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Abstract

In many places, tectonic tremor is observed in relation to slow slip and can
be used as a proxy to study slow slip events of moderate magnitude where
surface deformation is hidden in Global Navigation Satellite System (GNSS)
noise. However, in subduction zones where no clear relationship between tremor
and slow slip occurrence is observed, these methods cannot be applied, and we
need other methods to be able to better detect and quantify slow slip. Wavelets
methods such as the Discrete Wavelet Transform (DWT) and the Maximal
Overlap Discrete Wavelet Transform (MODWT) are mathematical tools for
analyzing time series simultaneously in the time and the frequency domain by
observing how weighted differences of a time series vary from one period to the
next. In this paper, we use wavelet methods to analyze GNSS time series and
seismic recordings of slow slip events in Cascadia. We use detrended GNSS
data, apply the MODWT transform and stack the wavelet details over several

nearby GNSS stations. As an independent check on the timing of slow slip
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events, we also compute the cumulative number of tremor in the vicinity of
the GNSS stations, detrend this signal, and apply the MODWT transform.
In both time series, we can then see simultaneous waveforms whose timing
corresponds to the timing of slow slip events. We assume that there is a slow
slip event whenever there is a positive peak followed by a negative peak in the
wavelet signal. We verify that there is a good agreement between slow slip events
detected with only GNSS data, and slow slip events detected with only tremor
data for northern Cascadia. The wavelet-based detection method effectively
detects events of magnitude higher than 6 as determined by independent event
catalogs (e.g. (Michel et al., 2019)). As a demonstration of using the wavelet
analysis in a region without significant tremor, we also analyze GNSS data from
New Zealand and detect slow slip events that are spatially and temporally close

to those detected previously by other studies.

1 Introduction

Slow slip events are new phenomena discovered in the last two decades in many
subduction zones thanks to recordings of the displacement of Earth’s surface by
dense Global Navigation Satellite System (GNSS) networks (Vergnolle et al.)
2010; Schmidt and Gao, [2010; [Jiang et al., 2012; Wallace et al.l 2012)). As with
ordinary earthquakes, slow slip events represent slip on a fault, for instance
the plate boundary between a tectonic plate subducting under another tectonic
plate. However, they take a much longer time (several days to several years) to
happen relative to ordinary earthquakes. They have a relatively short recurrence
time (months to years) compared to the recurrence time of regular earthquakes
(up to several hundreds of years), allowing scientists to observe and study many
complete event cycles, which is typically not possible to explore with traditional

earthquake catalogs (Beroza and Ide| 2011). A slow slip event on the plate
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boundary is inferred to happen when there is a reversal of the direction of mo-

tion at GNSS stations, compared to the secular interseismic motion. Slow slip

events have been observed in many places (Beroza and Ide| 2011; |Audet and|

2016), such as Cascadia (Bartlow, [2020), Nankai (Nishimura et al.,2013),
Alaska (Li et al., 2016), Costa Rica (Jiang et al., 2012), Mexico (Radiguet]
2012), and New Zealand (Wallacel [2020)).

In many places, tectonic tremor is also observed in relation to slow slip, but
the spatial agreement between tremor and slow slip may vary along the strike of
the plate boundary . Tremor is a long (several seconds to many
minutes), low amplitude seismic signal, with emergent onsets, and an absence

of clear impulsive phases. Tectonic tremor have been explained as a swarm of

small, low-frequency earthquakes (LFEs) (Shelly et al., 2007), which are small

magnitude earthquakes (M ~ 1) whose frequency content (1-10 Hz) is lower than
for ordinary earthquakes (up to 20 Hz). In subduction zones such as Nankai

and Cascadia, tectonic tremor observations agree spatially and temporally with

slow slip observations (Rogers and Dragert], [2003} [Obara et all, 2004). Due to

this agreement, these paired phenomena have been called Episodic Tremor and
Slip (ETS). However, this is not always the case. For instance, in northern New

Zealand, tremor is more challenging to detect, and seems to be located downdip

of the slow slip on the plate boundary (Todd and Schwartz, [2016). In Alaska,

the tremor zone only partially overlaps the long-term slow slip zone and there

does not appear to be any temporal agreement between tremor and slow slip

occurrence (Wech), 2016)).

. In Cascadia, there are robust signals in both slow slip and tremor (Hawthorne
land Rubin, 2013)). This is also the case in Nankai (Hiramatsu et al.| 2008]),
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where tiltmeters are used instead of GNSS. It is thus possible to use tremor as
a proxy to observe slow slip events that are not directly observed in the GNSS
data. For instance, |Aguiar et al. (2009) studied 23 ETS events in Cascadia
with more than 50 hours of tectonic tremor. For all these events, they com-
puted both the GPS-estimated moment release and the cumulative number of
hours of tectonic tremor recorded. They observed a linear relationship between
moment release and number of hours of tremor for slow slip events of moment
magnitude 6.3 to 6.8. Based on this linear relationship, it is possible to infer
the existence of smaller slow slip events of magnitude 5-6 occurring simultane-
ously with smaller tremor bursts of duration 1 to 50 hours occurring in between

the big ETS events, and for which there is no detectable signal in the GPS data.

Frank| (2016 divided GPS time series observations from Cascadia and Guer-
rero, Mexico, into two groups: the first group contains days with abundant
tremor and LFEs, the second group contains days when the number of tremor
or LFEs is lower than a threshold. He then stacked separately the two groups
of daily observations and observed a cumulative displacement in the direction
corresponding to the loading period when few tremor or LFEs are observed
and the surface deformation corresponds to the secular plate motion. He also
observed a cumulative displacement in the opposite direction corresponding to
the release period when tremor and LFEs are observed. He was thus able to
observe a reverse displacement corresponding to smaller slow slip events not

directly observable in the GPS data for individual events.

However, these methods cannot be applied to detect slow slip events in places
where tremor and slow slip occurrence are not well spatially and temporally cor-

related, tremor is not abundant, or the seismic network is not robust enough.
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We thus need other methods to be able to better detect and quantify slow slip.

Wavelet methods such as the Discrete Wavelet Transform (DWT) are math-
ematical tools for analyzing time series simultaneously in the time and the fre-
quency domain by observing how weighted differences of a time series vary from

one period to the next. Wavelet methods have been widely used for geophysical

applications (e.g. [Kumar and Foufoula-Georgiou| (1997))). However, few studies

have used wavelet methods to analyze recordings of slow slip, and their scope

was limited to the detection of the bigger (magnitude 6-7) short-term (a few

weeks) events (Szeliga et al., 2008; |Ohtani et al., 2010; |Wei et al., 2012; |Albal

Gt al 2019).

Szeliga et al| (2008) determined the timing and the amplitude of 34 slow

slip events throughout the Cascadia subduction zone between 1997 and 2005
using wavelets. They modeled the GPS time series by the sum of a linear trend,
annual and biannual sinusoids representing seasonal effects, Heaviside step func-
tions corresponding to earthquakes and hardware upgrades, and a residual sig-
nal. They then applied a Gaussian wavelet transform to the residual time series
to get the exact timing of slow slip at each GPS station. The idea is that the
wavelet transform allows us to analyze the signal both in the time and the fre-
quency domains. A sharp change in the signal will be localized and seen at all
time scales of the wavelet decomposition, contrary to what happens with the

periodic sinusoids of the Fourier transform.

Instead of using wavelets in the time domain, |Ohtani et al.| (2010]) used 2D

wavelet functions in the spatial domain to detect slow slip events. They de-

signed the Network Stain Filter (NSF) to detect transient deformation signals
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from large-scale geodetic arrays. They modeled the position of the GPS station
by the sum of the secular velocity, a spatially coherent field, site-specific noise,
reference frame errors, and observation errors. The spatial displacement field is
modeled by the sum of basis wavelets with time-varying weights. Their method
has been successfully used to detect a transient event in the Boso peninsula,

Japan, and a slow slip event in the Alaska subduction zone (Wei et al., |2012]).

Finally, |Alba et al.|(2019) used hourly water level records from four tide
gauges in the Juan de Fuca Straight and the Puget Sound to determine relative
vertical displacements associated with slow slip events between 1996 and 2011.
Their main idea is that the tidal level measured at a given gauge is the sum of
a noise component at multiple timescales (tides, ocean and atmospheric noise)
and an uplift signal due to the slow slip events. The noise component is assumed
to be coherent between all tidal gauges, while the tectonic uplift signal is differ-
ent provided that the gauges are far enough from each other. By stacking the
tidal records after removing tides, the uplift signals cancel each other while the
noise signal is amplified. By stacking the components at different time scales of
the DWT decomposition, instead of stacking the raw tidal record, each of the
components of the noise at different time scales is retrieved and can then be
removed from the raw records to obtain the uplift signal. Due to the relative
location of the tidal gauges at Port Angeles and Port Townsend compared to the
slow slip region on the plate boundary, a slow slip event should result in uplift
in Port Angeles (western part) and in subsidence in Port Townsend (eastern
part). Indeed, the authors were able to clearly see a difference in the sign of the

uplift at these two tidal gauges.

In our study, we use a similar approach to previous studies with a different
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reasoning. We only stack signals at nearby GPS stations, assuming that the
east-west displacement due to the slow slip events will then be the same at each
of the GPS stations considered. We suppose that some of the noise component
is different at each GPS station and will be eliminated by the stacking. Finally,
we assume that the noise and the longitudinal displacement due to the slow
slip events and the secular plate motion have different time scales, so that the
wavelet decomposition will act as a bandpass filter to retrieve the displacement
signal and highlight the slow slip events. We use wavelet methods to analyze
GPS and tremor recordings of slow slip events in Cascadia. Our objective is
to verify that there is a good agreement between slow slip events detected with
only GNSS data, and slow slip events detected with only tremor data. We thus
want to demonstrate that the wavelet-based detection method can be applied to
detect slow slip events that may currently be obscured using standard methods.
Finally, we apply the method to GNSS data in New Zealand and successfully

detect several slow slip events without needing to rely on the tremor data.

2 Data

We first focused our study on northwest Washington State. For the GNSS data,
we used the GPS time series provided by the Pacific Northwest Geodetic Ar-
ray, Central Washington University. These are network solutions in ITRF2014
with phase ambiguities resolved with wide-lane phase-biases. Orbits and satel-
lite clocks provided by the Jet Propulsion Laboratory/NASA. North, East, and
Vertical directions are available. However, as the direction of the secular plate
motion is close to the East direction, we only used the East direction of the GPS
time series for the data analysis, as it has the best signal-to-noise ratio. The

wavelet method works best with data with zero mean, and no sharp discontinu-
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ities; so we use the cleaned dataset, that is GPS times series with linear trends,
steps due to earthquakes or hardware upgrades, and annual and semi-annual
sinusoids signals simultaneously estimated and removed following [Szeliga et al.
(2004). For the tremor data, we used the tremor catalog from the Pacific North-
west Seismic Network (PNSN) (Wech, 2010).

For the application to slow slip events in New Zealand, we used the GPS
time series provided by the Geological hazard information for New Zealand
(GeoNet). The coordinates have been extracted by GeoNet during the GLOBK
run from the combined daily solution files, and converted to (east, north, up)
displacement in millimeters with respect to an a priori position and epoch in the
ITRF2008 realization. The time series provided by GeoNet have no adjustments
made to them, so they may, for example, contain offsets due to earthquakes,
offsets due to equipment changes at individual sites, and seasonal (annual and
semi-annual) signals due to various causes. Here again, the direction of the
secular interseismic plate motion is close to the West direction, so we only used
the East-West component of the GPS time series for the data analysis. We
detrended the data before applying the wavelet transform by carrying a linear
regression of the whole time series and removing the straight line obtained from

the regression.

3 Method

3.1 The Maximal Overlap Discrete Wavelet Transform

The Discrete Wavelet Transform (DWT) is an orthonormal transform that
transforms a time series X; (t =0,--- ,N — 1) into a vector of wavelet coeffi-

cients W; (¢ =0,--- ,N —1). If we denote J the level of the wavelet decom-
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position, and the number of observations is equal to N = n * 27, where n is

some integer greater than or equal to 1, the vector of wavelet coefficients can be

N N N

decomposed into J wavelet vectors W of lengths =, &, ... , 37,

and one scaling
vector V; of length 23, Each wavelet vector W; is associated with changes on
time scale 7; = dt27 =1, where dt is the time step of the time series, and cor-
responds to the filtering of the original time series with a filter with nominal
frequency interval [leﬂ; ﬁ} The scaling vector V; is associated with aver-
ages in time scale A\; = dt27, and corresponds to the filtering of the original
time series with a filter with nominal frequency interval [0; m%] Wavelet vec-
tors can be further decomposed into details and smooths, which are more easily
interpretable. We define for j = 1,---,J the jth wavelet detail D;, which is a
vector of length N, and is associated to time scale 7; = dt27~!. Similarly, we can
define for j = 1,--- ,J the jth wavelet smooth S;, which is a vector of length
N, and is associated to scales 7,41 = dt27T! and higher. The basic idea is to
reapply to W; the wavelet filter that was used to construct W; from the initial
time series X. Together, the details and the smooths define the multiresolution
analysis (MRA) of X:

J
XZZDJ‘—FSJ (1)

j=1

The DWT presents several disadvantages. First, the length of the time se-
ries must be a multiple of 27 where J is the level of the DWT decomposition.
Second, the time step of the wavelet vector W; is dt27, which may not corre-
spond to the time when some interesting phenomenon is visible on the original
time series. Third, when we circularly shift the time series, the corresponding
wavelet coeflicients, details and smooths are not a circularly shifted version of
the wavelet coefficients, details and smooths of the original time series. Thus,

the values of the wavelet coefficients, details and smooths are strongly dependent



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

on the time when we start experimentally gathering the data. Finally, when we
filter the time series to obtain the details D; and smooths S;, we introduce a
phase shift, which makes it difficult to line up meaningfully the features of the

MRA with the original time series.

To overcome the disadvantages described above, we use instead the Maxi-
mal Overlap Discrete Wavelet Transform (MODWT). The MODWT transforms
the time series X; (¢t =0,...,N — 1) into J wavelet vectors Wj (G=1,---,J) of
length N and a scaling vector I7J of length N. As is the case for the DWT,
each wavelet vector Wj is associated with changes on scale 7; = dt27 ~1 and
corresponds to the filtering of the original time series with a filter with nominal

(#2%; dt%} The scaling vector V; is associated with aver-

frequency interval |
ages in scale Ay = dt2”, and corresponds to the filtering of the original time
series with a filter with nominal frequency interval [0; ). As is the case for

the DWT, we can write the MRA:

J
X=>"D;j+8, (2)
j=1

The MODWT of a time series can be defined for any length N. The time
step of the wavelet vectors Wj and the scaling vector IN/J is equal to the time
step of the original time series. When we circularly shift the time series, the
corresponding wavelet vectors, scaling vector, details and smooths are shifted
by the same amount. The details and smooths are associated with a zero phase
filter, making it easy to line up meaningfully the features of the MRA with the
original time series. The wavelet methods for time series analysis are explained

in a more detailed way in (Percival and Walden, 2000)).

The boundary conditions at the two edges of the time series will affect the

10
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wavelet coefficients. For the MODWT, if we denote L the length of the base
wavelet filter used for the wavelet decomposition (in our study, we used a Least
Asymmetric wavelet filter of length L = 8, see (Percival and Walden) [2000)),
section 4.8, page 107), the length of the wavelet filter at level j used to compute

the wavelet detail D is:

Li=(2-1)(L-1)+1

The wavelet coefficients of the detail al level j affected by the boundary con-
ditions at the edges would then be the coefficients with indices t = 0,--- , L; —2
ort=N—-L;+1,---,N —1 (see (Percival and Walden, 2000), section 5.11,
page 199). We get L; = 442 for j = 6, L; = 890 for j = 7 and L; = 1786
for j = 8. In practice, the part of the wavelet details affected by the boundary
conditions is much shorter than that. We compared the wavelet details com-
puted when using only the data between 2008 and 2012 and the wavelet details
computed when using the entire time series from 2000 to 2021 (Figure S1 in the
Supplementary Material). Even at level 8 only about 6 months of data on each

side are effected by the boundary conditions.

3.2 Application to synthetic data

To illustrate the wavelet transform method, we first apply the MODWT to syn-
thetic data. As slow slip events occur in Cascadia on a regular basis, every
twelve to eighteen months, we create a synthetic signal of period 7" = 500 days.
To reproduce the ground displacement observed on the longitudinal component
of GPS stations in Cascadia, we divide each period into two parts: In the first
part of duration T'— N, the displacement is linearly increasing and corresponds
to the inter seismic plate motion in the eastern direction; in the second part

of duration N, the displacement is linearly decreasing and corresponds to a

11
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slow slip event on a reverse fault at depth triggering a ground displacement in
the western direction. To see the effect of the duration of the slow slip event,
we use different values for N = 5,10,20,40 days. The amplitude of the set is
normalized to 1. Figure 1 shows the synthetics, the details D; of the wavelet
decomposition for levels 1 to 10, and the smooth Sig for the four durations of a

slow slip event.

The ramp-like signal is transformed through the wavelet filtering into a wave-
form with first a positive peak and then a negative peak. The shape of the wave-
form is the same for every level of the wavelet decomposition, but the width of
the waveform increases with the scale level. For the 8th level of the wavelet de-
composition, the width of the waveform is nearly as large as the time between
two events. At larger scales, the waveforms start to merge two contiguous events
together, and make the wavelet decomposition less interpretable. For an event
of duration 5 days, the wavelet details at levels higher than 3 have a larger
amplitude than the wavelet details at lower scales. For an event of duration 10
days, the wavelet details at levels higher than 4 have a larger amplitude than
the wavelet details at lower scales. For an event of duration 20 days, the wavelet
details at levels higher than 5 have a larger amplitude than the wavelet details
at lower scales. For an event of duration 40 days, the wavelet details at levels
higher than 6 have a larger amplitude than the wavelet details at lower scales.
Thus, the scale levels at which an event is being seen in the wavelet details give
us an indication about the duration (and the magnitude) of the slow slip event.
The big slow slip events of magnitude 6-7 typically trigger a signal that lasts
about one week at an individual GPS station, and the whole event lasts several
weeks. We expect them to start being visible at the level 5 of the wavelet de-

composition, but to not be noticeable at lower time scales.

12
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3.3 MODWT of GPS and tremor data

The DWT and MODWT methods must be used on a continuous time series,
without gaps in the recordings. To deal with the gaps in the GNSS recordings,
we simply replace the missing values by interpolation. The value for the first
day for which data are missing is equal to the mean of the five days before
the gap. The value for the last day for which data are missing is equal to the
mean of the five days after the gap. The remaining missing values are com-
puted by doing a linear interpolation of the first and the last values and adding
a Gaussian noise component with mean zero and standard deviation equal to
the standard deviation of the whole time series. We verify how the wavelet
details may be affected by looking at a GPS time series without missing values
and compared the wavelet details with and without removing some data points.
Station PGC5 recorded continuous 1390 days between 2009 and 2013 without
any missing values. We first computed the wavelet details without missing val-
ues. Then, we removed ten neighboring values, replaced them using the method
described above (linear interpolation plus Gaussian noise), and computed the
wavelet details with the replaced values. Figure S2 in the Supplementary Ma-
terial shows a comparison of the two wavelet details for two different locations
of the missing values. We can see that there are visible differences in the time
series itself, and in the details at the smallest levels of the wavelet decompo-
sition. However, the differences between the wavelet details with and without
missing values get smaller and smaller with increasing levels of details, and are
barely visible for the levels that are most relevant (levels 6 and above). We thus
conclude that we can easily replace the missing values in the GNSS time series

without introducing false detections of slow slip events.

13
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We then applied the wavelet filtering to real GPS data. Figure 2 shows the
longitudinal displacement for GPS station PGC5, located in southern Vancou-
ver Island, the details of the wavelet decomposition for levels 1 to 8, and the
smooth. In the data, we can see a sharp drop in displacement whenever there is
a documented slow slip event. For levels 5 to 8, which correspond to time scales
16, 32, 64 and 128 days, we can see in the details a positive peak followed by
a negative peak whenever there is a drop in displacement in the data. We thus
verify that the wavelet method can detect steps in the time series associated

with slow slip events.

To increase the signal-to-noise ratio and better detect slow slip events, we
stack the signal from several neighboring GPS stations. We choose to focus on
GPS stations located close enough to the tremor zone to get a sufficiently high
amplitude of the slow slip signal. We choose 16 points along the 40 km depth
contour of the plate boundary (model from [Preston et al.|[(2003)) with spacing
equal 0.1 degree in latitude (red triangles on Figure 3). Then we took all the
GPS stations located in a 50 km radius for a given point, compute the wavelet
details for the longitudinal displacement of each station, and stack each detail
over the GPS stations. We thus have a stacked detail for each level 1 to 10 of

the wavelet decomposition.

To assess the success of the wavelet decomposition for detecting slow slip
events in GPS time series, we validate the approach by comparing to an inde-
pendent proxy for slow slip events. We took all the tremor epicenters located
within a 50 km radius centered on one of the 16 locations marked by red trian-

gles on Figure 3. Then we computed the cumulative number of tremor within

14
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this circle. Finally, we removed a linear trend from the cumulative tremor count,
and applied the wavelet transform. Because of the preprocessing applied to the
tremor data before that wavelet transform, the measurement unit associated
with the corresponding wavelet details is the fraction of tremor in a day divided
by the total number of days. The average value is 1 divided by the total number
of days. Figure 4 shows an example of the wavelet decomposition for the third
northernmost location on Figure 3 (which is closest to GPS station PGC5).
Contrary to what happens for the GPS data, we see a sharp increase in the
time series whenever there is a tremor episode, which translates into a negative

peak followed by a positive peak in the wavelet details.

4 Application to data from Cascadia

We stacked the 8th level detail of the wavelet decomposition of the displacement
over all the GPS stations located in a 50 km radius of a given point, for the 16
locations indicated in Figure 3. The result is shown in the top panel of Figure 5,
where each line represents one of the locations along strike. To better highlight
the peaks in the wavelet details, we highlighted in red the time intervals where
the amplitude of the stacked detail is higher than a threshold, and in blue the
time intervals where the amplitude of the stacked detail is lower than minus the
threshold. To compare the GPS signal with the tremor signal, we plotted the
8th level detail of the wavelet decomposition of the tremor count on the bottom
panel of Figure 5. We multiplied by -1 the cumulative tremor count for the
wavelet decomposition in order to be able to match positive peaks with positive
peaks and negative peaks with negative peaks. In the tremor catalog from the
PNSN, there are 17 tremor events with more than 150 hours of tremor recorded.
The events are summarized in Table 1. The time of the event is the start date

plus half the duration of the event.
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Although the latitudinal extension of the events is not always the same for
the GPS data and for the tremor data, we identify the same 13 events in both 8th
wavelet decompositions for the 8th level: January 2007, May 2008, May 2009,
August 2010, August 2011, September 2012, September 2013, August-November
2014, January 2016, March 2017, June 2018, March-November 2019, and Oc-
tober 2020-January 2021. Although there are two events in the tremor catalog
in August 2014 and November 2014, these two events are not distinguishable in
the 8th level details and look more like a single event slowly propagating from
South to North. The same phenomenon is observed in 2019 when two tremor
events in March and November 2019 are merged into a single event propagating
slowly from South to North. In 2020-2021, the wavelet decomposition of the
tremor shows one event in the south in October-November 2020 and one event
in the North in January 2021, but in the wavelet decomposition of the GPS
data, these three events look like a single event propagating slowly from South

to North.

A similar comparison is shown for the wavelet decomposition of the GPS
data and the wavelet decomposition of the tremor count data for the 7th level
and the 6th level respectively (Figures 6 and 7). The events are harder to see in
the 7th level than in the 8th level, both for the GPS data and the tremor count
data. The wavelet decomposition is more noisy for the GPS data between 2010
and 2012, but it does not seem that there are more slow slip events visible in

the 7th level.

For the 6th level detail, we see an additional event in the South in Fall 2009

that is present both in the GPS and the tremor data. It may correspond to the
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northern extent of a big ETS event occurring in Fall 2009 south of the study
area (event 19 in the [Michel et al.| (2019)) catalog). There are three small sig-
nals in the GPS data in Winter 2012, Fall 2017, and Winter 2020 that are not
present in the tremor data, and may be false detections. To summarize, we
assume that robust detections are events present in both GPS and tremor time
series, and false detections are events present in the GPS but not in the tremor
time series. Then, all the 13 events present on the 8th level detail of the wavelet
decomposition are robust detections and 14 of the 17 events present on the 6th

level detail of the wavelet decomposition are robust detections.

To better evaluate the number of robust and false detections, we convert
the wavelet details into trinary time series. If the absolute value of the wavelet
detail is higher that a threshold, we replace the value by 1 (for positive values)
or -1 (for negative values), otherwise we replace the value by 0. We do this
on both the wavelet details of the GPS data and of the tremor data. Then we
decide that if both the GPS and the tremor time series take the value 1 (or
both take the value -1), we have a robust detection (true positive, TP). If the
GPS and the tremor time series have opposite signs, or if the absolute value of
the GPS time series is 1 but the value of the tremor time series is 0, we have a
false detection (false positive, FP). If both time series take the value 0, we do
not have detection (true negative, TN). If the GPS time series take the value
0, but the absolute value of the tremor time series is 1, we miss a detection
(false negative, FN). We then define the sensitivity (true positive rate) and the

specificity (equal to 1 minus the false positive rate) as:

sensitivity = L

TP+ FN (3)
specificity = _IN

TN+ FP
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We can then evaluate the quality of the detections obtained with our method
by plotting a receiver operating characteristic curve (ROC curve). The ROC
curve is widely use for binary classification problems in statistics and machine
learning. We calculate an ROC value by varying the values of the threshold
(here the two thresholds used to convert the GPS and the tremor time series
into trinary time series), computing the corresponding values of the true positive
rate and the false positive rate (equal to 1 minus the specificity), and plotting
the true positive rate as a function of the false positive rate. If the classifica-
tion was made randomly, all the points would fall on the first diagonal. If the
classifier was perfect, the corresponding point would fall on the top left cor-
ner of the graph with true positive rate equal to 1 and false positive rate equal

to 0. The bigger the area under the curve, the better the classification method is.

As the slow slip events are better seen on levels 6, 7 and 8 of the wavelet
decomposition, we first add the wavelet details corresponding to levels 6 to 8§,
and transform the resulting time series into a trinary time series. We apply this
transform to both the GPS and the tremor time series with varying thresholds.
We then plot the ROC curve on Figure 8, each dot representing a different
threshold. The corresponding sums of the wavelet details for the GPS data and
the tremor data are shown on Figure 9. We can see that there is a trade-off
between sensitivity and specificity as we vary the threshold. If we decrease the
false positive rate, we also decrease the number of true events detected. If we
increase the number of true events detected, we also increase the false positive
rate. If we increase the threshold for the tremor, the curve goes farther away
from the first diagonal, that is we get better classification results. If we increase
the threshold for the GPS, the false positive rate and the the number of events

detected decrease. In Figure 9, we have chosen thresholds for the GPS time
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series and the tremor time series such that the specificity is higher than 0.75
(that is the false positive rate is lower than 0.25), and the sensitivity is the
highest possible, that is we have chosen the thresholds corresponding to the dot

that is farthest from the diagonal, which is random.

In addition to the magnitude 6 events discussed above, [Michel et al.| (2019))
have also identified several magnitude 5 events using a variational Bayesian In-
dependent Component Analysis (vbICA) decomposition of the signal. As we
expect smaller magnitude events to be more visible at smaller time scales of the
wavelet decomposition (level 5), we verify for all these events whether a signal
can be seen at the same time as the time given in their catalog. Most of these
magnitude 5 events are also sub-events of bigger magnitude 6 events. Table
2 summarizes for each event its timing, its number and its magnitude as indi-
cated in the catalog from Michel et al.[(2019), and whether it is part of a bigger
magnitude 6 event. Figure 10 shows the 5th level detail wavelet decomposition
of the GPS data. Red lines show the timing of the big slow slip events from

Table 1, and blue lines show the timing of the small slow slip events from Table 2.

All 14 events that are sub-events of a bigger event are visible at level 5.
However, this may be because the bigger events are clearly seen at levels 6 to 8,
and also at smaller time scales. The one small event that is not part of a bigger
event (Winter 2009) is visible at level 5 of the wavelet decomposition. However,
some other events that are not in the catalog of Michel et al.| (2019))’s catalog
are also visible in late 2007, early 2010, early 2012, and early 2020. Therefore,
it is difficult to differentiate between a robust detection and a false detection,

and to conclude whether the method can indeed detect events of magnitude 5.
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In Figure 9, we see four smaller events that are not in the catalog of [Michel
et al.| (2019)): at about 2007.5, there is a negative peak followed by a positive
peak (that is an event in the opposite direction of what would be expected from
slow slip), at about 2010.2, 2012.2 and 2020.2, there are positive peaks followed
by negative peaks for all the sixteen locations studied in this paper. These
events are highlighted in Figure S4 in the Supplementary Information. Looking
back at the original GPS data, there is a small increase in the displacement
in the eastern direction that lasts about one or two months at about 2007.5.
However, the direction of the displacement does not correspond to a slow slip
event, and another cause should be found to explain this signal. There is a de-
crease in displacement that lasts several months at about 2010.2. This transient
may correspond to a long duration slow slip event. There is a small decrease
in displacement at about 2012.2. Its amplitude is small but the duration and
direction correspond to a slow slip event, so this transient could be a very small
slow slip event. Finally, there is also a small decrease in displacement at about

2020.2 that is difficult to interpret.

Due to the short distances between the GPS stations and the locations of the
red triangles on the map from Figure 3, the same station could be used multiple
times for the stacking at different locations. When considering two different lo-
cations, the stacking is thus made over an overlapping number of stations. Table
3 summarizes the number of stations and the number of overlapping stations for
each location on Figure 3. We hypothesize that the small displacement in the
eastern direction seen at about 2007.5 could be due to a misbehaving station
common to several locations. However, several GPS stations indeed show an
increase in the displacement in the eastern direction at about 2007.5. There are

many missing data around that time, so it is difficult to conclude.
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Another possibility is that common mode signals could stack constructively
across GNSS stations and produce peaks in the wavelet details that are actually
due to non-tectonic signals. We computed common mode signals for different
latitude bins (each bin has width equal to half-a-degree of latitude) following
the same method as Nuyen and Schmidt| (2021]). We first stacked all the time
series for the stations in each latitude bin that are located more than 100 km
east of the 40 km depth contour of the plate boundary. We assume that these
stations are not sensitive to the deformation on the plate interface. We then
apply a yearly moving average to each common mode signal in order to remove
any leftover noise. The common mode signal was then removed from the GNSS
time series depending on each sites latitude. Figure S3 in the Supplementary
Information shows the corresponding sum of the stacks of the 6th, 7th and 8th
wavelet details obtained from the resulting time series. The common modes
seem to have little impact on the results and do not explain the additional four

small events that we noted in Figure 9.

In order to convert our filtered eastward displacement time series into a slow
slip event catalog we note that red bars represent displacements exceeding a
threshold of 0.8 mm (east), and blue marks displacements less than minus -0.8
mm (west). During times with no slow slip GPS stations on the overriding plate
are pushed slowly eastward by the locked subducting plate. Slow slip events
represent GPS motion towards the west. Thus, we infer that slow slip events
happen when red bars are immediately followed by blue bars in the wavelet
details. We have identified everywhere that this has happened and mark it with
a green line in Figure 11 and as a row in Table 4. We find 17 possible SSEs

by this method using filtered GPS data only. For each of these 17 events we
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determine the time difference between the mid time of the GPS catalog and the
nearest time from the tremor catalog (Table 1). These time differences are in
column 6 (Table 4). Every event in the GPS catalog has a match in the tremor
catalog except for the tremor event at 2010.15. There is also only one event in
the tremor catalog that is not in the GPS catalog. It occurs at 2014.65 with
a duration of 15 days and 190 hours of tremor. It occurs 0.25 years after the
nearest GPS event. There are also two marginal events in the tremor catalog
with time differences of 0.13 and 0.10 years, but those are also among the smaller

events with 162 and 193 hours of tremor.

5 Application to data from New Zealand

We now apply our wavelet-based method to detect slow slip events in New
Zealand, a location where the spatial and temporal agreement between tremor
and slow slip is not as good as in other subduction zones. The tectonics of
the North Island of New Zealand are dominated by the westward subduction
of the Pacific Plate under the Australian Plate at the Hikurangi Trench. Two
types of slow slip events have been observed at the Hikurangi margin. Shallow
(10-15 km depth), shorter (1-3 weeks), and usually smaller (Mw 6.3-6.8) slow
slip events have been observed every 18-24 months in the northern part of the
margin. Deeper (35-60 km depth), longer (12-18 months), and larger (Mw 7.0)
slow slip events have been observed every 5 years in the southern part of the
margin (Wallace and Beavanl 2010; Todd and Schwartz, [2016)). The detection of
tremor has been elusive in northern Hikurangi. Delahaye et al.[(2009) observed
an increase in the rate of microseismicity downdip of the 2004 Gisborne slow slip
event. More recently, however, (Kim et al.,|2011)) detected a low level of tremor
activity that increased during the 2010 Gisborne slow slip event. As was the

case for the microearthquakes, the source of the tremor was located downdip of
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the slow slip patch determined from GNSS data. (Ide, [2012)) detected tremor
downdip of the location of two deep slow slip events observed by [Wallace and
Eberhart-Phillips| (2013)) in 2006 and 2008. However, contrary to ETS events
in Cascadia and Nankai, the tremor activity did not seem to increase during
the slow slip events. [Todd and Schwartz| (2016)) detected tremor associated
with most of the shallow slow slip events between 2010 and 2015, and located
downdip of the geodetically inferred slip area. They also detected deeper tremor
between 20 and 50 km depth with unclear origin. They hypothesized that these

tremor may be related to undetected deep long-term slow slip events.

To evaluate whether the wavelet analysis is effective in a region without
robust tremor, we take all the New Zealand GPS stations located in a 50 km
radius of a given location, for the 18 locations indicated in Figure 12, and we
stack the 6th level details, the Tth level details or the 8th level details over all
the GPS stations. We then sum together the 6th, 7th and 8th levels stacked
wavelet details (Figure 13, top panel). We highlight positive and negative peaks
with red and blue colors as was done in Figure 9. We cannot use the tremor
data to decide what is the appropriate threshold above which we consider that
there is a slow slip event. Slow slip events in New Zealand result in surface dis-
placements that are similar in amplitude to twice as large as those observed in
Cascadia. Therefore, the amplitudes of the peaks in the wavelet details should
be similar in New Zealand and in Cascadia and we choose identical thresholds
for both regions. As a slow slip event in northern New Zealand results in a
displacement in the east direction at the earths surface, the slow slip events are
indicated by a negative peak followed by a positive peak in the stacked wavelet
details. We compare the results of the timings and locations of the slow slip

events to those events detected by Todd and Schwartz| (2016)). As they only
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used data from five GPS stations (PUKE, ANAU, GISB, MAHI and CKID),
we indicate by a vertical orange bar on the bottom panel of Figure 13 each time
a slow slip event was detected for these stations. The orange bars are centered
on the latitudes of the GPS stations. If a slow slip event was detected by more
than one station, all the corresponding orange bars are linked together to show
the spatial extent of the slow slip. |Todd and Schwartz (2016) indicated by a
question mark (on their Figure 2 and their Table 1) additional possible events,
and those are indicated by a dotted orange bar on Figure 13. To compare with
the slow slip events detected with the wavelet method, we also mark by a green
bar every time a negative peak lower than the threshold is followed by a pos-
itive peak higher than the threshold. Table 5 summarizes the slow slip events

detected with the wavelet method for 2010-2016.

We observe that there is a good agreement between the events detected
with the wavelet method and the events previously detected by [Todd and
Schwartz| (2016). We clearly see an event propagating from south to north
in January-February (event 2 from |Todd and Schwartz (2016)), an event in
March-April 2010 (event 3), an event in April-May 2011 in the northern part
of the region studied (events 6 and 7), an event propagating south-to-north in
August-September and September-October 2011 (events 8 and 9), and an event
in December 2011 (event 10). Although [Todd and Schwartz (2016) only de-
tected this last event for GPS station GISB, it seems that this event may have
also extended farther to the north and the south. We then clearly see an event
in the northern part of the region studied in August 2012 (event 12), an event
in December 2012-January 2013 (event 13), an event in the southern part of
the region studied in February-March 2013 (event 14), an event propagating

from south to north in June-July and July-August 2013 (events 15 and 16), an

24



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

event in September 2014 (events 20 and 21), an event in the southern part of
the region studied in December 2014-January 2015 (events 22 and 23), and an
event in June-July 2015 in the northern part of the region studied (event 26).
It is unclear if the event near station ANAU in early 2010 (event 1) is visible
in the wavelet details as it is too close to the beginning of the time series. The
June-July 2010 event (event 4), the August 2010 event (event 5), and the March
2012 event (event 11), are not clearly visible in the wavelet details. The events
in September-October 2013 (event 17), December 2013 (event 18), May-June
2014 (event 19), January-February (event 24) and February 2015 (events 25)
are not clearly seen in the wavelet details, but there could be a small negative
peak followed by a small positive peak at these times. Additionally, there could
be two other events that are not in (Todd and Schwartz, 2016) in Fall 2010

(southern part of the region studied) and in Fall 2015.

Our wavelet-based method thus works well to detect transients in GPS data
that could be slow slip events, even in the absence of tremor data. The choice
of the appropriate threshold to decide that there is a transient and the levels
of the wavelet details that we look at for the detection may still not be easily
made. There is a difference between Cascadia and New Zealand in terms of
which wavelet details to stack. In particular, as there is more time between
two slow slip events in New Zealand than in Cascadia, the biggest slow slip
events (early 2010, late 2011, 2013 and late 2014) can also be seen on the 9th
level detail for New Zealand, whereas they could not be seen for Cascadia. We
then use the method to detect slow slip events during the period 2016-2022,
which was not covered by [Todd and Schwartz| (2016]) (Figure 14). We note
four large transients that could be slow slip events in late 2016, late 2017, early

2019 and mid-2021. There are also possible smaller events in the northern part
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of the area in mid-2018 and in most of the area studied in early 2020. Table 6

summarizes the slow slip events detected with the wavelet method for 2016-2022.

The method is thus applicable in regions where tremor data are not usable.
To determine which wavelet levels to stack, we recommend analyzing each level
detail. Look for spatially coherent patterns, wavelet details with energy at
similar times and high signal-to-noise ratios. Look for alternating positive and
negative peaks that are consistent with the expected direction of slow slip.
Consider wavelet details with time scales ranging from the expected duration of
slow slip events to the expected recurrence times between slow slip events. For
Cascadia and New Zealand this would be weeks to years. Determination of a
threshold is subjective. At large thresholds the large slow slip events should be
clear. At smaller thresholds there is the possibility of identifying smaller events,

but at the risk of false detections.

6 Conclusion

In this paper, we develop and test a new approach for detecting transient events
in GPS time series, such as slow slip events. We used wavelet methods to analyze
GNSS time series and tremor recordings of slow slip events in Cascadia, and
GNSS time series in New Zealand. We used detrended GNSS data, applied the
MODWT transform, and stacked the wavelet details over several nearby GNSS
stations. As an independent check on the timing of slow slip events, we also
computed the cumulative number of tremor in the vicinity of the GNSS stations,
detrended this signal, and applied the MODWT transform. In both time series,
we could then see simultaneous waveforms whose timing corresponds to the
timing of slow slip events. We assumed that there is a slow slip event whenever

the wavelet signal gets above a threshold. We verified that there is a good

26



683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

agreement between slow slip events detected with only GNSS data, and slow
slip events detected with only tremor data. The wavelet-based detection method
detects all events of magnitude higher than 6 as determined by independent
event catalogs (e.g. (Michel et al.l[2019)). We detected signals in the GPS data
that could be magnitude 5 events, but it is not easy to differentiate between
robust detections and false detections. We then applied the method to GNSS
data in New Zealand and detected slow slip events consistent with the events

previously detected by |Todd and Schwartz (2016).

Data and Resources

The GPS recordings used for this analysis can be downloaded from the PANGA
website (GPS/GNSS Network and Geodesy Laboratory: Central Washington
University, other /seismic networkl, [1996) http://www.panga.cwu.edu/|and the
Geonet website https://www.geonet.org.nz/l The Python scripts used to
analyze the data and make the figures can be found on the first author’s Github
account https://github.com/ArianeDucellier/slowslip. Figures 3 and 12
were created using GMT (Wessel and Smith, [1991)). Supplemental Material for
this article includes three figures showing the effects of boundary conditions,
missing data and common modes, and a figure showing four additional small

displacements detected in the GPS data.
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Tables

Table 1: Episodic Tremor and Slip events with M > 6 identified by MODWT
in both the GPS and the tremor data. The duration and the number of tremor
are from the tremor catalog of the PNSN. The event number and the magnitude
are from the slow slip catalog of [Michel et al.| (2019)).

Time  Duration (days) Number of tremor (hours) Event number Magnitude
2007.06 28 398 3 6.68
2008.36 25 402 10 6.56
2009.35 24 248 16 6.49
2010.63 29 518 24 6.54
2011.60 37 479 30 6.47
2012.72 37 620 34 6.54
2013.71 27 423 41 6.58
2014.65 15 190 48 6.03
2014.89 38 385 51 6.40
2016.11 43 421 54 6.79
2017.23 19 279 99 6.61
2018.49 22 381
2019.23 34 195
2019.88 16 205
2020.79 26 193
2020.86 12 162
2021.09 14 230

Table 2: Magnitude 5 to 6 events from |Michel et al.| (2019).

Time  Event number Magnitude Sub-event of bigger event
2007.06 1 5.64 Yes
2007.08 2 5.91 Yes
2008.38 11 5.50 Yes
2009.16 14 5.50 No
2009.36 17 5.32 Yes
2010.63 25 5.76 Yes
2011.66 31 5.61 Yes
2011.66 32 5.32 Yes
2012.69 35 5.56 Yes
2013.74 42 5.71 Yes
2014.69 49 5.31 Yes
2014.93 52 5.39 Yes
2016.03 57 5.80 Yes
2017.13 60 5.43 Yes
2017.22 61 5.37 Yes
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Table 3: Number of GPS stations used for the stacking for each location on
Figure 3 and number of common stations with the location immediately to the
north and the location immediately to the south.

Index Latitude Number of stations Common stations (north) Common stations (south)

0 47.2 15 14

1 47.3 18 17 14
2 474 24 20 17
3 47.5 21 20 20
4 47.6 22 14 20
5 47.7 17 12 14
6 47.8 13 8 12
7 479 10 9 8
8 48.0 10 7 9
9 48.1 8 7 7
10 48.2 10 8 7
11 48.3 9 9 8
12 48.4 9 5) 9
13 48.5 7 ) )
14 48.6 6 5 5)
15 48.7 5 5
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Table 4: Cascadia catalog of slow slip events based only on MODWT analysis
of GPS time series and inferring that the transition of red followed immediate
by blue marks a slow slip event. First four columns are the start and end times
and start and end latitudes of the green bars in Figure 11. The fifth column is
1 for robust detection and 2 if not as robust. Column 6 is the time difference
in years between the mid times of the GPS catalog and the nearest mid times
of the tremor catalog summarized in Table 1.

start time end time start latitude end latitude dT tremor catalog
2007.06 2007.10 47.16 48.72 1 0.02
2008.30 2008.40 47.35 48.73 1 0.01
2009.35 2009.44 47.92 48.73 1 0.05
2010.12 2010.15 47.32 48.73 1 0.50 no match
2010.61 2010.64 47.17 48.72 1 0.00
2011.57 2011.61 47.18 48.68 1 0.01
2012.65 2012.65 48.74 47.76 1 0.05
2013.71 2013.75 47.47 48.73 1 0.02
2014.89 2014.90 48.73 47.79 1 0.01
2015.98 2016.09 48.73 47.20 1 0.08
2017.17 2017.24 47.38 48.72 1 0.02
2018.35 2018.36 47.48 47.93 1 0.13 part of same event?
2018.48 2018.50 48.72 48.09 1 0.00
2019.32 2019.34 47.17 47.72 2 0.10
2019.90 2019.91 48.47 48.72 2 0.02
2020.79 2020.83 47.18 48.13 1 0.02 & 0.05
2021.11 2021.12 48.75 48.48 2 0.02
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Table 5: New Zealand catalog of slow slip events for 2010-2016 based only on
MODWT analysis of GPS time series and inferring that the transition of red
followed immediate by blue marks a slow slip event. First four columns are the
start and end times and start and end latitudes of the green bars in Figure 13.

The fifth column is 1 for robust detection and 2 if not as robust.
start time end time start latitude end latitude

2010.05 2010.07 -39.67 -39.12 1
2010.19 2010.22 -39.12 -38.07 1
2010.75 2010.76 -39.73 -39.41 1
2011.36 2011.37 -38.22 -38.02 2
2011.71 2011.74 -37.97 -38.41 1
2011.67 2011.71 -39.73 -38.91 1
2011.92 2011.95 -38.84 -38.16 1
2012.63 2012.63 -39.42 -39.62 2
2012.64 2012.66 -38.53 -38.02 1
2012.95 2012.96 -38.32 -37.98 1
2013.15 2013.16 -38.87 -39.72 1
2013.55 2013.57 -38.62 -38.01 1
2013.74 2013.74 -38.77 -38.97 2
2013.92 2013.93 -38.17 -37.98 2
2013.91 2013.95 -39.37 -39.73 1
2014.78 2014.79 -38.03 -39.03 1
2014.96 2015.00 -39.07 -39.72 1
2015.53 2015.53 -39.42 -39.72 1
2015.52 2015.55 -37.97 -38.43 1
2015.78 2015.79 -38.77 -39.37 1
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Table 6: New Zealand catalog of slow slip events for 2016-2022 based only on
MODWT analysis of GPS time series and inferring that the transition of red
followed immediate by blue marks a slow slip event. First four columns are the
start and end times and start and end latitudes of the green bars in Figure 13.

The fifth column is 1 for robust detection and 2 if not as robust.
start time end time start latitude end latitude

2016.84 2016.90 -37.96 -39.72 1
2017.10 2017.10 -38.78 -39.00 2
2017.73 2017.78 -37.98 -38.51 1
2018.04 2018.06 -38.58 -39.07 1
2018.63 2018.64 -38.27 -37.97 2
2019.26 2019.33 -37.97 -39.73 1
2020.09 2020.12 -37.97 -38.23 2
2020.34 2020.35 -37.96 -39.72 1
2020.33 2020.33 -37.96 -38.10 2
2020.32 2020.32 -38.62 -38.79 2
2020.36 2020.37 -39.70 -39.35 2
2021.11 2021.11 -39.51 -39.64 2
2021.39 2021.47 -39.72 -38.08 1
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Figure captions

e Figure 1. Demonstration of a wavelet decomposition for a synthetic dataset.

A synthetic time series is created (top row) with steps of period 500 days,
and transient durations of 2 days (left), 5 days, 10 days, and 20 days
(right). The resulting details and smooths are shown in increasing level.
The amplitude of the synthetic time series is normalized to 1, and the

details and smooths show the relative amplitude.

Figure 2. Top left: East-west displacement recorded at GPS station
PGC5. The resulting details and smooth of the wavelet decomposition

are shown in increasing level from top to bottom and from left to right.

Figure 3. GPS stations used in this study (black triangles). The black
line represents the 40 km depth contour of the plate boundary model by
Preston et al.|(2003). The red triangles are the locations where we stack
the GPS data. The small grey dots are all the tremor locations from the
PNSN catalog.

Figure 4. Details and smooth of the wavelet decomposition of the de-
trended cumulative tremor count around the third northernmost red tri-

angles on Figure 3 (latitude 48.5).

Figure 5. Top: Stacked 8th level details of the wavelet decomposition of
the displacement over all the GPS stations located in a 50 km radius of a
given point, for the 16 red triangles indicated in Figure 3. Bottom: 8th
level detail multiplied by -1 of the cumulative tremor count in a 50 km
radius of a given point for the same 16 locations. The black lines represent
the timings of the ETS events from Table 1. We mark by a red rectangle
every time where the amplitude is higher than a threshold of 0.4 mm (for

the GPS) or 0.003 (for the tremor, that is about 17 times the average

39



862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

value of the signal). We mark by a blue rectangle every time where the

amplitude is lower than minus the threshold.

Figure 6. Top: Stacked 7th level details of the wavelet decomposition of
the displacement over all the GPS stations located in a 50 km radius of a
given point, for the 16 red triangles indicated in Figure 3. Bottom: 7th
level detail multiplied by -1 of the cumulative tremor count in a 50 km
radius of a given point for the same 16 locations. The black lines represent
the timings of the ETS events from Table 1. We mark by a red rectangle
every time where the amplitude is higher than a threshold of 0.5 mm
(for the GPS) or 0.01 (for the tremor, that is about 56 times the average
value of the signal). We mark by a blue rectangle every time where the

amplitude is lower than minus the threshold.

Figure 7. Top: Stacked 6th level details of the wavelet decomposition of
the displacement over all the GPS stations located in a 50 km radius of a
given point, for the 16 red triangles indicated in Figure 3. Bottom: 6th
level detail multiplied by -1 of the cumulative tremor count in a 50 km
radius of a given point for the same 16 locations. The black lines represent
the timings of the ETS events from Table 1. We mark by a red rectangle
every time where the amplitude is higher than a threshold of 0.3 mm (for
the GPS) or 0.009 (for the tremor, that is about 51 times the average
value of the signal). We mark by a blue rectangle every time where the

amplitude is lower than minus the threshold.

Figure 8. ROC curve for the sum of the 6th, 7th, and 8th level details
of the wavelet decomposition. Each dot represents the true positive rate
of event detections and the false positive rate of event detections for a
given pair of thresholds (for the GPS and for the tremor). The black

cross marks the true positive rate and the false positive rate obtained
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with the thresholds used to make Figure 9. The values of the threshold
are color-coded. Reds (bottom curve) correspond to the lowest value of
the threshold for the tremor (0.001), while oranges, greens, blues, purples
correspond to increasing values of the threshold for the tremor (up to 0.01,
top curve). The brightest colors (bottom left) correspond to the highest
values of the threshold for the GPS (1.5 mm), while the darker colors (top
right) correspond to decreasing values of the threshold for the GPS (0.1

mm).

Figure 9. Top: Stacked sum of the 6th, 7th and 8th levels details of
the wavelet decomposition of the displacement over all the GPS stations
located in a 50 km radius of a given point, for the 16 red triangles indicated
in Figure 3. Bottom: Sum of the 6th, 7th and 8th levels detail multiplied
by -1 of the cumulative tremor count in a 50 km radius of a given point for
the same 16 locations. The black lines represent the timings of the ETS
events from Table 1. We mark by a red rectangle every time where the
amplitude is higher than a threshold of 0.8 mm (for the GPS) or 0.01 (for
the tremor, that is about 56 times the average value of the signal). We
mark by a blue rectangle every time where the amplitude is lower than

minus the threshold.

Figure 10. Top: Stacked 5th level details of the wavelet decomposition
of the displacement over all the GPS stations located in a 50 km radius
of a given point, for the 16 red triangles indicated in Figure 3. The red
lines represent the timings of the ETS events from Table 1. The blue
lines represent the timings of the magnitude 5 events from the catalog of

Michel et al.| (2019).

Figure 11. Same as top panel of Figure 9: Stacked sum of the 6th, 7th

and 8th levels details of the wavelet decomposition of the displacement
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over all the GPS stations located in a 50 km radius of a given point, for
the 16 red triangles indicated in Figure 3. We mark with a green bar the
slow slip events from Table 4 detected with the wavelet method. Full lines
correspond to robust detections (1 in Table 4) and dotted lines to less

robust detections (2 in Table 4).

Figure 12. GPS stations used for the slow slip detection in New Zealand
(black triangles). The red triangles are the locations where we stack the
GPS data. They are located close to the 20 km depth contour of the plate

boundary from |[Williams et al.| (2013]).

Figure 13. Top: Sum of the stacked 6th, 7th and 8th level details of
the wavelet decomposition of the displacement over all the GPS stations
located in a 50 km radius of a given point, for the 18 red triangles indicated
in Figure 12. The time period covered is 2010-2016. We mark by a red
rectangle every time where the amplitude is higher than a threshold equal
to 0.8 mm. We mark by a blue rectangle every time where the amplitude
is lower than minus the threshold. Bottom: Sum of the stacked 6th, 7th
and 8th level details of the wavelet decomposition. We mark with an
orange bar the slow slip events detected by [Todd and Schwartz (2016])
and with a green bar the slow slip events from Table 5 detected with the
wavelet method. Full lines correspond to robust detections (1 in Table 5)

and dotted lines to less robust detections (2 in Table 5).

Figure 14. Top: Sum of the stacked 6th, 7th and 8th level details of
the wavelet decomposition of the displacement over all the GPS stations
located in a 50 km radius of a given point, for the 18 red triangles indicated
in Figure 12. The time period covered in 2016-2022. We mark by a red
rectangle every time where the amplitude is higher than a threshold equal

to 0.8 mm. We mark by a blue rectangle every time where the amplitude
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is lower than minus the threshold. We mark with a green bar the slow
slip events from Table 6 detected with the wavelet method. Full lines

correspond to robust detections (1 in Table 6) and dotted lines to less

robust detections (2 in Table 6).
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Figure 1: Demonstration of a wavelet éér)composition for a synthetic dataset. A
synthetic time series is created (top row) with steps of period 500 days, and
transient durations of 2 days (left), 5 days, 10 days, and 20 days (right). The
resulting details and smooths are shown in increasing level. The amplitude of
the synthetic time series is normalized to 1, and the details and smooths show

the relative amplitude.
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et al.| (2003). The red triangles are the locations where we stack the GPS data.
The small grey dots are all the tremor locations from the PNSN catalog.
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Detail at level 8 of MODWT of GPS data
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Figure 5: Top: Stacked 8th level details of the wavelet decomposition of the
displacement over all the GPS stations located in a 50 km radius of a given
point, for the 16 red triangles indicated in Figure 3. Bottom: 8th level detail
multiplied by -1 of the cumulative tremor count in a 50 km radius of a given
point for the same 16 locations. The black lines represent the timings of the
ETS events from Table 1. We mark by a red rectangle every time where the
amplitude is higher than a threshold of 0.4 mm (for the GPS) or 0.003 (for
the tremor, that is about 17 times the average value of the signal). We mark
by a blue rectangle every time where the amplitude is lower than minus the
threshold.
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Detail at level 7 of MODWT of GPS data
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Figure 6: Top: Stacked 7th level details of the wavelet decomposition of the
displacement over all the GPS stations located in a 50 km radius of a given
point, for the 16 red triangles indicated in Figure 3. Bottom: 7th level detail
multiplied by -1 of the cumulative tremor count in a 50 km radius of a given
point for the same 16 locations. The black lines represent the timings of the
ETS events from Table 1. We mark by a red rectangle every time where the
amplitude is higher than a threshold of 0.5 mm (for the GPS) or 0.01 (for the
tremor, that is about 56 times the average value of the signal). We mark by a
blue rectangle every time where the amplitude is lower than minus the threshold.
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Detail at level 6 of MODWT of GPS data
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Figure 7: Top: Stacked 6th level details of the wavelet decomposition of the
displacement over all the GPS stations located in a 50 km radius of a given
point, for the 16 red triangles indicated in Figure 3. Bottom: 6th level detail
multiplied by -1 of the cumulative tremor count in a 50 km radius of a given
point for the same 16 locations. The black lines represent the timings of the
ETS events from Table 1. We mark by a red rectangle every time where the
amplitude is higher than a threshold of 0.3 mm (for the GPS) or 0.009 (for
the tremor, that is about 51 times the average value of the signal). We mark
by a blue rectangle every time where the amplitude is lower than minus the
threshold.
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ROC curve for details at levels [6, 7, 8]
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Figure 8: ROC curve for the sum of the 6th, 7th, and 8th level details of the
wavelet decomposition. Each dot represents the true positive rate of event detec-
tions and the false positive rate of event detections for a given pair of thresholds
(for the GPS and for the tremor). The black cross marks the true positive rate
and the false positive rate obtained with the thresholds used to make Figure 9.
The values of the threshold are color-coded. Reds (bottom curve) correspond to
the lowest value of the threshold for the tremor (0.001), while oranges, greens,
blues, purples correspond to increasing values of the threshold for the tremor
(up to 0.01, top curve). The brightest colors (bottom left) correspond to the
highest values of the threshold for the GPS (1.5 mm), while the darker colors
(top right) correspond to decreasing values of the threshold for the GPS (0.1
mm).
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Details at levels [6, 7, 8] of MODWT of GPS data from Cascadia
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Details at levels [6, 7, 8] of MODWT of tremor data
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Figure 9: Top: Stacked sum of the 6th, Tth and 8th levels details of the wavelet
decomposition of the displacement over all the GPS stations located in a 50 km
radius of a given point, for the 16 red triangles indicated in Figure 3. Bottom:
Sum of the 6th, 7th and 8th levels detail multiplied by -1 of the cumulative
tremor count in a 50 km radius of a given point for the same 16 locations. The
black lines represent the timings of the ETS events from Table 1. We mark
by a red rectangle every time where the amplitude is higher than a threshold
of 0.8 mm (for the GPS) or 0.01 (for the tremor, that is about 56 times the
average value of the signal). We mark by a blue rectangle every time where the
amplitude is lower than minus the threshold.
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Detail at level 5 of MODWT of GPS data
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Figure 10: Top: Stacked 5th level details of the wavelet decomposition of the
displacement over all the GPS stations located in a 50 km radius of a given
point, for the 16 red triangles indicated in Figure 3. The red lines represent the
timings of the ETS events from Table 1. The blue lines represent the timings
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of the magnitude 5 events from the catalog of [Michel et al|(2019).
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Figure 11: Same as top panel of Figure 9: Stacked sum of the 6th, 7th and
8th levels details of the wavelet decomposition of the displacement over all the
GPS stations located in a 50 km radius of a given point, for the 16 red triangles
indicated in Figure 3. We mark with a green bar the slow slip events from Table
4 detected with the wavelet method. Full lines correspond to robust detections
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(1 in Table 4) and dotted lines to less robust detections (2 in Table 4).
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Figure 12: GPS stations used for the slow slip detection in New Zealand (black
triangles). The red triangles are the locations where we stack the GPS data.
They are located close to the 20 km depth contour of the plate boundary from
Williams et al.| (2013).
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Details at levels [6, 7, 8] of MODWT of GPS data from New Zealand
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Figure 13: Top: Sum of the stacked 6th, 7th and 8th level details of the wavelet
decomposition of the displacement over all the GPS stations located in a 50 km
radius of a given point, for the 18 red triangles indicated in Figure 12. The
time period covered is 2010-2016. We mark by a red rectangle every time where
the amplitude is higher than a threshold equal to 0.8 mm. We mark by a blue
rectangle every time where the amplitude is lower than minus the threshold.
Bottom: Sum of the stacked 6th, 7th and 8th level details of the wavelet de-
composition. We mark with an orange bar the slow slip events detected by
[Todd and Schwartz| (2016]) and with a green bar the slow slip events from Table
5 detected with the wavelet method. Full lines correspond to robust detections
(1 in Table 5) and dotted lines to less robust detections (2 in Table 5).

96



Details at levels [6, 7, 8] of MODWT of GPS data from New Zealand
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Figure 14: Top: Sum of the stacked 6th, 7th and 8th level details of the wavelet
decomposition of the displacement over all the GPS stations located in a 50
km radius of a given point, for the 18 red triangles indicated in Figure 12. The
time period covered in 2016-2022. We mark by a red rectangle every time where
the amplitude is higher than a threshold equal to 0.8 mm. We mark by a blue
rectangle every time where the amplitude is lower than minus the threshold.
We mark with a green bar the slow slip events from Table 6 detected with the
wavelet method. Full lines correspond to robust detections (1 in Table 6) and
dotted lines to less robust detections (2 in Table 6).
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