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Abstract since the discovery of slow slip events, many methods have been successfully applied to
model obvious transient events in geodetic time series, such as the widely used network strain filter.
Independent seismological observations of tremors or low-frequency earthquakes and repeating
earthquakes provide evidence of low-amplitude slow deformation but do not always coincide with clear
occurrences of transient signals in geodetic time series. Here we aim to extract the signal corresponding

to slow slips hidden in the noise of GPS time series, without using information from independent data

sets. We first build a library of synthetic slow slip event templates by assembling a source function with
Green'’s functions for a discretized fault. We then correlate the templates with postprocessed GPS time series.
Once the events have been detected in time, we estimate their duration T and magnitude M,, by modeling
a weighted stack of GPS time series. An analysis of synthetic time series shows that this method is able

to resolve the correct timing, location, T, and M, of events larger than M,, 6 in the context of the Mexico
subduction zone. Applied on a real data set of 29 GPS time series in the Guerrero area from 2005 to 2014,
this technique allows us to detect 28 transient events from M,, 6.3 to 7.2 with durations that range from 3 to
39 days. These events have a dominant recurrence time of 40 days and are mainly located at the downdip
edges of the M,, > 7.5 slow slip events.

1. Introduction

Deformation related to plate tectonics is mainly accommodated by slip on plate interfaces that can gener-
ate measurable seismic waves in the case of earthquakes or can be aseismic if the slip is so slow that the
waves are not perceptible. The fault behavior during the interseismic period is usually characterized by the
interseismic coupling ratio, typically measured geodetically and defined as the ratio of the slip deficit rate
and the long-term tectonic loading rate. This coupling ratio represents an average value in space, due in par-
ticular to limitations in data sampling and model assumptions. It is also, most often, averaged in time over
the study period, as detecting nonlinear, temporal variations of aseismic slip during the interseismic period
remains a methodological challenge. A partially coupled area is thus considered to be spatially homogeneous
and aseismically slipping at a steady rate. However, numerous observations highlight the existence of tran-
sient aseismic slip events or slow slip events (SSEs) with a wide spectrum of spatial and temporal behavior
[e.g., Obara and Kato, 2016], sometimes with amplitudes below the noise level of present-day observations
[Frank, 2016].

Many techniques have been developed to characterize transient aseismic slip on faults since their discovery
in the late 1990s [Linde et al., 1996; Dragert et al., 2001]. Most of the observations have been made with data
analysis of continuous Global Positioning System (GPS) time series. The number of stations in operation has
tremendously increased in the last decades, reaching more than 1000 stations in the Western U.S. or in Japan,
improving considerably the ability to detect transient signals and the modeling of associated slip. Some tran-
sient slips have recently been detected with Interferometry Synthetic Aperture Radar (InSAR) measurements
along strike-slip faults [e.g., Wei et al., 2009; Shirzaei and Biirgmann, 2013; Jolivet et al., 2013; Rousset et al.,
2016a] and subduction zones [Cavalié et al., 2013]. However, the amount of atmospheric noise and the lim-
ited time resolution lead to detection thresholds in magnitude still higher than those obtained with dense
GPS networks.
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The displacement time series recorded by GPS stations are a sum of various components that may be sepa-
rated in order to extract transient slip events. Segall and Matthews [1997] proposed a network inversion filter
of GPS time series, where the displacement is a combination of a secular velocity, slip on faults, benchmark
motions, reference frame errors, and estimation errors. The stochastic description of all these parameters is
explored through a Kalman filter in time. Many studies have used this formalism [e.g., McGuire and Segall,
2003; Miyazaki et al., 2003; Bartlow et al., 2011], sometimes adding complexities to the model, such as Ohtani
etal. [2010], who decomposed the signal in the wavelet domain.

Others techniques do not assume physical processes to model the GPS time series. Ji and Herring [2013] first
smooth the time series in time with a Kalman filter to increase the signal to noise ratio. They then detect
transient signals through a first-order Gauss-Markov process before applying a spatial principal component
analysis to characterize the spatial shape of the detected events. Riel et al. [2014] decompose time series with
adictionary of all possible orthogonal functions that could represent the signal, using B-splines to model tran-
sient signals. The analysis of the resulting coefficients for each function at each time allows for the detection
of individual events. A spatial weighting is applied to take into account the non-homogeneous distribution
of stations and filters nearby coherent signals. The approach of Walwer et al. [2016] differs from the previous
ones in the functions used to decompose the signal. Instead of using harmonic functions which do not allow
for interannual variability, this study uses a spectral analysis to retrieve empirical basis functions that repre-
sent the common modes and the temporal variability of any data set. Not relying on physical processes, these
three methods can be used to detect any transient geophysical process, such as hydrological loading, volcanic
magma motion, or slow slip events.

All these methods seem to be efficient in modeling transient signals emergent from the noise automatically.
But the detection of transient signals with amplitude close to that of the background noise or even below
is more uncertain. This might be due in part to the temporal smoothing which is often applied and to the
detection thresholds, set by the amplitude of noise as all time series are modeled separately, even if the spatial
covariance is taken into account. However, transient signals with amplitude close to the background noise
or lower are likely to occur. For example, in subduction zones, many tremors or low-frequency earthquakes
(LFEs) are detected with no corresponding transient signals directly observed in GPS time series [e.g., Brown
etal., 2013; Frank et al., 2015; Obara and Kato, 2016]. One way to determine if aseismic slip is associated with
these seismic events of very low amplitude is to use these events as a monitor of transient slip. In the Mexico
subduction zone, Frank et al. [2015] use the timing of LFEs bursts to select short windows around these times
from the GPS time series and stack them to increase the signal to noise ratio. They successfully extracted a
slow slip-like signal corresponding to the average surface motion of all stacked events.

However, by stacking different events in time, the underlying assumption is that these events are exact
repeats, which prevents characterization of possible spatiotemporal differences between events. It would
then be more convenient to detect transient events independently and solely from GPS time series. Nishimura
etal. [2013] and Nishimura [2014] developed a method to detect short-term SSEs coincident with the tremor
activity in Japan, that were previously observed only with tiltmeters. The SSEs detection is made using the
Akaike information criterion, to decide whether windows of filtered GPS time series are best fitted with a lin-
ear fit alone or with a linear fit plus a step. With this method, they found more than 200 probable M,, 5.6 to
6.8 SSEs along the Nankai trough and the Ryukyu Trench in a 17 year period from 1996 to 2013.

In the present paper, we propose an alternative to Nishimura’s method, which, in particular, does not char-
acterize the duration of the events. Our approach is based on a GPS-matched filter, with a physical model of
slow slip incorporated in the detection process. We build templates of surface displacement time series from
synthetic slow slip that we correlate with postprocessed GPS time series. The correlation is made on ground
velocity time series, inspired by the matched filter developed for seismograms to detect low-magnitude seis-
mic events [Gibbons and Ringdal, 2006]. Once an event is detected in time, we perform further analyses to best
describe its location, duration, and magnitude. In section 2, we first present the formalism of the technique,
and we apply it to synthetic GPS time series to assess the detection capability of the method and explore its
limits in estimating duration and magnitude of small SSEs. In section 3, we apply it to the Guerrero segment
of the Mexico subduction zone where large M,, ~ 7.5 SSEs are recurrent [Radiguet et al., 2012; Graham et al.,
2016; Radiguet et al., 2016] and the occurrence of smaller ones have been reported [Vergnolle et al., 2010; Frank
et al., 2015; Frank, 2016]. This area is particularly favorable for such an application as (1) a relatively dense
GPS network has produced high-quality time series since 2005 [e.g., Walpersdorfet al., 2011], (2) the flat slab
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Figure 1. Temporal evolution of the template slip and its derivative. The solid line s(t) represents the slip time evolution
used in templates with a slip acceleration from 0 to T/2 and a slip deceleration from T /2 to T. The maximum slip
amplitude is A. Its derivative $(t) represented in dashed line is a positive lobe with a maximum at T/2.

geometry of the subduction at ~40 km depth just below the continental crust [Kim et al., 2010] allows for
the detection of low-magnitude events compared to other subduction zones, and (3) independent catalogs
of tremors [Husker et al., 2012] and LFEs [Frank et al., 2014] have already been produced during the period of
the MASE (Meso-America Subduction Experiment) seismic network deployment from 2005 to 2007 [Caltech,
20071, allowing for a comparison with our detections for this period. Finally, in section 4 we discuss the efficacy
of our method, the mechanical characteristics of the detected events and their scaling laws.

2. Formulation of the Geodetic Matched Filter

2.1. Templates of Surface Displacement Time Series

The physical model that we use to detect transient slip events is based on the classical static Green’s functions
that link slip on a given area of a subduction interface to static surface displacement at each GPS station wi,
where i corresponds to the north and east components and s stands for the finite static displacement. In this
study, we compute the Green’s functions using the discrete wave number method [Bouchon, 1981, 2003] in an
elastic stratified medium, assuming the Hernandez et al. [2001] velocity model and using the AXITRA software
[Coutant, 1989]. The subduction interface consists of two planes, as used by Radiguet et al. [2012] and Rousset
et al. [2016b]. One initiates at the trench, dipping 15° to the northeast, and connects to the other, horizontal
one continuing inland beneath the continent. Each plane is made of 10 patches along dip by 60 patches along
strike. Each patch measures 13.4 km in dip direction and 13 km in strike direction. The temporal slip evolution
for a slip of unit amplitude is given by the function

1 t,
s(t1)=§ [1—cos<7>] (M

where t, is the time vector of the template and T is its total duration (Figure 1). The temporal sampling of t,,
At, is a daily sampling for the GPS time series used in this study. s(t) is symmetrical, with half of its duration
corresponding to slip acceleration, followed by a deceleration during the second half duration, which is a
reasonable evolution for the short-term slow slips we are searching for. For these low-amplitude events, we
do not consider any spatial propagation. s(t) also has the advantage to have an easily obtained analytical
derivative

A . ity
t,) = — P 2
5(ty) ZTsm(T) )
The template displacement time series at each GPS station are thus given by

wi(t,) = wis(t;) 3)
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Figure 2. Synthetic time series of noise. (a) The 1000 days of the postprocessed time series at station ACAP in Mexico for the northern component. Long-term
SSEs and earthquakes have been removed. We can see the daily scatter and longer period transients. (b) The 1000 days of reconstructed time series of noise at
the same station. (c) Fourier transform modulus P(f) of the real ACAP times series in blue and the reconstructed one in red. The black line denotes the slope used
to model the colored noise (spectral index n = 0.42 in that example).

2.2, Continuous Correlation of Templates and GPS Time Series

We compute the correlation function C'(t) between the template time series wi(t,) and the GPS time series
di(t) recorded for the i north and east components at each station, t being the discrete time vector of the full
time series. In this section, d/(t) are synthetic time series to explore the detection capabilities of the method.
These synthetics are constructed as a sum of GPS realistic noise and transient events due to slow slip on the
modeled subduction interface. A power law model P(f) = P,/f", where f is the frequency, n is the spectral
index, and P, is a normalizing constant, is used to describe the GPS time series noise. Williams et al. [2004]
show that GPS noise is best modeled with a sum of white noise, for which n = 0, and colored noise, for
which n>0, n = 1 corresponding to a flicker noise process and n = 2 to a random walk process. To model
noise for the time series of the Mexican GPS network, we fit the spectrum of cleaned GPS time series (time
series processing is explained in section 3) with power laws to explain both white and colored noise at each
station (Figure 2).

Time windows of d/(t) with the same norm as wi(t,) are defined on t, = (t — t,/2, ..., t + t; /2) with the same
temporal sampling as t;, At, so that ||t;]|| = ||t,]| = N, N being the number of days of the template. The inner
product between wi(t,) and di(t,) is defined by
N—1
(W(t), d'(t)) 5, = D Wity +jADd (L, +jAD) @)
j=0
In order to optimize the correlation operation, it is preferable to correlate non-monotonic functions. The dis-
criminatory nature of the stationary point of the surface velocity (time derivative of the surface displacement)
during the middle of a slow slip event improves the timing precision of our detection. We thus use the
temporal derivatives of wi(t;) and d'(t). The fully normalized correlation function is defined as
ci(t) — <w (t).d (t2)>N,At )
VW) WD) (). ()

and the weighted correlation C,, is

: Wl
C, = @ ©)

max (|wi|)
The final function on which we test the detection of transient events is the sum of the weighted corre-
lation functions over all stations and both horizontal components. We select only the stations for which
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Figure 4. Correlation coefficient as a function of the norm of the surface templates displacements for the non-weighted correlation function. (a) Relation for the
red crosses in Figure 3d. Dots correspond to the correlation coefficient obtained at each station and bold lines are the linear fits. Red is for the event detected

at time 97, blue for the event at time 300, and green for the event at time 497. (b) Same as Figure 4a but for the red circles in Figure 3d. Burgundy is for the noise
peak at time 45, black for the noise peak at time 268, and orange for the noise peak at time 445.

W; >aX max(wi), « being an empirical coefficient that we set to 0.1 in this section. This selection enables us to
discard from the summation of stations those recorded nonexistent or too small amplitude transient signals.

Figure 3 presents an example of a correlation analysis for a synthetic slow slip event of M,, 6.1 located
in the central part of the flat slab of the Mexico subduction zone (Figure 3a). At stations that recorded
the highest displacement for this event, such as OXAC, the displacement is ~2 mm, which is 2 times less
than the amplitude of the background noise (Figures 3b and 3c). However, the sum of all non-weighted or
weighted correlation functions over the whole network shows peaks emerging at times of the transient events
(red crosses, Figure 3d). Secondary, lower high amplitude peaks are also present at times corresponding to
pure noise, but only when non-weighted correlation functions are used (red circles, Figure 3d). The use of
weighted correlation functions is thus a way to better discriminate between transients slip events and noise.
The correlation coefficient for the non-weighted correlation function, represented as a function of the norm
of the surface template displacement for all peaks corresponding to transient events, shows that higher
surface template displacements produce higher correlations for transient slip events (Figure 4a). This observa-
tion is not necessarily obvious when reasoning only in terms of correlation, as different amplitude transients
recorded at a given network of stations, should give identical correlation amplitudes. However, due to the
presence of noise, which has similar amplitudes at all stations, the signal-to-noise ratio is larger at stations
that record the highest transient amplitudes, producing higher correlation amplitudes. On the contrary, at
peaks recorded at times without transient slip events, we can see from the non-weighted correlation function
that the noise is spatially randomly distributed, with coefficients between —0.02 and 0.02 (Figure 4b). In other
terms, the slopes in Figure 4 are always highly positive for transient slip events and close to zero for the noise.
To take advantage of this spatial discrepancy between slow slip patterns and noise patterns in the correlation
function, we weight the sum of each station correlation functions to attribute more weight to stations that
have a template surface displacement of higher amplitude (equation (6)). The benefits of this weighting are
clear on Figure 3d, where weighted and non-weighted correlation functions have identical peak amplitudes
at times of slow slip transients, while the amplitude of noise peaks is reduced in the weighted correlation
function.

Detections of transient events thus correspond to the maximum amplitude peaks of the weighted correla-
tion function. For a given location, the only parameter of the template that influences the amplitude of the
correlation is its duration. Figure 5a shows that for synthetic time series without noise the right template dura-
tion gives a correlation of 1, while templates with a duration deviating by plus or minus 10 days from the
correct one also give a correlation very close to 1. When noise is taken into account (Figure 5b), the highest
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Figure 5. Influence of the template duration on the amplitude of the weighted correlation. (a) Sum of the correlation functions for synthetic time series without

noise. The grey curve is for a 10 day template, the red one for a 20 day template, and the blue one for a 30 day template. The synthetic events are the same as in
Figure 3. (b) Same as Figure 5a but for synthetic time series with noise. Note that while the amplitude is decreasing for longer templates, the transient slip events
are emerging from noise only for the 30 days template. Dashed black lines indicate times of transient slip events.

amplitudes of the correlation are always for the shorter templates because the oscillations in the noise are
dominated by the short-term daily white noise oscillations. However, transient events emerge from the noise
in the final correlation function for templates longer than 30 days. In the blue curve of Figure 5b (which is the
same as the black curve of Figure 3d), the amplitude of the correlation at times of transient events is at least
twice higher than the amplitude at only noise times. We conclude from these tests that only templates with
durations longer than 30 days can be used to discriminate correlation peaks due to transient slip from those
due to noise. Finally, for a given detection in time, we attribute the location of the slip to the patch on the
subduction interface that maximizes the weighted correlation (see the statistical analysis of the slip location

in section 2.4).
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Figure 6. Stack of GPS displacement time series. The raw stack of all GPS
time series, for north and east components, is in red. In black, the stack is
weighted by the amplitudes and polarities of the surface displacements
of the template. Note that the signal-to-noise ratio is increased by a factor
of 3 in the weighted stack. Dashed black lines indicate times of synthetic

transient slip events.

2.3. Duration and Magnitude
Estimation

Once an eventis detected and located,
our aim is to estimate its duration and
magnitude. As the correlation func-
tion is computed using velocity time
series (equations (5) and (6)), we lose
the amplitude information that corre-
sponds to the magnitude of the event.
We consequently have to examine the
GPS displacement time series directly.
As transient signals on individual time
series might be so small compared
to the noise that it becomes impossi-
ble to characterize them, we stack the
time series over the network (Figure 6).
To give more weight to stations that
recorded the highest amplitude sig-
nal, we apply the same weighting for
the stack as for the correlation func-
tion (equation (6)). This weighting has
the advantage to give to each weight
the right sign, which is not the case for
a raw stack. In the Mexico subduction
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17 day transient, while the true duration is 20 days. (b) Residuals between the estimated step of the transient in Figure 7a and the steps obtained from synthetic
events of different magnitudes, obtained by exploring the source slip area and slip amplitude parameters. Each circle corresponds to a different slip value
ranging from 1 mm to 1 m equally spaced by 5 mm. The red, blue, and yellow circles represent the three slip areas tested, 1 patch, 9 patches, and 25 patches,
respectively, always centered on the location of the event. The vertical line indicates the true magnitude.

zone, surface displacements due to slow slip events are mainly recorded in the north component, so that on
stations located to the east and west of a sliding patch, the east components have opposite signs. Simply
stacking these opposite signs would wipe out the signal. As we can see in Figure 6, the weighted stack has a
much better signal to noise ratio than the raw stack.

In order to estimate the duration and the magnitude of a detected event, we model the weighted stack of
GPS displacements. On a time window centered on the detection time, the model includes a transient signal
modeled by s(t) and linear terms before and after the transient. For the synthetic tests, we fix the length of
the window to 100 days, knowing that the transients events are shorter than 30 days. The best model is then
estimated in a least squares sense, with more weight at the center of the window. To compute the residuals,
the stacks of the displacement time series are weighted by a triangular-shaped function that has an amplitude
of one at its center and zero at its edges. We test various models with varying transient durations and the
preferred duration corresponds to the model that minimizes the residuals (Figure 7a).

Finally, once the duration has been estimated, we measure the amplitude of the displacement in the weighted
stack during the transient event. To estimate the magnitude, we compare this amplitude to amplitudes
obtained with templates of varying source slip area and slip amplitude. Given the small size of the events,
several combinations of slip area and slip amplitude equally fit the step amplitude in the stack (Figure 7b).
This means that we can only retrieve information about the magnitude of the events, without being able to
extract more details about the source properties.

2.4. Statistics on Synthetics

To discuss the resolution and limitations of our GPS matched filter, we first compute 1000 iterations of noise
by station. Then, we construct synthetic time series at GPS stations, as combinations of each iteration of noise
with synthetic transients of various times, locations, durations, and magnitudes. Seventy locations of tran-
sients are tested (regularly spaced on the subduction interface, Figure 9), with durations of 10, 20, or 30 days,
and magnitudes between 5.6 and 7 (the slip area is fixed to nine patches and nine values of slip are tested,
between 1 cm and 1 m). We then apply the GPS matched filter to these synthetic time series, to first esti-
mate the time of the transients, then their location (for the location estimates, we use 100 synthetic time
series by stations instead of 1000 to save computing time), and their duration and magnitude are explored.
We compare the estimated parameters of the detected transients to the true parameters. The estimated
detection times and durations of the events have Gaussian-like distributions so that we can estimate a mean
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Figure 8. Deviations from true locations, times, durations, and magnitudes as a function of the magnitude. (a) The black curves show the mean of the distance
between the estimated location and the true location as a function of the magnitude. These distributions are for 100 noise draws by tested patch (70 patches
tested). (b) Same as Figure 8a but for the deviation from true times of the event in absolute value (the mean has been computed on 1000 samples for all
parameters except the location). As the distributions of the deviation are Gaussian like, we also estimated the standard deviation for each sample, represented
by the red crosses. (c) Same as Figure 8b but for the deviation from the true duration. The true event duration is 20 days in this example. (d) Same as Figure 8a
but for the deviation from the true magnitude. The draw has been made on 1000 samples.

and a standard deviation for each distribution. The location and magnitude estimated are similar what-
ever the noise draw, with narrow distributions. Magnitude distributions might present several, close peaks,
corresponding to different tested slip areas. Figure 8 presents the mean of the distributions for the locations,
detection times, durations, and magnitude estimates as well as associated standard deviations for detection
times and durations, as a function of the magnitude. Figure 9 shows the same parameters but as a function of
the location. The location is overall poorly resolved for magnitudes lower than 5.9 but for higher magnitudes,
estimated locations are in most cases within seven patches from the true location (Figure 8a). Magnitude 6.1
synthetic events closely surrounded by GPS stations are the best resolved in terms of location, while, as
expected, central events far from all stations and some events bellow the coastline are poorly located due to
the lack of offshore stations (Figure 9a). Detection times are always within 8 days of the true time (Figure 8b).
For most of the locations, the resolution in the detection time is plus or minus 1 day for events of magnitudes
between M,, 5.9 and 6.2, and below 1 day for those above M, 6.2 with very low standard deviations. The dura-
tion of the events is the most tricky parameter to retrieve. In Figure 8c, we present an example of a 20 day event
for which the right duration is correctly estimated, in most cases, for M,, > 6.2, and correctly estimated for
those above M, 6.6. For lower magnitudes, durations are always underestimated. For events of 20 and 30 days
of low magnitudes, durations are always underestimated, while for 10 day events the duration is always over-
estimated, but with no systematic shift. For the detection times and the durations, mean deviations from true
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magnitude 6.1. Black triangles symbolize the GPS stations. Note that the distance between two colored circles correspond to three patches.

values are rather spatially homogeneous, except for the central events far from all GPS stations (Figures 8b
and 8q). Finally, the magnitude is always well retrieved for events larger than M,, 5.6. The means of the devi-
ation between true M,, and estimated M,, are very homogeneous in space (Figure 9d) and are always lower
than 0.3, and, in 90% of the cases, lower than 0.1 (Figure 8d).

3. Application to Real Data: The Mexico Subduction Zone Near Guerrero

We apply the previously described methodology to real GPS time series recorded above the Mexico subduc-
tion zone, in the area of the Guerrero seismic gap. This area is known to produce the largest amplitude SSEs
of the world, with M,, ~ 7.5 events [e.g., Kostoglodov et al., 2010; Radiguet et al., 2012; Graham et al., 2016;
Radiguet et al., 2016]. We analyzed the period from 2005 to 2014. The beginning of that period, from 2005 to
2007, has the advantage to coincide with independent seismological measurements of tremors [Husker et al.,
2012] and LFEs [Frank et al., 2013, 2014] made during the MASE deployment [Caltech, 2007]. This will help val-
idate our GPS matched filter approach by analyzing spatiotemporal coincidences and interactions between
low-amplitude seismic events and detected slow slip events. We use the data recorded by the 29 GPS sta-
tions of the Mexican permanent GPS network in the Guerrero area. The GPS time series have been processed
at ISTerre using GAMIT and GLOBK softwares [Herring et al., 2006]. International Global Navigation Satellite
Systems service stations from around the world were added to the Mexican network to constrain the refer-
ence frame. The International Terrestrial Reference Frame (ITRF) 2008 solution has been used in this study
[Altamimi et al., 2011]. We then modeled the time series as a sum of a long-term tectonic linear term,
Heaviside functions at times of small earthquakes or antenna manipulations, and decaying logarithm
functions, for postseismic signals of significant earthquakes. We then removed the periods of time corre-
sponding to the large 2006, 2009-2010, and 2014 SSEs and corrected for the linear term between those
events. The temporal derivative of the resulting time series was then computed for the correlation with the
synthetic templates.

We apply the exact same correlation procedure we described for the synthetics tests for the real data. The
main difference between the two data sets is that the number of active stations is varying with time for the
real data case, leading to a temporal evolution of the detection capability. We apply a minimum threshold
of four active stations at the same time to allow for a possible detection. We use a template with a length
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Figure 10. Detections of small slow slip events on the Mexico subduction zone near Guerrero and comparison with tremor and LFEs activities. Black circles show
the cleaned detections on all patches. Detections made on less than 30 patches at a given time have been removed. The final detections are shown by green
circles, and their estimated durations are indicated by green lines. The blue curve presents the tremor energy [Husker et al., 2012] calculated with a line of
seismometers installed from Acapulco to Mexico City from 2005 to 2007 during the MASE [Caltech, 2007]. LFEs occurrences detected with the same sensors

are shown by red dots [Frank et al., 2014]. We show here only the LFEs that occur in the transient zone. Frank et al. [2014] distinguish this updip area with
intermittent LFEs from the downdip sweet spot presenting a continuous activity. We cut the recurrence intervals longer than 1072 days in order to select only
the closest events in time, representing a dense activity. The 2006 and 2009-2010 SSEs periods not analyzed in this study are shown by grey rectangles.

of 30 days, allowing for searches of events of similar or shorter durations. We validate the detections for peaks
of correlation that have an amplitude higher than 15% of the maximum correlation so that even very small
events can be detected. As a slip event on a given patch is producing positive detections of lower amplitude
on surrounding patches, we keep only the dates for which more than 30 patches have a positive detection.
This threshold of 30 patches does not have a strong impact on the number of detections. It instead cleans
spurious detections made on a small number of patches.

The resulting detections are clustered (black dots on Figure 10), with several dates closely spaced in time in
each cluster. This clustering is due to multiple detections for a given event, corresponding to different loca-
tions of the templates for this event. To test if the detections in a cluster correspond to a single event, we
estimate the duration of each detected event on the stacked displacement time series. If the estimated dura-
tions of two close events intersect, we consider them as a single event. Final detection times (green circles
on Figure 10) correspond to the mean of all detections in a cluster of events for which estimated durations
intersect. As for synthetics, the location of a detected transient slip corresponds to the patch that presents the
maximum correlation at the detection time. We then estimate the duration and magnitude for the detected
events. Compared to the duration estimation presented for synthetic data, we make an adaptive estimation
in two steps for the real data. The first estimate made on a 30 day sliding window smoothed time series
serves as a guide to calibrate the final model window length which is 3 times longer than the first estimate
of the duration. Figure 11 presents an example of a detection. The weighted stack of GPS time series is show-
ing a clear transient signal that we modeled to estimate both the magnitude and the duration of the event
(Figure 11a). Figures 11b and 11c are showing the individual time series for all GPS stations used in that
detection, respectively, for the north and east components. From these individual time series, it is not triv-
ial to identify a transient event. And from the red lines, showing the static displacement at each station once
the detection and modeling of the event have been performed, we can see that these displacements have
small amplitudes consistent with the data, always below or close to the amplitude of GPS noise level. Note
in Figure 11a that the linear slopes in the stack before and after the transient events are not the same. This
is an artifact due to the large number of holes in the GPS time series, leading to different number of stations
involved in the stack before and after the transient event. The slopes of the stack might be interpreted phys-
ically only in case of complete time series. The same figures are presented for all the detected events in the
supporting information.
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Figure 11. Example of a weighted stack of GPS time series for the Event 8. (a) Stack of the horizontal components of the
GPS time series centered on the detection time. The black dots correspond to the data and the red line to the model
from which we have estimated the duration and the M,, of the events. (b, ) Independent GPS time series for all the
stations used to characterize this event, respectively, for the north and east components. The red lines indicate the static
amplitude of displacement at each station based on the location and magnitude estimated. The horizontal black lines
highlight periods without measurements. This type of figure is shown for all events detected in the supporting
information.

During the MASE observation period, most of the detections seem to coincide in time with high tremor and
LFE activity (Figure 10). While some of the detections are shifted compared to the main tremor and LFE activ-
ity, like event 5, the duration of the detected SSEs (green lines on Figure 10) always includes the tremor and
LFE bursts. Compared to the seven potential SSE dates selected by Frank et al. [2015], based on bursts of LFEs
in the transient zone, and used to retrieve an average slow slip event with stacked GPS time series, we have
independently detected with our analysis, six of the seven events. Only two GPS stations were active at the
time of the first burst of LFEs selected by Frank et al. [2015], preventing any detection with our procedure.
While the average location of the seven events is coincident with the LFE locations in the transient zone [Frank
etal., 2015], our locations for events 1 to 8 are at similar depths but spread over larger distances along strike
(Figure 12). However, the centroid of the eight events detected corresponds to the average location of Frank
et al. [2015]. For the complete study period, we have detected 28 transient events, with durations of 3 to
39 days. The recurrence intervals between those events range between 20 and 180 days with a peak of about
40 days (Figure 13). Outliers with recurrence intervals larger than 100 days might be related to missing detec-
tions at times when the number of active stations is lower than four. The majority of detected event locations
is at the downdip limit of the large SSEs, spread over the length of the large SSEs (Figure 12). Except for two
of them, they are all located in areas of low SSE slip (<0.1 m). The events 21 and 25 occur at the western limit
of the Guerrero gap, at the transition between a low interseismic coupling area (the gap) and a high coupling
area [Rousset et al., 2016b], and are shallower than the other detections. They also occur at the initiation point
of the 2014 SSE (Figure 12), where anomalously large slip amplitudes were reported and also at the edge of
the Papanoa rupture [Radiguet et al., 2016]. Overall, no clear propagation is observed between the events,
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Figure 13. Recurrence intervals between consecutive events detected. Note that we are probably missing events in this
study, due to gaps of recording at some GPS stations, which might explain the largest outlier values.
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and they seem to occur randomly along strike. We note that some slow slip events preceding the 2006, 2009,
and 2014 SSEs are located close to the initiation points of these ruptures. Also, a notable spatial cluster of five
events (events 8,9, 10, 12, and 14), located at the eastern limit of the Guerrero SSEs, occurred around 2008.

4. Discussion

4.1. Discriminating SSEs From Other Phenomena

Using synthetic time series, we have shown that the geodetic matched filter that we developed is able to
accurately detect M,, > 6 events in the Mexico subduction zone. The application to real data in the Guerrero
area detects 28 transient events during the period 2005-2014, in between the large 2006, 2009-2010, and
2014 SSEs. The question about whether or not our method detects transients that do not correspond to slip on
the subduction interface is of primary importance. Indeed, located in an area where precipitation isimportant,
GPS stations are expected to record seasonal oscillations due to ground loading variations, as well as more
local effects such as aquifer extraction and recharge. Contrary to other methods that try to separate all com-
ponents that have similar temporal covariances over the network [e.g., Walwer et al., 2016], the method
developed here aims at extracting only transient slips based on a physical model. As the correlations are
made on both east and north components, the scale and the pattern of the template surface displacements
will discriminate detections of slow slips from possible detections of other physical processes. For exam-
ple, a large-scale common mode motion of the GPS network will produce a similar motion at all stations,
while a slow slip will produce motions in opposite directions on its different sides. False detections are favored
when the number of stations surrounding the event is too low. In our study case of the Mexico subduc-
tion zone, the temporal matching of detected slow slips with tremors and LFE occurrences during the MASE
observation period corroborates the detections, as they have been observed to occur simultaneously in other
subduction zones such as in Cascadia [Rogers and Dragert, 2003] and Japan [Hirose and Obara, 2005].

4.2. Rate-and-State Asperity Model

In the context of the rate-and-state formalism, velocity-weakening asperities, for which slip can become unsta-
ble, can rupture during earthquakes or large SSEs. An initiation of slip evolves into a seismic earthquake
or a SSE, mainly depending on its nucleation size [Liu and Rice, 2007; Rubin, 2008]. A SSE will occur for interme-
diate nucleation sizes for which the slip can slowly propagate but is too small to induce dynamic instabilities.
Numerical models have shown that a velocity-strengthening patch located between two velocity-weakening
asperities may act as a barrier to slip propagation ifits width is large enough or if it is strongly velocity strength-
ening [Kaneko et al., 2010]. Dublanchet et al. [2013] carried out similar simulations but with clusters of circular
velocity-weakening asperities embedded in a velocity-strengthening background. In such a configuration,
the slip can propagate throughout a whole cluster, depending on the density of the asperities, a parameter
equivalent to the distance between asperities in the two-asperities case. Thus, the product d(a—b)o,,, where d
is the density of asperities, (a—b) the frictional parameters, and o, the effective normal stress, defines both the
probability that all asperities break at once and the inter-SSE coupling. In the context of the Mexico subduc-
tion zone, M,, > 7.5 SSEs that occurred in 2006, 2009-2010, and 2014 take place in areas of high interseismic
coupling [Radiguet et al., 2012; Rousset et al., 2016b; Graham et al., 2016]. Of the 28 slow slip events detected
in this study, 26 are all located at the edges of the large SSEs, also coincident with average inter-SSE coupling
values of ~0.5, while the maximum slip amplitude of large SSEs coincides with an interseismic coupling of
~0.7. We can thus think that the occurrence of these newly detected M,, 6 to 7 slow slip events is a way to
progressively destabilize the cluster of asperities by its edges before the initiation of a large SSE on the whole
cluster of asperities. The same kind of process seems to occur before some seismic events, preceded by slow
slips around the main slip area, such as the Iquique or the Illapel sequences in Chile [Ruiz et al., 2014, 2016]. In
other cases, seismic events surround the main aseismic slip [Villegas-Lanza et al., 2015].

4.3. Scaling Laws

Some studies have suggested that different scaling laws govern fast earthquakes and slow earthquakes, fast
and slow referring to the velocity slip front. The moment magnitude of fast earthquakes is generally propor-
tional to the cube of their duration, while the moment magnitude of slow earthquakes has been proposed
to be proportional to their duration [e.g., Ide et al., 2007]. The main weakness of the estimated scaling law for
slow events is that it is constrained by two end-member populations of events with a gap in between. The first
population of events is made of tremors and LFEs that last seconds to minutes, while the second population
is made up of slow slip recorded by geodetic instruments that last days to months. In the Mexico subduction
zone, slow slip events (including those newly detected in this study) cover a large range of magnitudes
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Figure 14. Duration of detected slow slip events as a function of their
moment magnitude. The black crosses represent all the detected events of
this study. The open red circles indicate the duration and moment
magnitude for the 2002, 2006, 2009-2010, and 2014 slow slip events
[Radiguet et al., 2012, 2016]. The solid red circles correspond to the
duration and moment magnitude of the release periods of large slow slip

from M, 63 to M, 7.6 and might
help to constrain the scaling within
slow slip events. In Figure 14, we
compare the distribution in dura-
tion and magnitude of all detected
events to the theoretical scaling laws
of slow and fast earthquakes. While
the error on the duration and mag-
nitudes on the 28 detected events
is difficult to estimate, coming from
various sources, it is limited to about
10 days for durations and 0.4 for the
magnitudes, based on our synthetic
tests (see section 2.4). Thus, these
28 events form a cluster of events in
the duration-magnitude plot and the
slope of the scaling law is constrained
by the slope between this cluster
and the M, >7.5 events. Taking into
account the durations and magni-
tudes estimated from the modeling of
the long-period GPS measurements

e e e s e ey " Rdigue ¢ty 2013 Graham e
between the log of the dura{ion and the Iog’ of thge moment magnitude 2016; Radiguet et al., 2016, empty red
(slow earthquakes scaling law proposed by Ide et al. [2007]). The dots on Figure 14], the scaling seems
dash-dotted line is the best fit for a linear relation between the log of the ~ to be in agreement with a law for
moment magnitude and the log of the cube of the duration (slope of the which the moment magnitude scales
fast earthquakes scaling law). with the duration, as in Ide et al. [2007].

However, if we consider the recent
findings of Frank et al. [2017], based on the short-timescale evolution of the 2006 slow slip, large slow slip
events are made of a succession of loading and release periods, leading to reduced durations and increased
moment magnitudes. For the 2006 event, the release period corresponds to a third of the total duration and
the release displacement at station MEZC is 1.6 times larger than the displacement of the total SSE period.
Not having the same analysis for other large SSEs, we might consider similar scaling factors for durations and
magnitudes for the other, equivalent size slow slips, as shown in Figure 14 (filled red dots). The linear relation
between the events detected in this study (black crosses in Figure 14) and the reestimated durations and
magnitudes of large SSEs (filled red dots in Figure 14) would then be closer to a scaling of classical earth-
quakes, with the moment magnitude proportional to the duration power 1 to 2. Similar powers has been
found in numerical models of slow slips with fractal and nonuniform distributions of slip [Ben-Zion, 2012]. We
also note that the release duration estimated in Frank et al. [2017] is likely to be overestimated, because the
lower threshold in the estimates of release periods is set by the daily sampling rate of GPS. Shorter durations
would lead to scaling even closer to the ones of seismic earthquakes. However, as our detections have been
done with GPS data, it is also possible that the detected events include both release and loading periods,
which would also reduce the estimated durations and increase the estimated magnitude. It is worth noting
that independent observations of low-frequency earthquakes [Bostock et al., 2015] or secondary slip fronts
[Bletery et al., 2017] taken individually exhibit different scaling than the one proposed by Ide et al. [2007]. It is
thus difficult to validate a simple scaling law from the ensemble of slow slip events detected in this study, and
more refined studies with higher GPS sampling rates measurements would probably help better constrain
the scaling of slow earthquakes.

5. Conclusion

We have developed a geodetic matched filter that allows us to search for slow transient slip events on
faults based on a physical model. Correlation functions between template surface displacement time series
and GPS time series are computed, carefully weighted, and summed over both GPS horizontal components
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and all stations in a network, to enhance the signal-to-noise ratio and detect small events below the noise
level. A statistical analysis of synthetic tests, in the context of the Mexico subduction zone, allows us to discuss
the accuracy of the method in characterizing the timing, location, duration, and magnitude of slow events.
We show that for M,, > 6 events, these parameters can be well estimated, although the resolution will depend
both on the quality of the time series and the density of the network around a potential slip event. The applica-
tion to real time series in the area of the Guerrero gap, for the period from 2005 to 2014, allows us to identify 28
SSEs of M,, between 6.3 and 7.2, mainly located downdip of the 2006, 2009-2010, and 2014 large events slip
areas, with some small SSEs close to the initiation area of large SSEs. This study thus sheds light on the dynam-
ics of slip on tectonic plates interfaces and on potential interactions between slip events at various scales.
With growing networks of GPS around the world, our new approach takes advantage of the redundancy of
information over a network and can be applied to longer time periods and in various tectonic contexts.
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