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A.1. Slow Slip Episodes 

In this section, we discuss the relevant information for identification of slow slip episodes, 

with additional details presented elsewhere (Holtkamp et al., 2006, ms. in prep.).  The GPS data 

analyzed for slow slip episodes is from the PANGA network provided by the Central 

Washington University clearinghouse (2005).  PANGA time series are network solutions with 

phase ambiguities resolved and typically consist of one sample per day.  Provided time series 

have been postprocessed with GIPSY, and have linear trends, steps due to earthquakes or 

hardware upgrades, and annual and semi-annual sinusoids signals simultaneously estimated and 

removed (Szeliga et al., 2004).  In this study, the signal to noise ratio of the GPS data is further 

enhanced by taking a 10 sample running average of the time series that reduces the scatter among 

neighboring data points.   

As shown in previous studies examining transient episodes (Brudzinski et al., 2007; Larson 

et al., 2004; Lowry et al., 2001), anomalous displacements during slow slip events can be 

estimated by fitting the GPS coordinate time series with combination of a linear and hyperbolic 

tangent function.  By using a grid search over hyperbolic tangent function parameters (timing 

and duration of transient), the linear parameters of steady-state velocity and transient 

displacement are estimated via least squares minimization, weighted by the formal inverse 

variance of GPS coordinate estimates. This technique has been particularly useful for 

characterizing the precise timing and overall displacement when a slow slip episode has been 

identified (Brudzinski et al., 2007; Larson et al., 2004; Lowry et al., 2001).  

Slow slip episodes are automatically identified by 1) applying the hyperbolic tangent fit over 

a scrolling window of the time series (6 months before event time and 6 months after) 

incremented at 0.01 years, 2) using an f-test to confirm when the combined linear and hyperbolic 

tangent fit is significantly better than a linear fit at 99% confidence within the window, and 3) 
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establishing a threshold value for the transient displacement (~2.0 mm) to identify potential 

events that are larger than background noise from examination of stations within the stable 

continental interior (DeMets et al., 2004).   

Slow slip episodes are verified and event times are selected with an algorithm that first 

identifies one of the components with an event magnitude that exceeds the displacement 

threshold and the chi squared value associated with that component must be low.  Precise times 

are selected when the ftest value is near its maximum relative to neighboring times, and the chi 

squared value is minimized relative to neighboring times.  If multiple events within 0.25 years 

are identified, we take the time with the lowest ratio of the chi squared value to the average chi 

squared value for all times in the time series.  Of these potential events, each one goes through a 

series of tests (density of data samples, chi squared relative to all time series, and coherence with 

other neighboring stations) to determine whether it should be included or excluded.  Lastly, we 

perform a manual closer inspection of events, including a handful of extra events that are clear in 

the time series but only met a smaller displacement threshold (1.5 mm) and excluding a small set 

of events that appear as noise spikes in the time series.  Further details of this analysis will be 

presented in separate work (Holtkamp et al., 2006, ms. in prep.). 

A.2. Non-volcanic Tremor (NVT) 

In this section, we discuss the relevant information for identification of episodes of NVT, 

with additional details presented elsewhere (Brudzinski and Allen, 2006, ms. in prep.).  The 

seismic data for analysis of NVT comes from a variety of networks that spread across the 

Cascadia subduction zone including the PNSN, USGS-NCSN, CNSN, OATS, IRIS-GSN, 

BDSN, and the new EarthScope Transportable Array.  These networks primarily consist of short 

period vertical component seismometers, but these are ample instruments to identify NVT which 

has characteristic frequencies between 1 and 10 Hz (Obara, 2002).  Although signals appear to 

be more pronounced on horizontal components when they are available, vertical components 

have been sufficient to clearly identify NVT episodes.  PNSN data comprise the majority of data 

analyzed in this study, but continuous data only goes back to 2002, so longer running stations of 

other networks are critical for identifying longer term trends. 

Typically a permanent broadband seismic station uses 24-bit digitizers to continuously record 

all three components of ground velocity at a rate of 20 samples per second. To fully analyze this 

voluminous dataset which lasts up to 15 years, we use an automated scheme which begins by 
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removing the instrument response and applying a filter with a pass-band of 2-6 Hz. We then take 

absolute values of the time series and calculate the envelope. Up to this point, our analysis is the 

same as other researchers (Obara, 2002; Rogers and Dragert, 2003; Szeliga et al., 2004). Next, 

instead of judging whether tremors are present in each segment of data by the hour, we calculate 

the mean amplitude of the envelope (Figure A1a).  Since various non-tectonic factors can 

influence the amplitude, we limit our analysis to nighttime hours when culture-generated noise is 

at a minimum and exclude hours during which signals from known, large earthquakes or other 

spikes, such as those used for instrument calibration, are present (Figure A1b).  To further avoid 

seismic events, we exclude hours with a high max-to-mean ratio. To help reduce longer-term 

noise trends that exist at a few stations, we high-pass filter the envelope time series to signals 

with periods less than about a week (Figure A1c).  Lastly, we average amplitudes over a four-day 

moving window to help accentuate sustained tremor activity, and we normalize to values 

between 0 and 1 (Figure A1d).   

In the final time series, large peaks are identified as periods during which tremors dominates.  

The first cut for identifying NVT periods is by marking peaks that rise above background noise 

at greater than the 3σ confidence interval.  In some cases, analyst intervention is necessary to 

identify NVT periods due to data loss.  To confirm NVT, individual seismograms are 

investigated as well as mean amplitude time series from neighboring stations.   

We also find that in some cases there are peaks that do not meet the 3σ confidence interval 

threshold, but the timing corresponds to peaks that meet the threshold at neighboring stations.  In 

these cases, we also find that it is typical for this smaller peak to be accompanied by another 

smaller peak that is close in time.  For these situations, we have added a second criteria that can 

meet the threshold for an event: at least two successive peaks near in time which rise above 

background noise at greater than 2σ confidence interval.  When calculating the recurrence, we 

take the mean of the times for the smaller peaks that comprise the event.  Our rationale for this 

second criteria is that these cases predominantly occur at stations near the boundary between 

regions, suggesting they are recording signals from events in neighboring segments.   

The technique used here has two distinct advantage over previous analyses: 1) it does not 

requiring the scientist to examine each record to evaluate whether NVT has occurred and 2) it 

does not require an array of stations to identify NVT through station coherence.  The first 

advantage results in the ability to automate the process and analyze data over large ranges of 
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time and location.  Nevertheless, in each case of a large peak, individual seismograms have been 

examined to confirm the presence of NVT.  The second advantage is important for investigating 

NVT in regions where station density is significantly reduced, like central Cascadia. 

A.3. Comparison with Previous Studies 

In order to confirm the validity of the automated seismic and GPS single-station methods, we 

compare the results of the techniques in this study with previous identifications of ETS.  Figure 

A2 compares the results from a previous for southern Vancouver Island (Rogers and Dragert, 

2003) with analysis from this study for stations ALBH and VGZ.    Despite the different analysis 

approaches, there is one-to-one consistency among identified tremor peaks and slow slip 

episodes between the two studies.  This confirms that for single stations with a low enough noise 

level, the automated techniques produce results very similar to that of previous studies relying on 

inspection of a network of observations. These methods are not replacements for network 

solutions, they are simply used as surrogates to perform a uniform investigation of ETS over the 

entire subduction zone while network density is still quite heterogeneous. 

We also demonstrate the ability to resolve accurate timing of ETS by illustrating our 

identification of NVT for the early 2003 event in northern Cascadia that has been characterized 

in previous papers (e.g., Melbourne, 2004).  Figure A3 shows a zoomed in time frame for our 

seismic time series around the 2003 event, with stations plotted according to distance along 

strike.  Our seismic time series show the same progression to the north and south away from the 

Puget Sound region seen in the previous GPS analyses, demonstrating that our single station data 

have the resolution to accurate timing of ETS.  Furthermore, our data show that the propagation 

of ETS is somewhat discontinuous, with changes in timing of the maximum NVT activity by 1-2 

weeks around 150 km and 310 km.  These locations correspond to the northern and southern 

boundaries of segment C defined from offsets in timing of several months between other ETS 

episodes (47.5° and 48.4° in Figure 3 of the main text).  These offsets in time during the 2003 

event reinforce our proposed segmentation boundaries for ETS.   

A.4. Observations of Episodic Tremor and Slip in Cascadia 

To illustrate the new set of ETS observations in Cascadia, we plot time series for a total of 43 

GPS and seismic stations all along the subduction zone (Figures A4-A5).  These time series were 

selected to show an equal mixture of slow slip episode and non-volcanic tremor events over an 

along-strike station spacing of ~30 km. The coherence in timing between stations in each 
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segment provide convincing evidence of common recurrence intervals and segmentation of ETS 

along strike. 

Recurrence intervals for each station are calculated from the mean of each interval between 

times of slow slip or NVT.  Then for each segment, we take the mean of all observed intervals 

for both slow slip and NVT within that segment.  Uncertainties on the recurrence shown in 

Figure 2 are the 1s standard deviation of observed intervals from the mean within that segment. 

We have also constructed an animation of ETS occurrence at stations along Cascadia (Figure 

A6), to help visualize the segmentation of ETS episodes over time and space.  The images in this 

animation color the station symbols by the time since the last ETS event when data is available.  

The animation progresses from 1997 to 2006 by 5 day increments, and the time differences 

between different segments can be seen in when a group of stations “reset” to a dark red color.  

Also, one can begin to see the propagation of ETS onsets during a given event from our dataset. 
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Figure A1.  Processed time series for seismic activity at station VGZ on southern Vancouver 

Island illustrating the effects of different components of our processing.  (a) Time series are 

created by taking the mean amplitude of each hour segment of bandpass filtered envelope 

seismograms (a).  Time series are limited to nighttime hours and those without significant 

earthquake or instrument glitches (b).  Time series are high-pass filtered to amplify signals with 

periods less than about a week (c).  Amplitudes are averaged over a four-day moving window to 

accentuate sustained tremor activity, and normalized to values between 0 and 1 (d).  
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Figure A2.  Comparison of slow slip and non-volcanic tremor measurements made in this study 

with previous analysis of episodic tremor and slip.  (a) Plot taken from Rogers and Dragert 

(2003) showing GPS time series for station ALBH relative to North America including both the 

long-term trend of eastward motions and the slow slip episodes, and hours of tremor activity 

from a network of seismic stations.  (b) Plot showing GPS time series provided by the PANGA 

network for station ALBH relative to North America with long-term trend removed and stations 

corrections made. We have further reduced the scatter by using a 10 sample running mean to 

help accentuate slow slip episodes.  Tremor activity is identified for station VGZ by the single-

station method of this study.  Despite the different analysis approaches, there is one-to-one 

consistency among identified tremor peaks and slow slip episodes between the two studies. 
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Figure A3. Zoomed view of NVT activity for the 2003 ETS event showing stations from north-

central Cascadia plotted according to their distance along strike from the Oregon-Washington 

border.  Distance is estimated by projecting stations onto the 40 km contour of the slab interface.  

Vertical bars mark week-long increments. Note that the progression to the north and south from 

the central Puget Sound region is discontinuous, with jumps in timing around 150 km and 310 

km.  These locations correspond to the northern and southern boundaries of this segment defined 

from offsets in timing of several months between other ETS episodes (Figure 3, main text).   
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Figure A4. Summary map of seismic (triangles) and GPS (squares) stations in the Cascadia 

subduction zone whose processed time series and ETS event times are illustrated in Figure A5.  

The expected source zone is near the dashed 40-km contour of the plate interface. 
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Figure A5.  Examples of slow slip and non-volcanic tremor measurements from stations all along 

the Cascadia margin.  Time series and event times are plotted with the same format as Figure 2.  

Stations are sorted by latitude from the north to the south, separated into the segments of 

common ETS timing determined in this study.  Station locations are shown in Figure A4. 

 

(File: G23740-Brudzinski.figA6.gif) 

Figure A6.  Animation illustrating ETS occurrence at stations along Cascadia from 1997 to 2006 

by 5 day increments, to help visualize segmentation of ETS in time and space.  Each image 

colors stations by time since last ETS event, when sufficient data is available.  Time differences 

between ETS in different segments can be seen when a group of stations “reset” to a dark red 

color when an ETS event occurs.   
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