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A Comprehensive Quality Analysis of Empirical
Green’s Functions at Ocean-Bottom
Seismometers in Cascadia
by Xiaotao Yang, Haiying Gao, Sampath Rathnayaka, and Cong Li

ABSTRACT

The deployment of oceanic seismic arrays facilitated unique data
sets for the science community in imaging the seismic structures
and understanding the lithosphere and mantle dynamics at sub-
duction zone systems and other tectonic settings. The data qual-
ity is fundamental to ensure reliable seismic results using records
from ocean-bottom seismometers. In this study, we conduct a
comprehensive analysis of factors that may affect the signal-to-
noise ratio (SNR) of the fundamental-mode Rayleigh waves,
as a proxy for the waveform quality, within the Cascadia subduc-
tion zone. We use stations from Cascadia Initiative, Gorda defor-
mation zone experiment, Blanco transform fault experiment, and
Neptune Canada array. The empirical Green’s functions (EGFs)
of Rayleigh waves are extracted from ambient-noise seismic wave-
forms and filtered at 10- to 35-s periods. In general, the SNR of
the EGFs decreases with increasing interstation distance and
increasing sediment thickness. A portion of stations, mainly
located within the Gorda plate and along the trench, demon-
strates temporal variations of the data quality, with the highest
SNR observed during the fall and winter seasons. The SNR dem-
onstrates a complicated pattern in terms of the length of the time
series used to extract EGFs. Most stations within the Juan de Fuca
(JDF) plate show improvement of data quality with increasing
length. However, for many stations located within the accretion-
ary wedge and the Gorda plate, the ratio does not increase much
by stacking more data. The distinctly different patterns of the
SNR between the Gorda and JDFplates indicate possible impacts
of lithosphere properties on data quality.

Electronic Supplement: Table showing the ocean-bottom seis-
mometer (OBS) site parameters for selected examples analyzed
in the main article and figures providing channel information,
examples of empirical Green’s functions (EGFs), and distribution
ofaveragesignal-to-noiseratiosof theEGFsforallOBSinCascadia.

INTRODUCTION

The deployment of seismic arrays on ocean floor, that is, ocean-
bottom seismometers (OBSs), facilitated unique data sets for

studying the structures of oceanic lithosphere and upper mantle.
Many studies used data from OBS deployments at different tec-
tonic environments such as the East Pacific Rise (e.g., Forsyth
et al., 1998; Hammond and Toomey, 2003), the Cascadia
region (e.g., Bodmer et al., 2015; Gao and Shen, 2015; Gao,
2016, 2018; Byrnes et al., 2017; Eilon and Abers, 2017;
Rathnayaka and Gao, 2017; VanderBeek and Toomey, 2017),
the eastern North America margin (e.g., Lynner and Porritt,
2017), the Lau basin (e.g., Zha et al., 2014; Wei et al., 2015;
Zha and Webb, 2016), and the Mid-Atlantic Ridge (e.g.,
Collins et al., 2012; Paulatto et al., 2015; Eason et al., 2016).
Results from these studies have significantly contributed to our
understanding of dynamics within the interior of the Earth,
especially on the ocean side. Among a variety of seismic methods
used, ambient-noise tomography has been popularly applied to
image the crust and mantle lithosphere structure (e.g., Shapiro
et al., 2005; Harmon et al., 2007; Lin et al., 2008; Yao
et al., 2011; Tian et al., 2013; Shen and Ritzwoller, 2016;
Rathnayaka and Gao, 2017; Gao, 2018).

To implement seismic ambient-noise tomography, one
fundamental step is to extract high-quality surface-wave empir-
ical Green’s functions (EGFs) through the cross correlation of
continuous seismic waveforms between station pairs (e.g.,
Shapiro et al., 2005; Bensen et al., 2007; Zhang, 2010). The
primary sources of ambient noise are oceanic microseisms (e.g.,
Yang and Ritzwoller, 2008; Tian and Ritzwoller, 2015). For
continental stations, EGFs can be retrieved at a wide range of
periods up to a few hundred seconds (Bensen et al., 2007; Gao
and Shen, 2014; Savage et al., 2017). However, for OBS sta-
tions, the seismic energies are contaminated by low-frequency
oceanic infragravity waves (Webb, 1998; Tian and Ritzwoller,
2017), and the peak microseisms are recorded at periods less
than 33 s (Webb, 1998). Furthermore, oceanic microseisms
mainly originate from winter storms in the northern hemisphere
and summer storms in the southern hemisphere (Webb, 1998).
The seasonality of oceanic microseisms may result in temporal
variations of the EGFs at OBS stations.

In addition to far-field ambient noises, OBS instruments
are vulnerable to local noises associated with site conditions
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such as water depth and sediment thickness (Webb, 1998; Bell
et al., 2015; Sumy et al., 2015; Tian and Ritzwoller, 2017;
Gomberg, 2018). For example, the seismic recordings at shal-
low-water instruments can be easily perturbed by the interac-
tion of ocean currents with the sea floor. Sumy et al. (2015)
observed very high noise power of raw waveforms at Cascadia
Initiative OBS stations in shallow-water regions, which was
attributed to the effect of wind and wave interactions. The
EGFs at those shallow-water stations also appear to be very
noisy (Tian and Ritzwoller, 2017). The thick marine sediments
can significantly affect the site response of OBS stations and
prolong the surface-wave durations (Gomberg, 2018).

In this study, we conduct a systematic and quantitative
analysis of the signal-to-noise ratio (SNR) of the fundamen-
tal-mode Rayleigh waves within the Juan de Fuca (JdF) and
Gorda plates of the Cascadia subduction zone. Our goal is to
analyze the influence of seasonal variations and site conditions
on the quality of surface-wave EGFs. The OBS deployments in
Cascadia spanned over a period of 4 yrs in multiple phases and
covered the entire subduction system, providing excellent data
sets for our analysis. Our results show that the SNR of EGFs
decreases with increasing interstation distance, decreasing
water depth, and increasing sediment thickness. These are the
general trends that have been commonly observed (Webb, 1998;
Bell et al., 2015; Sumy et al., 2015; Tian and Ritzwoller, 2017;
Gomberg, 2018). A new finding from our analysis is that a por-
tion of OBS sites demonstrate very strong seasonal variations,

most of which are located within the Gorda plate. In addition,
we observe remarkable differences in the data quality between
stations within the JdF plate and those within the Gorda plate.
Our analysis provides beneficial information in guiding data
selections for seismic ambient-noise tomography and in optimiz-
ing the performance of future OBS deployments.

DATA AND METHOD

Empirical Green’s Functions
Rayleigh-wave EGFs can be extracted from the cross correla-
tion of vertical-component continuous waveforms between
two stations (Shapiro et al., 2005; Bensen et al., 2007). We
used the EGF data set from Gao (2016, 2018), retrieved from
seismic waveforms between 2011 and 2015 from 266 oceanic
stations and 35 continental stations (see station distribution in
Fig. 1a). Gao and Shen (2014) fully described the procedures to
extract EGFs that we used for data quality analysis in this study.
Specifically, before cross-correlation of the vertical-component
waveforms between each station pair, the instrument response
was removed, followed by a frequency–time normalization
method (Shen et al., 2012) to normalize the ambient-noise
data. The frequency–time normalization method improves the
SNR of EGFs by a factor of ∼2 in comparison with the one-bit
normalization method (Shen et al., 2012). The time segments
of large (magnitude > 5:5) earthquakes were eliminated, and
the daily cross-correlations were stacked for each station pair.
The EGFs were computed as the negative time derivatives of
the stacked cross-correlations (Shen et al., 2012). The analyzed
EGFs between station pairs are 1000 s long, with one sample
per second, for both positive and negative segments. To iden-
tify appropriate periods for the analysis, we filtered the OBS
EGFs at multiple narrow period bands, ranging from 10 to
15 s, 15 to 20 s, 20 to 25 s, 25 to 30 s, 30 to 35 s, and 35 to
40 s. Examples of the EGFs in Figure 2 andⒺ Figure S2 (avail-
able in the electronic supplement to this article) show clear
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▴ Figure 1. Distribution of the seismic stations in Cascadia used
in this study. (a) 7D, Cascadia Initiative; Z5, Gorda deformation
zone experiment; X9, Blanco transform fault experiment; NV,
Neptune Canada array. Open triangles are inland stations from
miscellaneous networks. Stations enclosed by stars are shown
in Figures 4–7. Station names are labeled following the format of
net-code.site-name. JdF, Juan de Fuca; BFZ, Blanco fracture zone;
MTJ, Mendocino triple junction. (b) Stations grouped by ocean-bot-
tom seismometer (OBS) host institutions. LDEO (squares), Lamont–
Doherty Earth Observatory; SIO (triangles), Scripps Institution of
Oceanography; WHOI (circles), Woods Hole Oceanographic
Institution; Neptune (stars), the Neptune Canada array. The color
version of this figure is available only in the electronic edition.

SNR
100 101 102

In
te

rs
ta

tio
n 

di
st

an
ce

 (
km

)

200

250

300

350

400

450

500

550

600

(b)

Cross-correlation time (s)  
–300 –200 –100 0 100 200 300

In
te

rs
ta

tio
n 

di
st

an
ce

 (
km

)  

200

250

300

350

400

450

500

550

600
(a)

Z5.BB740 Z5.BB740

▴ Figure 2. Examples of empirical Green’s functions (EGFs).
(a) Waveforms from the virtual source Z5.BB740 to other stations.
(b) The signal-to-noise ratios (SNRs) corresponding to the EGFs in
(a). The EGFs are filtered at 10–35 s. See the station location in
Figure 1a. The shaded area in (b) highlights the range of SNRs
below 4, within which no clear surface waves can be identified
from the EGFs.
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surface-wave signals at the periods between 10 and 35 s, with
dominant periods at 10–25 s. Hereafter, we use the filtered
EGFs at periods of 10–35 s (i.e., a central period of 22.5 s),
which is the period range of typical oceanic microseisms
(Webb, 1998), for data quality analysis.

A common practice to improve the EGF data quality is by
stacking the daily data over the duration of the time series (e.g.,
Bensen et al., 2007). In this study, to examine temporal variations
of EGFs, we include two types of data sets: (1) EGFs from the
stack of every 30 consecutive days, referred to as single monthly
stack, and (2) EGFs from the accumulative stack of single
monthly stacks, referred to as accumulative monthly stack. As
shown inⒺ Figure S3, the durations of the cross-correlated data
between most OBS station pairs are about 6–10 months but are
up to 4 yrs for some long-running continental station pairs.

We use SNR to quantify the quality of the fundamental-
mode Rayleigh-wave EGFs between station pairs. Here, the
SNR is defined as the ratio of the maximum signal amplitude
to the root mean square of the noise amplitude. The starting
time of the signal is defined using a Rayleigh-wave velocity of
4:5 km=s, and the signal length is set as three times of the longest
period. The noise window starts 105 s, which is three times of
the longest period, after the signal window and has the same
length as the signal. To minimize the asymmetric effect of
EGFs, we first calculated separately the SNRs for the positive
and negative segments and then took the average as our SNR
between the station pair. The Rayleigh-wave signals can be
clearly identified in EGFs with SNR greater than 4 (Fig. 2).
We thus use SNR of 4 as a threshold to classify the EGFs into
noisy (SNR ≤ 4) and good (SNR > 4).

Instrumentation of the Seismic Stations
The OBSs analyzed in this study are from four seismic experi-
ments, including the Cascadia Initiative Amphibious array (see
Data and Resources), the Gorda deformation zone experiment
(see Data and Resources), the Blanco transform fault experiment
(see Data and Resources), and the Neptune Canada experiment
(Barnes et al., 2008). The Cascadia Initiative was deployed in
four phases during 2011–2015, covering the entire JdF and
Gorda plates (Toomey et al., 2014). The OBS instruments were
provided by Lamont–Doherty Earth Observatory (LDEO),
Scripps Institution of Oceanography (SIO), and Woods Hole
Oceanographic Institution (WHOI; Fig. 1b). The Gorda experi-
ment spanned across the Blanco fracture zone and the entire
Gorda plate from 2013 to 2015, operated by LDEO and SIO.
The Blanco experiment covered the entire Blanco transform
fault during 2012–2013, operated by WHOI. The long-term
Neptune Canada experiment is a cabled OBS array deployed
in the northernmost JdF plate since 2009.

Within the Cascadia subduction system, the water depth
varies from > 4000 m at the JdF and Gorda spreading centers
to about 2000 m along the deformation front and less than
100 m immediately off the coastal margin. The bathymetric gra-
dient within the Gorda plate is much sharper than that within
the JdF plate (Fig. 1a). The Neptune Canada stations are located
at water depths of 400–2500 m (stars in Fig. 1b). All theWHOI

stations were deployed at water depths greater than 2000 m,
covering the Gorda and JdF plates (circles in Fig. 1b). The
LDEO stations were located along the accretionary wedge
and within the Gorda plate (squares in Fig. 1b). Some of LDEO
stations at shallow water depths (< 1000 m) were equipped
with trawl-resistant shields to protect against instrument damage
caused by trawl fishing and to potentially reduce noise from
ocean currents (Sumy et al., 2015). The SIO stations cover a
broad range of water depths (triangles in Fig. 1b).

Four vertical channels—BHZ, HHZ, EHZ, and ELZ—
are used by the OBS stations in this study. The EHZ and ELZ
channels are designed to record high-frequency (> 1 Hz) seis-
mic signals, which are far beyond the frequency range of the
oceanic microseisms (Webb, 1998). Therefore, we only consid-
ered BHZ and HHZ channels, which are generally sensitive to
a broad frequency band ranging from 0.01 to 10 Hz. The SIO
andWHOI OBSs provide both BHZ and HHZ channels, and
the LDEO and Neptune Canada stations only have HHZ
channels (see Ⓔ Fig. S1).

In addition, we chose 35 continental seismic stations with
BHZ channels to provide a first-order comparison of data
quality with OBSs, although this is not the focus of this study.
The continental stations are selected from the EarthScope
Transportable Array (see Data and Resources), the Pacific
Northwest Seismic Network (see Data and Resources), the
Canadian National Seismograph Network (see Data and
Resources), the University of Oregon Regional Network, the
Global Seismograph Network (see Data and Resources), and
the United States National Seismic Network (see Data and
Resources).

RESULTS

In this section, we provide a comprehensive analysis of the data
quality of the EGFs in terms of seasonality (Figs. 3–5) and site
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▴ Figure 3. Examples of single monthly stacked EGFs illustrating
the temporal variation of EGFs between the station pair of 7D.G02D
and 7D.G26D. (a) Station locations (dots). (b) Positive time lag
means ambient noises propagating northward from 7D.G02D to
7D.G26D. Negative time lag means ambient noises propagating
southward from 7D.G26D to 7D.G02D.
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conditions (Figs. 6–9), which include water depth, sediment
thickness, tectonic unit, and geographic location.

Seasonality of EGFs
We noticed that the SNRs of EGFs between some OBS station
pairs demonstrate temporal variations to a certain extent
(Fig. 3). To explore the seasonal variations of EGFs, we require
(1) a minimum of three receivers from each virtual source with
interstation distance less than 400 km; (2) at least 7-month
data recordings; and (3) the average SNR of all single monthly
stacks is greater than 4. With these criteria, we excluded 130
OBS stations for further analysis, most of which are located
within the accretionary wedge at relatively shallow water
(Ⓔ Fig. S4). For dropped stations at deep water within the
JdF plate (Ⓔ Fig. S4), most of them were excluded because
of insufficient data length. To be classified as a station with
seasonal variations, the SNR distributions among at least three
station pairs must show distinct and consistent temporal

dependence. Furthermore, we calculated the average SNR of
single monthly stacks among all the station pairs from the same
virtual source to quantify the seasonality of EGFs (thick lines in
Fig. 4a,b). The relative standard deviation is defined as the
standard deviation normalized by the mean of the averaged
monthly SNRs, scaled to 0%–100%. For example, the average
monthly SNR from the virtual source 7D.G02D reaches its
maximum (up to 9) in the fall and winter seasons and decreases
to below 4 beginning in February 2015 (Fig. 4b). The relative
standard deviation of the average monthly SNR is about 45%,
demonstrating a strong seasonal variation of the data quality.
In contrast, the average monthly SNR from 7D.G13D varies
within a narrow range of 10–15 with a small relative standard
deviation (8%), showing no seasonal dependence. Among the
136 OBS stations examined, there are 47 stations showing clear
seasonal variations (filled circles in Fig. 4c), which are domi-
nantly located at the Mendocino triple junction, along the
trench and the Gorda ridge, and near the Blanco fracture zone.

In overall, the SNRs of accumulative monthly stacks of
EGFs increase with the number of months used to extract
EGFs (Fig. 5a), which satisfies the power-law relationship
(Bensen et al., 2007). This observation is applicable to most
of the Cascadia OBS stations with weak or no seasonal variations
of EGFs. Approximately after 6-month data stacking, the SNRs
become relatively stable. However, at stations with strong sea-
sonal variations, the SNRs of accumulative monthly stacks first
show a dramatic increase toward the peak-SNR seasons and then
decrease gradually afterward (Fig. 5b).

Distribution of SNRs in Terms of Site Conditions
To separate the impact of data length on the quality of EGFs,
here we focus our analysis on the SNRs of the stacked EGFs
using 6 months’ data (Figs. 6 and 7). We also computed the
average SNR of the EGFs from each station to all the receivers
to examine the average distribution pattern of the data quality
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▴ Figure 4. Temporal variations of the SNR of single monthly
stacked EGFs. (a) An example of OBS stations without clear sea-
sonal patterns (see Fig. 1 for station location). (b) An example
showing strong seasonal variation of EGFs observed in this study
(see Fig. 3 for station location). The horizontal axis in (a,b) is the
calendar month corresponding to the middle of the 30-day period
for each stack. The data are color-coded by interstation distance.
The thick lines in (a,b) are the average SNRs of the single monthly
stacks among all the station pairs from the same virtual sources.
The relative standard deviation (RSD) is computed as the standard
deviation normalized by the mean of the average monthly
SNRs, scaled to 0%–100%. (c) Distribution of the OBS stations
showing seasonal variations of EGFs (filled circles). The color
version of this figure is available only in the electronic edition.
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▴ Figure 5. Variations of the SNR with the time-series length
used to stack EGFs at stations (a) 7D.G13D and (b) 7D.G02D.
The horizontal axis is the number of nominal months, which are
30-day periods, used in producing the stacked EGFs. Each line of
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locations in Figure 1. The color version of this figure is available
only in the electronic edition.
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(Figs. 8 and 9). Considering the generally decreasing of SNRs
with interstation distance (Fig. 2), we require a source-to-receiver
distance of 158–236 km, which is 1–1.5 times of the maximum
wavelength using a surface-wave velocity of 4:5 km=s for our
longest period of 35 s.

In general, the SNRs from shallow-water virtual sources
appear to be much lower (< 10, Fig. 6a–f ) compared with the
ratios at deep-water virtual sources (up to 50, Fig. 7), regardless of
the receiver locations. Figure 6a,d shows the representative dis-
tributions of the EGF SNRs from shallow-water virtual sources
(< 500 m) to receivers located from the spreading centers to
onshore, which are characterized by a cluster of very low SNRs
below 7. One exception is the EGFs from station 7D.FS41D
(water depth of 1079.3 m, see Ⓔ Table S1) located near the
Mendocino triple junction, which have much higher SNRs
(up to 20, Fig. 6g).

For virtual sources located at deep water, we observed very
complicated SNR patterns (Fig. 7). First, the SNRs decrease from
deep-water receivers (≤ 45) to shallow-water receivers (< 4) and
then increase at the continental stations (≤ 25). Second, from
the same virtual source, the SNRs appear to be higher at receivers
within the JdF plate than those within the Gorda plate (Fig. 7a,
d). Third, the SNRs decrease with increasing interstation dis-
tance from the same virtual source to receivers at similar water
depths (Fig. 7b,e).

The distribution pattern of average SNRs at each station
demonstrates the difference of data quality between the JdF
and Gorda plates (Figs. 8 and 9, and Ⓔ Fig. S5). In Figure 9,
we plot the distribution of EGF SNRs for OBS stations within
the JdF plate (between the JdF ridge and the trench) and the
Gorda plate (between the Gorda ridge and the trench), separately.
Within the JdF plate, the average SNRs decrease gradually away
from the JdF ridge and increase with increasing data length
(Fig. 8). For example, with 6 months’ data (Figs. 8c and 9b),

the SNRs vary from > 30 to < 5 within the JdF plate within
a relatively narrow bathymetry range. In contrast, the SNRs at
stations within the Gorda plate range from about 25 to < 5 and
overall are lower than those within the JdF plate (Figs. 8 and
9b,c). Within the Gorda plate, the SNRs are generally decreasing
with the decrease of water depth (Fig. 9c). In addition, the
LDEO OBSs within the Gorda plate have relatively lower SNRs
at the period we use compared with other OBSs (Figs. 7a,d and
9c,f ) and demonstrate no clear dependence on data length (Ⓔ
Fig. S5). At the accretionary wedge between the trench and the
coastline, the average SNRs at most OBS stations are lower than
5, regardless of the number of months used to extract the
EGFs (Fig. 8).

Our results show that the SNR decreases with increasing
sediment thickness (Figs. 7c,f,i and 9d–f ). This pattern is clearly
shown for oceanic stations within the JdF plate (Fig. 9e), where
the water depth varies at 2400–3000 m between the trench and
the ridge (Fig. 9b). A similar SNR pattern is also observed at
stations within the Gorda plate, with sediments 0–2000 m thick
(Fig. 9f ). Here, we refer to the study by Gomberg (2018) for the
sediment thickness at each station, defined as the depth to the
4:5 km=s P-wave velocity isosurface. The EGF SNRs are lower
than 10 at most of the OBS sites with sediment thicknesses >
2500 m (Figs. 6i and 7c,f,i). In addition, we observe distinct
along-strike variations of the SNR for the continental stations
(Fig. 8). Stations located in northernmost California have lower
SNRs (< 10) than those in western Oregon and western
Washington (≤ 30). This pattern is clearly shown in both
the average SNRs (Fig. 8) and the SNRs for individual station
pairs (Figs. 6g, and 7d,g).
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DISCUSSION

The seasonal variations of seismic ambient noises have been
widely observed at both oceanic and continental stations. At
the Pacific Northwest, the dominant source of ambient noises
originates from the interaction of the Pacific Ocean with the
coastlines and the seafloor (Schulte-Pelkum et al., 2004; Yang
and Ritzwoller, 2008). For continental station pairs at 5- to
20-s periods, Yang and Ritzwoller (2008) documented higher
quality EGFs during the winter season compared with the
summer season in the northern hemisphere. There is much less
seasonal variations at periods > 20 s (Yang and Ritzwoller,
2008). Tian and Ritzwoller (2015) observed azimuth-depen-
dent seasonal variations of EGFs for Cascadia Initiative OBS
stations located within the central and northern JdF plate. In
this study, we analyzed the distribution pattern of Rayleigh-
wave EGFs in the entire Cascadia subduction system from
multiple OBS deployments over a 4-yr period (Fig. 1a).

A majority of OBS stations located within the accretionary
wedge, where the sediment is about 4–6 km thick, recorded very
noisy EGFs. The decrease of the EGF SNRs with increasing sedi-
ment thickness may be explained by the contamination from the
resonance of seismic waves at different frequencies trapped
within the sedimentary layer. Gomberg (2018) showed that
within thick sediments (> 2000 m), the resonant frequencies
are generally below 0.2 Hz, corresponding to periods longer than
5 s. At stations in very shallow water region, the interaction of
oceanic waves with the coastlines may disturb the instruments,
generating local noises that may contaminate the seismic record-
ings. Furthermore, the water flow within submarine canyons and
turbidites caused by underwater landslides at the continental
slope (Goldfinger et al., 2000, 2017) may introduce additional
local noises. The quality of OBS recordings at periods longer
than 10 s at shallow-water environment can be improved
through tilt and compliance corrections (Crawford and
Webb, 2000; Bell et al., 2015; Tian and Ritzwoller, 2017),
although the pattern of decreasing SNRs toward shallow water
remains true, as shown by Tian and Ritzwoller (2017).
Additionally, some closely deployed stations demonstrate very
different EGF SNR patterns (Figs. 4c and 8), which may reflect
differences in local bathymetry, operational season of the year,
and instrumentation. However, it is extremely difficult to isolate
the impact of these factors on the SNRs.

Our results document distinct differences in the quality of
EGFs between the JdF and Gorda plates in terms of seasonality,
site conditions, and data length. Many stations within the Gorda
plate show strong seasonal variations of EGFs, with the highest
SNRs during the fall and winter seasons. Most of these stations
are located at places with relatively sharp bathymetric gradients
(Fig. 4e), such as the Gorda ridge and the Mendocino triple
junction (Dziak et al., 2001). In contrast, no clear seasonal pat-
terns are observed at most stations within the interior of the JdF
plate. The contrasting EGF seasonality between the Gorda and
JdF plates suggests that bathymetric gradient may be one key
factor that affects the propagation of oceanic microseisms along
the seafloor. The seasonality of EGFs at OBS stations has

significant implications for ambient-noise tomographic studies
as well as future marine seismic deployments. To optimize
the performance of OBS stations, we suggest that the deploy-
ment should cover at least the fall and winter months in the
northern hemisphere. To maximize the surface-wave signals,
it would be optimal to stack the EGFs within the peak seasons
instead of through the total duration of the time series, particu-
larly for stations showing strong seasonal variations of EGFs.

The overall quality of EGFs at stations within the Gorda
plate is also distinctly lower compared with stations within the
JdF plate (Figs. 4, 8, and 9). The different distribution patterns
of the SNRs between these two plates may partly reflect the
fundamental differences in the crust and mantle lithosphere
properties. The Gorda plate is relatively younger than the
JdF plate from seafloor ages (Müller et al., 2008). In addition,
the Gorda plate is characterized by widely distributed internal
deformations (Wilson, 1989; Dziak et al., 2001), which are asso-
ciated with abundant intraslab earthquakes (Smith et al., 1993;
Velasco et al., 1994; Bakun, 2000; Wong, 2005). As examined
by Bensen et al. (2007), earthquake signals, if not eliminated,
appear as spurious precursory arrivals on the EGFs, which
may contribute to the low SNRs observed within the Gorda
plate. In addition, seismic studies have shown prominently
low shear-wave velocities and high attenuations within the
Gorda oceanic lithosphere, which suggest the presence of partial
melt and/or a relatively warm andweak lithosphere (Byrnes et al.,
2017; Eilon and Abers, 2017). Consequently, the propagation of
Rayleigh waves within the Gorda plate may decay faster than
those within the JdF plate.

CONCLUSIONS

In this study, we investigated possible factors that may affect the
quality of ambient-noise waveforms within the entire Cascadia
subduction system. On average, the SNR of the Rayleigh-wave
EGFs decreases with increasing interstation distance and increas-
ing sediment thickness. We observed seasonal variations of the
EGFs at 47 OBS stations, most of which are located at the
Mendocino triple junction, along the trench and the Gorda ridge,
and near the Blanco fracture zone, with the peak seismic energy
in fall and winter months. Our analysis demonstrated that at
stations showing seasonally varied EGFs, the data quality of the
stacked EGFs may decrease, instead of increase, with the increas-
ing length of the time series. Within the JdF plate, the SNR
decreases gradually from ridge to trench, with the lowest ratios
observed within the accretionary wedge. In contrast, within the
Gorda plate, the ratios are on average very low and demonstrate
strong variations among stations. The distribution patterns of the
data quality reflect the fundamental differences between the
Gorda and JdF plates in the bathymetric gradient, the seismicity
rate, and the crust and mantle lithosphere structures.

DATA AND RESOURCES

The ETOPO1 topography data set used in this study was down-
loaded from National Centers for Environmental Information
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(https://www.ngdc.noaa.gov/mgg/global/global.html, last accessed
September 2018). The ocean-bottom seismometer (OBS) instru-
ment information in Ⓔ Table S1, available in the electronic
supplement to this article, was downloaded from Incorporated
Research Institutions for Seismology (IRIS) Data Management
Center (DMC) MetaData Aggregator (http://ds.iris.edu/mda,
last accessed September 2018). Figures 1a and 4c in this study
were produced using the Generic Mapping Tools (GMT) v.4.5.7
(http://gmt.soest.hawaii.edu, last accessed September 2018). The
other data are from the following sources: Cascadia Initiative
Amphibious array (doi: 10.7914/SN/7D_2011), the Gorda
deformation zone experiment (doi: 10.7914/SN/Z5_2013), the
Blanco transform fault experiment (doi: 10.7914/SN/X9_2012),
EarthScope Transportable Array (doi: 10.7914/SN/TA), the
Pacific Northwest Seismic Network (doi: 10.7914/SN/UW), the
Canadian National Seismograph Network (doi: 10.7914/SN/CN),
the Global Seismograph Network (doi: 10.7914/SN/IU), and the
United States National Seismic Network (doi: 10.7914/
SN/US).
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