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Abstract Interseismic locking on the Hikurangi subduction zone in New Zealand is examined in light
of alternative assumed locking distributions and the impact of transients (slow-slip and volcanic sources)
on temporal and spatial resolution. The modern pattern of locking in the north is poorly resolved and,
based on simulations of possible transient behavior, may be an ephemeral feature of the subduction
cycle. While there appears to be some contemporary locking in the northern half of the Hikurangi
subduction zone (HSZ), its location is model dependent, and hence, its relationship to structure,
slow-slip, or any transition zone there is unclear. Simulations of site velocities using the 14 year history
of transient events reveal that in the timescale of the interseismic period the northern half of the HSZ
could be either locked or unlocked, and this may not be resolvable for decades. In the southern half,
there is strong contemporary locking in the 15 to 40 km depth range, but again, the slow-slip history
leads to uncertainty in the long-term pattern. Slow-slip events not only reduce the long-term locking
by aseismic slip but also greatly hinder our ability to see it. It is within the range of possible models that
the slip deficit rate at the HSZ is more uniform along strike, and the modern appearance is controlled
by the particular pattern of transients over the past 10 to 20 years when the GPS data were collected.
Similarly, uncertainties in surface velocities will be large at any subduction zone with large transients.

1. Introduction

Modern locking on subduction faults inferred from geodetic data is one possible method of estimating the
potential slip of future large earthquakes and for understanding the role of subduction zone structure in
controlling seismic slip. The agreement of the preseismic locking pattern at the Japan Trench [Loveless and
Meade, 2010] with the 2011 Tohoku-oki slip pattern [Simons et al., 2011] provide some support for the
predictive capabilities of geodetic data.

Interseismic locking models, that is, those thought to represent the steady loading during the seismic cycle
and possibly indicating where seismic slip might eventually occur, are generally derived from GPS data that
are assumed to have been collected over a long enough period that short-term deviations from linearity in
the time series have evened out. For example, in Cascadia, 80 years of leveling data [Burgette et al., 2009]
and 20 years of GPS observations [McCaffrey et al., 2013] provide a view of the deformation that averages out
the small, frequent (~yearly) slow-slip events. These data allow a view of the locking over a relatively long
portion of the earthquake recurrence interval, thought to be ~ 500 years [Goldfinger et al., 2012]. For most
subduction zones, the geodetic observation period is shorter and it is not clear how the contemporary
locking relates to the longer period (i.e., a large fraction of the seismic cycle). For subduction zones with large
transient components, the modern locking pattern is a snapshot of a time-varying process and may or may
not resemble the average interseismic locking.

In the presence of slow-slip events (SSEs) and other transients in GPS time series, three slopes are of interest
(Figure 1). The intertransient rate (slope of the blue line) represents the loading of the crust in the time
between transients, as well as steady motions due to block motions and crustal strain (e.g., faulting). It seems
to be stable through time in New Zealand, Cascadia, and elsewhere. Part of this loading is released in SSE,
and part may be stored for an earthquake. The part that remains after the SSE, or the interseismic rate
(Figure 1; slope of the purple line), reveals long-term loading of the crust and includes the component of
elastic strain building to the next earthquake. A third slope (red line) is the slope of the geodetic time series
from which we infer the other two rates. If we use an appropriate noise model, the slope of the time series
(red line) and its uncertainty should provide an estimate of the interseismic rate.
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Because the interseismic rate is the
intertransient rate corrected for the
transient offsets, its accuracy depends
on knowing the temporal behavior of
transients. In the case of GPS time series
observed at subduction zones with large
site displacements due to slow-slip or
other transient events, knowledge of the
short SSE history may not be sufficient to
understand its long-term behavior. This
problem is entirely analogous to that of
understanding earthquake behavior
through many cycles gleaned from a
short seismic history. One goal of this
paper is to examine how important is
the effect of slow slip on the estimated

GPS-derived rates and long-term locking patterns inferred from them for the Hikurangi subduction zone of
New Zealand. The results are also applicable to other subduction zones with large SSE.

The Hikurangi subduction zone (HSZ) off the east coast of the North Island, New Zealand, accommodates
westward subduction of the Pacific plate relative to Australia at about 40 to 50mm/yr (Figure 2). Because the
subduction zone is curved and oblique to the relative convergence direction, the trench-normal subduction
rate decreases to the south and eventually relative motion becomes largely shear in the northern part of
South Island. Due to the slip partitioning driven by the oblique convergence and active spreading in the
Taupo Volcanic Zone (TVZ; Figure 2), the upper plate has fragmented, producing several crustal faults and
rapidly rotating blocks [Walcott, 1984; Wallace et al., 2004]. Because the coastal blocks accommodate slip
partitioning, the convergence of the Pacific with the eastern North Island coastal region is nearly orthogonal
to the margin (Figure 2; red vectors) but west of the North Island’s axial deformation zone (Wellington Fault;
Figure 2), relative motion on the HSZ is highly oblique again.

Locking on the HSZ has been estimated by Wallace et al. [2004, 2012] using elastic half-space dislocation
models constrained by 10 to 20 years of GPS-derived surface horizontal velocities. These models show a very
sharp gradient between low-level, shallow locking in the north and stronger and deeper locking in the south.
This pattern has since been compared to more permanent properties of the subduction zone, such as
attenuation patterns, electrical conductivity, pore pressure, and so on [for example, Eberhart-Phillips and
Reyners, 2012; Heise et al., 2013]. The assumption by those authors is that the 10 to 20 year locking pattern has
the same level of permanency as the other properties.

The initial locking model, from Wallace et al. [2004], was constrained by horizontal survey-mode GPS
velocities from 1991 to 2003 (here obtained from J. Beavan; the velocities are in two fields, called NI2003 field
from the North Island and SI2003 field from the northern 200 km of the South Island). An update presented
by Wallace et al. [2012] included additional survey-mode observations (2006 and 2008) from the southern
part of the North Island and continuous mode GPS (cGPS) that started about the year 2000. The velocity fields
used by Wallace et al. [2012] were not made available for this study. However, the GeoNet cGPS data, which
are publicly available (ftp.geonet.org.nz), are dense in the region of the newer survey data. In this paper, I
combine the velocities from NI2003 and SI2003 with those estimated from the cGPS from 2000 through
May 2014. In the initial analyses of the cGPS data, I use the uncertainties estimated by standard GPS processing
techniques that assume the time series are linear and affected by stationary, power law noise [Hackl et al., 2011;
Williams, 2003a, 2003b]. After that, I estimate uncertainties in the site velocities that are expected in the
presence of slow-slip events (a nonstationary process) and investigate their impact on the long-term
locking models.

2. Update of Locking Model

Using the combined NI2003, SI2003, and cGPS velocity fields, I run inversions to estimate locking on the HSZ
using three assumed parameterizations (Figure 3). Locking here is defined kinematically as ϕVwhere ϕ is the
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Figure 1. Definition of intertransient and interseismic velocities and the
slope of the time series in the presence of transient offsets. Dotted line
represents GPS position time series.
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part of the relative plate motion across the faults that is stuck, or one minus the creeping fraction, and V is the
relative velocity across the fault derived from relative plate (block) motions (ϕV is also called the slip rate
deficit with units of mm/yr). Estimated in this way from surface GPS velocities and an elastic model of the
Earth, locking represents a rate of stress increase on the fault. The first locking parameterization used (called
the Exponential model), similar to that used byWallace et al. [2004, 2012], proposed byWang et al. [2003], and
modified by McCaffrey et al. [2007], holds that ϕ=1 (full locking) from the deformation front to a depth Z1,
and decreases by an exponential function to become zero at depth Z2 and below. The decay across the
transition zone (between Z1 and Z2) is controlled by the shape parameter γ (see equation (3) ofMcCaffrey et al.
[2007]). This parameterization assumes the locking is greatest at the trench and decreases monotonically
with depth. In the second assumed distribution, the Gaussian model, locking is a Gaussian function of depth
where the mean depth, the spread in depth, and the peak ϕ are all estimated. The third method divides the
fault surface into a grid of finite regions of approximately 40 × 40 km and solves for uniform ϕ at each of
them. For all models the crustal fault geometry is similar to that of Wallace et al. [2012], and free parameters
include block rotations, locking on crustal faults and uniform strain rates in two blocks that comprise the TVZ.
The models all have 1044 observations and 142 free parameters (9 to rotate 3 velocity fields into the Australia
reference frame, 75 for HSZ locking, 16 for crustal fault locking, and the rest for block kinematics).

Figure 2. Locationmap of the North Island, New Zealand, and the Hikurangi subduction zone. Black arrows showmotion of
the Pacific plate relative to Australian plate, and red are Pacific relative to coastal blocks (rates in mm/yr). Red dots are
continuous GPS sites of GeoNet, and blue are survey-mode sites. TVZ= Taupo Volcanic Zone. Site codes are shown for cGPS
sites discussed in the text.
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The cGPS velocities were estimated from
GeoNet time series (ftp.geonet.org.nz/
solutions/regional-filtered) for 2000
throughMay 2014. Not all sites have been
operating since 2000 as the network
has grown through time. For each
component of each time series a linear
regression was performed to estimate the
slope, i.e., a velocity uncorrected for
transients. The online GeoNet time series
do not include position uncertainties so
I assumed 2.0mm for east and north and
5.0mm for the vertical. The uncertainties
in velocities were estimated with an error
model that includes both white noise
and colored noise [Williams, 2003a; Hackl
et al., 2011] using the Python code of
M. Hackl. For example, this procedure
resulted in uncertainties of 0.19 and
0.11mm/yr for east and north and
0.30mm/yr vertical at site AUCK which is
far from both the deforming zone and
slow-slip events (SSEs) and has a 14 year
duration. At the coastal site GISB with a 12
year record and SSE offsets up to ~30mm,
the uncertainties were 2.25, 1.09, and
0.85mm/yr for the east, north, and
vertical, respectively. These uncertainties
at GISB are larger than typical for a site of
similar duration since they account in part
for scatter due to the transients (largely
represented by random walk in the Hackl
et al. [2011] method). All velocities and
their uncertainties are given in the
supporting information. The survey-mode
velocity uncertainties, as described in
Wallace et al. [2004], were estimated with
a white noise component and using a
scaling factor to account for colored noise.
In the inversions the velocity fields’
uncertainties are scaled to make the sum
of weights of the cGPS field approximately
equal to the sum of theweights of the two
survey-mode fields and to bring the
normalized RMS of the misfits close to
unity (scale factors were 1.5 for cGPS, 2.0
for NI2003, and 2.5 for SI2003).

The inversions are performed with
tdefnode [McCaffrey, 2009]. The slab
geometry is digitized from Ansell and

Bannister [1996], as in earlier studies, and is sampled along 61 margin-normal vertical profiles at 21 depths,
forming an irregular grid of nodes that follow the three-dimensional shape of the slab surface. For the first
two types of models, locking is defined by the three parameters for the functions described above along
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Figure 3. Locking models based on combined NI2003, SI2003, and cGPS
velocity fields (covering ~20 years). (a) Assumes an exponential decay in
locking with depth, (b) uses a Gaussian change in locking with depth,
and (c) uses a grid. The reduced chi-square data misfit is χr

2, and Mg is
the geodetic moment rate of the locking in 1019N m/yr. Dashed lines are
contours of the plate interface, labeled in kilometers at their northern
ends in Figure 3a; small black dots are nodes in the plate interface. Red
dots are survey-mode GPS site locations, and blue are cGPS. Colored
shading shows the slip rate deficit in mm/yr contoured at 10mm/yr.
Black beach balls are from probable plate interface earthquakes with
well-controlled depths [Webb and Anderson, 1998, their events B and U];
gray are global centroid moment tensor solutions [Ekström et al., 2012],
brown from GeoNet, and blue are the tsunamigenic events of 1947
[Doser and Webb, 2003]. All mechanisms except GeoNet are plotted at
their International Seismological Centre epicenters [International
Seismological Centre, 2011]. Purple curves outline the extent of cumulative
slow slip for 2000–2014 (the 100mm contour).
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profiles extending down the dip of the slab. In the inversions the profiles are grouped into 25 separate
segments; within each segment the locking function parameters are kept the same but allowed to vary
between segments. For the Grid model, the locking is estimated at 75 patches formed by groups of 4 × 4
nodes (approximately 40 × 40 km). Smoothing of the locking is applied by imposing a penalty on its second
derivative (curvature), and excess (unnecessary) locking is damped by imposing a penalty on the sum of the
locking fractions (to reduce any locking that does not produce a compensating improvement to the data fit).
In the inversion, parameters are adjusted to minimize the following sum:

RTWRþ α
X

i ¼ 1;N

d2ϕi

dx2

� �2

þ β
X

i ¼ 1;N

d2ϕi

dw2

� �2

þ λ
X

i ¼ 1;N

ϕi

N

� �
þ
X

Pk (1)

where R is the data residual vector;W is the weight matrix; α, β, and λ are scaling factors for damping;ϕ is the
locking fraction (value between 0 and 1); x and w are the along-strike and downdip directions; N is the
number of nodes; and Pk represents other penalties. The first term is the χ2 data misfit, the second and third
are along-strike and downdip smoothing, and the fourth damps the total slip rate deficit. The impact of the
damping on the normalized residuals (NRMS) is evaluated with a suite of inversions using the Exponential
and Gaussian parameterizations and a range of the damping factor α from 101 to 107 (with β = 0, λ= 2.0;
Figure S1 in the supporting information). For low damping, α up to about 104, there is little change in NRMS,
indicating that the data have some level of inherent spatial smoothness. Above α= 106 the fit degrades,
suggesting the model is oversmoothed. The results with damping factor of α = 105 are shown in Figure 3
while some of the other models are shown in the supporting information (Figure S2). The Exponential models
consistently have about a 10% poorer fit than the Gaussian models (Figure S1). A series of checkerboard tests
to examine resolution of the current data for locking on the HSZ (Figure S3) show that locking within ~50 km
of the deformation front cannot be resolved except in the south where the coast is closer to the trench.
Deeper parts of the HSZ are also not as well resolved. Beneath the North Island, where data are available,
features at about 40 km wavelength seem to be resolved (Figure S3).

The best fit locking models are shown in Figure 3 in terms of their slip rate deficits (locking fraction times the
relative fault slip rate). The model in Figure 3a used a similar parameterization as Wallace et al. [2004, 2012]
and gives a similar looking result. Along the north coast, the slip rate deficit (SRD) is less than ~10mm/yr
(< ~20% locked). This particular parameterization places most locking in the north well offshore near the
deformation front where it is least resolved. The Gaussian (Figure 3b) and Grid (Figure 3c) models both show
locking beneath land (> 15 km depth) in the north. The Gaussianmodel provides a ~8% improvement in fit to
the data (same smoothing applied).Wallace and Beavan [2010] suggested that the SSE in the north, which are
largely offshore, occur at the downdip edge of locking based on a model like Figure 3a (purple lines in
Figure 3 are 100mm contour of cumulative slow slip for 2000–2014). This pattern holds with the Exponential
model (Figure 3a). However, the alternative models in Figures 3b and 3c place the north coast locking along
the downdip edge (west) of the SSE. In the central section of the HSZ there are both shallow and deep SSEs,
with a locked patch between them (Figure 3b). Webb and Anderson [1998] modeled the waveforms of two
M5.6 earthquakes and found well-constrained depths of 24 and 26 km (black beach balls in Figure 3). These
are both well downdip of the inferred locking in Figure 3a but on the edge of locked patches in the Gaussian
model (Figure 3b). They are also downdip of the shallow slow-slip events in the north and central HSZ
(Figure 3b). The southern event is curiously in the small gap between the shallow and deep SSE contours.

In the south, the models are similar except that offshore locking is greatly reduced in the Gaussian and Grid
models. Offshore locking is poorly resolved and not required by the data. Where the subduction front is close
to the coast, the data are sensitive to shallow locking, but still not out to the deformation front (Figure S3). The
downdip edge of the locking pattern is similar among the models and coincides with the SSE.

3. Effects of Transients on Locking Estimates
3.1. Estimates of SSE Offsets

The foregoing lockingmodels are based on ~20 years of GPS observations and strictly speaking represent the
time-averaged locking during that time period only. Nevertheless, as noted earlier, many authors have
related a HSZ locking pattern similar to Figure 3a to structural and geophysical properties of the subduction
zone that are much longer lived. In doing so, it is implied that the 20 year locking pattern is more or less
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permanent. Is there justification to thinking that the locking is long lived? Here I examine that question in the
context of the transient behavior of the HSZ.

The Hikurangi subduction zone has produced more than 30 slow-slip events over the past 14 years [Douglas
et al., 2005; Wallace and Beavan, 2010; McCaffrey, 2013]. Some have produced displacements at GPS sites of
more than 3 cm. I suggest that they can have a profound impact on the estimated interseismic GPS site
velocities and hence on our estimates of locking. In this section I estimate the velocity variations that can
arise from the random timing and sizes of the slow-slip events and how these might influence
locking estimates.

Figure 4. (a) GISB GPS east time series (blue dots), predicted time series (red), residual time series after removal of slope,
offsets and seasonal signal (green), and estimated SSE and earthquake offsets (blue lines). The time series has been
detrended. (b) Cumulative slow slip (in 100mm contours) on the HSZ and total site displacements. (c) Examples of two time
series scenarios generated by a random occurrence of transient events for the east component of site GISB. Slopes of
dashed lines are approximate velocities due to the transient offsets.
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Offsets due to slow-slip events, volcanic movements, earthquakes, and afterslip are estimated from an
inversion of GeoNet time series from 2000 through May 2014 [McCaffrey, 2013] using the method outlined in
McCaffrey [2009] (all estimated offsets are listed in Table S4). Figure 4a shows the east component of the site
GISB time series and its estimated offsets. This time series has an 11.5 year average rate close to zero
(�0.9mm/yr), while the intertransient velocity is �11.3mm/yr. The difference of more than 10mm/yr
highlights the large effect that slow-slip events have on the site’s motion. The modeling of the transient
events also allows predictions of offsets at cGPS sites that were not running at the time of the transient
(offsets and subsequent uncertainties could also be estimated for the survey-mode sites, for example, but I
use only the cGPS sites here). The total slip in SSE and the total site displacements estimated from the time
series are shown in Figure 4b.

For the lockingmodels discussed above, the uncertainties in the cGPS velocities were estimated using theHackl
et al. [2011] method that treats the noise as a power law distribution.Williams [2003b] examined the effect of
offsets in GPS time series on the rate uncertainties. He suggested that the rate uncertainty σρ can be estimated
by a random walk process; σρ

2 = p σd
2/T where p is the per day event probability, σd

2 is the variance of the
detrended time series, and T is the duration of the time series in days. In this method, the offsets are assumed to
follow a Gaussian distribution with a mean of zero. However, the offsets from SSE in New Zealand have a
non-Gaussian, skewed distributionwithmost being positive (eastward) (Figure 5a). To explore the impact of SSE
offsets, in the next section I use a Monte Carlo approach to estimate rate uncertainties using the observed
distribution of offsets at the sites and compare them to the Hackl and Williams estimates.

3.2. Monte Carlo Simulation of Time Series

The goal of using GPS to estimate interseismic locking on the subduction fault requires knowing to what
degree the slope of the GPS time series represents the interseismic rate (Figure 1). When the noise in the time
series is understood, the uncertainty in the slope provides a probability of that being true. To simulate the
effect that the distribution of transient offsets has on the slopes of the time series I use a Monte Carlo
approach to generate synthetic time series using the observed offsets and interevent times. The spread in the
slopes resulting from this procedure is a measure of the uncertainty in the rates.

The offsets in the GeoNet time series used here are due to volcanic sources and slow-slip events; earthquakes
and afterslip have been excluded. For a given site and component, the N offsets form an array Ai(ti) where
offset i at time ti has amplitude Ai, i = 1, N. From these a list of N-1 interevent times Ti are derived where
Ti = ti + 1 � ti. Here I am using the observed interevent times for the time dependence, but assuming a
Poisson process gives very similar results (few tenths of a mm/yr difference in the estimated slopes).
The critical property of the time series that leads to the variability in slopes is that most of the total offset
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occurs by a few large infrequent events. For example, at GISB, more than half the total offset (~130mm)
from 2005 to 2014 occurs in three events of 33, 22, and 18mm (Figure 4a).

To simulate a time series Xj of duration T ′ the algorithm is as follows: (1) Set the time counter t and amplitude
a to zero. (2) Select a value Tr at random from the T array. (3) If t+ Tr exceeds T ′, go to step 8. (4) Set X= a from
t to t+ Tr. (5) Select a value Ar at random from the array A and advance a to a+ Ar. (6) Advance t to t+ Tr. (7) Go
to step 2. (8) Perform linear regression to get slope of X.

The time step used in X is a week. The procedure of generating a synthetic time series in this way is done 5000
times for each site and component, and the standard deviations of their slopes (SDoSs) are used as a measure
of the uncertainty in the rate (Figure 6). Two examples of such time series for the east component of GISB
(Figure 4c) show how randomizing the events can lead to variable slopes. One simulation has two of the
largest (33mm) events in the 10 year period while the other has none, resulting in a decade difference in
velocity of about 6mm/yr. The simulations were run for the observed duration of each of the time series, then
for 10, 20, 50, and 100 years.

For sites where transient offsets are large, the SDoS can be as high as 8mm/yr for a 10 year observation
period (Figure 7a). This level of uncertainty may also apply to the coastal NI2003 survey-mode velocities that
have at most ~12 years of data (1991–2003). For many of the cGPS sites with short durations (~6 years) and
large SSE, the SDoS for the current time series can be 6 to 8mm/yr (supporting information).

These SDoSs decrease with time, though slowly (Figures 6 and 7). The SDoS have a strong spatial correlation
because the SSE tends to occur along bands, below the coast from 38°S to 41.5°S and farther inland south of
40°S (Figure 4b). Sites in these two regions have the highest SDoS that persist for many decades (Figure 7).
It should be noted that these simulations are based on the SSE behavior of the past 14.4 years and do not
account for the possibility of larger events or events that may occur on sections of the HSZ that have not yet
had them. Fourteen years is not enough time to reveal the full spectrum of SSE behavior, so I expect that
these uncertainty estimates might be too low. Below I discuss the possibility of larger, future events.

GPS observations have been made in the North Island for about 20 years, though probably very few sites
have this long observation period. The expected SDoS at 20 years (Figure 7b) are still quite high, many
exceeding 4mm/yr in places along the NE coast. The locking models shown earlier indicate that the
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Figure 6. Examples of rate histograms for sites GISB and TAKP showing the frequency of estimated slopes (with means
removed) for a Monte Carlo simulation of transient histories. Colors correspond to the duration of the simulated history.
Numbers in panels give the standard deviation of the histograms for each time period. The standard deviations of the
slopes correspond to rate uncertainties. At the right are time series detrended by their intertransient slopes.
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westward velocities of sites along the coast due to HSZ locking range from 2 to 5mm/yr near GISB and 1 to
3mm/yr farther south near PAWA (Figure 7a). These rates are comparable to the 20 year SDoS arising from
slow slip (3.6mm/yr at GISB and 4.0mm/yr at PAWA). Hence, the 20 year signal of interseismic locking strain
along the north coast may have a low signal-to-noise ratio due to the slow-slip events.

Farther south the sites TAKP (Figure 7a) and PAEK have SSE-induced 20 year SDoS of 2.3 and 2.7mm/yr,
respectively, while their current estimated velocities due to locking range from 3.5 to 4.5mm/yr and 8 to
10mm/yr. Accordingly, the signal to noise in the southern HSZ may be higher and provide some better
indication of locking than in the north (assuming that the current SSE are typical). The SDoS in the regions of high
slow-slip decrease to 2 to 3mm/yr in the projections at 50 and 100 years (Figures 7c and 7d). In summary,
uncertainties in GPS site velocities arising from transient offsets can be several mm/yr, many times larger than a
typical uncertainty of ~0.3mm/yr for a 10 year or more observation period (assuming random walk dominates
with a coefficient of 1.0 mm/√yr). In some cases, these uncertainties can be as large or larger than the
contemporary signal from subduction locking. To reiterate, if the goal of estimating locking is to compare it to
static features of the subduction zone, then these are the velocity uncertainties that should be used.

The Monte Carlo estimates of the SDoS are typically larger than the uncertainties derived by the Hackl et al.
[2011] method but the correlation is poor (Figure 5b). In a test (supporting information), the two methods

mm/yr

PAEK

PAWA
TAKP

GISB

6

Figure 7. Maps of transient-induced horizontal velocity uncertainties at cGPS sites for different durations of the simulations.
Scale bar gives the uncertainty in mm/yr.

Journal of Geophysical Research: Solid Earth 10.1002/2014JB010945

MCCAFFREY ©2014. American Geophysical Union. All Rights Reserved. 9



agree when the time series includes offsets forming a zero-mean normal distribution, suggesting that the
differences arise from the distribution of observed offsets. Jiang et al. [2012] suggested that SSE from Costa
Rica could be represented by random walk, but this does not seem to hold for the New Zealand sites.

Using theWilliams [2003b] approach, I calculate the uncertainties for the New Zealand cGPS time series. For the
value of p I use the number of events Nwith a predicted offset of> 0.1mm at each site and divided by the total
duration of the time series (14.4 years; i.e., p=N/(14.4× 365.25)); the data variance σd

2 is taken from the time
series, and the duration T is of the observed time series. The rate uncertainties estimated by Monte Carlo, using
the observed distributions of offsets, are generally larger than those estimated by theWilliams [2003b] method
but mostly within a factor of 2 (Figure 5c). (A test with a time series of zero-mean, normally distributed
offsets shows agreement between the Monte Carlo andWilliamsmethod, see the supporting information.) The
Hackl and Williams approaches assume that the noise is stationary, meaning that for long times the expected
value is near zero, while the distribution of SSE offsets in New Zealand (Figure 5a) does not meet that criterion.
Likely, what is driving the large variations in slopes of the simulated time series are the infrequent, large offset
events, generally having the same sense of motion, as demonstrated in Figure 4c.

3.3. Monte Carlo Simulation of SSE and Hikurangi Locking

To explore the impact of the transient velocity perturbations on interseismic locking patterns, we must first
take into account that the transient offsets are spatially correlated, and therefore, the site velocities for a
given random realization of the velocity field will not be spatially independent. The steps to produce a
random velocity field for the cGPS network are similar to those described for the velocity estimates, except in
this case all time series are generated together, and the total displacement field for the selected transient
event is applied to the network of sites in step 5. After reaching the simulated time period (20 years), all rates
are computed and added to the inter-SSE rates. This velocity field represents a random sampling of the SSE as
they impact the entire network.

To estimate the locking pattern for each random field, I use the same block model as earlier, the Gaussian
locking function and the same starting HSZ locking distribution (a strip of locking between 10 and 25 km
depth along the entire margin). I then solve for the block rotations, locking on crustal faults and spatially
variable locking on the HSZ. This procedure of generating a velocity field and solving for locking is run over
500 times, and the resulting locking distributions at selected parts of the HSZ are examined (Figure 8).

The tests are designed to assess the sensitivity of long-term locking estimates on the HSZ to GPS velocities
that are perturbed by transients. One measure of the variability is in the total moment rate derived from
the locking tests (Figure 8 inset). The moment rate of the locking model derived from the 20 year velocities is
3.2 × 1019 N m/yr (Figure 3b) while the moment rates from the test range from 2 to 7 × 1019 N m/yr.
This suggests that the slow slip may give rise to a factor of ~2 uncertainty in the long-term locking budget
(if the past 14 years are indicative of the SSE pattern).

The resolution for long-term locking at specific points on the subduction zone is evident in histograms of the
slip rate deficit (SRD) distributions at the nodes derived from the 500 simulated locking distributions
(Figure 8). Where the histograms are broad, resolution for SRD is low because the estimated SRD for a given
time period will be highly dependent on the SSE history. In the Gisborne area in the north, the locking
resolution is particularly low due to many large transients. The histogram is nearly flat indicating that the slip
rate deficit has nearly equal probability of having any of the range of possible values (0 to 45mm/yr). This
effect can be seen in the GISB time series shown in Figure 4a. The 11.5 year average velocity is close to zero
(�0.9mm/yr; east is positive), indicative of little locking, while its intertransient velocity is �11.3mm/yr, a
rapid westward push from the locked plate interface. The difference is due to the transient offsets. At times
when transient activity is less, the average velocity will be more negative than it is now, andmore locking will
be apparent. Downdip from Gisborne the SSE have much less impact—nearly all simulated SRD are below
20mm/yr, and more than half show no locking.

Below Hawke Bay, where there is no apparent modern locking (Figure 3), the histogram of SRD is fairly flat out
to ~35mm/yr. In ~8 years the coastal site CKID at the south end of the bay (Figures 2 and 4b) has moved
~110mm to the east in SSEs, an average rate of ~14mm/yr. If the SSEs were half as energetic, the locking
velocity there would be ~ 7mm/yr which would require considerable locking offshore. Hence, the
appearance of the central HSZ being unlocked may be in part a consequence of low resolution there but also
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in part the slow-slip keeping pace with the plate convergence over the past 20 years. Some locking there is
consistent with evidence for a large earthquake beneath the Hawke Bay [Cochran et al., 2006]. South of
Hawke Bay, near the locations of two earthquakes (Figure 7), an area which is weakly locked at present, the
histogram indicates that the SRD may be as high as 20mm/yr. Hence, our knowledge of the interseismic
locking in the northern half of HSZ may be quite uncertain.

Figure 8. (inset) Histograms of the reduced chi-squaremisfit (blue) andmoment rates (red) for 500 inversions for HSZ locking using 20 year velocities generated from
random distributions of transients. Black histograms show the distributions of slip rate deficits (SRDs) resulting from the simulations at selected points on the
plate interface. Numbers to right of the frequency axes give the percent of solutions where the SRD went to zero (locking fractions are constrained to be positive
in the interseismic period). In these cases, the transient velocities exceeded the locking rate. The broad histograms indicate that a large range of inferred SRD for a
20 year period could result from the effects of transients on the GPS site velocities.
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In the south, the simulations suggest that the range of
locking inferred from 20 years of data can span about 2/3 of
the possible SRD range (Figure 8). The coastal and offshore
regions show moderate to high locking. The coastal sites in
this region have only small offsets due to SSE. Locking on
the deeper parts of the subduction interface also are not as
effected by the SSE because the average SSE velocities in
the south are comparable to the velocities due to locking,
as noted earlier.

4. Discussion

Locking models for the Hikurangi subduction zone derived
from geodetic data have been used along with seismic,
structural, and geophysical data to try to understand the
controls on locking. The HSZ offers a good location for such
studies due to sharp along-strike variations in apparent
locking. The simulations described above suggest that
some part of these along-strike variations in locking could
be ephemeral.

The simulations assume simply that the long-term
distribution of SSE is the same as that observed over the past
14.4 years but allow for randomness in the times of
occurrence. No allowance was made for any SSE that has not

yet occurred. The actual moment frequency distribution of SSE is difficult to ascertain since GPS-detected SSEs
generally have covered only about 1 order of magnitude in the moment scale (below 6 are too small to see
in GPS and above 7 are rare [Peng and Gomberg, 2010]). If the SSE follow a Gutenberg-Richter (G-R)-type
frequency distribution, log(N) = a � b Mg where N is the number of events exceeding geodetic moment Mg;
most of themoment is in the largest few events, and the resolution of long-term site velocities will be evenmore
difficult to estimate than in the simulation. This problem was described for earthquake occurrence in McCaffrey
[1997] where simulations of moment rates were made using various earthquake frequency distributions.
In general, as the number of small events increased relative to the number of large events (i.e., increasing the
b value or steepening of the log(N) versus Mg curve) the impact of the large events on the long-term moment
rate lessened. Alternatively, if the b value is lower, the large events dominate and the long-term moment rate
estimates are further destabilized. The b value for SSE in New Zealandmay be around 1.0 or 1.5 (Figure 9), similar
to that observed for earthquakes, although this number is highly uncertain.Wech et al. [2010] suggested that the
b value for tremor in Cascadia could be near unity. If the SSEs follow G-R and the b value is similar to that for
earthquakes, then the SSE moment rates will have similar uncertainties to those of earthquakes [McCaffrey, 1997;
Stein and Okal, 2007]. Our inability to accurately estimate long-term moment rates for subduction zone
earthquakes was tragically shown by the 2011 Tohoku-oki earthquake.

If SSE follow Gutenberg-Richter, due to the self-similarity nature of the G-R relationship, larger SSE can
be expected because through time the intersection of the log(N) versus Mg curve with the horizontal axis
(i.e., N=1) will move toward larger values of Mg. As in the earthquake case, larger Mg events may ultimately
be limited by the dimensions of the fault [Rundle, 1989] although other factors may impede our ability to
observe them [Meade and Loveless, 2009]. If b=1.0 or 1.5, then we might expect an SSE at the HSZ in excess of
Mg 8 in time frames on the order of 50 years (Figure 9). Meade and Loveless [2009] suggested that based on
empirical SSE scaling laws, an Mg=8 SSE may slip more slowly than the plate convergence rate and take too
long to be recorded as an observable SSE. However, within their bounds an Mg=8 SSE could last 4 years and
slip at up to 120mm/yr, both well within observable windows at the HSZ. If this is the case, then the repeat time
of such a large event will ultimately determine how long it will take to obtain a reliable long-term locking
picture for the HSZ.

Temporal variations in surface strain rates in the North Island (NI) have been observed for decades, leading to
many explanations [see Webb and Anderson, 1998]. Walcott [1978] noted that in the southern NI extension
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Figure 9. Mg versus log(N) where N is the number of
SSE greater thanMg. Dashed lines are for a b value of
1.0, and solid lines are for b value of 1.5. Extrapolating
the current distribution of SSE suggests that an
Mg≥ 8.0 is expected every 50 years (for either b
value) if they follow a Gutenberg-Richter distribution.
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normal to the axial tectonic belt (and
subduction zone) occurred up to about
1920, switching over to compression. He
suggested that the compressionmarked
the onset of locking on the subduction
zone. The simulations described above
offer an alternative explanation that the
change was part of a long-term SSE
cycle and may not be all that unusual.
While the southern NI shows less
variability than in the north in locking
due to SSE in the simulations (Figure 8),
it is possible and perhaps likely that the
southern NI will experience or has
experienced even larger SSEs than have
occurred in the past 14 years. If the total
slip in the SSE for a given time exceeds
the accumulated plate motion (as
happens below parts of the NI), the crust
may appear to be extending toward the
subduction zone. In the south this effect
of the SSE has to be larger than in the
north because of the significant
permanent shortening onshore. Nicol
and Beavan [2003] estimated that the
GPS-derived shortening across the
southern NI (at about 40.5°S) comprises
20% permanent strain rate and 80%
elastic strain rate from the subduction
zone. Hence, for the crust to appear to
be in extension, the SSE has to
overcome the permanent shortening
rate in addition to the elastic rate of
loading. However, if the long-term

elastic loading rate is lower than in the past 20 years, which is possible, this temporal reversal of strain rates
could be a common occurrence.

In the north, at the Raukumara Peninsula, Arnadottir et al. [1999] used geodetic data to estimate the strain
rates from the 1920s to 1976 and again from 1976 to 1995. They found that for the first time period that the
extension direction was approximately normal to the subduction zone and parallel to the HSZ for the second
period. While the latter time period may have been consistent with locking on the HSZ, they suggested
that the former included deep slip induced by earthquakes. Meade and Loveless [2009] suggested that such
strain rate fluctuations may arise from larger SSE than already observed, but I suggest that the temporal
changes could be caused by variations in the slow-slip history without requiring any larger events (per the
simulations). Figure 10 shows the average strain rates estimated from the GPS velocities NI2003 and the cGPS
covering two different time spans, 1991–2003 and 2000–2014, respectively, for the region shown within the
map. The principal strain rate axes are similar in showing extension in approximately the north-south
direction, but the trench-normal component has reversed sign from contraction in the earlier period to slight
extension in the latter. One interpretation is that during the period 1991–2003 SSE was less energetic
than during 2000–2014. In any case, the apparent paradox of trench-normal extension seen in geodetic data
in the Raukumara Peninsula with the history of earthquakes there [Webb and Anderson, 1998] can be
reconciled by thinking of the strain rates as time dependent, driven by the balance of subduction loading and
slow-slip unloading, rather than a steady state feature. The occurrence of earthquakes would suggest that the
region is under compression in the interseismic period.

Figure 10. Principal strain rates for the Gisborne-Raukumara region for the
time periods 1991–2003 (from B2003 velocity field in blue) and 2000–2014
(from GeoNet cGPS velocity field in red). All vector error ellipses are 70%
confidence, and the strain rate uncertainty is about 5ns/yr (1ns/yr=10�9/yr).
The strain rate component in the approximate direction of convergence
may have reversed sign between the two time periods.
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Wallace and Beavan [2010] suggested that the Hikurangi slow-slip events on the HSZ occurred only at the
downdip edge of the long-term locking, or near the geodetically inferred transition zone. Their lockingmodel
was similar to Figure 3a in which it was assumed that locking was maximum at the deformation front and
decreased landward. The better fitting alternative locking model (Figures 3b) that includes some deeper
locking reduces this apparent correlation at the HSZ. Globally, this correlation is not particularly robust. In
northern Cascadia SSE and tremor occur ~50 km downdip of the locked zone [Szeliga et al., 2008], and in
Guerrero and central Cascadia (Oregon) the SSE overlap the locked zone [Graham, 2013; Schmalzle et al.,
2014]. The 2012 Costa Rica M7.6 earthquake occurred on a patch of the subduction interface where SSE had
previously occurred both updip and downdip (T. H. Dixon et al., Earthquake and tsunami forecasts: Relation of
slow slip events to subsequent earthquake rupture, submitted to PNAS, 2014). The pattern is similar to the
relationship between SSE, locking, and earthquakes seen in Figure 3b (dashed line). Along this line, with
increasing depth there is SSE, then locking with earthquakes, SSE again, then free slip. As below Costa Rica,
slow-slip may occur both updip and downdip of seismic slip.

SSEs near Gisborne have a large offshore slip component (Figure 4b) and thus clearly overlap the locked
patch inferred from either the exponential or Gaussian models. Moreover, probable plate interface thrust
earthquakes also occur downdip of the slow-slip region in the northern half of the HSZ (Figure 3) indicating
that the SSE are not localized at the base of the seismic slip zone. In any case, the temporal complexity of the
HSZ and the lack of resolution of offshore locking make it difficult to examine with confidence the
relationship between the geodetic transition zone and SSE.

5. Conclusions

Locking at the HSZ over the past 20 years is reexamined. Compared to published locking models, assuming a
Gaussian or gridded distribution of locking fits the GPS velocities as well or better and results in deeper
locking in the north, with similar depths in the south. The effect of transients on the estimation of long-term
GPS site velocities can be profound, larger than the typical formal errors based on power law noise models.
For many sites in the North Island, the uncertainties may be larger than 1 to 2mm/yr for decades to come.
In places of little or unknown degrees of locking, SSEmay not only decrease the apparent interseismic locking
but also severely inhibit our ability to detect it. Accordingly, correlations of the locking patterns with
other features of subduction zones should take into account the temporal as well as spatial uncertainties
inherent in the geodetic data.
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