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Abstract We estimate and model the normalized moment rate power spectrum of large slow
slip events in Cascadia. We estimate the spectrum using data from GPS-derived slip inversions,
borehole strain records, and beamforming-based tremor amplitudes. The normalized power spectrum
initially decreases with frequency but then may flatten at periods of 1 to 10 days before decaying
as frequency−nm at higher frequencies, where nm is between 1.1 and 1.4 when estimated from tremor
and between 0.4 and 1.5 when estimated from strain. We explore one way to understand the observed
spectrum: by modeling a month-long slow slip event as the sum of a steady background moment rate
and a population of subevents. The subevents represent the wide variety of observed slow earthquakes,
ranging from 0.5-s-long tremor to 3-hr-long rapid tremor reversals. We parameterize the subevents’
magnitude distribution and moment-duration scaling, and we examine how the subevent population
determines the slow slip spectrum. There are not enough data to rigorously test the subevent model,
but we show that the data are consistent with a single continuum of slow earthquakes whose moments
scale linearly with their duration, as has been proposed previously.

1. Introduction
1.1. Bursts of Slip at a Range of Timescales
Large slow slip events contain numerous bursts of slip. The bursts are observed geodetically and via tremor,
as day-long increases in migration rate (e.g., Kao et al., 2007; Ueno et al., 2010; Bartlow et al., 2011; Dragert &
Wang, 2011; Bletery et al., 2017), several-hour-long rapid tremor reversals (RTRs; e.g., Obara, 2010; Ide, 2010a;
Houston et al., 2011; Royer et al., 2015), 10-min- to hour-long tremor streaks and rapid tremor migrations
(RTMs; e.g., Ghosh et al., 2010; Ryberg et al., 2010; Shelly, 2010; Rubin & Armbruster, 2013; Frank et al., 2014;
Peng et al., 2015; Sun et al., 2015), 10 to 200-s-long MW 3–4 very low frequency earthquakes (VLFEs; Ito et al.,
2007; Ide et al., 2008; Asano et al., 2015; Ghosh et al., 2015), and 0.2 to 0.7-s-long low-frequency earthquakes
(LFEs), which constitute tremor (Obara, 2002; Shelly et al., 2007; Bostock et al., 2015; Thomas et al., 2016).

A variety of physical models have been proposed to explain all these bursts of increased moment rate. Bursts of
rapid slip could represent ruptures of asperities or groups of asperities that have more unstable frictional prop-
erties than the rest of the plate interface (e.g., Ando et al., 2010; Nakata et al., 2011; Ando et al., 2012; Ghosh
et al., 2012; Wallace et al., 2012; Yabe & Ide, 2014; Luo & Ampuero, 2017). For some friction laws, subevent rup-
tures can arise even without asperities, as the result of a complex evolving stress distribution (Rubin, 2011;
Colella et al., 2012; Hawthorne & Rubin, 2013a). Complex stresses or material properties could also cause
transient increases in the slipping area, with or without variations in slip rate (Ide, 2008, 2010b).

1.2. A Single Slow Earthquake Family, With One Moment-Duration Scaling?
Ide et al. (2007) proposed that all these bursts of slip, from LFEs to RTRs to large slow slip events, are com-
ponents of a single slow earthquake family. Most well-observed slow earthquakes have roughly the same
moment to duration ratio, or average moment rate (e.g., Ide et al., 2007; Heki & Kataoka, 2008; Ide et al., 2008;
Aguiar et al., 2009; Matsuzawa et al., 2009; Wallace & Beavan, 2010; Gao et al., 2012; Fu & Freymueller, 2013;
Rubin & Armbruster, 2013; Tsang et al., 2015; Hawthorne et al., 2016). The proposed magnitude-independent
moment rate is intriguing, because it would imply that smaller slow earthquakes, with smaller areas, have
higher average slip rates. Slip rates increase from <0.1 μm/s in large slow slip events to of order 1 mm/s in
tremor (e.g., Dragert et al., 2001; Wallace et al., 2012; Bostock et al., 2015). If there is truly just one family of
slow earthquakes, this large range of slip rates would likely have to be produced by a single deformation
mechanism.

RESEARCH ARTICLE
10.1029/2017JB015124

Key Points:
• We estimate the moment rate power

spectrum of slow slip events in
Cascadia using GPS, strain,
and tremor data

• We obtain a moment rate spectrum
with shallow power law frequency
decay at periods shorter than 1 day

• The spectrum can be reproduced
if large slow slip events contain
collections of subevents with linear
moment-duration scaling

Supporting Information:
• Supporting Information S1

Correspondence to:
J. C. Hawthorne,
jessica.hawthorne@earth.ox.ac.uk

Citation:
Hawthorne J. C., & Bartlow, N. M.
(2018). Observing and modeling
the spectrum of a slow slip
event. Journal of Geophysical
Research: Solid Earth, 123, 4243–4265.
https://doi.org/10.1029/2017JB015124

Received 18 OCT 2017

Accepted 2 APR 2018

Accepted article online 6 APR 2018

Published online 8 MAY 2018

©2018. American Geophysical Union.
All Rights Reserved.

HAWTHORNE AND BARTLOW 4243

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://orcid.org/0000-0002-4117-2082
http://orcid.org/0000-0002-9961-5608
http://dx.doi.org/10.1029/2017JB015124
http://dx.doi.org/10.1029/2017JB015124
https://doi.org/10.1029/2017JB015124


Journal of Geophysical Research: Solid Earth 10.1029/2017JB015124

Figure 1. Moment rate power spectra inferred from the data, from (black and gray) the GPS-based slip inversions of
Bartlow et al. (2011) and Wech and Bartlow (2014), (blue) the normalized strain rate data from stations B003 and B004,
and (red) the beamforming-based tremor amplitude (lower) and amplitude squared (upper), from Ghosh et al. (2009).
Shading around the strain estimates indicates the 70% confidence ranges. Dashed lines mark scalings as frequency−nm ,
with nm as labeled.

On the other hand, it is also possible that the apparently linear moment-duration scaling results at least in
part from observational bias (Peng & Gomberg, 2010; Gomberg, Wech et al., 2016). The slow earthquake fam-
ily could lack a systematic scaling (Peng & Gomberg, 2010), or there might be two slow earthquake families:
slow slip and tremor. An important potential break in the scaling may be indicated by the small number of
MW 3.5–5.5 slow earthquakes observed at subduction zones. This apparent gap in the slow earthquake pop-
ulation could reflect the noise level (Peng & Gomberg, 2010; Ide, 2014), but it could also divide slow slip and
tremor. The gap may indicate that slow slip and tremor are governed by different physical processes. Slip rates
in slow slip events are low and likely limited by the rheology of the plate interface (e.g., Liu & Rice, 2005, 2007;
Shibazaki & Shimamoto, 2007; Segall et al., 2010; Hawthorne & Rubin, 2013b). Slip rates in tremor and VLFEs
are higher and may be limited by seismic wave generation (e.g., Rice, 1993; Rubin & Ampuero, 2005).

If there is just one physical mechanism governing slow slip, tremor, and all the slow earthquakes in between,
one might expect a power law, or fractal, distribution of slow earthquake sizes. Wech et al. (2010) identified a
power law distribution of durations for small slow slip events in Cascadia. A power law distribution is also an
acceptable match to the number of tremor migrations with various durations, as identified by Obara (2012)
beneath the Kii Peninsula and by Bletery et al. (2017) in Cascadia. On the other hand, detections of LFEs in
tremor appear to indicate a characteristic LFE size, with a restricted magnitude range. LFE moment distribu-
tions are best fit with b values greater than 4 or 5 or exponential distributions (Watanabe et al., 2007; Shelly &
Hardebeck, 2010; Chamberlain et al., 2014; Sweet et al., 2014; Bostock et al., 2015; Chestler & Creager, 2017a).

1.3. Summary of Our Analysis
In this paper, we further assess the plausibility of a single slow earthquake family by examining the power
that slow earthquakes could generate at a wide range of periods. We estimate and then attempt to model the
moment rate power spectrum of large slow slip events in Cascadia.

To begin, we focus exclusively on the data. In sections 2–4, we use Global Positioning System-, strain-, and
tremor-derived data to estimate the power in the slow slip moment rate at periods between 4 min and
200 days. We examine data from several slow slip events and plot them together in a normalized moment rate
power spectrum, shown in Figure 1. Our analysis suggests that the moment rate power (1) initially decreases
with increasing frequency but then (2) is unconstrained but potentially flat at frequencies of 0.1 to 1 day−1,
before (3) decreasing as frequency−nm at higher frequencies, where nm is between 0.4 and 1.5.
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In section 5, we examine how subevents could contribute to the moment rate power at various frequencies.We
construct synthetic large slow slip events as the sum of a steady background moment rate and a population
of subevents with a range of moments and durations. We find that the modeled spectra have shapes similar
to the data-derived spectrum, and we develop a quantitative understanding of how the spectrum depends
on the subevent population.

Finally, in sections 6 and 7, we compare the model with the observations. There are not currently enough
data to rigorously test the model, but we show that the data and model are consistent with the linear
moment-duration scaling that has been proposed to describe a single slow earthquake family (e.g., Ide et al.,
2007; Gao et al., 2012; Ide, 2014).

2. Spectra From GPS-Derived Moment Rates

We estimate the slow slip moment rate (power) spectrum at periods longer than 6 days from two GPS-based
slip inversions: one performed by Bartlow et al. (2011) for the August 2009 MW 6.8 slow slip event in
Washington and Oregon and one performed by Wech and Bartlow (2014) for the similarly located MW 6.9 slow
slip event beginning in June 2011 (Figure 2). These studies estimated the slip rate on a mesh of triangular sub-
faults representing the plate interface for each day throughout the two slow slip events using the Network
Inversion Filter method (NIF; Segall and Matthews (1997), Miyazaki et al. (2006).

The NIF inverts a network of GPS stations for a time-dependent model of slip and slip rate on a specified fault
surface. Normalized moment (or potency) rate is calculated by multiplying either differential slip or slip rate
by the area of each subfault and summing. Details are given in section S1 in the supporting information. The
estimated moment rates and their spectra are shown in Figure 3.

The power spectrum has value near ̄̇M2
0 at the lowest frequencies, where the period is longer than the slow

slip interval. For these frequencies, all of the moment appears to accumulate during a small part of the cycle.
When we compute the Fourier coefficient ̂̇M0(f ), defined in equation (S1) as T−1

c ∫ Tc
0 Ṁ(t)ei2𝜋ftdt, where Tc is a

window longer than the slow slip event, we find that | ̂̇M0(f )| tends to the time-averaged moment rate ̄̇M0. The
power decreases at higher frequencies, as the period gets shorter than the slow slip duration, and moment is
distributed over a large part of the cycle.

However, the rapid spectral falloff at very high frequencies, larger than 0.1 or 0.2 day−1, is likely an artifact of
smoothing in the slip inversion (see section S1). With the NIF inversion, it is not straightforward to calculate
the frequency at which temporal smoothing becomes important. We choose to interpret the data only at
periods longer than 6 days, because Bartlow et al. (2011) show that smoothing significantly affects the slip
inversion at periods shorter than a few days (their Figure S2) and because the higher-frequency spectral decay
is consistent with noise smoothed by the NIF (see section S1). At longer periods, the slip inversion appears to
reproduce the amplitude of the well-resolved signal in the GPS data (Figure S1 of Bartlow et al. (2011)).

3. Spectra From Borehole Strain Observations
3.1. Data Selection and Processing
To analyze the slow slip moment rate spectrum at high frequencies, between 1 day−1 and 1 hr−1, we use
borehole strain observations from two Plate Boundary Observatory strainmeters, B003 and B004, located in
the northwestern Olympic Peninsula (Figure 2). These strainmeters have recorded eight well-resolved slow
slip events, as seen in Figures 4 and S1–S3 and previously analyzed by, for example, Dragert and Wang (2011),
Roeloffs (2015), and Krogstad (2016).

We analyze just one of the three components of horizontal strain at each strainmeter, which we refer to
as 𝜀LCV-na, because this component of strain appears to have lower noise than the other two components.
We isolate the component of interest in section S2 by first identifying two components with low sensitiv-
ity to atmospheric pressure variations (Wang et al., 2008; Roeloffs, 2010; Dragert & Wang, 2011; Hodgkinson
et al., 2013; Hawthorne et al., 2016) and then using principal component analysis to isolate the lowest-noise
component (e.g., Bishop, 2006; Press, 2007; Rangelova et al., 2007; Kositsky & Avouac, 2010; Ji & Herring, 2013).

Once we have selected the component to consider, we estimate and correct for two nontectonic signals: tidal
and diurnal variations (Hart et al., 1996; Langbein, 2010; Roeloffs, 2010; Hodgkinson et al., 2013, following the
procedure of Hawthorne et al., 2016). We use the 10-year-long corrected 𝜀LCV-na records for all of our analysis.
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Figure 2. Locations of Plate Boundary Observatory strainmeters (black triangles) and the investigated tremor and slow
slip events. Green shading near 48∘N shows tremor locations identified by Ghosh et al. (2009). The blue curve illustrates
slow slip locations relevant for the strain analysis. It outlines 95% of the tremor locations identified in large post-2009
slow slip events centered around northern Washington by Wech and Creager (2008). Red and orange curves indicate
1.5-cm contours of slip in the southern 2009 and 2011 slow slip events, as inferred from GPS data by Bartlow et al.
(2011) and Wech and Bartlow (2014).
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Figure 3. (a) Slow slip moment rate during the 2009 event, estimated from the Global Positioning System-based slip
inversion of Bartlow et al. (2011) and normalized by the average moment rate in the slow slip interval. (b) Normalized
slow slip moment rate during the 2011 event, estimated by Wech and Bartlow (2014). (c) Normalized moment rate power
spectra of the 2009 (blue) and 2011 (red) events, computed with (solid) and without (dashed) a multitaper approach
(e.g., Percival & Walden, 1993; Thomson, 1982). Gray lines indicate scalings as frequency−nm , where nm is as labeled.

3.2. Spectra for Several Slow Slip Intervals
We use the strain data to infer moment rate variations during 4- to 8-day-long portions of the slow slip events,
marked in blue in Figure 4. We choose these intervals because strain accumulates roughly linearly with time
during each one, so we may approximate that the location of slip changes only modestly. We assume that the
Green’s function is constant within each interval and that variations in strain rate 𝜀̇(t) result only from varia-
tions in the slow slip moment rate Ṁ0, so that 𝜀̇(t) = constant × Ṁ0(t) (Hawthorne & Rubin, 2010; Hawthorne
et al., 2016). We confirm that this linear 𝜀̇(t)-Ṁ0 scaling is sufficiently accurate for our analysis in section S5,
where we generate and analyze synthetic strain time series for slow slip events in Cascadia (Okada, 1985; Wech
& Creager, 2008; McCrory et al., 2012).

With a linear scaling between 𝜀̇ and Ṁ0, the strain rate power spectrum | ̂̇𝜀(f )|2 should be equal to a constant
multiplied by the moment rate power spectrum | ̂̇M0(f )|2. However, the original data are the strain time series,
so we begin by estimating the strain power spectrum |𝜀̂(f )|2 in each slow slip interval. To prepare the data, we
high-pass filter the 10-year record with a corner frequency of 0.5 day−1, eliminating signals at periods longer
than the intervals. Then we extract the strain data from each interval, detrend, and compute the spectra with a
multitaper approach (e.g., Thomson, 1982; Percival & Walden, 1993). The resulting power spectra are shown in
Figure 5. They have been normalized only by interval length, so that the y value indicates |𝜀̂(f )|2, the squared
(half ) amplitude of the sinusoid observed at each frequency.

Also plotted in Figure 5 are spectra of representative noise intervals, taken from intervals 40 days before the
relevant slow slip intervals. At periods between 4 hr and 3 days, the noise power spectra are mostly a factor
of few smaller than the spectra observed during slow slip events. The noise spectra are variable, but many
roughly follow a frequency−2 decay (gray line) at periods between 2 and 12 hr, consistent with random walk
noise that is commonly observed in strain records (e.g., Langbein, 2010, 2004; Hawthorne & Rubin, 2013c).
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Figure 4. Corrected strain time series for 𝜀LCV-na at B003 (column 1) and B004 (column 2) during various slow slip intervals. The dates in the upper left corners
indicate time 0 in each of the plots. A linear trend estimated from days −15 to 10 in each plot has been removed. Blue bars mark the slow slip intervals used in
our analysis.

The strain power spectra |𝜀̂(f )|2 in the slow slip intervals decrease roughly as frequency−3 at frequencies
between 0.05 and 0.5 hr−1. A frequency−3 decay in the strain power spectra implies a roughly frequency−1

decay in the strain rate power spectra | ̂̇𝜀(f )|2 —and by inference a roughly frequency−1 decay in the moment
rate power spectra | ̂̇M0(f )|2.

3.3. Spectra Averaged Over Multiple Slow Slip Intervals

3.3.1. Estimating the True Slow Slip Power: Observed Minus Noise
In order to more accurately estimate the strain spectra, we average power spectra from seven of the eight slow
slip events observed at each station, obtaining the black lines in Figure 6. We exclude the 2013 slow slip
event because its spectrum is exceptionally large (though including it does not change our conclusions;
see section S4.1). The remaining spectra have similar amplitudes, and we average without weighting or
normalization.

We also compute average power spectra for 18 sets of noise intervals. The noise interval times are defined by
shifting the slow slip intervals forward or backward by 4 to 12 weeks. The median of the 18 estimates of noise
power at each frequency are marked by the red line in Figure 6, and the central 70% of the noise estimates
are shown by the pink shading.

The power contributed by the slow slip event can now be estimated as the power observed during slow slip
(black lines) minus the power attributed to noise (red lines and shading). This difference is plotted in blue
in Figure 6, but it is poorly resolved at high and low frequencies. At high frequencies (>1 hr−1), the slow
slip power cannot be differentiated from zero with 70% confidence. At very low frequencies (< 0.05 hr−1),
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Figure 5. Solid colored curves: power spectra of strain observed at (a) B003 and (b) B004 during the slow slip intervals
listed in the legend and marked in blue in Figure 4. Dashed pastel curves: power spectra of strain during noise intervals,
taken 40 days before the slow slip interval shown in the same color. Diagonal black lines indicate scalings as frequency
f−2, f−3, and f−4, as labeled. The diagonal gray line indicates frequency f−2 scaling.

the power cannot be interpreted because the spectra are influenced by the high-pass filtering and tapering
described in section 3.2. At frequencies from 0.05 to 1 hr−1, on the other hand, our estimates of the true slow
slip strain power are well constrained and appear to decay roughly as frequency−3 (central black dashed lines
in Figure 6).

3.3.2. Fitting the Spectral Decay Rate
To better quantify the spectral decay rate, we model the 1 day−1 to 0.7 hr−1 portion of the strain spectra as
a power law in frequency: as arf−(2+ns), with frequency f in days. We grid search over ar and ns and compute
the probability that the spectrum predicted by each parameter pair matches the spectrum estimated from
the data. Details are given in section S4.2, and parameter probabilities are shown in Figure S6. The estimated
probability densities imply 90% confidence ranges on the strain rate decay exponent ns between 0.39 and
0.91 for B003 and between 0.73 and 1.48 for B004, with most likely exponents of 0.62 and 1.08, respectively.

In computing these confidence intervals, we have chosen the filtering frequencies and interval sizes that are
most appropriate given the data and analysis approach. However, we also redo our frequency decay fits with
a wider range of filtering and interval parameters in section S4.3. All of the 90% confidence intervals obtained
imply a decay rate ns between 0.32 to 2.04.

3.3.3. Estimating Fractional Moment Rate Variations
The unnormalized spectra provide useful estimates of the spectral shape. But to estimate the overall
amplitude—how much the moment varies around its mean, we must normalize the spectra. As noted in
section 3.2, we have chosen intervals with roughly linear strain accumulation so that we may approximate
that the Green’s function is roughly constant in each interval. The normalized moment rate power spectrum
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Figure 6. Black: Power spectra of the strain observations, averaged over the seven slow slip intervals at (a) B003 and
(b) B004. Red and pink: Spectra during the noise interval sets, taken 28 to 84 days before or after the slow slip intervals.
The red line indicates the median value obtained among the time shifts, and the pink shading delimits the 15th and
85th percentiles. Blue: Estimates of the true slow slip spectra: the observed slow slip spectra minus the noise spectra.
The blue line marks the median, and the shading delimits the 15th to 85th percentiles. Diagonal dashed lines indicate
scalings as frequency f−2, f−3, and f−4, as labeled. Note that the spectra flatten at low frequencies (gray shading)
because we have high-pass filtered to periods longer than 0.5 day−1 before extracting the intervals.

| ̂̇M0(f )∕ ̄̇M0|2 is then approximately equal to the normalized strain rate spectrum | ̂̇𝜀(f )∕ ̄̇𝜀|2, where ̄̇M0 and ̄̇𝜀 are
the interval-averaged moment rate and strain rate, respectively.

To compute | ̂̇𝜀(f )∕ ̄̇𝜀|2, we first numerically differentiate the strain time series to obtain strain rate and compute
the power spectrum in each slow slip interval. Then we normalize by the interval’s average strain rate | ̄̇𝜀|2.
Finally, we average | ̂̇𝜀(f )∕ ̄̇𝜀|2 over the seven slow slip intervals and subtract the noise spectra, which have also
been normalized by the slow slip | ̄̇𝜀|2 values. The well-resolved portion of the normalized strain rate spectra
is plotted along with the GPS-derived moment rate spectra in Figure 1.

Fits to the spectra give 90% confidence intervals on ns between 0.29 and 1.35 at B003 and between 0.80 and
1.78 at B004. The best fitting power law decays imply that the strain rate power spectra | ̂̇𝜀(f )∕ ̄̇𝜀|2 = 0.014f−0.92

at B003 and 0.019f−1.24 at B004, where frequency f has units of day−1. Note that the normalized power esti-
mated at the longest well-resolved period of 1 day, 0.01 to 0.02, is within a factor of 2 of the power extracted
from the GPS-based slip inversions at their shortest, well-resolved periods of 6 to 10 days. The similarity
suggests that the power does not decrease systematically in the intervening frequency range.
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Figure 7. (a) Tremor amplitude estimated by Ghosh et al. (2009), observed during the May 2008 slow slip event in
central Cascadia. (b) Power spectra of the tremor amplitude (black) and the squared tremor amplitude (blue),
normalized by their respective means. Note that the square is computed in the time domain. Dashed gray lines mark
decays as frequency−2, frequency−4∕3, and frequency−1. The flattening at low frequencies results from the 2-day
duration of the signal and from the smoothing in the multitaper spectral estimation, which includes tapers
concentrated below 0.03 hr−1 (Slepian, 1976; Percival & Walden, 1993).

4. Tremor

To examine moment rate variations at much shorter periods (<1 hr), where geodetic estimates are currently
unavailable, we analyze variations in tremor amplitude. The tremor amplitude we analyze was derived via
beamforming by Ghosh et al. (2009). We focus on a 2-day interval shown in Figure 7a when the tremor was
near the array and changes in the tremor strength are well resolved.

4.1. Inferring Moment Rate From Tremor Amplitude
A number of studies have shown that tremor and slip are correlated on timescales from seconds to weeks,
at least in Cascadia and Japan (Ide et al., 2008; Aguiar et al., 2009; Bartlow et al., 2011; Hawthorne & Rubin,
2013c; Ide & Yabe, 2014). However, these time-averaged correlations cannot confirm that all variations in
tremor reflect variations in the aseismic moment rate (Kostoglodov et al., 2010; Wech & Bartlow, 2014). Our
tremor-based moment rate spectrum should therefore be considered only as a current best estimate and
interpreted with caution.

There is also uncertainty in how we estimate the (mostly aseismic) moment rate from seismogram-derived
tremor properties. In Cascadia, Hawthorne and Rubin (2013c) found that moment rate was roughly propor-
tional to tremor envelope amplitude on timescales of 30 min to 16 hr, though they examined only modest
(factor of 1.5 to 2) amplitude variations. But in Japan, Ide et al. (2008) and Ide and Yabe (2014) found that the
moment rate in 20- to 200-s-long slow earthquakes tracked the power of the band-passed velocity seismo-
grams. And the “tremor amplitude” that we analyze here was interpreted as an estimate of the tremor moment
rate by its creators (Ghosh et al., 2009). The amplitude we analyze is the average absolute value of the 3–8 Hz
stacked displacement seismogram, computed in 2-min windows.

To understand how we can best interpret the displacement absolute value, we generate some synthetic
tremor in section S6. We find that the displacement absolute value scales linearly with the velocity seismogram
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envelope and as the square root of the velocity seismogram power, as might be expected for numerous
overlapping LFEs (e.g., Ide, 2008; Gomberg, Agnew et al., 2016). If we couple the obtained envelope scal-
ing with the moment rate-tremor envelope correlations of Hawthorne and Rubin (2013c), we infer that the
aseismic moment rate should be proportional to the tremor amplitude plotted in Figure 7a. But if we cou-
ple the velocity power scaling with the moment rate-tremor power correlations of Ide et al. (2008) and Ide
and Yabe (2014), we infer that the aseismic moment rate should be proportional to the square of the tremor
amplitude.

4.2. Estimated Tremor Spectra
We therefore compute two estimates of the moment rate spectra: the spectra of the tremor amplitude and the
spectra of tremor amplitude squared (where the square is in the time domain). The power spectra are shown
in Figure 7b, normalized by their time-domain means. The two normalized power spectra turn out to have
approximately the same frequency decay rate. We compute least-squares fits in log-log space in the 12-hr
to 4-min period range, bootstrapping by frequency. The central 90% of the fits imply power spectral decays
between frequency−1.37 and frequency−1.23 for the tremor amplitude and decays between frequency−1.25 and
frequency−1.09 for the tremor amplitude squared.

These decay rates are consistent with the power spectral decays inferred from strain data, which implied
that the moment rate power decayed as frequency−nm , with nm between 0.4 and 1.5. The normalized power
of the tremor amplitude is also roughly consistent with the strain rate power, but the spectrum of the tremor
amplitude squared plots at values a factor of a few larger. The difference in the strain power and the power of
the tremor amplitude squared could imply that tremor amplitude is a better estimate of the aseismic moment
rate. Or the difference could imply that the average tremor amplitude used for normalization is incorrect. The
average tremor amplitude may vary on several-day timescales as slip migrates along strike, rupturing various
tremor patches.

Given the uncertainties in interpreting tremor, the tremor-based moment rate spectra should be used only as
a current best estimate. We nevertheless plot the spectra along with the slip inversion and strain rate spectra
in Figure 1. The combined spectra, compiled from nine different slow slip events, suggest that the slow slip
moment rate power

1. decays from M2
0t at periods longer than the slow slip event to roughly 0.01M2

0t at periods around 10 days;
2. is unconstrained by data at periods of 1 to 10 days, but may be roughly flat since the strain rate-derived

power at a 1-day period is also around 0.01 to 0.02M2
0t ; and

3. decays as frequency−nm at higher frequencies, where nm is estimated to be between 0.4 and 1.5 or between
1.1 and 1.4 when using the strain or tremor data, respectively.

5. Modeling Moment Rate Variability Created by Subevents

To understand how such a moment rate power spectrum might arise, we examine how a collection of
subevents occurring within a slow slip event—including SSFs, RTRS, RTMs, VLFEs, and LFEs—could con-
tribute to variations in moment rate at a range of timescales (e.g., Ito et al., 2007; Ide et al., 2008; Ghosh et al.,
2010; Ide, 2010a; Obara, 2010; Houston et al., 2011; Peng et al., 2015). We model the moment rate in a slow
slip event as the sum of two components, illustrated in Figure 8: (1, panel a) a steady background moment
rate and (2, panels b–d) short-lived moment rate increases associated with subevents of various sizes. We
include moment rate contributions from many small, short events (Figure 8d) and from a few large, long
events (Figure 8d).

Such subevents could be driven by rupture of asperities on the plate interface or by stochastic variations
in the slipping area (e.g., Ide, 2008; Ando et al., 2010; Rubin, 2011). But in this study, we will not attempt to
model the subevents’ physical origins. We simply assume that a fraction Fs of the slow slip moment accumu-
lates in subevents, and then we examine how the moment rate power spectrum depends on the properties
of the subevent population: on the subevents’ size distribution, moment-duration scaling, and moment
rate evolution.

We describe the subevent population with six free parameters in section 5.1 and then illustrate how the model
works with time-domain numerical simulations in section 5.2. In section 5.3, we gain more insight into the
modeled spectra with analytical calculations.
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Figure 8. Illustration of our parameterization of a slow slip event. We construct the total slow slip moment rate (panel e)
as the sum of (a) a background slip rate and (b–d) the moment rates of a population of smaller events. In panel f, the
black and colored curves show the spectra of the whole event and its constituents, respectively. The gray curve shows
the sum of the subevent spectra. The alternating shading and text annotations indicate four frequency ranges that
result in the subevent spectra combining differently, as described in sections 5.3.1, 5.3.2, 5.3.3.1, and 5.3.3.2. Note that
the subevent population and event durations are chosen only for illustration. They are not representative of Cascadia
slow slip events.

5.1. Parameterizing the Subevent Population
To parameterize the subevent size distribution, we assume that subevent moments are drawn from a trun-
cated Gutenberg-Richter distribution, including events up to a maximum magnitude Mm (Gutenberg &
Richter, 1944; Utsu, 2002). Before truncation, the number of events N with moment magnitude (Hanks &
Kanamori, 1979) larger than MW is

log10 N = a − b(Mw − Mr). (1)

Here Mr is a reference magnitude, often taken to be 0 in seismicity analysis.

To parameterize the subevent durations, we assume a power law scaling between subevent duration T and
moment M0:

T = CM1∕m
0 , (2)

where C is a constant. Note that the linear moment-duration scaling proposed for slow earthquakes (e.g.,
Ide et al., 2007; Gao et al., 2012) would imply m = 1, while small earthquakes, with roughly circular areas
and constant rupture speeds, typically have durations that scale as M1∕3

0 (e.g., Abercrombie, 1995; Prejean &
Ellsworth, 2001; Prieto et al., 2004; Yamada et al., 2007; Gomberg, Agnew et al., 2016).

Finally, to parameterize the shape of the subevents’ moment rate functions, we assume that each subevent’s
moment rate evolves following a boxcar function or the convolution of two or three boxcar functions.

5.2. Time-Domain Numerical Simulations
We use the subevent parameterization to numerically create slow slip events with a range of parameters. One
illustrative simulation is shown in Figure 9. This event has 80% of its moment in subevents, which are drawn
from a Gutenberg-Richter distribution with b value 1 and then distributed randomly over a 35-day interval.
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Figure 9. A slow slip event produced from time-domain numerical summation of subevents. (a) Magnitude (y axis) and
timing (x axis) of subevents with Mw > 2.3. Smaller subevents are also included but not illustrated here. (b) Moment rate
summed over all of the subevents, plus the modest background moment rate, divided by the average moment rate in
the 35-day slow slip event. (c) Spectra of the moment rate in panel b. Spectra are computed in a 90-day interval and
normalized by the average moment rate in that interval squared, leading to the value near 1 at the lowest frequencies.
The red line is the original spectrum. The black line is the same spectrum, but smoothed in log-log space using a
lognormal Gaussian with factor of 1.3 half width. Gray lines illustrate frequency decay with slopes of 1, 4/3, and 2, as
labeled. Orange curves indicate data-derived spectra reproduced from Figure 1.

In this example, the number of subevents is chosen so that there are 20 Mw > 4.8 events, to roughly match the
number of RTRs in Cascadia (Houston et al., 2011; Royer et al., 2015). Subevent durations are chosen to scale
roughly linearly with moment (m = 1). Further details of the numerical computation are given in section S7.

The power spectrum of the computed total moment rate is shown in Figure 9c. It has been normalized by
the time-averaged moment rate ( ̄̇M0) to facilitate comparison with the GPS, strain, and tremor data, which are
also plotted. The observed and modeled spectra are similar, as the parameters for this simulation were chosen
to match the observations. In the simulation, the normalized moment rate power is near 1 at very low fre-
quencies. The power initially decreases as the frequency increases but then hovers around 0.01 at frequencies
between 0.01 and 0.1 hr−1. At frequencies higher than 0.1 hr−1, the power decays as frequency−4∕3.

We will gain more insight into the spectral shape and amplitude in the next section, via analytical calculations.
But first, we perform a suite of simulations, trying b values of 0.6, 1, and 1.4, moment-duration scalings m of
0.5, 1, and 2, various maximum subevent magnitudes, and three different subevent moment rate functions
(shown in Figure S19a). Several of these additional simulation results are shown in Figures S20–S25, and some
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of their spectra are collected in Figure 10. Note that we obtain similar normalized spectra when we extract
and analyze several-day-long portions of the simulated moment rate, though the spectra are often shifted
vertically by a few tens of percent because the background moment rate used for normalization varies with
time (Figure S26).

In all simulations shown in Figure 10, 75% of the expected total moment is assigned to accumulate via
subevents. To roughly match RTR observations, a MW 5 event is assigned a duration around 3 hours (Houston
et al., 2011; Royer et al., 2015; Hawthorne et al., 2016). The a-value determining the total number of subevents
is chosen such that there would be 30 MW > 5 events in an untruncated Gutenberg-Richter distribution, but
only subevents shorter than 18 hours are allowed.

5.3. Understanding the Spectrum: Analytical Spectral Summation
To obtain more insight into how the subevent population dictates the modeled spectrum, we divide the
spectrum into four frequency ranges, illustrated in Figure 8f. We use approximations appropriate for each
frequency range to obtain an analytical estimate of the spectrum. We will show that the moment rate power

1. is equal to M2
0t at long periods but decreases as the period gets shorter than the event duration

(sections 5.3.1 and 5.3.2, equations (3) and (4)),
2. is roughly flat at periods shorter than the slow slip event but longer than the longest subevent

(section 5.3.3.1, equation (8)), and
3. decreases as frequency−nm at high frequencies (section 5.3.3.2, equations (10), (12), and (13)).

5.3.1. Periods Longer Than the Whole Slow Slip Event: Coherent M2
0t

Power
When we consider very low frequencies, all of the moment in the simulated slow slip event accumulates in
a small portion of the period of interest (left gray shading for the toy model in Figure 8f ). The moment rate
function is resolvable only as a delta function, and the moment rate power spectrum is equal to the event’s
total moment M0t squared:

S(f → 0) = M2
0t. (3)

Here we have defined the power spectrum S(f ) as ||∫ Ṁ(t)ei2𝜋ftdt||2
.

5.3.2. Periods Comparable to the Whole Event Duration: Initial Decrease in Power
As we consider shorter periods, the moment rate becomes spread over a larger portion of the period of interest
and thus starts to stack incoherently. To obtain a first-order approximation of the spectrum at these periods,
we assume that the slow slip event has a boxcar-shaped moment rate function with duration Tt , which implies
a power spectrum [equation (S16)]

S

(
f ≈ 1

Tt

)
= M2

0t

(
sin

(
𝜋fTt

)
𝜋fTt

)2

. (4)

5.3.3. Periods Shorter Than the Whole Event, in Two Parts
As we consider moment rate variations at even shorter periods, which are smaller than the whole event dura-
tion, subevents appear distributed at random times throughout the cycle. In this regime, which we will divide
into two frequency ranges, the power spectrum of the summed moment rate is given by the sum of the
subevents’ power spectra:

S

(
f ≳

1
Tt

)
≈ ∫

M0m

0
𝜌(M0)Si(f ,M0)dM0. (5)

Here 𝜌(M0) is the number of subevents per unit moment, and Si(f ,M0) is the power spectrum of an individual
subevent with moment M0. The steady background moment rate contributes little power at these or higher
frequencies, so we neglect it for the rest of our analysis.

The number of subevents per unit moment 𝜌(M0) can be estimated from the assumed Gutenberg-Richter
magnitude distribution [equations (1) and (S11)]. The individual subevent spectra Si are assumed to be flat
below a specified corner frequency fc and then decay as f−2n (black in Figure S19b), so that

Si(f ,M0) =

{
M2

0; f < fc

M2
0

(
f
fc

)−2n
; f ≥ fc

. (6)
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Figure 10. Dark solid, dashed, and dashed-dotted lines: power spectra of slow slip events constructed from subevents
with a range of parameters. The line style indicates the shape of the subevent moment rate functions, and color
indicates the moment-duration scaling exponent m in M ∼ T m. The subevent magnitude distribution b value is (a) 0.6,
(b) 1, or (c) 1.4. Lighter but thicker lines indicate the spectra predicted from the frequency domain integration.
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The high-frequency decay exponent n reflects the shape of the subevent moment rate functions. For example,
n = 1 is consistent with a boxcar function moment rate, while an n = 2 decay approximates the convolution
of two boxcar functions.

The subevents’ corner frequencies fc scale inversely with their durations, as T−1 (e.g., Shearer, 2009). The
moment-duration scaling from equation (2) thus implies

fc =
cT

T
=

cT

C

(
1

M0

)1∕m

. (7)

The constant cT is 0.22, 0.34, and 0.45 for our assumed moment rate functions, composed of one, two, and
three convolved boxcar functions, respectively (Figure S19).

With these definitions, we may use equation (5) to sum the subevent spectra and thereby estimate the total
event’s moment rate spectrum at periods shorter than the whole slow slip event. We compute the spectra in
two frequency ranges.
5.3.3.1. Periods Longer Than the Longest Subevent: Flat Spectrum
At frequencies smaller than fm, the corner frequency of the largest subevent, all of the subevents have flat
spectra (right gray region in Figure 8f ). The spectrum of the whole slow slip event is then also flat. It has value
(see section S9.2)

Sflat = S

(
1
Tt

≲ f < fm

)
= ∫

M0m

0
M2

0𝜌(M0)dM0 (8)

= M2
0tF2

s

(1 − 2b∕3)2

2 − 2b∕3
3

2b
1

Ne(M>M0m)
. (9)

Here M0t is the total moment, and Ne(M>M0m) is the number of subevents that were excluded by truncating
the distribution at a maximum subevent moment M0m. The power tends to decrease relative to M2

0t when Ne

increases—when the moment is divided into more subevents.
5.3.3.2. Periods Shorter Than the Longest Subevent: Power Law Spectral Decay
At frequencies higher than the largest subevent corner frequency fm, summing the subevent power spectra
[equation (5)] is more complex. Some subevents have corner frequencies smaller than the frequency of inter-
est f , and their spectra have already started to decay. In section S9.3, we show that the spectrum at frequencies
higher than fm is

S(f > fm) = Sflat

[
1 −

2 − 2b∕3
2 − 2n∕m − 2b∕3

](
f

fm

)−m(2−2b∕3)

+ Sflat
2 − 2b∕3

2 − 2n∕m − 2b∕3

(
f

fm

)−2n (10)

[equation (S46)] when m(2 − 2b∕3) ≠ 2n, and

S(f > fm) = Sflat

(
1 + 2n ln

(
f

fm

))(
f

fm

)−2n

(11)

[equation (S46)] when m(2 − 2b∕3) = 2n.

Examination of equations (10) and (11) reveals three potential spectral decay rates, depending on the values
of m, n, and b (see section S9.3.2 for detailed discussion). First, when 2n>m(2 − 2b∕3), the power spectra
decay as f−nm , with decay exponent

nm = m(2 − 2b∕3). (12)

In this regime, nm is controlled only by b and m, by the subevent size distribution and moment-duration scal-
ing. In contrast, when 2n < m(2 − 2b∕3) (as is the case for simulations with m = 2 and n = 1 in Figure 10), the
total event’s spectral decay is equal to the subevents’ spectral decay, regardless of m and b:

nm = 2n. (13)

When 2n = m(2 − 2b∕3), the f−2n and f−m(2−2b∕3) decays are equivalent, and both are accurate at very high fre-
quencies. However, at frequencies within a factor of 10 of fm, the decay rate is significantly shallower because
of the ln(f∕fm) term in equation (S49).
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5.4. A Special Case: Subevents of Subevents
An interesting special case builds from a 2n = m(2−2b∕3) scenario. If all slow earthquakes are part of a single
continuum, we may wish to model subevents in the same way as the large events: as the sum of a background
moment rate and a collection of further subevents. The subevents’ subevents could also contain collections
of subevents, until some minimum subevent size is reached. We have so far not been able to develop an
analytical understanding of the moment rate spectra of slow slip events with recursively divided subevents.
However, numerical simulations presented in section S11 reveal that large events constructed from fractal
subevents have power spectra that fall off roughly as f−m at high frequencies, regardless of the b value.

6. Comparison of the Modeled and Observed Spectra

With our understanding of how subevents contribute to the whole event spectrum, we can choose subevent
population parameters to match the spectrum derived from GPS, strain, and tremor data. We cannot, how-
ever, rigorously test the subevent model because the model requires seven free parameters to describe the
subevents’ size distribution (a, b, and M0m), durations (m and C), and moment rate functions (n), as well
as the background moment rate (Fs). Not all of these parameters can be constrained with existing data.
Nevertheless, we will (1) constrain the allowable subevent populations to facilitate future testing and inter-
pretation and (2) assess the linear moment-duration scaling proposed by Ide et al. (2007) in context of the
subevent model.

6.1. High-Frequency Decay: Implications for b, m, and n
The most interesting feature to match with the subevent population is the high-frequency (>1 day−1) power
spectral decay coefficient nm, which is estimated to fall between 0.4 and 1.5 or between 1.1 and 1.4 when
using the strain or tremor data, respectively. We can match this slope in one of three regimes, described in
sections 5.3.3.2 and 5.4.

First, if 2n>m(2 − 2b∕3), we can match the spectrum by selecting the magnitude distribution b value and
moment-duration exponent m such that m(2 − 2b∕3) = nm [equation (12)]. If b is between 0.5 and 1.5, as
observed for earthquakes (e.g., Kagan, 1999; Tormann et al., 2014), small slow slip events (Wech et al., 2010),
and tremor migrations counts (Obara, 2012; Bletery et al., 2017), the observed nm values constrain m to be
between 0.25 and 1.5. Such small m values, which imply a strong scaling of duration with moment, match the
linear (m = 1) moment-duration relationship proposed as the scaling for a single slow earthquake family (Ide
et al., 2007, 2008; Aguiar et al., 2009; Gao et al., 2012). The estimated m < 1.5 values are inconsistent with the
T 3 moment scaling that is expected for events that grow radially outward at a constant rupture velocity and
that is often observed in earthquakes smaller than the seismogenic zone width (Scholz, 1982; Abercrombie,
1995; Uchide & Ide, 2010; Gomberg, Agnew et al., 2016). The inferred m < 1.5 values would thus suggest that
slow earthquake dynamics are different from earthquake dynamics.

On the other hand, we can match the data with a wider range of m values if we allow individual subevents
to have shallow spectral decay, choosing subevent properties such that 2n < m(2 − 2b∕3). In this case, we
can match the data by choosing 2n = nm [equation (13)]: by giving the subevents the same spectral decay
as the large event. We note, however, that a power spectra that decays more slowly than frequency−1.5 is
quite shallow—more shallow than for a boxcar function, which has 2n = 2. The moment rates of subevents
with such shallow decay rates would have to increase nonmonotonically to their peak values or decrease
nonmonotonically to zero after their peaks.

Finally, we can match the observed spectral decay by constructing the whole slow slip event with collections
of subevents, and then modeling those subevents with further collections of subevents (section 5.4). In this
regime, we should pick m equal to the observed nm, between 0.4 and 1.5. This m is again consistent with
the proposed linear moment-duration proposed by Ide et al. (2007) but inconsistent with the m = 3 scaling
expected for small events with constant rupture velocity (Gomberg, Agnew et al.,2016).

6.2. Extent of the Flat Spectrum: Constraints on the Longest Subevent
At periods between 1 and 10 days, the moment rate spectrum is not directly constrained by the data. However,
the strain and GPS data suggest that the moment rate power is around 0.01 to 0.02M2

0t at both of these periods,
so it is possible that the spectrum is roughly flat between the two constraints.
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In the subevent parameterization, the spectrum is flat at frequencies smaller than the corner frequency of the
longest subevent. So to reproduce the spectrum with a population of subevents, the longest subevent should
have duration of order 0.5 to 1 day.

6.3. RTR Rate: Constraints on C and a
Further constraints on the subevent parameters come from observations of individual subevents. For instance,
quasi-daily MW 4.8–5.1 RTRs that last several hours constrain the a value of the subevent size distribution
[equation (1)] and bound the coefficient C in the moment-duration scaling [T = CM1∕m

0 , equation (2); e.g.,
Houston et al., 2011; Thomas et al., 2013; Royer et al., 2015; Hawthorne et al., 2016; Peng & Rubin, 2016].

6.4. Minimum Moment Rates: Constraints on Fs

In the month-long slip inversions of Bartlow et al. (2011) and Wech and Bartlow (2014), the moment rate
rarely decreases to less than half its average. Up to half of the moment rate in Cascadia events might then
accumulate as “background” moment rate in our model (so Fs ≳ 0.5). In Mexico, on the other hand, stacked
GPS observations imply that the moment rate is near zero outside of times with LFE bursts, suggesting that
any steady moment rate would be much smaller there (Frank et al., 2017).

6.5. Total Moment and Short-Period Power: Constraints on M0m, Fs, and b
We may further constrain the allowable subevent populations with two additional observations. First, most
large slow slip events in Cascadia have equivalent magnitudes between MW 6.3 and 6.9 (e.g., Szeliga et al.,
2008; Schmidt & Gao, 2010). Second, the power observed in the flat portion of the spectrum is of order 0.02M2

0t

when we interpolate between the GPS and strain data. To match these values, we may tune Fs, the maximum
subevent moment M0m, and b using the model predictions from equations (8) and (S55). However, because of
the unknown b and m values, the two observations only partially constrain the remaining unknown param-
eters: Fs, M0m, and b. To fully constrain and test the subevent model, we will need additional observations of
slow earthquakes and their spectra.

7. Discussion

In the first part of this study, we have used GPS, strain, and tremor data to estimate the moment rate power
spectrum of a slow slip event in Cascadia at periods from 4 min to 100 days. The data-derived normalized
spectrum can be used to test a variety of models of slow slip.

In the second part of this study, we have explored one way to parameterize slow slip events: as the sum of a
background slip rate and a collection of subevents. While this parameterization cannot be conclusively tested
with the data analyzed here, there are a range of subevent populations that would produce moment rate
spectra consistent with the observations.

One acceptable population of subevents is of particular interest: that with a linear relationship between
moment and duration. Such a linear scaling has been proposed as a model for the entire slow earthquake
family—including slow slip events, RTRs, RTMs, VLFEs, and tremor—on the basis of individual slow earth-
quakes’ moments and durations (Ide et al., 2007, 2008; Aguiar et al., 2009; Gao et al., 2012). This weak scaling
of moment with duration predicts that smaller slow earthquakes should have higher slip rates, as the scal-
ing allows for a wide range of moments, durations, and areas, but a limited range of average moment rates.
If this model is correct, and there really is a single family of slow earthquakes with a wide range of dura-
tions, it would seem likely that all these events are generated by a single deformation mechanism, which can
somehow generate slip at a wide range of slip rates.

7.1. Possible Physical Origins for Subevents
The large complexity observed in slow slip events might reflect large heterogeneity in the plate interface
region. For instance, each slow slip subevent might represent the rupture of an asperity with more unstable
fault properties (Schmittbuhl et al., 2006; Aochi & Ide, 2009; Ando et al., 2010; Yabe & Ide, 2017) or the rupture
of a collection of very small asperities (Ando et al., 2012; Luo & Ampuero, 2017). Each subevent could represent
rupture of an individual fault within a network of subparallel faults, as are often seen in exhumed shear zones
(Collettini et al., 2011; Lavier et al., 2013; Fagereng et al., 2014; Hayman & Lavier, 2014).
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Variations in fault geometry could also play a role. A M0 ∼ T scaling is often inferred for elongate slip
events—for events that occupy the entire along-dip width and propagate steadily along strike (e.g., Heaton,
1990; Gomberg, Wech et al., 2016), as well as for the unidirectional propagation of dislocations on a range of
scales (Gershenzon et al., 2011). A M0 ∼ T to T 2 scaling can be generated on a moderately complex megath-
rust interface using standard rate and state friction, at least for slow slip events spanning two magnitude units
(Liu, 2014; Li & Liu, 2016). This scaling range overlaps with the m < 1.5 scaling inferred from the data from
one portion of our model’s parameter space (see section 6.1). Similar “standard” friction on a small network of
faults can reproduce a M0 ∼ T scaling of slow slip events over a similar moment range (Romanet et al., 2017).
And speed-limited rate and state friction on a moderately complex plate interface can generate events with
moments that scale as T 1.3 over at least two magnitude units (Shibazaki et al., 2012).

Alternatively, slow earthquakes of various sizes could occur on a homogeneous planar fault. An approxi-
mation of speed-limited rate and state friction can give slow slip events with a wide range of sizes and
moment-duration scaling M0∼T 1.5 (Colella et al., 2011). Near-velocity-neutral friction can generate events with
a wide range of sizes and moments that scale with duration as T 2∕(ln T)2∕3 (Fisher et al., 1997; Ben-Zion, 2012).

7.2. Comparison With Other Spectral Models
Ide (2008, 2010b) and Ide and Maury (2018) modeled complex variations in slow slip moment rate as the
result of a slipping area that grows and shrinks over the course of the slow slip event. They predicted a
random-walk-like frequency−2 decay for the moment rate power spectrum at high frequencies. However, the
strain and tremor observations give a slightly shallower frequency−nm decay. With the most appropriate anal-
ysis parameters, 90% confidence parameters on nm fall between 0.4 and 1.5 or between 1.1 and 1.4 when
estimated from strain and tremor, respectively.

Our shallow decay also appears slightly inconsistent with the frictional sliding simulations of Ando et al. (2010),
who modeled slip evolution on a heterogeneous fault and obtained nm slightly larger than 2. They argued
that the nm ≈ 2 decay arose because the collection of subevents allowed for a boxcar-like moment rate in the
whole event. However, given the subevent modeling performed here, it seems possible that Ando et al’s (2010)
model could be modified to give a shallower spectral decay if more complex heterogeneity were included.

7.3. Comparison With Tremor Envelope Spectrum
Ide’s (2010b) model predicts a roughly linear relationship between the aseismic moment rate and the tremor
envelope, implying that the tremor envelope power spectrum can be used as an estimate of the moment
rate power spectrum. He was able to match the tremor envelope power spectrum in the 10- to 1,000-s range
using a frequency−2 decay coupled with a frequency−0.6 decay for the noise envelope spectrum. It is unclear
to us why our tremor-derived moment rate spectrum differs from his envelope spectra. Noise is unlikely
to cause significant uncertainty for the beamforming-derived tremor amplitude obtained by Ghosh et al.
(2009). A larger problem may be our and Ide’s (2010b) assumption that tremor tracks the larger aseismic slip.
We have considered moment rates that scale with tremor amplitude or with tremor amplitude squared and
obtain similar, shallow power spectral decays for both (see section 4), but it could be that no such mapping
is appropriate.

In its simplest form, our subevent modeling predicts little to no correlation between aseismic moment rate
and tremor amplitude (see section S12 and Figure S18). We currently assume that subevents occur at random
times, so there is no correlation between the high-frequency power, created mostly by small, short subevents,
and the low-frequency moment rate variations, contributed mostly by large, long subevents.

However, if we assume that subevents are themselves composed of subevents (section 5.4), high moment
rates do coincide in time with large high-frequency power, as there are more small, short events in intervals
of increased moment rate. For at least part of parameter space, the high-frequency “tremor” power varies
linearly with moment rate (Figures S14 and S16).

7.4. Comparison With LFE Rate Spectrum
As an alternative approach to estimating moment rate from tremor amplitude, we may hypothesize that LFEs
occur on asperities and that the LFE occurrence rate reflects the loading rate from surrounding slow slip. In
this case, the slow slip moment rate might scale linearly with LFE rate (e.g., Chestler & Creager, 2017a; Thomas
et al., 2018). Frank et al. (2016) examined an individual LFE source in Guerrero, Mexico, and determined that
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the LFE rate power spectrum decreased roughly as frequency−1. That decay rate is within the range of nm

values that we infer from the strain data.

7.5. Comparison With VLFE Spectra
On the other hand, the nm = 0.4–1.5 decay estimated from the strain data differs from an nm = 2 decay
estimated from VLFE spectra in the 0.01 to 0.025 Hz range (Takeo & Houston, 2014). We note, however, that
Takeo and Houston (2014) estimated the spectrum of stacks of aligned VLFEs. Their spectrum may thus reflect
the spectrum of an average individual event while ours reflects the spectrum of a number of overlapping
events with different sizes.

7.6. Comparison With Tremor Spectra
Our power spectral decay exponent nm ≈ 1 is also slightly smaller than those estimated at higher frequencies,
in the 1–20 Hz tremor band. An amplitude spectral decay exponent n (to be compared with nm∕2) close to
1 has been inferred for a number of tremor observations (Ide et al., 2007; Rubinstein et al., 2007; Shelly et al.,
2007). Even higher-amplitude decay exponents n of 2 to 3, more similar to normal earthquakes, have also
been inferred (Fletcher & McGarr, 2011; Zhang et al., 2011). However, tremor spectra are difficult to estimate
for several reasons: because the well-resolved frequency band is limited, LFE corner frequencies are close to
or within that frequency band, and attenuation estimates are uncertain. Local earthquakes may or may not
serve as effective empirical Green’s functions (Fletcher & McGarr, 2011; Zhang et al., 2011; Gomberg et al.,
2012; Bostock et al., 2017).

7.7. LFE Magnitudes and Durations
Tremor is composed mostly of MW 1 to 3 LFEs with durations around 0.2 to 0.7 s (Shelly et al., 2006, 2007;
Zhang et al., 2011; Bostock et al., 2015; Thomas et al., 2016; Chestler & Creager, 2017a). These average LFE
moments and durations are consistent with the linear moment-duration scaling proposed for the whole slow
earthquake family (Ide et al., 2007; Ide, 2014). However, the moment-duration scaling of events within the LFE
band appears different. Bostock et al. (2015) estimated just a 10% change in LFE duration for a factor of 10
change in moment.

The size distribution of LFEs also appears inconsistent with the b ≈ 1 Gutenberg-Richter distribution we have
assumed to model the slow slip spectrum. LFE magnitude distributions are often found to be more consistent
with an exponential distribution. They give b> 4 when modeled with a power law distribution (Watanabe
et al., 2007; Shelly & Hardebeck, 2010; Chamberlain et al., 2014; Sweet et al., 2014; Bostock et al., 2015; Chestler
& Creager, 2017a).

These indications of a characteristic LFE size, along with the n> 1 tremor spectra, may indicate that it is incor-
rect to model slow earthquakes across a wide frequency band with a single physical mechanism. As noted
in section 1, slow slip is largely controlled by an aseismic rheology, but tremor’s slip speeds are fast enough
that seismic radiation may play an important role in the event’s evolution, and the slow slip rheology may be
irrelevant for tremor.

Alternatively, the apparently characteristic LFE size could imply that slow earthquakes are governed by
material heterogeneity. It may be that most of the tremor detected so far comes from a particular set of
asperities that tend to generate 0.5-s-long MW 1–2 events (e.g., Ghosh et al., 2012; Armbruster et al., 2014;
Sweet et al., 2014; Chestler & Creager, 2017b). Slightly longer or shorter slow earthquakes could occur on
different asperities or fault segments that we have not yet identified. Such asperity-controlled slow earth-
quakes would imply an important role for scale-dependent fault properties in determining how fast each fault
segment slips.

8. Conclusions

Our analysis of GPS, strain, and tremor data compiled from nine slow slip events in Cascadia suggests that the
moment rate power spectra (1) decay from M2

0t at long periods to of order 0.01M2
0t at periods of 10 days, (2)

are poorly constrained by data but potentially flat at frequencies between 0.1 and 1 day−1, and (3) decay as
frequency−nm at frequencies of 1 day−1 to 0.25 min−1, where nm is between 0.4 and 1.5 when estimated from
strain and between 1.1 and 1.4 when estimated from tremor.

We obtain similar spectra shapes when we model slow slip events as the sum of a background rate and a
collection of subevents. Depending on the portion of parameter space, the high-frequency spectral falloff
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nm is controlled either by the frequency decay of individual subevents or by the population’s b value and
moment-duration scaling m.

There are not enough observations for us to rigorously test our subevent model, but if we assume that the
latter portion of parameter space is correct, we obtain scalings m between 0.25 and 1.5 when we compare
the model with the data. This range is consistent with the linear (m = 1) moment-duration scaling proposed
for a single slow earthquake family spanning a wide range of durations and slip speeds (e.g., Ide et al., 2007).
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