Earth (the geocentre) is used as the fundamentahdor a global reference system, with the
z-axis aligned with the Conventional TerrestriallePdCTP), the x-axis aligned with
International Reference Meridian (Greenwich) ateéheator, and the y-axis along the equator
at 90 degrees East (IERS, 2010). Locations on #nths surface are moving due to the effect
of plate tectonics, so a No-Net-Rotation (NNR) atod is defined in which the angular
momenta of all tectonic plates and deforming zanes to zero (Argus and Gordon, 1991).
The NNR condition implicitly defines the motion &fatures on the Earth’'s surface with
respect to the underlying mantle, which is congddo be coupled with the Earth’s rotation
on geological time scales. Coordinates in thisesysare often considered to be “Absolute”.

ITRF is considered to be the fundamental realisatiba NNR terrestrial reference system
and is defined by the coordinates of a combinatibapace geodetic sensor monuments and
their site velocities around the Earth. ITRF forthe basis for many modern regional and
local reference frames. Individual space geodetichniques define technique specific
reference frames (e.g. 1GS08 for GPS, WGS84(G11&0PS, SLRF2008 for SLR, and
GTRF for Galileo), however these are all constraibg ITRF. The current realisation of
ITRF is ITRF2008 (Altamimét al., 2011).

The principal characteristic of a kinematic refeenframe such as ITRF is that the
coordinates of Earth-fixed features change by upgeweral centimetres a year due to the
effects of plate tectonics. In addition, major kquakes can result in almost instantaneous
coordinate changes of up to several metres. Bedabk®S analysis techniques intrinsically
use IGS orbit products, the coordinates of GNS8regeice stations should be realised by the
most recent epoch of ITRF in order to prevent error analysis, particularly within
tectonically active regions and for long baselinecpssing. Constantly changing coordinates
however, are impractical for most end users. Famnmgde, it is very difficult to integrate or
combine spatial data collected at different epoahmeasurement (e.g. laser scanned point
clouds and cadastral data) (Stanaway and Robé14)2

2.2 Regional Reference Frames

Regional reference frames are realised by a derteork of geodetic tracking stations under
the aegis of regional collaboration between natigeadetic agencies. In regions which are
dominated by a single and stable tectonic platplate fixed condition is often used in
preference to the NNR condition in order to minengte velocities of the network stations.
The relationship between plate-fixed regional refiee frames (e.g. EUREF and NAD83) and
ITRF is defined by a 14 parameter conformal tramsé&dion (7 parameters at the reference
epoch and their rates of change). Regional framieishwencompass a variety of tectonic
plates adopt a NNR approach and are fully condistétth ITRF (e.g. APREF). Regional
reference frames form the basis for national andlleeference frames.
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2.3 Local Reference Frames

Local reference frames (classically known as geodizttums) are typically defined by static
coordinates of a network of fiducial or zero ordgrodetic monuments (e.g. OSGB36,
GDA94, NAD83, NZGD2000 and IGM95). Local referenitames are the basis for most
topographic maps, navigation, GIS, planning, assetagement, environmental and cadastral
surveys. Over the last twenty years, many developations have adopted different
realisations of ITRF or regional reference frameastlze basis for their national datums,
however many jurisdictions still use non-geocen(eig. astro-geodetic) and assumed datums.
Any changes of coordinates in a static local fraaree usually due to improved observations
and subsequent network readjustments. The cooediclfnges reflect better positional
uncertainty and convergence towards their trueegshather than any physical movement of
the monument. Static reference frames or datume haen sustainable in tectonically stable
regions (e.g. Great Britain, Southern Africa, BraBEastern USA, Australia and Southern
India).

The defining characteristic of static local refexerframes is that the coordinates of the
fiducial network which defines the frame, are fixada specific reference epoch. Significant
improvement in GNSS positioning precision over thst twenty years has highlighted
deficiencies of static geodetic datums located iwitactonically active deforming zones (e.g.
Western USA, Japan, Indonesia, Chile, and New ZAdalaVithin these deforming zones the
strategy of holding coordinates of primary geodetionuments fixed has resulted in
degradation of the geodetic networks due to rapirchation within the network (up to 50
mmyr?) due to tectonic deformation. The Western USAest¢Snay, 1999) and New Zealand
(Blick et al., 2005) were among the first jurisdictions to addgfiormation models to compute
relative deformation across their geodetic netwdrksnitigate these tectonic effects. The
deformation models enable geodetic observatiotiseagpoch of measurement to be adjusted
to a fixed reference epoch (forming quasi-obseovsl using the deformation model. This
approach enables contemporary geodetic measuretoebésused within a static coordinate
framework. Datums that incorporate deformation nf®de this way are referred to as semi-
dynamic datums. Even within tectonically stable dggtc networks, rigid plate rotation and
the drift of the local frame away from ITRF resut inconsistent positioning if time
dependent transformations are not used with GNS8igaing (Dawson and Woods, 2010).

3. CHARACTERISATION OF DEFORMATION

The spatial and temporal nature of deformationeénence frames and geodetic monuments
should be characterised before the different aghesmto modelling can be discussed in any
detail. Deformation can be either apparent or r@glparent deformation is an artefact of
geodetic analysis. Real deformation can be peri@ag. tidal), site specific (e.g. monument
instability), or tectonic in nature. Glacial isat adjustment (GIA) is treated in this paper as
a tectonic effect in order to simplify the modedjiapproach, although GIA is not tectonic in
origin.
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Tectonic deformation is the primary focus of thigsdy and is divided into two components;
(1) secular deformation, which broadly encompagsgig plate motion and interseismic
deformation within deforming zones, and, (2) neotdar deformation which includes
episodic, non-linear and unpredictable deformaétiacts arising from seismic activity. The
temporal and spatial domian of these effectsustithted (Fig. 1).
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Figure 1. Temporal and spatial domain of terrestrial defor mation

3.1 Apparent Deformation

Apparent deformation effects are usually artefaftgeodetic analysis and do not represent
real deformation of the monument and are often ppmsurce of error in precise geodetic

analysis and site velocity estimation. Spectralyamms of a site’s time series, precision tie and
co-location surveys can usually identify these @ffeand improve the precision of the

estimation of site position and velocity. Most betapparent deformation is manifest in the
station height. These effects should be mitigateat po the estimation of site coordinates and
velocities to ensure that the site velocity actuadpresents movement of the underlying
bedrock or regolith and by inference, plate motion.

Apparent deformation can be attributed to a wid@etaof sources, including;
- antenna modelling errors
- antenna failure
- incorrect antenna height measurement
- antenna type metadata error
- change of antenna cable
- snow or debris on antenna
- receiver type or firmware metadata error
- tropospheric modelling errors (including locanmporal weather effects)
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- ionospheric modelling errors

- orbit modelling errors (e.g. unmodelled solatiasion pressure effects)
- seasonal multipath effects (e.g. deciduous tnees antenna)

- variable multipath (e.g. tree growth, constroictnear antenna)

- unmodelled geocentre motion within the refereiname

3.2 Predictable Periodic Deformation

Semi-diurnal and diurnal solid Earth and ocean die®rmations can be modelled precisely a
priori, and are routinely applied for global andhtnental scale geodetic analyses. Higher
resolution loading models are used in areas withptex coastline shapes adjacent to shallow
continental shelves and with large tidal variatiohglal effects that can be modelled, and
their magnitudes are listed as follows:

Solid Earth Tide <550 mm (IERS, 2010)
Ocean Tide Loading <180 mm (FES2004, EOTO08a)
Atmospheric Tides <2mm (RPO3)

3.3 Periodic deformations that can be modelled a posteriori

Many periodic deformations cannot be precisely ledea priori due to high levels of
temporal and spatial variability of the cause. Loyweecision predictions can be used in the
absence of observations using forecast models.rMetgcal, gravimetric, tidal and satellite
altimetry observations can be used to estimatdodding effects on a specific location, and
should be modelled a posteriori using real-timevignatric data and meteorological
observations for the highest precision geodetityaisa

Atmospheric loading (non-tidal components) <1@m
Hydrological loading (e.g. monsoon, dense snowecov <30 mm
Non-tidal ocean loading (e.g. storm surges) nho

3.4 Site specific deformation

Many periodic or episodic deformation effects atilautable to site-specific deformation,
particularly for geodetic antennae and monuments fixed directly to bedrock. The
magnitude of these deformation effects can be estith by precision site tie surveys,
redundant CORS arrays and continued integrity roang. If site deformation is not
quantified it becomes an error in the context afewifield deformation modelling.

- Thermal expansion of monument (e.g. antenna ordstilding)

- Wind shear of monument or building

- Surface creep (for monuments on steep slopesanthiick sub-soil horizon)
- Landslip and lateral spreading resulting fronuéépction

- Soil compaction (bedding down of large structyres

- Subsidence (water extraction, underground mirsimk hole collapse)
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- Variability in sub-soil moisture (expansion ar@htraction)
- Permafrost decay

- Monument or antenna mount instability (gradudlagse)

- Physical disturbance of the monument or antenna

3.5 Secular geophysical defor mation

Secular geophysical deformation is considered tonaar and predictable over long periods
of time (> 100 yr). The dominant secular deformatioode is that associated with rigid plate
motion. Velocities for sites located within theanbr of rigid tectonic plates are highly linear
for periods of up to thousands of years. Withintgplaoundary zones however, a cycle of
shear strain accumulation and release (seismiitgtarising from the relative movement
and locking of adjoining plates results in non-ngy of a site’s time-series. High geodetic
strain rates can rapidly distort geodetic netwotksregions that have been subject to ice
sheet loading effects during the last glacial maxim GIA can be significant, however this
effect is also considered to be stable over peraddsundreds of years. Secular deformation
tends to be widely distributed spatially and canrmalelled with high precision within a local
reference frame. Different modes of secular deftionatheir magnitude, stability and extent
are listed in Table 1.

Cause Deformaltion Stability Extent
(mmyr~) (yrs) (km)
Rigid plate motion <100 10,000 300-8,000
Tectonic Uplift <10 1,000 50-1,000
Glacial Isostatic Adjustment <10 1,000| 500-3,000
Interseismic strain <50 100 50-500
Diapirism <20 1,000 20-200

Table 1. Modes of secular deformation, their magnitude, duration and extent
3.6 Non-secular geophysical deformation

Non-secular deformation is by definition episodi@aon-linear in nature (e.g., seismic and
volcanic deformation) and is also highly localispdrticularly near fault scarps and locations
of volcanic activity. Aftershock deformation, postsmic decay and slow-slip events also add
further complexity to the non-secular deformatia@idi. The high spatial variability of these
effects can warrant permanent changes to, or awgunds of, a local reference frame, if the
deformation exceeds positioning and dimensionaréoices in affected areas. Coordinate
updates also ensure that conformity is maintaimedreas of significant deformation (e.qg.
fault scarps across property boundaries and seeasements). Large earthquakes (Mw > 8.0)
can also result in observable far-field deformatigm to 5,000 km from the earthquake
epicentre. The magnitude of viscoelastic relaxatrom these large earthquakes can exceed
that of the coseismic deformation and can takeeptaer periods of up to several decades.
Whether this far-field deformation and postseismataxation should result in permanent
coordinate changes depends upon the magnitudeosrdrice of the local reference frame
affected by it, and is discussed in more detagrlaTable 2 shows different non-secular
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deformation modes.

Cause Deformation  Stability Extent
(mmyr?) (yrs) (km)
Water table changes < 250 10 <200
Volcanism < 10,00( 0.01 <30
Coseismic Deformation < 10,000 0.00001 <1000
Slow-slip Deformation <300 0.1 <100
Postseismic Deformation < 1,000 10 <1000

Table 2. Non-secular defor mation effects, their magnitude, duration and extent

Other deformation events tend to be more localisegl,landslips, subsidence resulting from
mining and ground water changes which can be pdatiy significant in sedimentary basins
and urban areas.

4. DEFORMATION TOLERANCE LIMITSFOR POSITIONING

To what degree of precision deformation should lmElefied, depends upon the tolerance
requirements of the end user. For example, persaagation typically requires a precision
of a few metres at best, routinely attainable vaithinexpensive handheld GNSS receiver in
Single Point Positioining (SPP) mode. At this leokprecision, no deformation modelling or
transformation is usually necessary provided thatunderlying map base is referenced to an
ITRF aligned local reference frame, realised witti@ previous fifty years or so. On the other
hand, high precision deformation monitoring usingS% techniques may have a tolerance of
just a few mm (e.g. structural engineering). Idgeadleformation monitoring surveys should
be initially constraint free and so kinematic ITRIkould be used as a minimally constrained
datum for initial deformation analysis. Other siytv@re generally concerned with positioning
rather than deformation monitoring and a differ@mproach is required.

4.1 Thedistinction between dimensional and positional tolerance

Dimensional tolerances are usually governed byra®ging requirements (e.g. bridge and
dam construction, structural engineering, plantilifs) and cadastral boundaries.
Dimensions are essentially datum free, althouglasiaal surveys often refer to a datum as a
monument or pair of monuments which define the mwagon and location of a nearby
boundary. Positional tolerances on the other haedlatum dependent, with any dimensions
derived from two positions. Dimensional uncertaiimythis instance is a function of the
positional uncertainty of each location. In manydastral and engineering surveys,
dimensional tolerances override positioning toleesnwith regard to external connections to
a geodetic datum.

With the advent of precision GNSS positioning thisra grey area between dimensional or
Local Uncertainty (LU) and Positional UncertainBA). These concepts are discussed more
completely in Roberts, (2009). In practical terra, can be described as the dimensional
uncertainty between any adjoining points (e.g. peints on a bridge span, or two adjacent
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corners of a cadastral boundary), whereas PU isitlcertainty of a group of related points
(e.g. a cadastral parcel, or structure) with respeanother group of points (not directly
connected by a cadastral boundary or engineenngtste) or a geodetic datum.

Linear dimensional tolerances are often describeddifferent ways. A linear ratio is
commonly used (e.g. 1 in 10,000), however partsapéion (ppm) is also widespread.
Geodetic strain rates are typically defined asta odchange per unit length per year and are
usually described in terms ofE°yr. The relationship between the different termsss a
follows:

linear ratio = 1,000,000/ppm linear ratic' y 1,000,000,000 / strain rate
ppm = 1,000,000/linear ratio ppm'yr strain rate / 1,000
strain rate = ppm ¥¥1,000 or 1,000,000,000 / linear ratic‘yr

Tables 3 and 4 show typical dimensional and posalidolerances for a variety of spatial
applications.

Local Uncertainty (LU) : Equivalent
, Linear typ_lcal Positional
fixed Component maximum Uncertainty
Application precision P project t proiect
component| in as a dimension | &t Projec
(mm) ppm ratio (m) extents
(mm)
Engineering and Construction
High precision 2 10| 100,000 100 5
engineering
Structural engineering 8 20 50,000 500 15
Civil Engineering 10 200 5,000 1,000 200
Civil Earthworks 100 400 2,500 1,000 500
Cadastral Surveying and Easements
CBD Cadastral 5 15 75,000 100 10
(Multi-story)
Urban Cadastral 15 40 25,000 200 25
(Suburban)
Rural Residential 25 50 20,000 1,000 75
Cadastral
Rural Cadastral 50 50 20,000 2,000 150

Table 3. Indicative horizontal dimensional tolerances and uncertainties (fixed and ppm component) at 1o

TS02B - Geodetic Datum II, 5906 9/9
Richard Stanaway, Craig Roberts, Graeme Blick amas@rook
Four Dimensional Deformation Modelling, the linktlveen International, Regional and Local Referernearies

FIG Working Week 2012
Knowing to manage the territory, protect the enviment, evaluate the cultural heritage
Rome, Italy, 6-10 May 2012



Positional
Application Uncertainty

(PU) (mm)
Precision Agriculture (inter-row steering) 25
Automated Mining 50
Feature survey and Site Plan 1:250 scale 50
Automated Driving 100
Underground utility maps 1:500 scale 100
Airborne Laser scanning (LiDar) 100
DCDB / Urban Services maps 1:1,000 — Asset Mapping 200
Outer-urban services GIS/maps 1:2,500 scale 500
Aircraft Instrument Landing 1,000
Suburban planning GIS/maps 1:5,000 scale 1,000
City GIS/Maps 1:10,000 scale 2,000
Personal Navigation (e.g. car) 5,000
GIS/Topographic Maps 1:25,000 scale 5,000
GIS/Topographic Maps 1:50,000 scale 10,000

Table 4. Indicative Positional Uncertainty (PU) tolerances at 1o

4.2 Inter-relationship between tolerance requirements, defor mation rates and
positioning technique

For surveys where dimensional tolerances are matieat than positional tolerances (with
respect to a national geodetic datum), terressuaveying techniques are more likely to be
used (e.g. total station, terrestrial laser scapnprecise levels etc.). The use of GNSS
techniques such as RTK for these surveys is uslialiyed to lower precision positioning
(e.g. DTM spot levels, earthworks and excavatiaros®) and is also likely to be localised
(by local site transformation) to ensure consisgdmetween spatial reference systems used for
engineering design, terrestrial surveying and Gg8niques.

Within tectonically stable regions, geodetic straites are typically less than 1y&*, which
implies that the life span of a local referencerfeais typically hundreds of years in terms of
the most stringent dimensional tolerance specitioat The continental part of the Australian
Plate for example, is highly stable with strainesabf < 0.1 Eyr' which equates to a
dimensional stability of 1:10,000,000,000. Intrapl@arthquakes are relatively uncommon
and any associated deformation with these is yshajhly localised. The largest contributor
to intraplate deformation is likely to be far-fieldeformation associated with large
earthquakes within the plate boundary zone.

The most significant deformation effect of locaference frames fixed to stable tectonic
plates is that of rigid plate rotation, which canduite significant (Fig. 2). The magnitude of
the effect of rigid plate rotation on fixed epocN&S processing is shown in Table 5.
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. Number of years before
Tectonic Plate Rotao'?l\(jlr; Rate 15 mm PU for rover GNSS
exceeded at 30 km range from CORS
Pacific 0.68 42
Australian 0.63 45
Eurasian 0.26 110
North American 0.19 151
South American 0.12 239

Table 5. Number of yearstill PU tolerance exceeded as a result of rigid platerotation on a GNSS baseline

Many smaller microplates and rigid crustal blocksdeforming zones have even faster rates
of rotation (e.g. 8°/My for the South Bismarck Rlan Papua New Guinea), so spans of less
than 3 years can introduce 15 mm errors in basgioeessing if the effect of rigid plate
motion is ignored.

Assuming that a rotating tectonic plate is integnaigid, site velocities can be computed
precisely using the Euler pole definition for thgid plate (discussed in more detail later) to
mitigate the effect of unmodelled rotation on baelprocessing. Alternatively, a 12 or 14
parameter transformation can be used to transfatmwdan kinematic ITRF and epoch fixed
ITRF to enable longer GNSS baselines to be prodesseectly.

Within deforming zones, secular geodetic straiegatrely exceed 500%™. Figure 3 plots
the number of years before different survey toleearare exceeded within a deforming zone.
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Figure 4 shows the relationship between PU andraeftion rates for different specifications

of PU at a range of 30 km (a typical maximum baselength between a rover GNSS and
CORS station).

=00 & Highest strain rates = 1:100,000 Highest Precision
== 1:75,000 CBD Cadastral
450
= 1:50,000 Structural Engineering
400 = 1:25,000 Urban Cadastral
f 1:20,000 Rural Cadastral
& 350
o
% 200 & New Zealand Alpine Fault / San Andreas Fault
c
8
- 250
-
o
T 200
0
o
150 < Himalayas
100
0 100 200 300 400 500

Number of years till dimensional tolerance and Local Uncertainty (LU) exceeded

Figure 3. Number of yearstill LU tolerances ar e exceeded for differing strain rates and specifications
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Figure 4. Number of yearstill PU tolerances ar e exceeded for differing strain rates and specifications
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For example, in New Zealand, geodetic strain raidsn the plate boundary zone (e.g. along
the Alpine fault) are typically 300%r?, which means that for local control surveys a
redefinition of the local datum is required evefy ykars during the interseismic period if a
LU of 1:50,000 is to be maintained. Cadastral sygsvevould need to be redefined
dimensionally every 170 years or so in order tontan 1:20,000 precision in the absence of
any seismic deformation. In order to maintain tkseickd 15 mm PU tolerance on a typical 30
km baseline (0.5 ppm) a deformation model is rexglifior any epoch difference greater than
a year to support CORS NRTK operations.

Realistic static GNSS tolerances are 5 mm + 0.5 apdhNRTK uncertainties are usually 15
mm within an NRTK cell with 60 km spacing betwee®RS. From this we can deduce how
long an NRTK cell can use fixed coordinates for atmstituent CORS stations before a
deformation model is required to be used (Table 6).

geodetic Typical deformation setting Number of years before
strain rate (fast-moving strike-slip plate boundary) 15 mm PU for rover GNSS
(E%yrY (Note: as an illustrative guide only, as strair fiat exceeded at 30 km range
y highly variable) from CORS
05 interior of rigid tectonic plate 1000.0
5 diffuse deformation zonels 100.0
10 between 300-400 km from plate boundary 50.0
20 between 200-300 km from plate boundary 25.0
50 between 150-200 km from plate boundary 10.0
100 between 100-150 km from plate boundary 50
200 between 50-100 km from plate boundary 25
500 within 50 km of fast-moving plate boundaky 1.0

Table 6. Number of yearstill NRTK positioning toleranceis exceeded as a result of geodetic strain

Sudden or episodic localised deformation shouldltes the readjustment of coordinates of
geodetic infrastructure in order to prevent dimenal tolerances from being exceeded with
subsequent use of unadjusted coordinates. Furtiheyrhagh resolution GIS, DCDB and
spatial models of cadastral boundaries, urban @es\and infrastructure should reflect reality
especially in instances where fault ruptures odear.example, two cadastral reference marks
or geodetic monuments reference a cadastral pakcelajor earthquake results in a large
displacement of the boundary between two corneigu(€é 5). To distinguish seismically
affected coordinates from pre-earthquake coordsnate adjustment of the local geodetic
network is required and can be implemented in ¢inen fof a gridded non-secular deformation
patch. This process is described in more detdiieémext section.
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Figure 5. Effect of coseismic deformation on the cadastre and geodetic network

5. DEFORMATION MODEL FORMAT

Deformation models can comprise two component§etular interseismic deformation, and
2. Non-secular deformation. As described previqulg secular model is used to compute
interseismic deformation within ITRF and supportstatic local reference frame. The non-
secular deformation (patch) model represents aratepdr adjustment of a local reference
frame to account for localised deformation, anddaally applied after a discrete event such
as an earthquake results in highly localised dedion.

5.1 Format of a secular defor mation model

Within rigid plate zones, a 14 parameter transfégionamodel can be used to transform
between ITRF and a local reference frame, or aterely, the Cartesian equations that define
rigid plate rotation can be applied. Site velositier locations on a rigid rotating plate can be

estimated precisely using equation (1) (Stanaway Roberts, 2009) wheref((,\},i in
metres) is the ITRF site velocity in Cartesian fatjX, Y, Z in metres) is a location on a
rigid plate defined by a rigid plate rotation mo@@k, Qv, Qz in radians per million year):

| ra,z-9,y
Y |=|Q,X-Q,Z |1E-6 (1)
51 [QY-Q,X

This strategy cannot be used accurately within mgid-components of the plate, especially if
there is large difference between the measurenmehtederence epochs.
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Site velocities in plate boundary zones can bemedéd by interpretation of fault locking
models such as DEFNODE (McCaffrey, 2011). Provitteat the model is well constrained
by inversion of observed site velocities and otfewphysical observations such as earthquake
slip-vectors, predicted velocities are usually mecenough for most spatial analysis
applications within the interseismic period. Thedmlocan be updated regularly to account for
improvements in the site velocity field arising rfrdonger time-series of CORS and repeat
observations of dense networks of passive geodwiirmuments within the deforming zone.

A gridded data model similar in format to globalogk models can be used to define
interseismic site velocities, and may be betteteguio existing geodetic software algorithms.
This model structure is currently used with the Nlesv Zealand Deformation Model (NZDM)
(Beavan and Haines, 2001; Bliadt al., 2005). A gridded data format consists of four
components:

Latitude (decimal degrees), Longitude (decimal deg), Velocity (North), Velocity (East).

For each grid point, the site velocity componeméscmputed by;
a. rigid-plate model
b. rigid-plate and fault-locking model
c. krigging of a dense field of observed site eiles

Site velocities for any given location are then pobed by bilinear interpolation of the model.
In polar regions (e.g. above 80° latitude) a stgraohic projection model can be used if
required to overcome the limitation of merdian cemgence of a gridded model using
ellipsoidal coordinates.

To ascertain what effect a planar assumption ofdi@rmation model within a spherical

system is, site velocities were computed for déifér model resolutions using both the
Cartesian plate model directly and bilinear intésion of site velocities for data grid points

computed by the Cartesian plate model. For a legegrid, the interpolated and directly

computed velocities agree with a precision of betian 0.01 mm. For a 10 degree grid the
agreement degrades to precision of 0.12 mm compathd rigid plate model.

A model of global coverage with a grid spacing ategree (~112 km spacing) would be 1.7
MB in size. A 0.1 degree model (~11 km spacingulddoe approximately 187 MB in size
and a 0.01 degree model (~1 km spacing) would b ibGsize. To facilitate both localised
use and application of the model in zones of mamplex deformation requiring a higher
resolution model, the following approaches can seduFor smaller regions, a grid model can
be extracted from the high resolution model. Thigcpdure is already commonplace with
high resolution global geoid models such as EGM2fii8example. A 0.1 degree model
covering New Zealand would be less than 0.5 MBzgn.s

In more complex deformation zones, where geodétansrates are higher, a nested model
approach can be used where very high resolutign Qe01° or 0.001°) localised models can
be used together with a lower resolution model. Righer resolution model can either
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provide a supplementary term to the site veloaitierpolated from the lower resolution
model, or alternatively the higher resolution modah embed the full magnitude of the
velocity field. A plot of geodetic strain rates cawlicate what resolution deformation model
is required to support different user requiremeamis tolerance limits.

5.2 Format of a non-secular deformation model (patch)

The source data for modelling of an earthquakehpatn be derived from a variety of
different sources, typically; slip dislocation mdoy, INSAR, analysis of high resolution

imagery or LiDar, campaign GNSS/GPS re-observatomres a dense geodetic network and
terrestrial measurements.

A model of non-secular deformation arising fromtlequakes and other localised deformation
can be in the same format and use the same indigoistrategy as the secular deformation
model. A time-tagged nested model structure isiredqun order to capture the full resolution

of any sesimic deformation. Model metadata sholdd define which epochs the localised

deformation is defined between (e.g. 2000.0 and 2EB).

For example, a 1 degree model would be used fefiflat deformation arising from Mw8.0 -
9.5 earthquakes and associated post-seismic ddformge.g. viscoelastic relaxation),
whereas a 0.00001 degree model would be used to avmal fault scarps at 1 metre
resolution. Clearly, it is impractical to develoglbal model at such a high resolution, and
S0 a nested data structure can be used (FiguBa).structures for smaller locations can also
be in terms of local grid coordinates (e.g. UTM) &ase of use. For a typical larger urban
area of 4000 kf differing resolution models would have the foliag sizes: 1 km
resolution, 110 kB, 100 m resolution 10.8 MB, 10@enolution 1 GB. Winefieldt al. (2010)
describe how such a local deformation patch has applied in New Zealand.

Tertiary seismic patch —+
grid size 0.001°0or 110 m =+ * ¢ * o o o o o o o

Secondary seismic patch
grid size 0.01° or ~ 1100 m

Default seismic patch
grid size (e.g. 0.1° or ~ 11 km)

Figure 6. Nested structure of seismic patch grid model to accommodate localised defor mation
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5.3 Vertical Defor mation M odels

As is the case with non-secular deformation, vaktaeformation is highly variable in the
temporal and spatial domain, although generally lleman magnitude. Stable bedrock
locations within the interior of rigid tectonic s have vertical deformation rates close to
zero (or less than 0.2 mmY)r however within plate boundary zones, verticaodmation
rates can be as high as 10 mthgue to tectonic processes. In regions such asdSwaia
and Canada, uplift arising from GIA can also berash as 10 mmyr In more localised
areas, vertical deformation is usually associatéth whanges in groundwater and mining
operations.

How vertical deformation is handled in terms of ralidg depends upon the secularity of the
deformation. Tectonic and post glacial deformatgtypically highly secular in character and

a 1 degree model of vertical rates can be usedadehand predict elevations to support
GNSS processing and analysis for example. Suchdelmmuld be interpolated and used in
the same way as a horizontal deformation modeledons where subsidence is occurring as
a result of groundwater changes, for example, #réical rate is likely to vary over much
shorter time periods, however a higher resolutiaueh can be used and updated as often as
required. Alternatively, vertical deformation cae tbeated in a non-secular way with regular
patch updates everytime a tolerance limit is redcbeearthquake occurs.

Hydrological analysis and engineering projects geBesto elevation (e.g. drainage), and
CORS networks require high precision vertical defation models as the classical approach
of holding benchmark elevations fixed in areas ecibjto vertical deformation can
compromise the integrity of these projects.

6. DEFORMATION MODELSIN PRACTICE

As described previously, deformation models to supppatial applications ideally should
have secular (interseismic) and non-secular (emsod patch) components. The secular
model is used to propagate kinematic ITRF coordmdb the specified epoch of a local
reference system so that local coordinates appelae static even though they are subject to
larger scale deformation. New Zealand has usedfipsoach since 2000 with the adoption of
NZGD2000, which incorporates a deformation mod@pPW (Blick et al., 2005).

A non-secular, or seismic patch model is a sumliagfmsodic offsets between the reference
and measurement epochs. This model is invoked ichniue same way as a grid distortion
model, and quantifies permanent deformation ofdhginal geodetic network in excess of
any interseismic deformation since the referenaxlepThe patch can also incorporate small
reference frame translations and biases arisingy frmprecisely estimated interseismic
deformation models. After large earthquakes andemgient aftershocks or slow-slip events,
latency in the release of seismic patches is beakfn order to account for any postseismic
relaxation which is non-linear in character. The twodels are used in conjunction with each
other (Figures 7 and 8).
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Figure 7. Schematic representation of the application of interseismic velocity models and seismic patches.

Assuming that any GNSS processing and analysisome dvithin a kinematic ITRF/IGS
reference frame, deformation modelling propagatestions derived from this analysis into
the local reference frame. Propagation equatio@(3) from Stanaway and Roberts, (2011)
can be used to invoke the deformation models (basdtbwchart in Figure 8):

Reverse
computation
+Velocity Model - Velocity Model
Datum update
(after earthquake 2)
: - Velocity Model
+ Velocity Model - Patch Epoch2

+Patch Epach2 - Patch Epoch2
+Patch Epoch1

+Patch Epoch 2
- Patch Epoch 1

+Patch Epoch 2 Datum update - Patch Epoch 2
(after earthquake 1)

+Patch Epoch 1 - Patch Epoch 1

Forward I v
computation Semi-kinematic Datum
(at reference epoch)

Figure 8. Flowchart showing propagation pathways between a semi-kinematic datum (fixed at the reference epoch)
and kinematic ITRF.
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Kinematic ITRF (typically the latest weekly realism of the IGS reference frame) should be
used as the datum for any GNSS data processingrpbiation of the interseismic
deformation model enables the reference epoch tedmvered anywhere in the network. A
seismic deformation patch then accounts for anyaligisment of coordinates between the
interseismic model and the coordinates of the CQ@R%e reference epoch. Any further
misalignment at the CORS can be attributed to taciofs: (1) an imprecise interseismic
velocity model, and (2) unmodelled deformation witthe patch. These two factors can be
isolated and quantified by analysis of the CORS:tsaries. Analysis of the time-series can
identify periods of non-linear deformation (e.gsesmic, interseismic and slow slip events).
These deformations can be summed into a seismiorrdafion patch which should be
updated after each significant seismic event. Aigant event is one that results in non-
secular deformation in excess of the positionirigramces required for the datum or NRTK
operation.

Semi-kinematic datum at refer ence epoch

-
X X >D( AX
Y| =|Y |+ Y|, -t)-| AY (2)
Z to Z t % AZ PATCH
where,
to is the reference epoch (in decimal years)
t is the epoch of measurement (in decimal years)

X, Y, 2}, are the coordinates computed at the referencehgpaetres),
XY, 2 are the kinematic ITRF coordinates at the measent epoch (in metres),

0o 00
(X,Y,Z) isthe ITRF site velocity interpolated from tmarseismic model (m/yr),

X, A4Y, AZ)patcH is the accumulated seismic deformation betwenreference and
measurement epochs interpolated from the most-aati® seismic patch model (in metres)

Semi-kinematic datum at epoch update (after earthquake)

0
X X >u<
% =\ v |+ Y |Ot, -t) 3)
Z tF’ATCH Z t i

where,
(XY, 2w are the coordinates computed after the earthqoatod is applied (metres)
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Model integrity monitoring

Deformation model integrity can be monitored athe@ORS station within the network. This

can be achieved by comparing the reference epoattioates computed using equation (2)
with the reference epoch coordinates for the staifdhenever the difference between the two
exceeds a specified tolerance (e.g. 15 mm) an @derbe raised. This would usually happen
after an earthquake, or commencement of a sloweslgnt. In the absence of any of these
episodic events, the inter-seismic velocity modelula need to be verified and updated by
analysis of the CORS time-series. Repeat obsenstaver a dense network of passive
geodetic monuments can also be used to verify mpdove the precision of the deformation

models in current use.

CONCLUSIONS

Modern positioning techniques are rapidly becomimgre precise and ubiquitous. As a
consequence of this, unmodelled deformation ofEheth is now resulting in widespread
errors in the application of precise positioningl &BNSS baseline processing. Conflicts are
also arising between global (kinematic) and los#dt(c) reference frames and static geodetic
datums as they become misaligned due to tectoogepsed and other causes of deformation.

In this paper, a novel approach to the modellinglefbrmation has been described, that can
work in practice. Application of a bimodal (inteismic model plus patch) deformation model
allows users to transform positions between globadional and local reference frames
without significant loss of precision. The modeljistrategy can be applied in PPP, GNSS
post-processing and GIS to enable the full benefitsnematic and static reference frames to
be realised.
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