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ABSTRACT
The recorded seismicwaveform is a convolution of event source term, path term, and station
term. Removing high-frequency attenuation due to path effect is a challenging problem.
Empirical Green’s function (EGF) method uses nearly collocated small earthquakes to correct
the path and station terms for larger events recorded at the same station. However, this
method is subject to variability due to many factors. We focus on three events that were
well recorded by the seismic network and a rapid response distributed acoustic sensing
(DAS) array. Using a suite of high-quality EGF events, we assess the influence of time win-
dow, spectral measurement options, and types of data on the spectral ratio and relative
source time function (RSTF) results. Increased number of tapers (from 2 to 16) tends to
increase the measured corner frequency and reduce the source complexity. Extended long
time window (e.g., 30 s) tends to produce larger variability of corner frequency. The multi-
taper algorithm that simultaneously optimizes both target and EGF spectra produces the
most stable corner-frequency measurements. The stacked spectral ratio and RSTF from
the DAS array are more stable than two nearby seismic stations, and are comparable to
stacked results from the seismic network, suggesting that DAS array has strong potential
in source characterization.

KEY POINTS
• Empirical Green’s function (EGF) analysis is applied to

three well-recorded earthquakes using a distributed
acoustic sensing (DAS) array and seismic stations.

• A multitaper algorithm provides stable results of spectral
fitting using the seismic network data.

• The DAS array data provide consistent and stable mea-

surements of spectral complexity and the relative source
time functions (RSTFs).

Supplemental Material

INTRODUCTION
The observed seismic waveform for an earthquake at a seismic
station is the convolution of event source term (e(t)), path term
(p(t)) and station term (s(t)):

d�t� � e�t� � p�t� � s�t�: �1�
The event source term at far field can be approximated as a
source pulse with finite duration, and the integration of the
source time function equals to the seismic moment. The source

pulse can have varying durations at different azimuth due to
directivity effect, with shorter duration in the rupture propa-
gation direction. The spectrum of the source pulse is typically
described as an Omega-square model, with a flat low-fre-
quency part that scales with seismic moment, and a high-fre-
quency fall-off rate above the corner frequency (Aki, 1967;
Brune, 1970; Madariaga, 1976):

u�f � � Ω0

�1� �f =f c�γn�1=γ
, �2�
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when γ � 1, n = 2, this is the “Brune” model (Brune, 1970),
when γ � 2, n = 2, this is the “Boatwright”model (Boatwright,
1980). Generally, the influence of the source model on spectral
fitting is relatively small (Abercrombie, 2015; Ruhl et al., 2017;
Bindi et al., 2023; Cochran et al., 2024; Lior, 2024).

Not all earthquakes can be well described with the simple
theoretical source model with one corner frequency (equa-
tion 2). Uchide et al. (2014) found small earthquakes in
Japan deviate from the simple source model. Such complex
earthquakes have been widely found across different tectonic
environments, for example, Parkfield (Abercrombie, 2014;
Pennington et al., 2022), southern California (Wu and Chen,
2018), earthquake swarms in Nevada (Ruhl et al., 2017), and
induced earthquakes in Oklahoma (Wu et al., 2019). Source
parameter estimations for complex earthquakes could have
large variability (Abercrombie, 2014).

In addition to the complexity in source process, a major
challenge is to correct path and site terms. Accurate high-fre-
quency attenuation is often difficult to model with regional
smoothed velocity models, and therefore, the empirical
Green’s function (EGF) method is developed. The nearly
co-located small earthquake can be used to remove the path
and site effects for a large earthquake recorded at the same sta-
tion (Kane et al., 2013). Theoretically, the small earthquake
needs to be sufficiently small, so that it can be approximated
as point source relative to the larger event. Time-domain
implementation of the EGF method can be used to obtain
the relative source time function (RSTF) of the larger event,
examine directivity and slip distributions (e.g., López-
Comino and Cesca, 2018; Wu et al., 2019). Frequency-domain
analysis can be used to obtain the spectral ratio between the
two events, and perform model fitting to obtain the moment
ratio, corner frequencies for the target and EGF events (e.g.,
Abercrombie, 2015; Huang et al., 2017; Ruhl et al., 2017).
Note, some studies show that the magnitude difference
requirement could be relaxed for spectral ratio analysis (e.g.,
Lior, 2024), which could facilitate studies in areas with narrow
magnitude ranges.

The selection criteria for the EGF events have been exten-
sively discussed in several studies (e.g., Kane et al., 2013;
Pennington et al., 2023). The selection criteria range from sim-
ple distance-based selection, to selections considering focal
mechanism similarities (Wu et al., 2018), and correlation-
based selection (Ruhl et al., 2017). However, even using similar
EGF selection criteria, the choice of bandwidth (Abercrombie,
2015), time window, wave type (Pennington et al., 2021), and
spectral measurement methods can lead to variations in the
results (Chen et al., 2024).

The Ridgecrest dataset provides an excellent opportunity for
the community to further understand the causes of the source
parameter measurement uncertainties by Baltay et al. (2024).
Trugman (2020) and Bindi et al. (2023) conducted spectral
analyses using large-scale generalized inversion approaches.

Other studies focused on different aspects using this dataset.
For example, Shearer et al. (2024) analyzed the impact of attenu-
ation correction using two closely located earthquakes, Cochran
et al. (2024) investigated the effects of inversion techniques,
source model, and log- or linear sampling on spectral fitting
using a set of benchmark spectra. Baltay et al. (2024) briefly
summarized the community exercise in analyzing source
parameters, and found wide range of variations among different
studies. Chen et al. (2024) compared corner frequency and
stress-drop results from spectral ratio and stacking approaches,
and also found wide range of variations.

In this study, we focus on spectral ratio analysis to three well-
recorded target earthquakes from the Ridgecrest stress-drop val-
idation project (Baltay et al., 2024). In addition to seismic sta-
tions from the Southern California Seismic Network (SCSN),
the Ridgecrest sequence was also recorded by rapid response dis-
tributed acoustic sensing (DAS) arrays with existing fiber cables
(Li et al., 2021). The development of dense array observations
has provided rich database for people to further quantify uncer-
tainties and resolution of source processes (e.g., Fan and
McGuire, 2018; Pennington et al., 2023). The DAS arrays feature
ultradense spatial resolution of ground-motion variations
(Wang et al., 2018; Zhan, 2019), and have been used for earth-
quake magnitude estimations (Yin et al., 2023) and earthquake
source processes (Li, Kim, et al., 2023; Li, Zhu, et al., 2023). Chen
(2023) applied EGF analysis to two earthquakes recorded by col-
located DAS and seismic nodal arrays, and found that the stack-
ing power of DAS array produced smaller within-array
uncertainty, and suggests that DAS has the potential in regular
earthquake monitoring. Lior (2024) analyzed nine earthquakes
using EGF method, and found DAS results to be more stable
than the accelerometer network. A potential limitation of the
DAS array is the “often” limited azimuthal coverage compared
to regional seismic network.

For the three target earthquakes, we select EGF events that
are well recorded by both the seismic network and the DAS
array. We apply the same workflow to DAS and seismic data-
sets with varying time-window length and frequency band-
width and compare the spectral ratio and RSTF results. We
start with an examination of the effect of tapers and window
length using different multitaper implementations. Then we
examine different factors on the corner frequency and spectral
residual measurements. Finally, we focus on example EGF
event pairs to examine the stability of spectral ratio measure-
ment and RSTF measured from DAS.

DATA
We first identify target events with M ≥ 3.5 and potential EGF
events (within 2 km hypocentral distance and at least one mag-
nitude unit lower) from the data provided by the Ridgecrest
stress-drop validation project from SCSN (Baltay et al.,
2024). Only seismic stations with sampling rates ≥100 Hz that
record particle velocities are used in the analysis. Then we
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extract the DAS waveform for each event from the rapid-
response DAS array (resampled at 100 Hz) (Li et al., 2021),
which was deployed four days after the 2019 Ridgecrest main-
shock. The array has a total length of 10 km, oriented in east–
west direction, and has 1250 channels at 8 m spacing (Li et al.,
2021). A new machine learning phase picker based on transfer
learning is applied to automatically pick P and S arrivals for
cataloged events (Zhu et al., 2023). We apply automated sig-
nal-to-noise assessment, followed by manual examination of
the waveform to identify EGF events with high-quality wave-
form. We expand the stress-drop validation dataset to include
later aftershocks from a relocated catalog (Hauksson et al.,
2012) to identify a larger number of suitable EGF events that
have a high signal-to-noise ratio (SNR) from the DAS array.
Three target events and 37 EGF events are identified (Fig. 1,
Table S1, available in the supplemental material to this article),
with 16 EGF events for target event 38522647 (M 4.17), 10 for

target event 38577831 (M 3.8),
and 11 for target event
38538991 (M 4.14).

Because DAS measures
strain rate in the direction of the
cable (Wang et al., 2018), this
east–west-oriented DAS array
on the surface is more compa-
rable to the east component of
a seismometer. Therefore, we
only consider the S wave in this
study and compare DAS results
with the east component from
two nearby seismic stations
(“SRT” and “CA03”), as well
as results from all the available
SCSN stations with only the east
component (“SCSN-E”) and
both horizontal components
(“SCSN-EN”), respectively. The
example waveforms for three
target events are shown in
Figures S1–S3.

For plane-wave incidence,
the strain measured from the
DAS array can be related to
particle velocity via the follow-
ing equation: ε � � 1

c u
 

(in
which ε,c,u

 
are strain, wave

velocity, and particle velocity,
respectively) (Wang et al.,
2018). Lellouch et al. (2020)
demonstrate that the raw DAS
data can be used to measure
relative microseismic event
magnitudes, and Chen (2023)

shows that EGF analysis applying to raw DAS data yields sim-
ilar results with collocated geophones. Similar to Chen (2023),
we directly use the raw DAS waveform for EGF analysis with-
out any preprocessing.

METHOD
For each target earthquake, we use the same set of EGF events
with the same selection criteria (SNR, variance reduction
[VR]), and use the same set of spectral measurement methods
and inversion algorithm.

We first perform a sensitivity test on the seismic network
(“SCSN-EN”, S wave measured as the geometric mean of the
two horizontal components) using different spectral estimation
methods with a continuous range of the number of tapers (2–
16) and window length (3–30 s) to evaluate the variability of
corner-frequency measurements due to spectral measurement
methods and choices of taper and time window.
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Figure 1. Map view of all available stations (blue triangle), two stations (cyan triangles, “SRT” and “CA03”) closest
to the distributed acoustic sensing (DAS) array (dark green line), all events in the Ridgecrest Validation project (gray
dots) (Baltay et al., 2024), the three target events (yellow stars), and their empirical Green’s function (EGF) events
(white circles). The color version of this figure is available only in the electronic edition.
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Then we select a limited set of parameters to examine the
influence of dataset selection on spectral ratio and RSTF mea-
surements. Specifically, we fix the number of tapers as 6, select
four time windows (3, 5, 10, and 30 s), and four frequency
bands with different low-frequency limits (0.2–25 Hz,
0.3–25 Hz, 0.8–25 Hz, and 1.5–25 Hz).

For “SCSN-EN”, we only perform spectral ratio measure-
ments. For “SCSN-E” (east component only), the two local sta-
tions (“CA03” and “SRT”, east component only), and the DAS
array (single-component channels oriented in east–west direc-
tion), we measure both spectral ratio and RSTF via deconvo-
lution at each channel and compare both spectral ratio and
RSTF results.

Multitaper methods
Multitaper spectral estimates typically reduce variance via
averaging across multiple tapers (Prieto et al., 2009). For those
spectral estimates, a series of orthogonal discrete prolate sphe-
roidal (Slepian) sequences is generated as window functions
based on a “time-half-bandwidth (tbp)”, and the number of
tapers is typically calculated based on 2 * tbp − 1 (Prieto
et al., 2009). The final spectrum is calculated based on the
weighted average of modified spectra using these Slepian
sequences (Thomson, 1982). In practice, the main difference
between those different implementations is the weights of
the modified spectra to calculate the average. We focus on
two implementations: “pmtm” from MATLAB, and “mtspec”
(for “SCSN-EN”) and its variants (“mtdeconv” for single-com-
ponent analysis: “SCSN-E”, local stations, and DAS) from
Prieto et al. (2009).

The “pmtm” (multitaper power spectral density estimate
from MATLAB) uses the Thomson (1982) approach. The
default “adapt” option is used, which uses frequency-depen-
dent adaptive weighting to balance both the frequency concen-
tration of the Slepian sequences and the power distribution in
the time series.

The variants of the “mtspec” estimation method are from
Prieto et al. (2009). This method estimates the power density
spectrum using either a “Constant” multitaper that uses eigen-
value weights or an “Adaptive” multitaper that is similar to
“pmtm” but a slightly different way of the iterative adaptive
weighting calculation. Alternatively, the method also allows
for a quadratic (“Quad”) multitaper estimate (Prieto et al.,
2007), which uses a second derivative of the spectrum to obtain
a higher resolution estimate of the spectrum.

In addition to the individual spectra measurement, we con-
sider the “mtdeconv” approach (a variant of “mtspec”), which
uses the “Adaptive” method to obtain optimal weights that
simultaneously stabilize both the target and EGF event spectra
and estimate RSTF via complex spectral division (Prieto et al.,
2009). The “mtdeconv” is the method adopted in Abercrombie
(2015) to measure both spectral ratio and RSTF and investigate
uncertainties.

Spectral ratio and RSTF measurement
For each event, the signal window starts at 0.1 s before the S
arrival, and the noise window is a 3 s window that ends right
before the P arrival. We keep the length of the noise window
consistent, so we can focus on comparing relative changes in
the signal spectra of different window lengths. All waveforms
are zero-padded to 2048 samples for spectral measurements
(Nfft = 2048). We only use spectra where both the target
and EGF events have a minimum SNR greater than 2 within
the desired frequency band (i.e., from the varied low-frequency
limit to 25 Hz). For event pairs from the seismic network
(“SCSN-EN” and “SCSN-E”), we require at least five stations
to pass the SNR criteria. For the DAS array, we require at least
20 channels to meet the SNR criteria.

Using the spectra that passed the SNR criteria, we first aver-
age all available spectral ratios at individual stations for each
pair, then perform spectral ratio fitting by obtaining moment

ratio MR
0 � MTarget

0

MEGF�i	
0

and corner frequencies for the target

(f Targetc ) and EGF (f EGF�i	c ) event from the Boatwright model
(Pennington et al., 2023):

Ri�f � �
MTarget

0

MEGF�i	
0

�
1� �f =f EGF�i	c �4
1� �f =f Targetc �4

�
1=2

: �3�

The spectral fitting is performed using the nonlinear solver
from MATLAB (“fminsearch”).

We only retain ratios with VR of the desired frequency
bands greater than 70%. To obtain the VR, we first estimate
the misfit between the median observed (obs) spectra across
all common stations for a single (ith) EGF (RObs

i ) and the
predicted (RSyn

i ) ratio:

Misfiti � �logRObs
i �f � − logRSyn

i

�f ;MTarget
0 =MEGF�i	

0 ,f Targetc ,f EGF�i	c �	2, �4�

and the VR is defined as

VRi �
Misfiti

Var�logRObs
i �f �� , �5�

in which “Var” denotes variance with respect to the logarith-
mic mean over the frequency band of interest.

After applying the VR criteria, we grid search for the “opti-
mal” corner frequency for the target event that can simultane-
ously fit all EGF events while keep the corner frequencies for
EGF events fixed at the best-fitting individual event pair fitting
(Pennington et al., 2023).

The RSTF is analyzed for selected individual target–EGF
pairs to evaluate the influence of time window on RSTF sta-
bility. For the DAS array and SCSN-E stations (east component
only) datasets, we use cross correlation to align RSTF from all
available stations for each pair, then average all stations to get
the final RSTF.

4 • Bulletin of the Seismological Society of America www.bssaonline.org Volume XX Number XX – 2025

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/doi/10.1785/0120240156/7131592/bssa-2024156.1.pdf
by xiaowei1986 
on 03 May 2025



EFFECT OF TAPERS AND SPECTRAL CALCULATION
METHOD
We first examine the effect of the number of tapers and method
of spectral calculation (Pennington et al., 2022) for each target
earthquake using the seismic network (“SCSN-EN”). For each
pair of target and EGF events, we estimate their spectra using
one of the aforementioned methods: “pmtm” from MATLAB,
“mtspec” from Prieto et al. (2009) with “Constant,” “Adaptive,”
or “Quad” options. For our tests, we only vary the method of
estimation and number of tapers (ntaper) from 2 to 16, and all
other parameters are kept constant. The time-half-bandwidth
product is calculated via (1 + ntaper)/2. For each of these tests,
we use 5 s S-wave window that starts 0.1 s before S arrival and fit
the spectra from 0.3–25 Hz. Using a specified taper number and
method, we estimate spectra for the target event and EGF events
at each individual station and follow the workflow explained
above to obtain an f c from spectral ratio fitting (Pennington
et al., 2023). We only focus on the f c of the target earthquake
in this study, and a separate study to assess the uncertainties of
the second f c is underway (Abercrombie et al., 2024).

The choice of method and number of tapers both affect the
resulting spectra ratio (Fig. 2). For a fixed number of taper, the
choice in method causes the estimated corner frequencies vary
between methods by 0.1–0.4 Hz, with majority within 0.2 Hz of
each other. The “Adaptive” and “Constant” methods generally
produce lower estimated corner frequencies; whereas the
“pmtm” and “Quad” methods tend to produce higher esti-
mated corner frequencies.

For all methods, the corner frequencies tend to increase
with the number of tapers, and the variability is larger than
variability due to choice of methods (Fig. 2g–i). The increase

in corner frequency with the number of tapers could be due
to increase level of smoothing that reduce the prominence
of troughs and peaks. This can be observed in the reduction
of the spectral residual with more tapers in Figure 2d–f. For
the complex event 38538991, significant smoothing of the
“trough” between 1 and 2 Hz can be observed with larger num-
ber of tapers (Fig. 2f), and the corner frequency of this event
increased from about 2.5 Hz with ntaper = 7 to about 3.5 Hz
with ntaper = 15 (Fig. 2i).

For all three events, the corner frequencies are relatively sta-
ble with the number of tapers smaller than 6 or 7. Therefore,
we fix the number of tapers as 6 (time-half-bandwidth product
of 3.5) in the following analysis.

EFFECT OF TIME WINDOW AND SPECTRAL
CALCULATION METHOD
We hold the number of tapers fixed as 6, frequency bandwidth
as 0.3–25 Hz, and gradually change the S-wave window length
from 3 to 30 s. We use the same dataset (“SCSN-EN”) and the
same set of spectral estimation methods.
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Figure 2. The effect of taper using different multitaper techniques on the
three example events (a,d,g, event 38522647; b,e,h, event 38577831;
c,f,i, event 38538991) using S wave from “SCSN-EN”. For each event, the
top panels (a, b, c) show the median spectral ratios of all EGF events as solid
lines and synthetic fits as dashed lines. The vertical dashed line denotes the
estimated corner frequency for each event. Each line is colored by their
respective method and taper number (see color bars at the bottom of the
figure). The middle panels (d, e, f) show the spectral residual from the
median ratios to the synthetic curves. The bottom panels (g, h, i) show
corner frequency as a function of the number of tapers. The color version of
this figure is available only in the electronic edition.
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Compared to the “mtspec” family of methods (“Adapt,”
“Constant,” and “Quad”), the “pmtm” method appears more
significantly influenced by the window length with much larger
variability of corner frequencies and more outliers at longer
window lengths (Fig. 3).

For “pmtm” method, the corner-frequency variation due to
window length is larger than the number of tapers. For
“mtspec” methods, the range of corner-frequency variations
are similar; however, there is no clear relationship between
corner frequency and window length (Fig. 3g–i, where corner
frequency can increase or decrease with window length), which
differs from the gradual increase of corner frequency with
number of tapers (Fig. 2g–i).

For spectral ratio analysis, it is expected that the window
length should be at least 10 times of the expected source dura-
tion, and Abercrombie et al. (2017) developed an equation to
calculate time window based on the seismic moment of the
target earthquake by assuming a constant stress drop of
0.1 MPa and S velocity of 4 km/s:

n sec � round

�
10 ×

M1=3
0

20,000

�
=10, �6�

in whichM0 is the seismic moment and “round”means round-
ing to nearest integer. This reference time window is plotted as
vertical dashed lines in Figure 3g–i. For all three events, this
reference time window falls within the range of window
lengths where corner frequencies are relatively stable, sug-
gesting that equation (6) is generally applicable in this study
region.

Longer time windows tend to produce larger spectral devi-
ations from the source model at low frequencies (Fig. 3d–f).
This is likely due to the reduced SNR with increasing window

length (Figs. S4–S6), leading to unconstrained moment ratio at
low frequency, and hence larger variability of corner frequency
(equation 3).

EFFECT OF DATASET SELECTION AND SPECTRAL
MEASUREMENT OPTIONS
We now hold the number of taper fixed at 6, and apply limited
selection of time window (3, 5, 10, and 30 s) and low-frequency
limit (0.2, 0.3, 0.8, and 1.5 Hz) to the different datasets. We
apply “mtspec” with “Adaptive” method and “pmtm” to
“SCSN-EN” datasets. Moreover, we apply “mtdeconv” to
“local” stations (“SRT” and “CA03” east component),
“DAS” and available “SCSN-E” datasets, which allows mea-
surements of both spectral ratio and RSTF. This produces 6
× 4 × 4 = 96 corner frequencies for each target event. We focus
on a qualitative assessment of the “optimal” corner frequency
and spectral deviation for each target earthquake from simul-
taneous fitting of multiple EGF events, as well as shapes of
spectral ratio and RSTF from selected individual pairs

quadconstadaptColorbar for each method: pmtm

Based on window length (s)

(a)

(d)

(g)

(b)

(e)

(h)

(c)

(f)

(i)

3 5 7 9 10 14 18 22 26 304 6 8

10
–1

10
0

N
o
rm

a
liz

e
d
 s

p
e
c
tr

a
l 
ra

ti
o

Teq-38577831

10
0

10
1

Frequency (Hz)

0.5

1

1.5

2

O
b
s
./
s
y
n

0 5 10 15 20 25 30

Window length (s)

3

3.5

4

4.5

f c
 (

H
z
)

10
–1

10
0

N
o
rm

a
liz

e
d
 s

p
e
c
tr

a
l 
ra

ti
o

Teq-38538991

10
0

10
1

Frequency (Hz)

0.5

1

1.5

2

O
b
s
./
s
y
n

0 5 10 15 20 25 30

Window length (s)

2.4

2.6

2.8

3

f c
 (

H
z
)

10
–1

10
0

N
o
rm

a
liz

e
d
 s

p
e
c
tr

a
l 
ra

ti
o

Teq-38522647

10
0

10
1

Frequency (Hz)

0.5

1

1.5

2

O
b
s
./
s
y
n

0 5 10 15 20 25 30

Window length (s)

2.4

2.5

2.6

2.7

2.8

f c
 (

H
z
)

3 5 7 9 10 14 18 22 26 304 6 8 3 5 7 9 10 14 18 22 26 304 6 83 5 7 9 10 14 18 22 26 304 6 8

Figure 3. The effect of time window using different multitaper techniques on
the three example events (a,d,g, event 38522647; b,e,h, event 38577831;
c,f,i, event 38538991) using S wave from “SCSN-EN”. For each event, the
top panels (a, b, c) show the median spectral ratios of all EGF events as solid
lines and synthetic fits as dashed lines. The vertical dashed line denotes the
estimated corner frequency for each event. Each line is colored by their
respective method and window length (see color bars at the bottom of the
figure). The middle panels (d, e, f) show the spectral residual from the
median ratios to the synthetic curves. The bottom panels (g, h, i) show
corner frequency as a function of window length, and the vertical dashed
line shows the reference time window calculated from equation (6). The
color version of this figure is available only in the electronic edition.
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(Pennington et al., 2023). The results are summarized in
Figures 4 and 5.

Figure 4 shows the “optimal” corner frequency for each tar-
get earthquake with different options, and Figure 5 shows the
residual for the three target events separately, which can be
used to identify complex (large residual with “bumps” and
“troughs”) or simple (small residual) earthquakes (Uchide
and Imanishi, 2016).

1. Figure 4 shows that the variation of corner-frequency meas-
urement is influenced by several factors:
• Spectral measurement method: when using seismic net-
work average (“SCSN-EN”), “pmtm” tends to produce
more outliers than “mtspec”, consistent with the time-
window sensitivity test in Figure 3. Interestingly, we find
that the “mtdeconv” algorithm produces the most stable
results using the east component from all available seis-
mic stations (SCSN-E). In “mtspec”, each spectrum is
individually calculated with different weights, whereas
in “mtdeconv”, the same weights are applied to calculate
both target and EGF spectra. The more stable results from
“mtdeconv” than “mtspec” suggest that the weights
applied to multitaper spectral measurements could influ-
ence the spectral ratio results.

• Frequency bandwidth:
there is a general trend
of increasing corner fre-
quency with higher low-
frequency limit using the
network average, and
such trend is more clearly
observed for the complex
event 38538991, where
the estimated corner
frequencies are above
the median line with
low-frequency limits of
0.8 and 1.5 Hz (Fig. 4c).

• Window length: compar-
ing the standard deviation
for results using the same
time window, we find that
5 s time window produces
the lowest variability for
the two simple events
(38522647 and 38577831),
whereas the 30 s produces
largest variability. For the
5 s time window, 0.2 or
0.3 Hz low-frequency limit
produces much lower
variability compared to
0.8 or 1.5 Hz (Fig. 4).

Measurements at individual stations (“SRT” and “CA03”)
are more sensitive to choices of window length compared to
network average.

• Overall, for the most well-constrained case “mtdeconv
SCSN-E” using different time window and frequency
bandwidth choices, the corner frequency varies within
0.15 Hz (one standard deviation) for the two simple events,
and within 0.6 Hz for the more complex event 38538991.

2. Using “SCSN-EN” dataset, despite some differences in corner
frequency between “pmtm” and “mtspec”methods, the spec-
tral residuals are very consistent (Fig. 5). This is similar to
observations in Chen et al. (2024), where two events have
large variability in corner frequencies measured from differ-
ent methods, but fairly consistent shape of spectral residual
from model fitting. However, there is larger deviation at
low frequency for longer time windows, especially for the
30 s window, this might explain the large variations of
corner-frequency measurements using longer window and
lower frequency.

3. Comparing the measurements between DAS and seismic
data, we find that:
• The DAS array tends to have comparable overall variabil-
ity with individual stations (Fig. 4). For shorter time win-
dows (3 and 5 s), the DAS results are more consistent
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with the seismic network average for the two simple
earthquakes (38522647 and 38577831). For the complex
event 38538991, the DAS array results are systematically
higher than the results from the seismic network, which is
likely due to spectral complexity and large spectral resid-
uals at low frequency (Fig. 5).

• At high frequency, the DAS array exhibits more stable
spectral residual measurements for different time win-
dows than the two nearby local stations (“SRT” and
“CA03”), the difference is more clear for longer time win-
dows (30 s), suggesting array measurement can effectively
reduce uncorrelated noise.

• At low frequency, the DAS array exhibits larger spectral
residual than the local stations and SCSN average (SCSN-
E and SCSN-EN). This suggests that the sensitivity of
DAS array at low frequency is likely lower compared
to broadband seismic sensors. The SNRs on the DAS
array for the three target events are generally lower than
the seismic network (Figs. S7–S9).

• For event 38538991, the DAS array correctly identifies
complex spectral residual that is similar to network aver-
age, but the two nearby local stations do not clearly show
spectral complexity.

• For event 38522647, the spectral residuals from the DAS
array and local stations (“SRT” and “CA03”) are more
complex than the network average using either SCSN-E
or SCSN-EN. This could suggest some limitations due to
limited azimuthal coverage for the DAS array.
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The results shown here are based on average from multiple
EGF events for the same target event. Because of the SNR and
fitting criteria, different EGF events may be included with dif-
ferent datasets. For each target event, we compare the EGF
events that have valid results from multiple datasets with
different time window and low-frequency limit options to
further examine shapes of spectral ratio and RSTF for individ-
ual pairs.

SPECTRAL RATIO AND RSTF FROM EXAMPLE EGF
PAIRS
Figure 4 shows that the “mtdeconv” produces more stable
results than “pmtm” and “mtspec” using SCSN network aver-
age, so we focus on the individual ratios from the “mtdeconv”
method using four datasets, including DAS, SCSN-E, and two
individual local stations. The spectral ratio and the corre-
sponding RSTF for one example individual pair for event
38522647 are shown in Figures 6 and 7. Other example indi-
vidual pair spectral ratios and RSTFs are included in Figures
S10–S23 (in total, there are five examples for event 38522647,
two for event 38577831, and one for 38538991).

Figure 6 shows that the low-frequency spectral ratio tends
to dip downward with increasing time-window lengths, espe-
cially for the 30 s window. This is consistent with the larger
spectral deviation at low frequency for longer windows in
Figure 5 from averaging of multiple EGF events. Spectral ratios
with longer time window also tend to have larger high-

frequency noise, likely due to the reduced SNR for both target
and EGF events at high frequency (Figs. S4–S6).

For measurements with the same time window and same
dataset, but with different low-frequency limit, we find there
exists strong trade-off between the moment ratio and target
earthquake corner frequency (Fig. 6g), where higher moment
ratio leads to lower corner frequency. The trade-off is more sig-
nificant for the individual local stations than network average.
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The seismic network average (SCSN-E) (Fig. 6a) has well-
constrained flat spectral ratio at low frequency, extending all
the way down to 0.2 Hz; however, the DAS ratio starts to
decrease slightly below 1 Hz. This likely leads to the more sig-
nificant trade-off between moment ratio and corner frequency
for the DAS array for this pair. The trade-off between moment
and corner frequency is also observed in Cochran et al. (2024)
using a set of benchmark spectra.

The “mtdeconv” algorithm produces RSTF via complex
spectral division (Abercrombie, 2015). For the DAS data, we
find this method is preferred over time-domain methods
developed for seismic data (e.g., Wu et al., 2019). We originally
applied the iterative forward modeling algorithm from Wu
et al. (2019): this algorithm works well for seismic waveforms,
but it produces very unstable RSTF using DAS data.
Furthermore, although the spectral ratios from DAS tend to
exhibit larger deviations at low frequency compared to seismic
data (Fig. 5), the RSTF averaged from all usable DAS channels
(e.g., those passed the SNR requirement) exhibits superior sta-
bility in spectral ratio and RSTF measurements compared to
nearby local seismic stations. With a suitable EGF event, the
RSTF exhibits comparable level of consistency to the seismic

network average when using different time windows (Fig. 7).
This is largely due to the stacking power of the DAS array,
which usually is at least one order of magnitude denser than
regular seismic network. The stability of DAS array-stacked
RSTF is very encouraging, and suggests that the stacking power
with high spatial sampling of the DAS array can effectively
remove incoherent noise.

It should be noted that, not all EGF events are suitable
for RSTF measurement. For example, event pair 38522647–
38656095 has well-resolved spectral ratio and corner fre-
quency, but the RSTF does not produce a clear pulse as other
EGF events (Figs. S12 and S13), suggesting that RSTF inversion
is more sensitive to EGF choices than spectral analysis (e.g.,
Abercrombie, 2015; Pennington et al., 2023).

SUMMARY AND DISCUSSION
This study focuses on the S waves of three events that were well
recorded by both the seismic network and the DAS array. By
restricting the EGF pairs, the inversion method, we examine
the effect of time window choices, frequency bandwidth,
and spectral calculation options on averaged spectral ratio
and individual event pairs.

Multitaper spectral estimates have been widely used in spec-
tral analysis; however, different number of tapers and weight-
ing algorithms could influence the spectral fitting results. A
large number of tapers could cause higher estimated corner
frequencies due to smoothing of spectral complexity.
Although the differences due to algorithms are typically small,
we find that the “pmtm” algorithm (from MATLAB) is more
sensitive to window length and bandwidth choices (Figs. 3 and
4), and the method (“mtdeconv”) (Prieto et al., 2009) that use
consistent weights for both the target and EGF events produce
most stable results (Fig. 4). We recommend “mtdeconv” as a
preferred method for EGF-based analysis, and a number of
tapers smaller than 7 to avoid over smoothing.

For the DAS array, while the corner-frequency measure-
ments exhibit larger scatter than the seismic network average
(Fig. 4), the RSTFs obtained with suitable EGF events are gen-
erally more stable than individual seismic stations, and com-
parable to the average RSTF from seismic network for the
simple earthquake (Fig. 7). This is largely due to the stacking
power of the DAS array, which usually is at least one order of
magnitude denser than regular seismic network. We recom-
mend incorporating RSTF in DAS array-based source analysis.

Among the four different time windows, we find 5 s window
produces lower variability, and most outliers are associated
with the longest (30 s) time windows, with a few from the
shortest (3 s) time windows (Fig. 4). This is consistent with
the sensitivity test in Figure 3. Ideally, the time window should
be at least a factor of 10 times the expected pulse duration of
the target earthquake (Abercrombie et al., 2017). The RSTF
results show that the source duration for the three events range
from 0.2 to 0.35 s, so 3 s is the minimum requirement of the

–0.5 0 0.5

Time (s)

0

5

10

S
T

F

(d) DAS

0

10

20

S
T

F

(c) SRT

–5

0

5

10
S

T
F

Tid: 38522647, mag: 4.17, Eid: 37344940, mag: 2.52

(a) SCSN-E Twin: 3 s

Twin: 5 s

Twin: 10 s

Twin: 30 s

0

10

S
T

F

(b) CA03

Figure 7. Example relative source time function (RSTF) between target event
38522647 (M 4.17) and event 37344940 (M 2.52). For all figures, the
colors of the lines and symbols denote the time window: black (3 s), blue
(5 s), green (10 s), and red (30 s). (a) Averaged from the east component of
all available stations. (b,c) East component of “CA03” and “SRT” only.
(d) The DAS array. The RSTFs are band-pass filtered between 0.1 and 10 Hz.
The color version of this figure is available only in the electronic edition.

10 • Bulletin of the Seismological Society of America www.bssaonline.org Volume XX Number XX – 2025

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/doi/10.1785/0120240156/7131592/bssa-2024156.1.pdf
by xiaowei1986 
on 03 May 2025



window length. For the two relatively simple events, the corner
frequencies are stable for window lengths from 3 to 5 s (or 6 s)
(Fig. 3). However, the corner frequencies for the complex event
is more sensitive to shorter time windows. The window length
calculated based on equation (6) generally agrees with the
range of window length where corner frequencies are stable,
and we recommend using this equation to guide future EGF
analysis. Note that the time windows discussed here do not
consider distance dependence, or coda waves.

A potential cause of the larger corner-frequency variability
for longer time window (30 s) and the DAS array is due to
the larger spectral deviation from source model at low frequen-
cies (Fig. 6d), which could cause stronger trade-off between
moment and corner frequency (Fig. 6g). We find that 0.3 Hz
low-frequency limit tends to produce more consistent corner
frequencies (Fig. 6f) than 0.8 and 1.5 Hz. Because the corner
frequencies for each event is around 2–3 Hz, this implies that
low-frequency limit should be at least a factor of 5–10 below the
anticipated corner frequency. If independent moment estimates
are available for both target and EGF events, fixing the moment
ratios at low frequency could help mitigate this issue.

The event 83538991 has much larger variability than the
other two events, this is possibly due to the spectral complexity
(Fig. 5). The DAS array identified stable spectral residual mea-
surements, which are very consistent with the average from
SCSN seismic stations. However, measurements on the two
nearby local stations are highly unstable and noisy. Based
on the stable spectral complexity and RSTF measurement from
the DAS array, we suggest that even though single DAS array
may have limited azimuthal coverage, the stacking power from
the high-resolution spatial sampling could provide robust
characterization of earthquake source properties (e.g., Li,
Kim, et al., 2023).

DATA AND RESOURCES
The seismic and distributed acoustic sensing (DAS) data can be
accessed through Amazon Web Services (AWS): https://scedc
.caltech.edu/data/cloud.html (last accessed September 2022).
MATLAB R2022a (www.mathworks.com/products/matlab, last access
September 2024) is used to analyze data and generate all the figures in
the manuscript. The software package GISMO (Thompson and Reyes,
2018) is used to organize waveform data. The supplemental material
contains additional figures for individual target–empirical Green’s
function (EGF) pairs, a csv file with detailed event information,
and a csv file with detailed corner-frequency results for different
options shown in Figure 4.
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