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Abstract Nonvolcanic tremor is an important component of the slow slip processes which load faults
from below, but accurately locating tremor has proven difficult because tremor rarely contains clear P or
S wave arrivals. Here we report the observation of coherence in the shear and compressional waves of
tremor at widely separated stations which allows us to detect and accurately locate tremor events. An event
detector using data from two stations sees the onset of tremor activity in the Cascadia tremor episodes
of February 2003, July 2004, and September 2005 and confirms the previously reported south to north
migration of the tremor. Event detectors using data from three and four stations give S and P arrival times
of high accuracy. The hypocenters of the tremor events fall at depths of ∼30 to ∼40 km and define a narrow
plane dipping at a shallow angle to the northeast, consistent with the subducting plate interface. The S
wave polarizations and P wave first motions define a source mechanism in agreement with the northeast
convergence seen in geodetic observations of slow slip. Tens of thousands of locations determined by
constraining the events to the plate interface show tremor sources highly clustered in space with a strongly
similar pattern of sources in the three episodes examined. The deeper sources generate tremor in minor
episodes as well. The extent to which the narrow bands of tremor sources overlap between the three major
episodes suggests relative epicentral location errors as small as 1–2 km.

1. Introduction

Nonvolcanic tremor was first reported in southwest Japan by Obara [2002] and then in the Cascadia sub-
duction zone [Rogers and Dragert, 2003]. In Cascadia the major episodes of tremor are closely associated
with semiperiodic slow slip events in the subduction zone observed by GPS geodetic instruments. There the
phenomenon is referred to as episodic tremor and slip (ETS) by Rogers and Dragert [2003]. The association
between slow slip and tremor in Japan was then reported by Obara et al. [2004]. In Japan the tremor is asso-
ciated with low-frequency earthquakes and some tremor there has been explained as the superposition of
signals from a swarm of low-frequency earthquakes [Shelly et al., 2007].

Methods for locating tremor traditionally fall into one of three categories. The first of these correlates
envelopes of seismograms from contemporaneous time windows at multiple stations. Typically, the win-
dow durations are measured in minutes. Obara [2002] cross correlates the envelopes of minute-long vertical
component waveforms in Japan to determine relative arrival times at pairs of stations. The tremor signal was
found to propagate at the S wave velocity. The precision of the arrival times is 1 s, so the depth of the tremor
is poorly constrained. Wech and Creager [2008] similarly cross correlate the envelopes of vertical-component
seismograms from Cascadia and locate the tremor using an S wave velocity model. They estimate epicen-
tral errors to be in the 5–10 km range, small enough to clearly image the migration of tremor episodes, at a
rate of roughly 10 km/d, to both the north and the south over a period of weeks. Kao and Shan [2004] use a
somewhat different technique that nonetheless shares the property of comparing multiple stations during
the same time windows. They locate tremor in Cascadia by a method that models both the amplitude and
travel time with a systematic search in space and time for the tremor hypocenter called the Source-Scanning
Algorithm (SSA). The SSA results of Kao et al. [2006] indicate that tremor migrated from Puget Sound north-
ward under Vancouver Island (Figure 1) in the major 2003 and 2004 ETS episodes and that tremor occurred
over a wide depth range.

The second location method is based on the premise that tremor sources that are nearby in space but
separated in time produce repeating waveforms. Cross correlation is used to search for these repeating
waveforms on each of a set of multiple stations. Window durations are typically 4–6 s, and relative arrival
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Figure 1. Southern Vancouver Island, Puget Sound, and northern
Washington state with seismic stations (red triangles) used in this
study. Stations with four-letter codes are the POLARIS deployment;
three-letter codes are permanent stations. Depth contours of the
interface between the Juan de Fuca and North American plates are
shown [from McCrory et al., 2006].

times are obtained for both P and S
waves, on the vertical and horizontal
components, respectively. Shelly et al.
[2006, 2007] first applied this technique
to low-frequency earthquakes (LFEs)
previously identified by the Japan Mete-
orological Agency to occur within tremor.
They correlated the LFEs to each other and
to more “standard” earthquakes within the
downgoing plate and found the LFEs to
emanate from a narrow plane that they
interpreted as the subduction interface.
They then used these LFEs as templates
to detect numerous additional seismic
sources embedded within the tremor; this
led to the notion that tremor consists of
a superposition of myriad LFEs [Shelly et
al., 2007]. Finally, Brown et al. [2008, 2009]
developed an autocorrelation technique
extending this method to cases where no
LFEs were previously identified. In subduc-
tion zones in Japan, Cascadia, and Costa
Rica they found that the sources they iden-
tified were localized to within about 5 km
of what was interpreted as the subduction
interface. Bostock et al. [2012] and Royer
and Bostock [2013] use autocorrelation to
generate stacked template seismograms
of LFEs below southern Vancouver Island
and Washington state and find the LFEs to
be located near the plate interface.

The third method makes use of the coherence across small-aperture arrays. For example, La Rocca et al.
[2005, 2008] and Ghosh et al. [2010] use coherence over arrays with a footprint of about 0.5 km to resolve the
slowness and back azimuth of tremor signals in Cascadia. To this, La Rocca et al. [2009, 2010] add cross cor-
relation of vertical and horizontal components to constrain S-P times and find that tremor emanates from a
fairly narrow depth interval that they take to be the plate interface. Ghosh et al. [2010] locate the tremor by
assuming it is occurring at the plate interface.

The method we describe here uses elements of all these approaches. Like the first it compares seismograms
from multiple stations for a given time window of duration minutes, but like the second it obtains accurate
relative S wave (and sometimes P wave) arrival times by cross-correlating waveforms rather than envelopes.
It is perhaps most similar to the third in that it searches waveforms for a coherent signal on an array of sta-
tions, but with wider aperture. Given comparable coherence, and an array aperture that is small compared
to the source-station distance, the accuracy with which epicentral locations can be determined increases
roughly linearly with array aperture. If accurate relative arrival times of tremor at pairs of distant seismic sta-
tions could be determined, tremor could be located as accurately and by the same methods as earthquakes.
However, prior to the development of the methods described here, coherence in the seismograms of tremor
at station spacings of many wavelengths has not been reported. In this paper we demonstrate the exis-
tence of coherence between stations separated by 10–20 km in the northern Cascadia subduction zone and
obtain accurate relative arrival times by cross correlation. We do not estimate formal location uncertainties
because these estimates are very often subject to assumptions whose appropriateness is difficult to assess.
Instead, we obtain a qualitative measure of the location accuracy from the fine-scale spatial distribution of
the tremor sources, and the degree to which these sources in different slow slip events overlap.
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2. Two-Station Coherence Detector

We detect tremor events by first searching for coherent shear waves at a pair of stations. With an assump-
tion that the strongest signals from tremor propagate as shear waves, we search the horizontal component
seismograms for the polarization angles and time lag which give the greatest cross-correlation value. Win-
dows of 150 s are used. Because a rotation of 180◦ just changes the sign of the seismogram, we search one
station over 180◦ and the second over 360◦. We search over time offsets of ±7 s (280 samples, at 40 sam-
ples/s), which accounts for the travel time of S waves between the two stations (SSIB and SILB) plus some
extra. We search over polarization angles in increments of 10◦, and over the time offset in increments of
one sample, yielding a grid search of 362,880 (= 18 × 36 × 560) cross-correlation calculations for each time
window examined.

The results from the grid search are two polarization angles (one for each station), an offset time (= time lag)
between the two-station records, and the cross-correlation value. Shelly et al. [2006] and Brown et al. [2008,
2009] compute cross correlations of each horizontal component in turn to search for S wave signal with-
out determining its polarization angle. We find that the polarization angle can be consistently determined
and is a valuable quality control parameter, worth the additional computational effort. These S waves have
“uncharacteristically stable linear particle motion” [Wech and Creager, 2007] and will give the clearest signal
with a single rotated horizontal component. The cross correlations are not normalized, and the data are arbi-
trarily scaled to give a cross-correlation value of approximately 1.0 for background noise during the period
before the major tremor episodes. The grid search is calculated for successive 150 s time windows offset
every 8 s (that is 94.7% overlap), giving 10,800 sets of four data values per day.

This study focuses on the southern part of Vancouver Island where the existing Canadian National Seismo-
graph Network seismic stations were supplemented by temporary POLARIS instruments in anticipation of
the 2003 ETS episode [Kao et al., 2006], giving a network of broadband instruments with unusually close
spacing, 4–21 km (Figure 1). Because the existing stations operated at 40 samples per second (sps) and the
temporary stations at 100 sps, data from the temporary deployment were resampled to 40 sps. The data
were bandpass filtered 1–4 Hz, similar to what some others have done (2–4 Hz or 3–6 Hz [La Rocca et al.,
2005]; 1–6 Hz [McCausland et al., 2005]; 1–8 Hz [Wech and Creager, 2008]).

We start with two POLARIS stations, SILB and SSIB, separation distance 18.8 km (Figure 1). They are located
along strike of the greater Cascadia subduction zone and are well positioned to confirm the along-strike
migration of tremor during major ETS episodes. We analyzed all the continuous data available from these
stations, a time window that extends from 2003 day 54 to 2006 day 166. Within that period there were three
major ETS episodes, 2003 days 54–77, 2004 days 187–207, and 2005 days 240–269.

We show the results of the two-station detector applied to the 2004 tremor episode in Figure 2. Before the
tremor begins, day 190, the offset times are scattered and the polarization angles are broadly distributed.
During the tremor, day 193, the offset times concentrate in a narrow range between 3.5 to 4 s and the polar-
ization angles align around 60◦ ± 10◦. Consecutive data windows show offset times and polarization angles
that change only slightly. We define tremor “events” based on the consistency of offset times (≤ ±0.15 s)
and polarization angles (≤20◦) between consecutive time windows. Events must have durations greater
than 23 consecutive 150 s windows (>184 s or 3+ min) which requires the coherent signal to last more than
34 s. Twenty-three steps is an empirical compromise between maximizing the number of events during a
major episode and minimizing the number in time periods outside of a tremor episode. Events are selected
to maximize their durations and do not overlap. The five parameters of an event are its duration, the offset
time, the maximum unnormalized cross-correlation value, and the two polarization angles that generate
this value.

During the tremor episode on day 193, 29 events are detected and the event at 10:31 has duration greater
than 10 min. The offset times of these events are consistent with the results of the SSA analysis of Kao et
al. [2006], indicating that the source of tremor is beneath Puget Sound near the southern tip of Vancouver
Island (Figure 1).

The polarization angles at SSIB during tremor show a strong concentration at ∼60◦, but a secondary set at
∼240◦ (a rotation of 180◦) is visible. This is due to skipping by one half cycle in the cross correlation, made
possible by searching angles spanning 360◦ at one station. Three of the detected events have rotations of
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Figure 2. Two examples of the results of cross-correlation analysis using the two stations SSIB and SILB. (a) Before the
ETS episode (2004 day 190) the time offset is scattered from one observation to the next, the noise level decreases and
body waves from the Kuril Islands arrive at 10:39 (larger circles). (b) During tremor (2004 day 193) the data show several
series of time offsets that have consistent values near +3.5 s. A series of consistent calculations with duration >3 min
is classified an event, indicated with a red cross. One of these events has duration more than 10 min, 10:31. The scale
of symbol size, indicating cross-correlation value, is logarithmic. The same time periods with the polarization angles
maximizing the cross correlation at stations (c and d) SILB and (e and f) SSIB are shown.

∼240◦, and their offset times are incorrect by one half cycle, ∼0.25 s. Skipping by a full cycle would not be
revealed in the polarization angles but should be less common than half cycle skips.

We detected 506 tremor events during the 2004 ETS episode and plot them as offset time versus time of
observation, a space versus time diagram (Figure 3b). There are 14 events with duration ≥10 min and one
event with duration ≥20 min. These results show a clear onset of activity on day 191. The events migrate
from south, SILB early, to north, SSIB early, but not evenly in time. A source zone at offset ∼3.5 s is active
during days 191–195 and then over the course of about day most of the activity moves to the next source
at offset ∼1.5 s, which is active during days 196–198. The northward migration occurs in relatively brief
surges on days 195 and 198. On day 197 a source at offset ∼ −2.5 s becomes active and starts a southward
migration that meets the northward migration on day 200. The activity then returns to the north, but in this
one-dimensional analysis sources with the same SILB-SSIB offset may not be located on the same portion of
the fault.

Capabilities of the two-station detector include seeing the onset of an episode of tremor and allowing com-
parison of one tremor episode with another. The analysis with stations SILB and SSIB is carried out for the
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Figure 3. Analysis of three major episodes of ETS with stations SILB-SSIB plotted as time offset versus time. Symbol size
gives the duration of the tremor event. The vertical axis is a proxy for position along strike. All three episodes have a clear
onset at a similar position then migrate toward station SSIB.

three major tremor episodes and a comparison finds that all episodes have a clear onset at a similar position
and migrate to the north (Figure 3). The 2003 and 2004 episodes are the most similar. The 2005 episode has
more prolonged activity near its onset before it migrates to the north. Wech and Creager [2007] report that
the 2005 episode started in Puget Sound on day 2005:246 and was active there for 10 days before migrating
to the north and south, consistent with these results. In all three episodes there are events with offset times
between +5 and +5.5 s, good evidence that these are real signals. We interpret these as coming from other
sources further to the south.

The two-station detector provides useful results and requires only two stations with three-component
records at sample rates as low as 10 sps. If tremor is seen to some extent in all subduction zones, there may
be places where 20 or 30 years of data are available for such analysis.

3. Extending the Detector to Three or More Stations

Three seismic stations can be viewed as three pairs of stations for analysis with the two-station coherence
detector. Redundant determination of the polarization angle at each station and consistency of the three
time offsets will allow a more selective detector than with two stations. Apparent velocity can be deter-
mined to reject coherent surface wave signals. We apply the two-station detector to three station pairs:
PGC-SSIB (separation 12.6 km), PGC-SILB (13.7 km), and SSIB-SILB (18.8 km) (Figure 1).

If the three stations see the same coherent signal the sum of the time offsets should be zero. A successful
detection of coherence is defined as requiring offset times that sum to within ±3 samples (0.075 s) and con-
sistency of the two polarization angles at each station to within ±10◦. These criteria, applied within a single
time window, are twice as strict as those applied to consecutive windows using the two-station detector.
The two-station detector must use duration as a detection criterion and thus often has to follow a migrating
source. The three-station detector is designed without a duration test to detect a shorter duration signal.

3.1. Refined Grid Search
Each successful detection undergoes a final grid search of limited range over the five independent variables
that define a coherent signal: two offset times (±0.5 s, steps of one sample) and three polarization angles
(±25◦, steps of 5◦). This grid search seeks the greatest sum of the three unnormalized cross correlations of
the three pairs of stations. We find that unnormalized cross correlations with fixed scaling factors for each
station give the most detections and are faster to compute. The apparent velocity of the signal is deter-
mined, and signals with velocity less than 4 km/s are rejected as surface waves or shear waves arriving at a
shallow angle.

We discuss first the results for the tremor episode of July 2004, Julian days 187–207. Before the tremor
begins (days 187–190) there are three or fewer detections per day. When the tremor is active beneath south-
ern Vancouver Island (days 191–203), there are more than 100 detections per day with the maximum on day
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Figure 4. Maps and cross sections of tremor hypocenters for the ETS episodes of (a) 2003, (b) 2004, and (c) 2005. Solu-
tions with four or more S arrivals, one or more P arrivals and RMS residual ≤ 0.03 s are shown. Seismic stations used are
indicated with triangles. The locations are highly clustered and migrate from Puget Sound north under Vancouver Island
in each episode. The hypocenters fall at depths of 30 to 40 km and define a narrow zone dipping at a shallow angle to
the northeast, consistent with the plate interface.

193 with 968 detections. The total is 6303. As there is no duration test for the three-station detector, this
figure includes all overlapping 150 s windows.

3.2. Fourth S Arrival
The detections described above give relative S wave arrival times at three stations with higher resolution
than envelope matching techniques such as Kao et al. [2006] or Wech and Creager [2008]. To determine
hypocenters reliably we need at least one more S wave and one P wave arrival. The detector for a fourth
arrival will first recalculate the solution for the original three stations and save the three time series which
gave that solution as three templates. In the perfect case, these would be three identical seismograms. In
practice, the normalized cross-correlation coefficients rarely reach 0.5. The waveform data from a fourth
station is compared to each of these three templates. In the search for an S wave arrival, grid searches are
carried out in offset time (±7 s, steps of one sample) and polarization angle (0 to 350◦, steps of 10◦). A suc-
cessful detection of a fourth arrival requires that all three searches (cross-correlation maxima) agree in offset
time within ±3 samples and in polarization angle within ±10◦. The detection is finalized with a grid search
at the fourth station over the sum of three cross-correlations at a resolution of one sample and 5◦, with the
template seismograms of the original three stations remaining fixed.

The search for additional S waves was carried out for the five stations LZB, TWKB, MGCB, KLNB, and VGZ
(Figure 1). Each station yielded more than 100 detections, for a total of 1710 sets of S wave relative arrival
times at four or more stations for the 2004 ETS episode.

3.3. P Wave Detector
The P wave detector compares the three template waveforms of the detected events with the vertical
component at additional stations. We require that the three cross-correlations yield offset times within ±3
samples to accept the result as a P wave detection. There is no polarization angle to search over, but the P
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Figure 5. (top) An example of tremor recorded on five of the seismic stations used in this study. This 1 h of data includes
a strong detection of tremor which gave a four-S-wave-plus-one-P-wave hypocenter at 17:47 32 s on 2005 Septem-
ber 16 (day 259). PGC is hour 17:00 rotated to the polarization angle found by the detector. The following four traces
are one hour of data with the detected time lags removed. Horizontals have been rotated to the polarization angle;
SNB is the Z component. Crosses beneath PGC indicate four-S-wave-plus-one-P-wave detections and three-station
detections. Lines below that are four two-station events. Strong signals which could be analyzed with the envelope
method are seen in the second half of the hour. (bottom) Twelve time windows each of length 3 s selected from the
above by visual inspection. With the five traces overlaid clear coherence can be observed. Position of each within
the hour is indicated by the letter above the SNB trace; note that not all of these fall within a 150 s window with a
positive detection.

wave has a first motion and would be either in phase or out of phase with the template waveform at a cho-
sen reference station (PGC in this case). The P wave detector searches with both the positive and negative
polarities of the vertical component with the template waveforms and reports the results independently.
The offset time is searched over a span of 9 s, and it should not overlap with the S wave arrival at that sta-
tion, as some of the S wave energy may be seen on the vertical component. A detection is finalized with a
grid search over the sum of the cross correlations with the three templates at a resolution of one sample.
The station which gives the greatest number of P wave detections is SNB, a station which gave few S wave
detections. Stations GOW, SSIB, and SILB also yield many P wave detections. All of these stations show more
first motions in phase (the positive vertical component is used), and from the expected focal mechanism it is
reasonable that they have the same first motions, so the preliminary determination of the offset time utilizes
the detections with the positive vertical component. For the 2004 ETS episode this procedure yields 326 sets
of relative arrival times with four or more S waves and at least one P wave.

We transform relative arrival time measurements to absolute arrival times by arbitrarily fixing the arrival
at station PGC to coincide with the center of the data window. Hypocenters were then determined with
the location program HYPOINVERSE and the 1-D velocity model of the PNSN (Puget Sound “P3”) [Crosson,
1976]. Having five or more arrival times provides enough redundancy to determine meaningful residuals.
The mode of the residuals at each station was determined to generate independent P wave and S wave
station corrections. The time resolution of the data is 0.025 s, and the solutions with RMS residuals of 0.03
seconds and less are accepted.

There are 226 accepted solutions out of 326 detections (or 69%) for the 2004 ETS episode during days
193–204 (Figure 4b), whereas 120 and 407 solutions (67% and 71%) were accepted during the 2003 (days
58–68) and 2005 (days 249–260) ETS episodes, respectively (Figures 4a and 4c). We believe that most of the
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Figure 6. Stereographic plot of shear wave polariza-
tions (arrows) and first vertical motions (stars, inferred
to be dilatations) for data in 2004. The presumed fault
plane defined by the hypocenters is indicated dip-
ping at 15◦ to the northeast. An interpretation of a
double couple source is shown by an auxiliary plane
and P and T axes. Shear wave detections are seen
closer to the auxiliary plane, and P wave detections
are seen near the P axis. Inset: Shear wave radia-
tion pattern of a double-couple source having the
focal mechanism expected for convergent slip on the
plate interface. The quadrant with the P axis will have
dilatational P wave first motions. Compare this with
the plot of data from 2004. Adapted from Aki and
Richards [1980, p. 83].

rejected solutions arise from cycle skipping in the cross
correlations. The epicenters are clustered and show a
north-northwest migration in time from Puget Sound in
the south toward Vancouver Island, consistent with other
studies such as Kao et al. [2006]. It is believed that the
fewer number of solutions in 2003 results from greater
background noise in the winter, and the greater number
in 2005 results from the longer duration of the episode.

The sources of tremor are clustered with most of the
clusters active in more than one episode. All of the cross
sections show a plane dipping at a shallow angle to
the northeast with few solutions inconsistent with that
plane. These may be due to cycle skips of the P wave,
as the P arrival provides the strongest constraint on
source depth.

3.4. Example Waveforms
One hour of data has been selected to show coher-
ence seen by the four-S-wave-plus-one-P-wave detector
(Figure 5). The second half of the hour has strong sig-
nal with envelopes that align. Twelve examples of
clear coherent signal on the five stations are shown in
the lower panel. Some of the coherent signals (i.e., B
or G) could be interpreted as dominated by a single
low-frequency earthquake, but others (i.e., F or K) might
be multiple low-frequency earthquakes.

Bostock et al. [2012] stacked seismograms from these
same stations to obtain LFE templates which give
the clearest view of the arrivals from a (hypothetical)

single-source event. For close stations the arrivals are a simple pulse of one cycle from a dominant direct
arrival. A series of such pulses would be similar enough on a pair of stations to achieve the coherence that
we see. For distant stations the arrivals are more complex with a greater proportion of scattered energy and
ringing. A series of such signals would give weaker coherence and more cycle skipping.

These data also demonstrate some of the complexity in tremor signals. The two-station detector found
four events in this hour, and they are from four different sources (solid lines below station PGC in the upper
panel). The times of three-station and four-S-wave-plus-one-P-wave detections (crosses) are also shown
(a two-station and a three-or-more-station detection at the same time see the same source). The difference
in lag times between the four different sources are 1.2 s and less so these different sources might not be
resolved by envelope methods. The strongest source gave detections from 29 to 48 min and the traces are
aligned to that source. Another source is seen at 49 to 52 min with lag times different by 0.25 to 0.5 s, large
enough to be resolved by these detectors. Interference between two nearby sources could be the reason for
a lack of detections when using long windows that include some of the strongest signals. On the other hand
when the signal amplitudes are low, a single active source is seen at minutes 16 to 23. We find that tremor
is a confusion of sources, often active at the same time, rising and falling in strength. These detectors sift
through that to find the clear signal.

The analysis gives polarization angles for all shear wave arrivals, and those of the four-S-plus-one-P detec-
tions for 2004 have been plotted in stereographic projection in Figure 6, with the fault plane dipping 15◦ to
the northeast as defined by the hypocenters. P wave arrivals are shown as stars. The cross correlation gives S
wave polarization relative to PGC, so this plot could show many vectors pointed to the northeast with a com-
pressional first motion of the P waves, or vectors to the southwest with dilatational P. We plot the second
choice, consistent with the focal mechanism expected from plate motions and the northeast convergence
indicated by GPS [Dragert et al., 2004]. The polarizations are scattered but not excessively so for a composite
plot consisting of many distributed sources. Polarizations within a cluster are quite consistent, suggesting
accurate determinations, while occasional large differences between adjacent clusters suggest differences in
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Figure 7. Tremor during three major episodes as detected by the
three-station method is located by constraining the focal depth to the
plate interface. The epicenters are highly clustered with a strong sim-
ilarity in the three episodes of tremor analyzed here. Tremor begins
in Puget Sound and migrates northwest beneath Vancouver Island.
Roughly 22,000 detections are shown.

slip vectors or complicated propaga-
tion effects, such as shear wave splitting.
Shear wave splitting has been reported
on these stations by Bostock and
Christensen [2012]. We find that most
of the S wave polarizations and all of
the P wave first motions are consistent
with convergence on the plate inter-
face radiating energy as a double-couple
source, as indicated by the inset in
Figure 6 (adapted from Aki and Richards
[1980], p. 83).

3.5. Constrained Locations
If we use the results of Figure 4 to infer
that all of the tremor originates from the
plate interface, then each three-station
detection is sufficient to determine an
event location constrained to that inter-
face. This has been done for each of the
three episodes, taking the plate interface
depth from McCrory et al. [2006], and
the results are shown in Figure 7. In each
case tremor initiates in the southeast-
ern Strait of Juan de Fuca and is active
there for 5 to 10 days before moving to
Vancouver Island southwest of station
PGC. Tremor then migrates northwest
beneath Vancouver Island, eventually
passing beyond where these stations
would detect it. In detail, the sources of
tremor are highly clustered with a strong
similarity in the pattern of sources from
one episode to another.

3.6. Minor Tremor
Between the major episodes of tremor
there are shorter duration, hours to a
few days, episodes of tremor usually not
accompanied by geodetically observ-
able slip. Wech and Creager [2008] find
that this minor tremor, when summed
over an interevent period, is compara-
ble to the quantity of tremor in a major
episode. For this study, data are available

for three interevent periods: 2003–2004 475 days, 2004–2005 400 days, and 2005–2006 263 days. We locate
tremor with the three-station detector by constraining tremor to the plate interface.

A total of 24,198 detections were seen during the three interevent periods. Over these much longer time
periods there is a scatter of what seem likely to be false detections. We apply a clustering algorithm to select
minor episodes from the results. Consecutive detections are compressed into single events. Two events
are linked if they are within 3 days and five samples (in both relative arrival times) of each other. A group
of at least six interlinked events are accepted as a cluster, a minor episode of tremor. This clustering analy-
sis yields ∼75 minor episodes of tremor with 16,300 detections, 67% of the total, plotted in Figure 8. A plot
of the detections rejected by the clustering algorithm shows a widespread scatter with very few collocated
with the clustered detections. Consistent with Wech and Creager [2008], we find that the number of detec-
tions during minor tremor between major episodes is comparable to the number of tremor detections in a
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Figure 8. Tremor detected between major episodes constrained to the plate interface. Minor tremor is generated by the
same sources as major tremor but in the deeper portion of the source zone. Roughly 16,300 detections are shown. The
rectangle with dotted outline shows location of Figure 9.

Figure 9. Detail of tremor in Puget Sound (rectangle shown in Figure 8). The epicenters of each major episode (red dots)
are shown on a background of all minor tremor epicenters (black circles). ALL MAJOR shows the number of detections
per pixel summed over the three major episodes. Pixels with only one detection are shown as open circles. From results
such as these we estimate relative location errors of 1–2 km.
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major episode. The range of detections per day during minor tremor (∼30–700) overlaps that during major
episodes. Minor tremor comes from the same sources as major tremor (c.f. Figures 7 and 8), but predomi-
nantly from the deeper portions of the plate interface zone that produce tremor, as also reported by Wech
and Creager [2011].

When examined in detail (Figure 9), the sharpness and consistency in the tremor sources is remarkable. A
persistent source pattern on the plate interface is activated by slow slip in major and minor episodes of
tremor. In some cases, source coordinates with more than 50 detections are only two samples (0.05 s) in
arrival time from coordinates with zero detections. We conclude that these tremor locations have a relative
location accuracy of 1–2 km.

4. Discussion

These accurate locations are made possible by the coherence in S (and P) waves from local sources at
stations separated by 10–20 km. The most similar observation of coherence, in duration but not station
spacing, was made by La Rocca et al. [2009]. They beam a small aperture array downward at tremor with
300 s windows and see coherence between the stacked vertical and each horizontal component which gives
S-P times. We agree with their conclusion that this requires a “highly repetitive” source from a small volume
active for “tens of minutes or more.”

Everywhere that tremor has been studied in detail, it has been found to be composed of LFEs. We believe
that the signals we see are from LFEs, and there is coherence at widely separated stations because the arrival
from each LFE starts with a simple pulse, the direct arrival. The coherent signal is the source time function,
as attenuated by the Earth and our filtering, and consists of a series of many pulses. Because seeing the
direct arrival is required, these detectors are sensitive to the radiation pattern of the double couple source
(Figure 6 inset). Hypocenters, Figure 4, are determined for sources radiating strong S waves to PGC-SSIB-SILB
and P waves to SNB.

Autocorrelation searches for repeating LFEs and uses short windows, 4–6 s, to compare one LFE with
another LFE at another time. If one or both time windows contain multiple LFEs, then the correlation coeffi-
cient will likely be diminished. On the other hand, the detectors described here expect to see multiple LFEs
within the 150 s window. Many small signals or overlapping large signals will sum linearly to give a coherent
signal where individual LFEs may not be recognizable. The autocorrelation method is best suited for individ-
ual LFEs separated in time (for example, one could imagine correlating Figures 5b and 5j); the one described
here is best for a rapidly repeating series of events tightly clustered in space (imagine trying to correlate
Figures 5f and 5k). Different tectonic zones (i.e., Japan and Cascadia) might show differences in the behavior
of LFEs that make a particular tremor detector better suited to one zone than the other.

The results confirm the value of searching for the optimal polarization angle. Many grid points in the solu-
tions are active in three major and several minor episodes with the majority of the rotation angles consistent
at each station to within ±5◦. For each station the polarizations tend to sweep across the source region as
would be expected for a double-couple source on the plate interface radiating S waves. The resolution is
such that sources on widely separated portions of the plate interface could be distinguished by their angles.
The polarization angle is an effective test in the detectors for separating signal from noise or from a simulta-
neous source elsewhere on the plate interface. In principal one could use prior knowledge of the expected
shear wave polarization direction, given the tectonic setting, to restrict the range of the polarization search
to 180◦ rather than 360◦. This would eliminate any half cycle skips in the cross correlation and thus remove
one possible source of relative location error. Because the detector initially requires consistency of the two
optimal polarization directions determined for each station, eliminating half cycle skips would also likely
increase the number of detections.

These results were obtained without accounting for the shear wave splitting seen by Bostock and
Christensen [2012] for several source-station paths beneath southern Vancouver Island. Significant splitting
can obscure the optimal polarization angle (interpreted as the shear wave particle motion direction) at each
station, or cause the maximum cross-correlation coefficient between stations to be obtained by rotating
the horizontal component at one or both stations into the fast or slow S wave polarization direction. Peng
et al. [2013] found that splitting was generally more significant for the trio of stations LZB-TWKB-MGCB than
for PGC-SSIB-SILB, at least for the source regions they examined. They found that including source-specific
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empirical splitting corrections for the LZB stations increased the number of detections and their relative
location accuracy. Less significant splitting for the PGC stations is consistent with the good correlation
between our empirical optimal polarization angles and the theoretical S wave polarization directions for a
shallow thrust source appropriate for Cascadia (Figure 6).

The epicenters shown here were determined at 40 sps, and the resolution varies with the depth of the plate
interface and position relative to the stations. Near the stations features less than 0.4 km can potentially be
resolved; beneath southern Vancouver Island this increases to 0.5 km and in the Strait of Juan de Fuca it
is ∼1.0 km. A recalculation at 100 sps would give proportionally better resolution. Coherence in long data
windows gives more accurate arrival times than phase onsets can, making subsample rate determinations
possible. We see large differences in the number of detections at adjacent coordinate points (Figure 9) sug-
gesting that finer details in these tremor locations could be found. Rubin and Armbruster [2013] estimated
relative location errors of <0.5 km for the strongest tremor source region beneath southern Vancouver
Island in Figure 7, using long windows and interpolating to 160 sps. Almost all of the epicenters generated
by the three-station detector are outside of the array, but for 99% the epicentral distance to the nearest sta-
tion is less than twice the depth and for 69% it is less than the depth. These methods could be extended to
detect multiple simultaneous sources by saving the first, second, and perhaps third peaks in the two-station
grid searches, and then applying the two- or three-station detector test to different combinations of those
peaks. Alternatively, one could use the optimal rotation angles determined here to focus on a particular
region of the fault and find multiple distributed sources by using shorter duration cross-correlation windows
[Rubin and Armbruster, 2013].

Windows with a wide range of lengths (16–32–48–64–80–96–112–150–300 s) have been tested, while main-
taining a constant 8 s offset, and the number of detections increased with increasing window length. Here
we use 150 s windows as the best compromise between number of detections, computation time, and abil-
ity to follow a migrating source. This suggests that the sources of tremor have long duration and 300 s has
not tested the limit.

The analysis has been tested with various bandpass filters. For major episodes 1–4 Hz and 1–5 Hz give good
results. 1–4 Hz gives more detections but more cycle skipping. We chose a filter of 1–4 Hz for use with the
two-station detector and 1–5 Hz with three and more stations. For minor tremor a bandpass of 2–8 Hz
was found to give more than twice as many detections as 1–5 Hz and was used. For some days of major
tremor 1–5 Hz gives more than twice as many detections as 2–8 Hz. It is possible that minor tremor is more
enriched in higher frequencies than major tremor, or that lower frequencies work better when there are
many simultaneous sources.

Most of the detected hypocenters and epicenters form a relatively narrow zone striking north northwest
from Puget Sound to beneath Vancouver Island (Figure 4). We believe that the portion of the plate inter-
face with active tremor is wider than this, but these sources have been selected by the set of stations we
have used and the radiation pattern of P and S waves. In simple terms, these sources radiate a strong S wave
to PGC and a strong P wave to SNB. In Figure 6, PGC plots near to the auxiliary plane where S waves are
strong and SNB plots closer to the P axis where P waves are strong. An analysis that started with a detector
using stations further to the west would see tremor sources west of these. Preliminary results with stations
LZB-TWKB-MGCB confirm this.

The 753 hypocenters we have determined from the four-S-plus-one-P detector are consistent with a plane
dipping at a shallow angle to the northeast but at a depth slightly less than expected for the plate interface.
The median deviation from the plate interface model of McCrory et al. [2006] is 1.8 km shallower, with 88%
being 1–3 km shallower. La Rocca et al. [2009] also found tremor beneath Vancouver Island at depths shal-
lower than expected and ascribed that to unmodeled velocity heterogeneities. We believe that is also true
here and that these hypocenters are consistent with the plate interface.

If the epicenters of the three major episodes are compared (Figure 7), the most striking feature is the sim-
ilarity in the pattern of sources from one episode to the next. In the Strait of Juan de Fuca there are both
strong clusters of sources and sinuous patterns that repeat. Beneath Vancouver Island there are persistent
clusters, some with a consistent direction of elongation. Wech et al. [2009] found that tremor south of the
Strait of Juan de Fuca is bounded between the 30 and 45 km plate interface depth contours. Here we find
strong clusters of tremor extending almost to the 50 km contour behind Vancouver Island but less deep in
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the Strait of Juan de Fuca, perhaps in a smooth transition from 45 km to the south and 50 km to the north.
There is no indication that any of the strong sources migrate from one episode to another. Of the total area
of the plate interface, tremor is seen on only a small fraction [e.g., Ghosh et al., 2009] and within the areas
that produce tremor there are intense persistent sources.

Our method localizes tremor to the plate interface and defines patterns of persistent sources. The pat-
terns are much sharper than those given by other methods and suggest location errors of 1–2 km. With the
requirement of only two or three stations this method will be applicable to more places for longer periods
of time, including back in time. We compute a year of a three-station detector on three inexpensive PCs
with 14 cores in 3 weeks. It is trivial to calculate long periods of time in parallel, so advanced systems with
processor arrays would be much faster.

Tremor was first discovered in Japan [Obara, 2002]. For a test of these methods there we selected three seis-
mic stations in Tokai with relatively close spacing (11–18 km): ASUH, ASHH, and TYEH. The daily epicentral
distributions of tremor on the HINET web site allowed us to identify 330 days with tremor active near these
stations from 2004 to 2014. The three-station detector sees numbers of detections per day less than seen in
major episodes in Cascadia but comparable to minor episodes there. If the tremor is constrained to the plate
interface, a persistent pattern of sources with some intense sources is seen, similar to Cascadia.

Tremor has also been seen on the San Andreas Fault [Nadeau and Dolenc, 2005]. The three-station detector
was applied to continuous data from the Parkfield High Resolution Seismic Network, 2001 to 2012, using 13
detectors with a sampling rate of 20 sps. The Parkfield stations are near a shear wave node for deep events
on the San Andreas fault and are located within a region of complex and rapidly varying seismic velocity.
For both reasons S waves may not correlate well on these stations. In addition, the stacked tremor templates
from Parkfield [Shelly and Hardebeck, 2010] show more ringing than in Cascadia [Bostock et al., 2012]. This
strong coda is also unlikely to correlate well between separated stations. We find many detections, largely
concentrated along the fault, but the signals are more monochromatic than in Cascadia, and many have a
very low apparent velocity, 2.0 km/s, leading us to suspect that they may be fault zone trapped waves. We
have not ruled out the possibility that these signals are cultural in origin.

5. Conclusions

Nonvolcanic tremor in Cascadia is generated by double-couple sources on the plate interface which radi-
ate coherent shear and compressional waves when driven by convergent slow slip. The coherent signal seen
at widely separated stations reflects the filtered source time function. Tremor epicenters display a persis-
tent pattern of sources occupying only a small portion of the plate interface. Minor episodes of tremor are
generated by the same sources as major episodes but in the deeper portion of the source zone.

The detectors described here provide more accurate arrival times, and more detailed patterns of tremor
locations than other methods are now available. No other method offers detectors requiring as few as two
or three stations. The extension of these detectors to higher resolution and multiple simultaneous sources
is possible but has not been explored here. The applicability of these methods in other subduction and
transcurrent zones is the subject of ongoing investigations.
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