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Abstract We develop a single‐station tremor spectrum template detection method that we applied to
continuous seismic data recorded by the Mexican National Seismological Service broadband stations.
This allows for an unprecedented long‐term analysis of tectonic tremor in Mexico over multiple slow slip
events (SSEs). We only detect tremor that are within previously discovered tremor regions, thereby
extending the catalog in time but not space. The resulting catalog demonstrates the strong correlation of
bursts of tremor activity and aseismic slip over multiple slow slip cycles. The M ~ 7 long‐term SSEs in the
states of Guerrero and Oaxaca are associated with the longest sequences of tremor bursts. Each of these
tremor bursts are made up of a series of smaller bursts. In between the large M7 SSEs, there are
shorter‐duration, isolated tremor bursts. In Guerrero, these shorter bursts were found to accompany
M ~ 6 short‐term SSEs. The occurrence of these short‐duration tremor bursts in Oaxaca demonstrates that
small short‐term SSEs occur in both major slow slip regions in Mexico. The discrete range of tremor burst
sizes and rates suggests that slow slip events in the Mexican subduction zone are organized into
characteristic moment and moment rates. The catalog also reveals other aseismic transients, such as
postseismic slip in Oaxaca after the 16 February 2018 Mw 7.2 Pinotepa Nacional earthquake. We highlight
that such long‐term catalogs are a useful tool together with geodetic observations to monitor slow slip
activity that potentially plays a role in the subduction megathrust cycle.

1. Introduction

Tectonic tremor (e.g., Obara, 2002) and their constituent low‐frequency earthquakes (LFEs; e.g., Shelly et al.,
2007) are important geophysical proxies to track and better understand slow slip events (SSEs: e.g., Frank,
Shapiro, Husker, Kostoglodov, & Campillo, 2016; Frank et al., 2018). These aseismic ruptures occur downdip
of the seismogenic zone (e.g., Dragert et al., 2001) and are capable of releasing as much strain along plate
boundaries as M > 7 earthquakes. Understanding the dynamics of slow slip is essential if we are to better
estimate its potential impact on the adjacent seismic cycle (e.g., Obara & Kato, 2016; Radiguet et al., 2016).

The Mexican subduction zone hosts a number of slow slip cycles that have produced some of the largest
reported SSEs in the world. In the Guerrero Gap, which is located on the subduction interface beneath
theMexican state of Guerrero, a 6‐month‐longMw 7.5 SSE occurs about every 4 years (e.g., Kostoglodov et al.,
2010). In between these major events, there are shorter and smaller Mw ~ 6 SSEs in Guerrero every few
months (Frank et al., 2015). Directly east of Guerrero in the Oaxaca region, Mw ~ 6.75 SSEs happen about
every 1.5 years (e.g., Graham et al., 2016). Recent work has leveraged the accompanying intense tremor
and LFE activity to unravel the spatiotemporal evolution of slow slip (Brudzinski et al., 2010; Frank et al.,
2014; Husker et al., 2012).

Tectonic tremor in the Mexican subduction zone has most often been observed using temporary seismic
networks (Figure 1) due to denser station spacing compared to permanent networks (Brudzinski et al.,
2016; Frank et al., 2013; Husker et al., 2012; Maury et al., 2018; Payero et al., 2008). They are however unable
to capture a full cycle of the largest Mexican SSEs: none of the individual temporary networks have
continuously recorded a full 4‐year SSE cycle, let alone multiple cycles. The Mexican National
Seismological Service (SSN = Servicio Sismológico Nacional) has maintained a network for more than
100 years, but only more recently has the continuous broadband data been archived (Pérez‐Campos et al.,
2018). Figure 1 shows the starting date from when those data were available. Those stations in dark blue
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were installed before 2002, but continuous data were not archived before then. The SSN network is much
sparser than the temporary networks, but single station detection of tremor can generate multiyear catalogs
to compliment the shorter, but higher‐resolution, temporary catalogs (e.g., Brudzinski & Allen, 2007).

Multiple studies have shown that tremor is typically observed just above the background noise level (e.g.,
Beroza & Ide, 2011; Husker et al., 2010), making it challenging to automatically detect tremor. Previous
detection methods have focused on leveraging information over a network in the time domain to identify
tremor. Wech and Creager (2008) devised a network‐based approach that employed a grid search over space
to migrate continuous seismograms that were cross correlated in time to locate tremor with high correla-
tions. Any locations with errors higher than 5 km were rejected as false detections. Husker et al. (2010)
employed a 1‐ to 2‐Hz notch filter and a median filter to eliminate local earthquakes and then summed
all network stations within a short distance to identify tremor. Brudzinski and Allen (2007) developed a
single‐station detection method by analyzing seismic envelope amplitudes. They were however limited to
the nighttime hours, because anthropogenic noise dominated the tremor bandwidth during the day.

Instead of analyzing tremor waveforms in the time domain, Walter et al. (2011) developed a detection
method based in the frequency domain. Events were identified within sliding time windows when spectral
amplitudes between 2 and 7 Hz rose above an empirical cutoff. However, single‐station detection was not
possible as they needed to stack the spectra over the entire network. Moreover, in order to eliminate local
earthquakes with higher‐frequency content than tremor, they had to remove detections that coincided with
high energy at high frequencies.

Observations of tectonic tremor are consistently made in the 1‐ to 10‐Hz frequency range, regardless of
amplitude or source region (e.g., Beroza & Ide, 2011). This differs from earthquakes whose frequency con-
tent is strongly dependent on magnitude. We use this consistent spectral signature to develop a spectral
detector that identifies tremor in the frequency domain. We searched for tremor in and around the general
region where previous observations have been made in Mexico (Figure 1). Our method avoids the primary
challenge that previous studies have encountered: avoiding false detections. The velocity spectra of local
earthquakes (purple line in Figure 2) that are well above that of the tremor level (blue line in Figure 2)
are eliminated because they are too high amplitude. However, smaller earthquakes (yellow line in

Figure 1. Map of broadband seismic station continuous data availability in Mexico since 2000. The black dots represent
temporary seismic stations. The colored triangles are permanent Mexican National Seismological Service stations,
although many have only been installed in the last few years. The highlighted stations represent the stations with tremor
catalogs that we present here. Those in gray are far from the tectonic tremor region and were not used in this study.
Those within the tremor region and on the coast are color coded by the year they were installed, as shown by the color bar.
The open circles indicate the locations of GPS stations used in this study, which are all colocated with Mexican
National Seismological Service stations or a previous temporary seismic station. The depth contours show the depth to the
top of the subducted slab (Ferrari et al., 2012). The pink‐shaded regions are where tremor has been found in previous
studies (e.g., Brudzinski et al., 2010, 2016; Husker et al., 2012), although Maury et al. (2018) suggest that tremor is
continuous across the entire zone. The red outlines represent the slow slip event regions (Graham et al., 2016). The name
off the coast of each tremor region is the name of the state where that tremor is located. The purple star is the
epicenter of the Pinotepa Nacional earthquake. The purple line is the fault line of the Tehuantepec earthquake.
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Figure 2) may be at the same level of the tremor. These events are elimi-
nated by using a smoothing median filter. Signal stacking in time or over
a network was not necessary with this method, and we did not need to
limit our detection period to nighttime records. Here we present the meth-
odology and an analysis of the new catalogs.

2. Methodology

We developed a spectral detection method to detect tectonic tremor
within continuous seismic records. We created a tremor spectral template
for each station by averaging the spectrum from at least five different
visually identified tremors at each station. In order to generate a charac-
teristic template for one station, tremors were randomly chosen over the
entire recorded history at a station and no effort was made to use the same
tremor between different stations. Each station was considered individu-
ally. The duration of the visually identified tremors varied, but they all
lasted between 30 min and 2 hr for the catalogs presented in this study.
This was because the only criteria for visually identifying the tremor
was their spectrogram, and longer duration signals are more easily identi-
fiable as tremor. No effort was made to locate any of the individual tre-
mors. The averaging of many tremors was done in order to have an
“average” template that represented a wide range of tremor sources

detectable by the station. The template was compared with a running spectrum of the continuous data that
was determined with a 60‐s Fourier transform marched with 10% overlap between steps (54‐s steps). Our
average tremor template was generated in the same way to ensure the best match between tremor and the
template during the detection process. We only used the horizontal components (average of the results of
each individual component) as they always dominate the signal during tremor, due to the shearing mechan-
ism responsible for tremor and their constituent LFEs (Cruz‐Atienza et al., 2015; Frank et al., 2013). More
often than not, it is difficult to observe tremor above the noise on the vertical component. This implies that
the tremor we detect is within ~40 km of the station, which is the depth of the plate interface where they are
located. We limited the spectral bandwidth of comparison to 2–10 Hz, because it has the greatest signal‐to‐
noise ratio (SNR) in the SSN stations (Figure 2). The spectrums were smoothed with a 0.15‐Hz‐width run-
ning average to remove narrow‐band spikes. The difference between the running spectrum and the template
is normalized by the template to give a relative difference with respect to the template (equation (1)).

Ej ¼
∑i Ti−Sij

� �� ��� ��

∑i Tið Þ ×100; (1)

where E is the difference percentage between the template, T, the spectrum, S, for frequency index i and time
index j. This detection criteria allowed for eliminating earthquakes that were very different from the tem-
plate (purple line Figure 2) and noise (red line Figure 2), but smaller local earthquakes still are relatively
similar (yellow line Figure 2). These were eliminated by running a third‐order median filter over Ej. Since
the steps are 54 s long, as mentioned above, and the filter uses the median from the previous, current, and
next step, earthquakes less than the step length are eliminated. This is effectively removes small earthquakes
with similar amplitudes to tremor, because their durations are less than a minute. Finally, because the tre-
mor signals can vary and be noisy themselves, a 12‐min smoothing filter was applied as a last step to avoid
“spiky” noise during a tremor episode. This last step also allowed for capturing any possible different tremor
sources in the region and not just sources within the average template.

Figure 3 shows an example of tremor detection for one 24‐hr period. The selection of the tremor in this spec-
trogram for averaging in the template would be the period from 20:30 to 21:30. The tremor extends slightly
beyond this time period, but we select a window that contains the obvious tremor signal without any noise
contamination. The low relative differences between the template and the spectrum is observed to coincide
with the tremor seen on the spectrogram. The relative difference cutoff to detect tremor was set empirically
to 67% using a visually determined catalog at ARIG, the SSN station closest to the Guerrero slow slip region

Figure 2. The velocity amplitude of a tremor spectral template at ARIG
(blue) compared to a time window of background noise (red) and two
earthquakes (purple and yellow). The purple line comes from a local earth-
quake seen on Figure 3 just before 14 hr. The yellow is an earthquake at
10.74 hr the same day with an amplitude similar to that of the tremor.
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(Figure 4). We decided on this cutoff to reproduce as closely as possible the false detection rate of the visually
determined catalog. We also tested cutoffs between 40% and 90% and found that the background rate does
vary with the different thresholds. However, the relative rates between the different tremor burst types
(discussed below) did not change with the threshold. We define the detected tremor as the time period
below the chosen relative difference threshold. For example, the tremor shown in Figure 3 lasts from
~20:30 to ~21:40, making it just over 1 hr long. The detections with this method are well correlated with
the visually identified tremor bursts (multiple detections of tremor over several days). The biggest
difference was during the 2009 SSE: the automatic method detected more hours of tremor per day than
the visual detection. We are confident in the results of our method, because it is well correlated with the
GPS data (Figure 5). We speculate that the intense tremor activity during the 2009 SSE was difficult to
visually capture in its entirety.

Figure 3. An example of tremor detection during 1 day. The top panel shows the spectrogram, while the bottom panel
shows raw time series. (top) The white line indicates the difference percentage, E (equation (1)), between the template
and the continuous seismic data. A detection is declared when the difference drops below 67%.

Figure 4. Automatic detection of tremor in the Guerrero region with the ARIG station (black circles) is compared to visual
detection of tremors with many stations (purple circles). The visual detection was done with spectrograms from the per-
manent stations ARIG and MEIG and the temporary GGAP seismic array which included up to three more broadband
seismometers. The visual catalog is vertically shifted (the y intercept is set to 200 instead of 0) so that it aligns with the
automatically detected catalog. The khaki‐colored regions show geodetically identified (GPS) SSEs. Note that there are two
gaps in the data during the 2014 SSE. There are no other gaps in the data. SSE = slow slip event.
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Aside from ARIG, we also looked for tremor at the other permanent stations within the tremor zones and
near the coast in Figure 1 (nongray inverted triangles). We were unable to find convincing tremor signals
on any of the coastal stations, and no previous studies have found tremor near them either (Figure 1).
CJIG was close to the tremor there; however, the data are only available after the temporary network was
uninstalled and any catalog developed at CJIG cannot be verified with one generated by the temporary net-
work. Developing a catalog at CJIG is a subject of future work. TLIG is so noisy that it has been discarded
from previous tremor studies with the temporary network (González Molina, 2015). We were unable to
visually detect tremor at OXIG to use as a template. This may be due to noise since it is in the middle of
Oaxaca City, or it may be due to tremor sources actually being further from the station. Brudzinski et al.
(2010) did not use OXIG in their study either. MEIG, although ideally situated to observe Guerrero tremor,
has gone through various equipment changes over a number of years, and the data quality is unfortunately
inconsistent. MEIG is also located near a mine which makes the data quite noisy (Frank, Shapiro, Husker,
Kostoglodov, Gusev, et al., 2016). There were however times when it corroborated tremor detections at
ARIG, but to keep the analysis simple we only used ARIG to detect tremor in Guerrero. The station PLIG, just
to the north of the Guerrero tremor zone (Figure 1), detected tremor intermittently. Again, it went through
equipment changes and the only time we were confident in its detections was when they corresponded with
ARIG. We continue to work with the PLIG data and may be able to develop a catalog for later publication.
The automatic method detected tremor at FTIG and HLIG at times, but also seemed to detect noise as they
were located outside of the tremor region (Figure 1). We were not confident in the outputs of the method
from these stations, so we do not analyze or report them here. In Oaxaca, tremor detection with our spectral
template method at stations TXIG and YOIG worked well. We present their individual catalogs below.

3. Results
3.1. ARIG—Guerrero Tremor Zone

The ARIG station is the lowest noise SSN station within the Guerrero SSE region (Figure 1). To compare the
ARIG tremor catalog with the GPS position time series, we detrend both data sets by their inter‐SSE trends.

Figure 5. Automatic detection of Guerrero tremor from ARIG station. Cumulative tremor activity is detrended (black
circles) and compared with the detrended N component of the GPS daily position time series at ARIG (blue circles) and
CAIG (green circles). The removed trend for both the tremor catalogs and the GPS time series is estimated during the
inter‐SSE period. See Figure 1 for the locations of these stations. Note that the right axis is reversed (southward
deformation is up) in order to align the GPS signal with the tremor. The khaki‐colored regions show geodetically identified
SSEs. The red lines represent the running average of each GPS time series. SSE = slow slip event.
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We estimate the inter‐SSE trend during 2013, because it was prior to the 2014 SSE and data were available on
all three sensors. The inter‐SSE tremor rate varies depending upon the cutoff as discussed above, but it is
near 1 hr/day. The average rate of tremor during the large SSEs in Guerrero also varies with the cutoff,
but maintains a rate ~5.2 times the inter‐SSE rate (Figure 5, Table 1). Figure 5 shows that the detrended
tremor activity correlates well with the detrended GPS signal. This is expected because tremor bursts are
usually concurrent with SSEs, both large and small (Frank et al., 2015; Husker et al., 2012). The small
SSEs associated with the frequent tremor bursts (every 60–90 days) are not directly apparent in the GPS
signal, but recent work has shown that the stacking of the GPS time series during tremor bursts makes
the geodetic signature of these small SSEs emerge (Frank et al., 2015). The small tremor bursts maintain
rates of ~11.1 times the inter‐SSE background rate (Figure 5, Table 1).

3.2. YOIG and TXIG—Oaxaca Tremor Zone

YOIG and TXIG were the only low noise stations within the Oaxaca slow slip region that produced reliable
catalogs. The closest GPS station at PNIG was actually quite far (~ 80 km to YOIG and ~ 100 km to TXIG;
Figure 1), but the GPS signal still mirrored the tremor catalog quite closely (Figure 6). In fact, unlike

Table 1
Average Characteristics of Tremor Bursts in Guerrero and Oaxaca

Inter‐SSE tremor Co‐SSE tremor

Region
Burst rate

(X long‐term rate)
Burst duration

(days)
Burst interval

(days)
Average rate (X long‐term

inter‐SSE rate)
Burst rate (X long‐term

inter‐SSE rate)
Burst duration

(days)
Burst interval

(days)

Guerrero 11.1 ± 2.6 5–7 60–90 5.2 ± 1.0 12.6 ± 2.3 1–2 4–5
Oaxaca 17.7 ± 3.0 2–4 35–85 2.6 ± 0.3 16.2 ± 1.2 1–3 7–12

Figure 6. Automatic detection of tremor in Oaxaca from YOIG (black circles) and TXIG (pink circles) is detrended and
compared with the detrended N component of the GPS daily record at PNIG (blue circles) and TNNX (green circles).
Figure 1 shows the locations of those stations. Note that the right axis is reversed (southward deformation up) in order to
align the GPS time series with the tremor. The red lines represent the running average of each GPS time series. The khaki‐
colored regions show geodetically identified slow slip events. Note that the gaps in the continuous seismic data at TXIG
appear as reduced amounts of tremor after the data gaps. YOIG had no data gaps and should be used if there is doubt
regarding gaps in TXIG data. The inset shows the GPS signal before removing the large postseismic signal of the 2012
Ometepec‐Pinotepa Nacional earthquake with an exponentially decaying function.
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ARIG, many of the smaller bursts here coincided with displacements in
the GPS, particularly between the 2015–2016 SSE and the 2017–2018
SSE. The co‐SSE rate is much larger than the inter‐SSE rate similar to
what we observed in Guerrero at ARIG (Table 1). The tremor rate between
Oaxaca SSEs varied with the cutoff but was about 0.5 hr/day, similar to the
Guerrero inter‐SSE tremor rate. The larger tremor rate during Oaxaca
SSEs was ~2.6 times the inter‐SSE tremor rate.

Figure 7 shows the detected tremor activity during the 2014 Guerrero and
2015 Oaxaca SSEs. The intense tremor activity during slow slip is actually
organized into a series of smaller bursts, similar to reports of clustered
LFE and slow slip activity (Frank, Shapiro, Husker, Kostoglodov, &
Campillo, 2016; Frank et al., 2018). This was also the case during the other
large SSEs in both regions as well. The small bursts in Guerrero during
slow slip were ~12.6 times the background inter‐SSE rate (Figure 7).
However, in Oaxaca the tremor rate in bursts (~16.2 times long‐term
inter‐SSE rate) during the large SSEs were smaller on average than those
between SSEs (~17.7 times long‐term inter‐SSE rate). Another difference
between Guerrero and Oaxaca is that there is no clear sign of tapering
from the SSE tremor rate to the inter‐SSE rate in Oaxaca. This observation
potentially suggests that the Oaxaca SSEs migrate over shorter distances
than those in Guerrero.

The large tremor bursts associated with the large SSEs (which is actually
made up of many smaller bursts) had a total duration of a few months
in both regions. The smaller bursts in both regions had durations of sev-
eral days, irrespective of whether they were inside or outside of the large
SSE (Table 1). Focusing on a single burst, it is clear that there are even
smaller bursts on the time scale of several hours. However, they were dif-

ficult to analyze in further detail, because our algorithm detects tremor on the time scale of tens of minutes,
the same duration as the smallest scale bursts we observe. Observations of the clustering of LFE bursts down
to timescales shorter than 20 min (Frank, Shapiro, Husker, Kostoglodov, & Campillo, 2016; Lengliné et al.,
2017) corroborates our qualitative observation of tremor clustering on such timescales.

4. Discussion

The most common methods to identify tectonic tremor operate in the time domain, either detecting tremor
through high SNR ratios over prolonged durations (Brudzinski & Allen, 2007; Nadeau & Dolenc, 2005) or by
long‐wavelength correlations of seismic envelopes (Ide, 2012; Obara, 2002; Wech & Creager, 2008). The
detection method we present here operates instead in the frequency domain to take advantage of the char-
acteristic spectral signature of tectonic tremor. A previously publishedmethod that operates in the frequency
domain also searched for prolonged high SNR ratios over a network (Walter et al., 2011). By using spectral
template comparison and a median filter, our method only requires one seismic station to make detections.
This allows us to build tremor catalogs over time periods longer than the many temporary seismic deploy-
ments that drove previous work on tremor and LFEs in Mexico. The simplicity of our approach suggests that
this method can be easily integrated into real‐time analysis of continuous seismic data to provide rapid infor-
mation on the status of imminent and ongoing SSEs.

Other authors have demonstrated that tremor and LFE activity is a precise indicator of slow fault slip from
SSEs (e.g., Frank et al., 2015, 2018; Frank, Shapiro, Husker, Kostoglodov, & Campillo, 2016; Hawthorne &
Rubin, 2013; Villafuerte & Cruz‐Atienza, 2017). Here we observe this same relationship for tremor activity
in Mexico during large SSEs, as summarized in Table 1. The SSEs in Guerrero were larger and produced fas-
ter tremor rates at ARIG than the large Oaxaca SSEs monitored by YOIG/TXIG. However, the smaller bursts
within both regions had very similar tremor rates and similar recurrence intervals (Table 1). Previous work
has shown that the smaller bursts in Guerrero are associated with small SSEs (Frank et al., 2015). We there-
fore suggest that the small tremor bursts in Oaxaca represent small SSEs that occur every ~50 days in

Figure 7. The cumulative tremor during the 2014 Guerrero SSE (top) and
the 2015 Oaxaca SSE (bottom) are shown here detrended to be able to see
the details. SSE = slow slip event.
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between the major SSEs. This implies that while Guerrero and Oaxaca have different characteristic
recurrence times of SSEs, they both are organized into two main slow slip cycles: one long and one short.
This method has no way of locating the tremors; therefore, the locations of the characteristic SSEs and their
associated tremors must be assumed to be similar to previous studies.

We observe that the tremor rates and durations organize into discrete intervals forming tremor bursts during
the inter‐SSE period and a closely spaced series of tremor bursts during large‐scale SSEs (Table 1). For
example, in Guerrero continuous background tremor occurs on the order of ~1 hr/day (Figure 4) but is made
up of week‐long bursts with rates ~11 times the background rate every 60–90 days. During large SSEs, the
tremor rate increases from ~1 hr/day to ~5 times that because the interval between bursts reduces
significantly and the rate increases somewhat (Table 1). The bursts have very similar rates regardless of
whether they occur during or in between major SSEs. This suggests that the dynamics of small short‐term
SSEs driving the tremor activity are the same, regardless of whether they occur individually or as part of a
cascade of slow slip. This corroborates a recent study by Frank et al. (2018), which demonstrates that the
large SSEs are made up of many small SSEs, just as a large tremor burst is a collection of many small bursts.
Because the smaller tremor bursts/SSEs are similar both in rate and duration in both Guerrero and Oaxaca,
we suggest that the smaller tremor bursts reflect a characteristic slow slip moment. This implies that the
tremor rate is proportional to the rate of moment release and that the only way to achieve the higher tremor
rates and moment release observed during large SSEs is to reduce the interevent times, or recurrence
intervals, of the small SSEs driving tremor activity. An example of this is the 1‐month period (June 2014,
see top panel of Figure 7) during the 2014 Guerrero SSE when six small bursts occurred, or the 1‐month
period (November 2016, see bottom panel of Figure 7) during the 2015 Oaxaca SSE when two small bursts
occurred. The small tremor bursts in Oaxaca are much higher relative to the background rate than those
in Guerrero, but the total relative SSE burst rate in Guerrero (~5 times inter‐SSE rate) is double that of
Oaxaca (~2.6 times inter‐SSE rate) due to the shorter time between the small bursts (Figure 7). This
observation is both consistent with greater long‐term moment release by slow slip in Guerrero than
Oaxaca (Graham et al., 2016), and with reports of increased time clustering of slow earthquakes during large
SSEs (Frank et al., 2018; Frank, Shapiro, Husker, Kostoglodov, & Campillo, 2016).

These tremor bursts are found to be made up of smaller individual tremor units that we have detected on the
order of 20 min to a few hours. This corroborates physical models of tremor bursts within bursts (Daub et al.,
2011) and suggests that this cascades down to LFEs (Frank, Shapiro, Husker, Kostoglodov, & Campillo,
2016; Lengliné et al., 2017). At each level the tremor organizes into specific discrete moment rates, which
we identify here as a burst with a distinct tremor rate and duration, but there is no intermediate moment
rate. We observe that long‐term rates of tremor (~1 hr/day over several years) are composed of disparate tre-
mor bursts (~10 hr/day over several days), which are themselves made up of individual tremors that last and
recur on a timescale of minutes; we do not observe any intermediate rates or durations of tremor bursts. This
is strong evidence of a mechanical or structural control on the moment rate of slow slip.

One of the useful aspects of these catalogs is that they help to distinguish when large slow slip is occurring.
The geodetic signature of slow slip is emergent, and many months of GPS data must be seen in order to
identify the start or stop of an SSE. Scientists at the Geophysics Institute, UNAM were monitoring the
GPS time series in real time in anticipation of the 2018 Guerrero SSE but were unsure whether any deviation
in the GPS signal in 2017 was an artifact or if the SSE had come early. The ARIG tremor catalog confirmed
that the large SSE had indeed started earlier than expected. This SSE was very different than the previous
SSEs. It appeared to have ended in August 2017 and caused a small surface displacement over a short dura-
tion relative to other large Guerrero SSEs. Continuing tremor observations suggest that there is more recent
deformation, but precise GPS positions are not yet available to confirm. This example demonstrates that con-
tinuous catalogs are not only a useful tool for long‐term research but are also essential for real‐
time monitoring.

Another analysis that is possible with the combination of the tremor catalog and the GPS observations is to
observe SSE triggering. As mentioned above, it is difficult to identify the exact day an SSE starts from the
emergent and scattered GPS records, but the tremor stops and starts with relatively clear phases seen in
the cumulative records. This allows for the detailed mapping of when SSEs occur with respect to possible
triggering events, such as a major regional or teleseismic earthquakes. Prolonged surface displacement at
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both Oaxaca GPS stations and associated tremor on both Oaxaca seismic stations started 11 hr after the 8
September 2017Mw 8.2 Tehuantepec earthquake (Figure 6). This may indicate that the earthquake triggered
a large Oaxaca SSE, similar to observations of delayed triggering of slow slip on the San Andreas (Shelly
et al., 2011). However, there was a moderate‐sized SSE that appeared to end a month before and was only
detected on the TNNX GPS station (Figure 6). We suggest that this was a separate event and that the Mw

8.2 earthquake triggered the large SSE, but this requires further study beyond the scope of this paper.
Regardless of when the large SSE began, it continued until the 16 February 2018 Mw 7.2 Pinotepa
Nacional earthquake. A tremor episode greater than any of the previous episodes detected and large defor-
mation downdip at the TNNX GPS station coincided with the Pinotepa Nacional earthquake (Figure 6). A
similar sequence occurred with the 2012 Mw 7.5 Ometepec earthquake, which was only 45 km from epicen-
ter of this Pinotepa Nacional earthquake. It too was preceded by a large SSE; and after the earthquake
occurred, there was large postseismic deformation downdip within the SSE region (Graham et al., 2014).
Our observations suggest that the same sequence of an SSE, followed by a M7+ earthquake and large post-
seismic deformation downdip in the SSE region occurred in 2018, with the only difference being that per-
haps the large SSE was triggered by the 2017 Tehuantepec Mw 8.2 earthquake. These observations for the
most part are coincidental, using only the initiation times of the SSEs combined with the catalogs and com-
paring them with large earthquakes. The relationship between the 2017 Oaxaca SSE and the 2017
Tehuantepec earthquake in particular needs more analysis. However, it is clear that the Pinotepa
Nacional earthquake occurred during a large SSE. This means that all three Mw > 7 thrust earthquakes
on the subduction zone interface in Mexico, which have occurred since geodetic networks have been able
to record slow slip, have occurred during an SSE (Graham et al., 2014; Radiguet et al., 2016). Although this
is a small data set, it merits continued observation, which this method provides.

None of the dates of initiation or termination of tremor/SSE in Guerrero (ARIG) coincides with any of the
recent large Mexican earthquakes. The 2014Mw 7.3 Papanoa, Guerrero earthquake occurred during the first
data gap in 2014, so our catalog provides no new information about the relation between it and tremor. Our
catalog observed a week‐long tremor burst starting about 30 min after the 2010 Maule, Chile earthquake
coinciding with previous evidence of triggered tremor in Mexico by that earthquake (Zigone et al., 2012).

5. Conclusions

We present catalogs of tremor from permanent stations within the Mexican National Seismological Service
(SSN). The catalogs were generated using single‐station detection by means of spectral template matching.
The catalogs correlate well with geodetically observed SSEs. These continuous catalogs allow for the analysis
of many cycles of large SSEs in Mexico, which was previously not possible with previous tremor detection
techniques that required interstation spacing smaller than that of the permanent network. The analysis
found discrete intervals of tremor rate/duration in Guerrero and Oaxaca, suggesting characteristic moment
release rates of slow slip. We also report the first evidence of short‐term SSEs in Oaxaca, just as is observed in
Guerrero. We provide further evidence that bursts of tremor are made up of a scale‐invariant cluster of slow
earthquakes (e.g., Frank et al., 2018; Frank, Shapiro, Husker, Kostoglodov, & Campillo, 2016). Finally, this
technique can be extended to other regions with a sparse permanent network (50+‐km station spacing) to
improve real‐time monitoring of slow aseismic slip.
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