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S U M M A R Y
Cross-correlations of ambient seismic noise from 277 broad-band stations within the Mis-
sissippi embayment (ME) with at least 1 month of recording time between 1990 and 2018
are used to estimate source locations of primary and secondary microseisms. We investigate
source locations by analysing the azimuthal distribution of the signal-to-noise ratios (SNRs)
and positive/negative amplitude differences. We use 84 stations with 1 yr of continuous record-
ings to explore seasonal variations of SNRs and amplitude differences. We also investigate the
seasonal ambient noise ground motions using 2-D frequency–wavenumber (FK) analysis of a
50-station array. We observe that: (1) two major azimuths can be identified in the azimuthal
distribution of SNRs and amplitude differences. We also observe two minor azimuths in the
seasonal variation of SNRs, amplitude differences and 2-D FK power spectra. Monthly 2-D
FK power spectra reveal that two energy sources are active in the Northern Hemisphere winter
and two relatively weak sources are active in summer. (2) Backprojection suggests that pri-
mary microseisms originate along the coasts of Australia or New Zealand, Canada and Alaska,
Newfoundland or Greenland and South America. (3) Secondary microseisms are generated in
the deep water of the northern and southern Pacific Ocean, along the coasts of Canada and
Alaska associated with near-shore reflections and in the deep water of south of Greenland.
(4) Weak energy is observed in the third quadrant of the azimuthal distribution of amplitude
differences of sedimentary Rayleigh and Love waves in the period band of 1–5 s and correlates
with the direction of widening of the basin.
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1 I N T RO D U C T I O N

Ambient seismic noise in the short period band (1–20 s) is termed
‘microseisms’. Seismic noise with periods less than 5 s may be
associated with anthropogenic activities (Lin et al. 2013; Nakata
et al. 2015) or induced by basin edges (Joyner 2000; Rovelli et al.
2001). Noise with periods between 5 and 20 s is generated by dif-
ferent natural mechanisms (Wiechert 1904; Longuet-Higgins 1950;
Hasselmann 1963). Primary (10–20 s) and secondary (5–10 s) mi-
croseisms are the two dominant types of noise in this band (Kib-
blewhite & Ewans 1985; Kedar et al. 2008). Primary microseisms
are related to direct interaction of ocean swells with the ocean
floor near coasts (Hasselmann 1963). Secondary microseisms are
associated with the interaction between two primary ocean waves
with the same frequency ranges but different propagation directions
(Longuet-Higgins 1950). Numerical modelling of the generation of
secondary microseisms suggests that the interaction can be in deep
or shallow water (Ardhuin et al. 2011). In deep water, the inter-
action can be between wind-driven waves with a broad directional
spectrum or two independent wave systems. In shallow water, the
interaction can be between coastal reflections and the primary ocean
wavefield (Ardhuin et al. 2011).

Under the assumption of uniformly distributed seismic noise
sources, cross-correlation (CC) of continuous ambient noise
recorded at two stations can effectively retrieve a Green’s func-
tion estimate between them (Weaver & Lobkis 2001; Derode et al.
2003; Snieder 2004; Wapenaar 2004). In the past decade, tomog-
raphy using ambient noise CCs has been applied globally (Ritz-
woller et al. 2002; Nishida et al. 2009), regionally (Yao et al.
2006; Lin et al. 2007, 2008; Liang & Langston 2008, 2009; Fu
& Li 2015) and locally (Lin et al. 2013). Ambient noise tomog-
raphy provides additional constraints on velocity structure for re-
gions of active seismicity and sheds light on possible anomalous
velocity structure for regions without local seismic sources. Am-
bient noise CCs can also be applied to monitor time-varying pro-
cesses. Long-term monitoring of phase or arrival time differences
of scattered waves in ambient noise CCs provides an opportunity
to estimate possible seismic velocity changes in the crust. Estimat-
ing crustal velocity changes further advances our understanding of
volcanic eruptions (Brenguier et al. 2008b; Duputel et al. 2009),
fault zone co-seismic damage and post-seismic healing (Brenguier
et al. 2008a; Wu et al. 2016; Liu et al. 2018b), crustal response
to external loads such as precipitation (Sens-Schönfelder & We-
gler 2006; Liu et al. 2020), temperature (Meier et al. 2010; Hillers
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Directionality of ambient noise in the ME 1101

Figure 1. Index map of the Mississippi embayment in the central United
States showing 277 broad-band stations installed in the period 1990–2018,
the sediment boundary (a red solid line) modified from Dart (1992) and Dart
& Swolfs (1998) and bedrock topography (Amante & Eakins 2009). Four
networks, N4 (triangles), NM (stars), TA (diamonds) and ZL (circles), are
used for the analysis of azimuthal distribution of SNRs and amplitude dif-
ferences. 84 broad-band stations (red) had continuous recording in 2014 and
are used for the investigation of seasonal variations of SNRs and amplitude
differences.

et al. 2015) and atmospheric pressure (Silver et al. 2007; Niu et al.
2008).

Although ambient noise velocity and azimuthal anisotropy to-
mography methods provide an additional pathway for understand-
ing Earth structure, they suffer from accuracy problems for regions
without sufficient long-time recordings (Tsai 2009; Weaver et al.
2009; Yao & Van Der Hilst 2009; Harmon et al. 2010) because noise

sources are usually heterogeneously distributed across the globe
(Stehly et al. 2006; Yang & Ritzwoller 2008; Behr et al. 2013;
Tian & Ritzwoller 2015). In the Northern Hemisphere, sources
are distributed in the northern Pacific and Atlantic and the en-
ergy of sources varies seasonally from high energy in the winter
to low in the summer (Young 1999). In the Southern Hemisphere,
swells from storms occur throughout the Indian, Pacific and At-
lantic Oceans; the energy of sources is high in Northern Hemi-
sphere summer and low in winter. Thus, better knowledge of noise
source distributions can help to assess the uncertainty of veloc-
ity tomography as well as understanding the mechanisms for noise
generation.

As seen from North America, microseisms can originate from dif-
ferent locations and be related to different generation mechanisms.
Source locations are rather complicated for the western United
States. For secondary microseisms, seasonal variability of noise
is weak and strong noise arrives from southwest quadrant, from the
California coasts or from the deep Pacific Ocean (Yang & Ritz-
woller 2008; Tian & Ritzwoller 2015). Strong seasonal variability
can be observed for primary microseisms. In Northern Hemisphere
winter, the strongest signals arrive from northwest and northeast
quadrants, probably from the northern Pacific and Atlantic coasts
of North America (Stehly et al. 2006; Gerstoft et al. 2008; Kedar
et al. 2008; Landès et al. 2010; Retailleau et al. 2017) or near the
southern tip of Greenland (Kedar et al. 2008). In northern summer,
strong signals arrive from the south and southwest quadrants, from
the California coasts (Yang & Ritzwoller 2008; Tian & Ritzwoller
2015). Source locations for primary and secondary microseisms
in the eastern United States have been seen to have no significant
differences. For primary and secondary microseisms, strong noise
arrives from the northeast and west, from the coast of Newfound-
land (Cessaro 1994; Langston et al. 2009) or Pacific coast of North
America (Yang & Ritzwoller 2008). Microseisms can also be re-
lated to localized sources including rivers (Burtin et al. 2008) and
lakes (Gu & Shen 2012).

Figure 2. Illustration of the measurements of SNR and amplitude difference. The ZZ cross-correlation is between PENM of the New Madrid Cooperative
Seismic Network and Z48A of EarthScope’s Transportable array in the passband of 0.05–0.2 Hz. The peak amplitude is the maximum of the absolute velocity
for positive time lags. The RMS is the root-mean-square value of the velocity marked between two dashed lines. Amplitude difference is the difference of
maximum amplitude in positive and negative lags and is exaggerated 10 000 times for comparison with SNR measurements.
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1102 C. Liu, K. Aslam and C.A. Langston

Figure 3. Construction of the SNR rose diagram. (a) CCs are for all surrounding stations relative to the virtual source HENM [red star in panel (c)]. Positive
lags of CCs correspond to the outgoing wave from the virtual source. (b) Each bar represents one SNR measurement on an outgoing wave between two stations.
The length of the bar indicates the magnitude of the SNR measurement. The rose diagram is made by collecting all of the SNR measurements. Note the scale
length of 40 for each contour on the rose plot. (c) Azimuth and backazimuth definition for rose diagrams.

Figure 4. (a) shows the geometry of stations taken to construct two phased arrays to measure azimuth and slowness of observed ambient noise ground motion.
Both black and red triangles compose the 50-station array used to analyse primary microseisms in the frequency band of 0.05–0.1 Hz. (b) shows the slowness
response of the large array. 17 stations marked with red triangles in (a) are used for 2-D FK analysis of the secondary microseisms in the frequency band
0.1–0.2 Hz. The theoretical array response for this array is shown in (c).

A variety of methods have been used to infer source locations
of the ambient noise. Shapiro et al. (2006) located sources for 26
s microseisms off the west African coast in the Gulf of Guinea by
minimizing the traveltime misfit using a grid search method. Grid
searching over the maximum stacked energy (Gu et al. 2007; Zeng
& Ni 2010) has also been applied to locate sources. Tian & Ritz-
woller (2015) and Yang & Ritzwoller (2008) identified different

source locations for primary and secondary microseisms by a sta-
tistical analysis of the azimuthal distribution of the signal-to-noise
ratio (SNR). Behr et al. (2013) used three-component plane wave
beamforming to infer source locations for primary and secondary
microseisms in New Zealand and suggested different backazimuths
for primary Rayleigh and Love waves but similar ones for secondary
Rayleigh and Love waves.
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Figure 5. Rose diagrams of SNRs for four networks: N4, NM, TA and ZL. The small rose diagram in the left corner of each plot shows the azimuthal
distribution of station pairs. Two, toward-the-source directions (converted from away-from-source directions) can be identified in the northwest and northeast
quadrants.

Studies of ambient noise source locations in the Mississippi em-
bayment (ME) are quite limited (Yang & Ritzwoller 2008; Langston
et al. 2009) but important for the following reasons. The ME
is an SSW plunging trough filled with up to 1.5 km of uncon-
solidated sediments (Fig. 1; Hildenbrand & Hendricks 1995) and
hosts one of the most active seismic zones in the North Amer-
ica, the New Madrid seismic zone (NMSZ). Better knowledge of
the noise source locations can help to assess the accuracy of pre-
vious tomography studies (Liang & Langston 2008, 2009; Chen
et al. 2016; Liu et al. 2018a), which can improve confidence on
determining earthquake parameters within the NMSZ. Addition-
ally, the ME sediment variation can also be a potential source

for generating sedimentary surface waves (Langston et al. 2005,
2009; Liu et al. 2018a). Observations of source locations of sedi-
mentary surface waves can help the understanding of the genera-
tion mechanisms and how the sediments influence wave propaga-
tion.

In this study, we investigate the azimuthal distribution of
sources for primary and secondary microseisms, explore the
seasonal variation of ambient noise sources by monitoring
the changes of the SNRs, amplitude differences and 2-D
frequency–wavenumber (FK) power spectra and search for local
sources in the embayment using short-period ambient noise (T
< 5 s).
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1104 C. Liu, K. Aslam and C.A. Langston

Figure 6. Rose diagrams of amplitude differences for four networks: N4, NM, TA and ZL. Same scheme as Fig. 5. Two major toward-the-source directions,
in the northeast and northwest quadrants, can be observed.

2 DATA A N D M E T H O D S

2.1 Pre-processing

We use data from 277 broad-band stations (Fig. 1) installed between
1990 and 2018 to compute vertical–vertical (ZZ) and horizontal–
horizontal (TT) component CCs. The interstation distances are cho-
sen to be larger than three times the microseism wavelength and
data time-series are longer than 30 d in duration. These data have
been used to image lithospheric shear wave velocity structure by
Liu et al. (2018a). We use the MSNoise python package (Lecocq
et al. 2014) to compute the CCs. The pre-processing procedures
can be summarized in the following: (1) broad-band miniseed data
are requested from IRIS through the FDSN service; (2) removing
the instrument response; (3) bandpassing from 0.05 to 1 Hz; (4)

removing transients, earthquake signals and instrumental irregular-
ities using temporal normalization and spectral whitening. Spectral
whitening does not change amplitude of surface wave significantly
but produces a broader-band signal (fig. 9 in Bensen et al. 2007).

We apply statistical analyses of SNRs and positive/negative am-
plitude differences as well as 2-D FK analysis of the instrument-
corrected data to constrain the backazimuths of strong noise sources.

2.2 Signal-to-noise ratio analysis

Energy flux directions for microseisms can be identified from the
azimuthal distribution of SNRs (Yang & Ritzwoller 2008; Tian
& Ritzwoller 2015). The SNR is defined to be the ratio between
the maximum absolute amplitude of crustal surface wave arrivals
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Figure 7. Monthly power spectra for Rayleigh primary microseisms in 2014. Energy flux with backazimuths of ∼ 40◦ and ∼ 320◦ emerge during the whole
year but the energy is stronger in winter than summer. Energy flux with backazimuths of ∼ 120◦ and ∼ 260◦ become visible from March to September.

(∼3 km s−1) and the root-mean-squared (RMS) amplitude of noise
in the coda window. In the primary (10–20 s) or secondary (5–
10 s) microseism passband, we define the coda window as the last
200 s of CCs, where no direct surface wave arrivals are observed

(Fig. 2). Yang & Ritzwoller (2008) suggested that the RMS ampli-
tude of noise after the major crustal surface wave arrival is similar
for the CCs within the same seismic array (Supporting Information
Fig. S1). Fig. 3(a) shows CCs between the virtual source at HENM
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1106 C. Liu, K. Aslam and C.A. Langston

Figure 7. (Continued.)

station and all surrounding stations. The positive lag portion of the
CCs is the outgoing wave from the virtual source. For a CC be-
tween the virtual source A and station B, the outgoing wave from
the station A is the incoming wave for the station B. Thus, we only
use positive lags of CCs to compute the SNR. We then correct SNR

measurements for geometric spreading (normalizing to an intersta-
tion distance of 300 km) through SNRcorrected = SNR∗√

D/300,
where D is the interstation distance in km. A simplified assump-
tion from Tian & Ritzwoller (2015) indicates that SNR increases
as the square root of number of days to be stacked. We then
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Directionality of ambient noise in the ME 1107

Figure 8. Monthly power spectra for Rayleigh secondary in 2014. Two strong energy fluxes with the backazimuths of ∼ 40◦ and ∼ 320◦ emerge in northeast
and northwest quadrants for the whole year. Two additional energy fluxes emerge in the southeast and southwest quadrants from April to July.

correct SNR measurements (normalizing to 30 d stack) through
SNRfinal = SNRcorrected ∗√

30/N , where N is number of days to be
stacked. All final corrected SNR measurements for all CCs related
to the virtual source A, with different azimuths, are used to con-

struct a rose diagram (Fig. 3b). The azimuths (Fig. 3c) here are
from the virtual source A to surrounding stations. The bars point to
the wave propagation direction for sources of microseisms (away-
from-the-source). If noise sources are distributed homogeneously
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Figure 8. (Continued.)
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Figure 9. Seasonal variations of power spectra for primary (a and c) and secondary (b and d) microseisms with backazimuth. We first remove the average of the
power spectra. Power spectra with the slowness between 0.27 and 0.35 s km−1 are binned based on the backazimuths, from 0◦ to 360◦ with 2◦ interval. In each
bin, we use the maximum to represent the power. We stack power spectra of each day and use the maximum to normalize the power. Four major backazimuths,
∼ 50◦, ∼ 125◦, ∼ 260◦ and ∼ 320◦, can be identified. A slight difference, ∼ 255◦ for Rayleigh primary and ∼ 270◦ for Rayleigh secondary, might indicate
different source locations.

in azimuth, then each SNR value should have the same length. If
there is a dominant source direction, then bars will get relatively
longer in the direction away-from-the-source.

2.3 Amplitude-difference analysis

We also propose to use the amplitude difference of crustal sur-
face waves seen at positive and negative lags of the CCs to esti-
mate the strength of signal. The amplitude difference is defined as
Ampdiff = (Amppos − Ampneg)∗10 000, where Amppos and Ampneg

are the maximum amplitudes of crustal surface waves at positive
and negative lags of the CCs, respectively. The amplitude differ-
ence is exaggerated 10 000 times for better comparison with the
SNR measurements. The amplitude difference is also corrected for
the geometric spreading and the number of days as outlined in the
previous section. If the corrected amplitude difference is larger than
200, we set the value to be 200. For a CC between the virtual source
A and the receiver B, if the amplitude of the crustal surface wave on
the positive lag is larger than that on the negative lag, the backaz-

imuth from receiver B (Fig. 3c) indicates the direction of the source.
Otherwise, we use azimuth. A collection of amplitude differences
for all CCs related to the virtual source A is used to construct a rose
diagram indicating the source directions (toward-the-source).

Compared to the SNR analysis, the amplitude-difference mea-
surement does not depend on the RMS amplitude of random noise, if
the Green’s function signal is significantly higher amplitude than the
noise. It may be more suitable for regions where the random compo-
nent of the noise field remaining after correlation varies temporally
and spatially. If two microseisms with the same amplitude propagate
across the array in opposite directions over the time length of the
correlation, the amplitude difference will be zero, that is, the positive
and negative lag Green’s functions will be of equal amplitude. How-
ever, if microseism sources in one direction are higher amplitude
than in the opposite direction, the Green’s function from the station
towards the high-amplitude direction will be larger. It is a different
way to represent the same information in the SNR analysis and uses
the same assumptions in that a direction is implied by the strength of
the Green’s function. Obviously, the measurement will be limited by
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Figure 10. Seasonal variations of monthly average SNRs and amplitude differences for Rayleigh primary (a and c) and secondary (b and d) microseisms.
Four major backazimuths, 40◦, 140◦, 260◦ and 320◦, are observed in the azimuthal distribution of primary and secondary microseisms. A small difference,
∼ 255◦ for Rayleigh primary and ∼ 270◦ for Rayleigh secondary, can also be observed. For noise with backazimuths of ∼ 140◦ and ∼ 260◦, average SNRs
and amplitude differences from May to September are higher than those from November to March. For noise with backazimuths of ∼ 40◦ and ∼ 320◦, average
SNRs and amplitude differences from September to March are higher than those from May to July.

the SNR of the weakest half of the correlation seismogram which is
why we apply a threshold of 200 in the difference. It is a technique to
represent the amplitude differences in CCs in a simple, intuitive way.

2.4 2-D frequency–wavenumber analysis

We verify the source directions determined from the azimuthal dis-
tribution of SNRs and amplitude differences through direct 2-D FK
analysis of displacement seismograms containing microseisms for
a subset of stations used as a phased array (Capon 1973; Aki &
Richards 2002; Langston et al. 2009; Behr et al. 2013). The refer-
ence station in the 2-D FK analysis for primary microseisms is the
centre of an array composed of 50 stations deployed in 2014 as part
of the Northern Embayment Lithosphere Experiment (Fig. 4). The
location of the centre is defined by averaging latitude and longitude
of array station locations. In addition, we construct a more compact
array from 17 stations in the northern embayment to analyse the sec-
ondary microseisms. We use a broad-band frequency–wavenumber
technique where f–k spectra are averaged over a narrow frequency
band (Nawab et al. 1985). Primary microseisms were analysed in
the 0.05–0.1 Hz band and secondary microseisms were analysed in
the 0.1–0.2 Hz band.

We compute monthly 2-D FK power spectra to investigate sea-
sonal variations in microseism wave direction and slowness. This is
done by cutting the time-series into 24 hourly segments, computing
2-D FK power spectra for each 1-hr segment, and then stacking
hourly 2-D power spectra into monthly power spectra. In attempt
to obtain better temporal resolution, we also compute the 2-D FK
power for each day.

3 R E S U LT S

3.1 Azimuthal changes in SNRs and amplitude differences

Investigating seasonal variations of SNRs and amplitude differences
can help reveal backazimuths of noise sources. The hypothesis that
microseisms originate from arrivals of strong storms has been con-
firmed by Stehly et al. (2006). Strong storms appear in the northern
Pacific and Atlantic during Northern Hemisphere winter and the
southern Indian and Pacific Oceans during Northern Hemisphere
summer (Young 1999; Stehly et al. 2006). We use the vertical com-
ponent of 84 broad-band stations (Fig. 1) with continuous recording
to compute the CCs over the months of 2014. For each month, SNRs
and amplitude differences are computed from all CCs. Because
the directional output from SNRs and amplitude differences are
different, away-from-the-source in SNR and toward-the-source for
amplitude difference, we convert away-from-the-source to toward-
the-source for better comparison. We then bin SNRs and amplitude
differences into 5◦ backazimuth intervals. The RMS of SNRs and
amplitude differences are computed. Collections of azimuthal vari-
ations of SNRs or amplitude differences in different seasons can
provide direct observations of major source backazimuths.

In the following, ‘Rayleigh primary’ and ‘Rayleigh secondary’
correspond to the ZZ correlation Green’s functions for primary and
secondary microseisms, respectively. Likewise, ‘Love primary’ and
‘Love secondary’ correspond to the same microseisms for the TT
correlation Green’s functions. We compute 13 445 and 11 977 ZZ
and TT component CCs, respectively. For each CC, we compute the
SNR and amplitude difference. We compare the azimuthal distribu-
tion of station pairs with SNRs and amplitude differences computed
from four networks: Central and Eastern US National network (N4),
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Directionality of ambient noise in the ME 1111

Figure 11. Directionality of sedimentary Rayleigh and Love waves. (a) ZZ component cross-correlations showing arrivals of sedimentary Rayleigh waves
(∼0.75 km s−1) within 100 km interstation distance. Sedimentary surface wave arrivals are marked between two dashed lines. (b) Arrivals of sedimentary Love
waves (∼0.45 km s−1). (c) Azimuthal distribution of amplitude differences of sedimentary Rayleigh waves. (d) Azimuthal distribution of amplitude differences
of sedimentary Love waves. Weak energy arrivals are observed in the third quadrant of the rose diagram. Weak energy arrivals correlate to the direction of
widening of the ME basin.

Cooperative New Madrid Seismic network (NM), USArray Trans-
portable Array (TA) and Northern Embayment Lithospheric Exper-
iment (ZL). Station pair azimuthal coverage is excellent for each
network (Figs 5 and 6). Two major toward-the-source directions can
be identified in the azimuthal distribution of SNRs (Fig. 5) and am-
plitude differences (Fig. 6). We observe no significant differences
between Rayleigh (or Love) primary and secondary microseisms.

3.2 Changes in wavenumber spectra

Slowness and backazimuth determinations require that signals cor-
relate across our large regional arrays (Fig. 4). The stacked monthly
power spectra for Rayleigh primary microseisms are shown in Fig. 7.
Much of the ambient noise field is seen to be roughly homogeneous
since there is a clear circular ring of power with a slowness of ap-
proximately 0.29 s km−1. However, there are also clear maxima on

the ring indicating that seismic waves do have dominant directions.
Energy flux with backazimuths of ∼ 40◦ and ∼ 320◦ emerge for
the whole year but the energy is stronger in winter than summer.
Energy flux with backazimuths of ∼ 120◦ and ∼ 260◦ becomes vis-
ible from March to September. Sources of secondary microseisms
are distinctly heterogeneous (Fig. 8). Major energy flux emerges
in northeast and northwest quadrants. Weak energy flux can be
observed in southwest and southeast quadrants in April, May and
June. We investigate how the daily power spectra change with back-
azimuth (Figs 9a and b). We first set up a threshold:

P
(
Sx , Sy

) =
{

P
(
Sx , Sy

)
if P

(
Sx , Sy

)
> 1.05P̄

0 otherwise
,

where P is power with slowness of Sx and Sy in x and y direc-
tions, respectively. P̄ is the RMS value of daily power spectra with
different slowness values in x and y directions. 1.05 is selected
to best show major power in the spectra. We then pass the daily
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Figure 12. Yearly power spectra for the sedimentary Rayleigh wave in the
passband of 0.2–1 Hz. We use the same secondary microseism array (red
triangles of Fig. 4). Blue cross marks the strongest energy arrivals in 2014
with azimuth of ∼ 74◦ and slowness of 0.73 s km−1. Black circles mark
monthly strong arrivals. Power spectra for each month is shown in Supporting
Information Fig. S4. We do not observe strong energy arriving from the third
quadrant (southwestern direction).

power spectra through the defined threshold and bin the sampled
power spectra with slowness from 0.27 to 0.35 s km−1 and a 2◦

azimuth interval and use the average value in each bin to repre-
sent the power. Applying threshold on the daily power spectra can
help to better observe power difference across different azimuths
for different days. To estimate the exact azimuths of energy flux
from 2-D FK power spectra, we investigate how the yearly power
spectra change with backazimuth (Figs 9c and d). This is done by
stacking power spectra for a whole year and then normalizing the
stack by the maximum power attained in the stack. We then examine
the sampled power in the normalized stack within the slowness ring
of 0.27 to 0.35 s km−1 by plotting each sampled fk power value
versus azimuth where slowness in both East and North is sampled
by 0.01 s km−1. Four major backazimuths can be identified. We ob-
serve a small difference, ∼ 255◦ for Rayleigh primary and ∼ 270◦

for Rayleigh secondary, on the backazimuths of noise energy flux
in the southwest quadrant.

3.3 Seasonal variability of SNRs and amplitude
differences

We also compute 1670 vertical component CCs to investigate sea-
sonal variations of azimuthal distribution of SNRs and amplitude
differences. In Fig. 10, different coloured lines represent average
SNRs and amplitude differences for different months in 2014. Four
major backazimuths, ∼ 40◦, ∼ 140◦, ∼ 260◦ and ∼ 320◦, are iden-
tified in the azimuthal distribution of the SNRs and amplitude dif-
ferences. A small difference, ∼ 255◦ for Rayleigh primary and
∼ 270◦ for Rayleigh secondary, can also be observed. For ambient
noise Green’s functions with backazimuths of ∼ 140◦ and ∼ 260◦,
average SNRs and amplitude differences from July to September are
higher than those from November to March. For Green’s functions
with backazimuths of ∼ 40◦ and ∼ 320◦, average SNRs and am-
plitude differences from November to March are higher than those
from May to July.

3.4 Directionality of the sediment surface wave

We compute 1247 and 989 pairs of TT and ZZ component CCs,
respectively, for station pairs with interstation distance less than
100 km (Supporting Information Fig. S2). We observe 390 pairs
of CCs with low-velocity sedimentary Love waves (group velocity
of ∼450 m s−1) and 86 pairs of Rayleigh waves (group velocity of
∼750 m s−1; Fig. 11 and Supporting Information Fig. S3). Station
pairs displaying coherent low-velocity sedimentary surface wave
arrivals in the passband of 0.2–1 Hz (Supporting Information Fig.
S3) are all inside the ME (Supporting Information Fig. S2). Rose
diagrams of amplitude differences for sedimentary Rayleigh and
Love waves show that arrivals from the third quadrant (southwest-
ern direction) are relatively weak compared to NW, NE and SE
quadrants (Figs 11c and d). Frequency–wavenumber analysis (Sup-
porting Information Fig. S4 and Fig.12) of ambient noise data for
the entire year recorded by the smaller array (Fig. 4) show that dis-
crete noise sources in the NE quadrant dominate the response and
that wave energy from the SW is generally subdued. The strongest
energy is arriving from the northeast with a backazimuth of ∼ 74◦

and slowness of ∼ 0.7 s km−1. Monthly power spectra show that
the slowness of sedimentary surface wave ranges from 0.5 to 1 s
km−1 (Fig. 12 and Supporting Information Fig. S4).

4 D I S C U S S I O N

4.1 Source locations for primary and secondary
microseisms

A simple backprojection along the great circle from the net-
work location can provide an idea of source locations. The back-
projection needs two major parameters, the location of the ar-
ray and the backprojection directions. We fit four joint Gaussian
functions to the azimuthal distribution of SNRs to estimate the
means and standard deviations of backazimuth because we ob-
serve four SNR peaks in it (Fig. 13). We use the centre of array
(90◦ W, 35◦ N) as our reference location with the means plus
and minus 1 standard deviation as our backprojection directions.
We use a nonlinear regression fitting function of Matlab, fitnlm
(Holland & Welsch 1977; DuMouchel & O’Brien 1989; Seber
& Wild 2003), to compute the means and standard deviations.
The fitting function has the form of: y = a + c1∗e−(x−c2)2

/c3 +
d1∗e−(x−d2)2

/d3 + m1∗e−(x−m2)2
/m3 + n1∗e−(x−n2)2

/n3, in which a,
c1, c2, c3, d1, d2, d3, m1, m2, m3, n1, n2 and n3 are unknown.

Backprojection directions measured from the different methods
are similar to each other for primary and secondary microseisms
(Table 1). A simple backprojection (Fig. 14) using the Gaussian
mean and standard deviation provides insight on the source locations
but cannot constrain the exact locations because distance from the
array is not known. The exact locations of noise sources can be
determined from triangulation of backprojections from at least two
independent arrays.

Noise sources for backazimuths of ∼ 45◦ and ∼ 320◦ are stronger
than those from the backazimuths of ∼ 125◦ and ∼ 260◦. The am-
plitude of ambient noise waves may be related to the distance to the
noise source, the amplitude of noise source, or azimuthal variations
in anelastic attenuation.

Noise sources with the backazimuth of ∼ 45◦ have the strongest
energy. Backprojection from the centre of the network shows that
the source locations for primary and secondary microseisms are in
the northern Atlantic Ocean or along North American coasts. The
strongest energy source in the northern hemisphere occurs during
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Figure 13. Multiple Gaussian function fitting to obtain the azimuthal distribution of SNR measurements. Values over local peaks of fitting curves are the
Gaussian means and standard deviations (in parentheses).

Table 1. Comparison of backazimuths from different methods.

Methods Backazimuth1 Backazimuth2 Backazimuth3 Backazimuth4

Gaussian fitting of SNRs (Fig. 13, Rayleigh primary) 41◦ ± 17◦ N/A 262◦ ± 17◦ 317◦ ± 16◦
Gaussian fitting of SNRs (Fig. 13, Rayleigh secondary) 33◦ ± 34◦ 115◦ ± 17◦ 271◦ ± 15◦ 324◦ ± 21◦
Gaussian fitting of SNRs (Fig. 13, Love primary) 44◦ ± 19◦ 121◦ ± 19◦ 269◦ ± 19◦ 320◦ ± 16◦
Gaussian fitting of SNRs (Fig. 13, Love secondary) 47◦ ± 17◦ N/A 265◦ ± 20◦ 322◦ ± 11◦
Seasonal variations of SNR and amplitude difference (Fig. 10, Rayleigh
primary)

∼ 40◦ ∼ 140◦ ∼ 260◦ ∼ 320◦

Seasonal variations of SNR and amplitude difference (Fig. 10, Rayleigh
secondary)

∼ 40◦ ∼ 150◦ ∼ 270◦ ∼ 320◦

2-D FK power spectra (Fig. 9, Rayleigh primary) ∼ 45◦ ∼ 125◦ ∼ 255◦ ∼ 320◦
2-D FK power spectra (Fig. 9, Rayleigh secondary) ∼ 45◦ ∼ 125◦ ∼ 270◦ ∼ 320◦

winter and appears in the Atlantic Ocean (Stehly et al. 2006; Ard-
huin et al. 2011). Kedar et al. (2008) suggested that sources of
secondary microseisms for this strong energy are in the deep water
south of Greenland. Retailleau et al. (2017) proposed that sources
for primary microseisms are along the coast of Greenland. Simi-
lar source locations for body waves at 0.1–0.3 Hz have also been
observed through beamforming analysis by Landès et al. (2010).
Langston et al. (2009), suggested that source locations for micro-
seisms in the 4–5 s period passband can be along the coast of
Newfoundland in northeastern North America based on wave gra-
diometry and frequency–wavenumber analysis. A wide-angle tri-
angulation (Cessaro 1994) also suggested the sources for primary
microseisms are along the coasts of Newfoundland. Since previous
studies (Cessaro 1994; Bromirski & Duennebier 2002) infer shal-
low sources for primary microseisms, we suggest that sources for
Rayleigh and Love primary microseisms are near the coasts of New-
foundland or Greenland. The source of secondary microseisms can
be off the coast of Newfoundland and be related to the interaction

between ocean swell with coastal reflections or in the deep water
south of Greenland.

For ambient noise with a backazimuth of ∼ 125◦, noise energy
flux is stronger in summer than in winter suggesting that sources are
in the Southern Hemisphere. Backprojections along the great circle
arc suggest a location near the Atlantic coast of South America.
The source for secondary microseisms can also be near the South
American coast or in the southern Atlantic Ocean.

In the backazimuth range of ∼ 260◦, previous workers have pro-
posed that the sources might be in the southern Pacific Ocean and
near the coastal region of Australia or New Zealand. Tian & Ritz-
woller (2015) suggested that the sources for primary microseisms
with the backazimuth of ∼220◦ can be in the Pacific Ocean of
the Southern Hemisphere. Stehly et al. (2006) also observed that
sources for Rayleigh primary microseisms can be generated in the
southern Pacific Ocean and near the southern and eastern coastal
regions of Australia and New Zealand as well as the southern In-
dian Ocean during the Northern Hemisphere summer. Gerstoft et al.
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Figure 14. Great circle backprojections from the Central U.S. For energy
flux from the backazimuth of 45◦, noise sources can be along the coast of
Newfoundland or Greenland for primary microseisms and in the deep water
of south of Greenland for secondary microseisms. Noise sources are along
the coasts of South America for primary microseisms with the backazimuth
of 125◦ but also in the southern Atlantic Ocean for secondary microseisms.
For primary microseisms with the backazimuth of 255◦, noise sources can
occur along the coasts of Australia or New Zealand. For secondary micro-
seisms with the backazimuth of 270◦, sources are in the southern Pacific
Ocean. Noise sources for primary microseisms with the backazimuth of
320◦ can occur along the coasts of Alaska and Canada. Secondary micro-
seisms can originate along the coasts being related to coastal reflections or
they may occur in the deep Pacific Ocean.

(2008) and Landès et al. (2010) observed possible source locations
for 0.1–0.3 Hz body waves in the southern Pacific. A slight differ-
ence on propagation directions (∼255◦ for Rayleigh primary and
∼270◦ for Rayleigh secondary in Figs 9 and 10) may indicate that
sources are in different regions. Primary microseisms (∼255◦) can
be generated near the southern coast of Australia or northwest coast
of New Zealand (Stehly et al. 2006; Reading et al. 2014). Great cir-
cle backprojections indicate that secondary microseisms (∼270◦)
can be in the deep Pacific Ocean of the Southern Hemisphere.

Many studies have indicated that ambient noise in the backaz-
imuth range of ∼ 320◦ could be generated near the coasts of Canada
and Alaska or in the deep northern Pacific Ocean. Tian & Ritzwoller
(2015) proposed that primary microseisms identified in the Juan de
Fuca plate area are generated in shallow water near the Graham
island. Stehly et al. (2006) suggested that primary microseisms
might be generated from two low energy sources, one near the coast
of Alaska and the other close to Japan. Gerstoft et al. (2008) and
Landès et al. (2010) proposed sources for seismic body waves that
could be in the deep ocean of the Pacific. Ardhuin et al. (2011)
suggested that coastal reflections can significantly increase the sec-
ondary microseisms along the western coast of Alaska and Califor-
nia. Primary microseisms can be generated near the coastlines of
Alaska and Canada. Secondary microseisms can also originate near
coasts and be related to coastal wave reflections or, alternatively,
have a source in the deep Pacific.

4.2 Directionality of the sedimentary surface wave

Sedimentary surface waves can be used to image the sediment veloc-
ity structure and understand wave propagation properties (Langston
et al. 2009; Lin et al. 2013). The dominant frequency range for the
sedimentary surface wave in the ME is 0.2–1 Hz (Supporting Infor-
mation Fig. S3), which is similar to Langston et al. (2005, 2009).
Langston et al. (2005) observed sedimentary surface waves in the
passband of 0.4–1.5 Hz from an explosion experiment. Langston

et al. (2009) also observed that a slow, roughly 1 km s−1, sedimen-
tary surface wave emerged in the passband of 3–5 s within the ME
through frequency–wavenumber analysis of ambient noise suggest-
ing a local noise source. Observed strong reverberations for station
HBAR inside the ME over the frequency range of 0.2–3 Hz and
suggested that the mechanism was due to conversion of S waves
to surface waves near the edges of the basin. We observe that the
strongest energy arrives from northeastern directions with a phase
velocity of only 1.4 km s−1 (Fig. 12). Weak energy arrivals from
100◦ to 220◦ (Figs 11 and 12) correlates with the direction in which
the basin widens. A possible explanation is that thick sediments in
the southern ME attenuate more energy than thinner sediments in
the northern ME. In Supporting Information Fig. S2, low-velocity
surface waves can only be observed for station pairs inside the ME
implying that they are trapped sedimentary surface waves from lo-
cal sources. Trapped surface waves have been observed at Kobe,
Japan (Kawase 1996; Hallier et al. 2008), Tokachi basin (Furumura
& Sasatani 1996), Oasaka basin (Hatayama et al. 1995), Grenoble
basin (Cornou et al. 2003) and Los Angeles basin (Husker et al.
2006). They are likely caused by conversion from an incident crustal
surface wave or an S wave at the edge of the basin (Hatayama et al.
1995; Field 1996; Furumura & Sasatani 1996; Kawase 1996; Na-
yaran 2012). We note this interesting observation in our ambient
noise data set. Investigation of the nature of this local ambient noise
source will likely need relatively long term array deployments to
more precisely locate source areas and to investigate the basin ve-
locity structure in detail.

5 C O N C LU S I O N S

We investigate source locations of Rayleigh and Love pri-
mary/secondary microseisms through statistical analyses of SNRs
and amplitude differences of empirical CC Green’s functions and
2-D FK analysis of ambient noise ground motions. We use 277
broad-band stations to construct 13 445 and 11 977 ZZ and TT
component CCs. Two major directions can be identified in the az-
imuthal distribution of SNRs and amplitude differences for primary
and secondary microseisms. We also use 84 stations which con-
tinuously record in 2014 to estimate seasonal variations of seismic
noise. Seasonal variations of SNRs and amplitude differences lo-
cate another two weak noise sources in the Southern Hemisphere.
Additionally, we use 390 TT and 86 ZZ component CCs to investi-
gate generation mechanisms of sedimentary surface waves. Because
low-velocity sedimentary surface waves can only be observed inside
the ME, they are trapped surface waves from local sources. Weak
energy arrivals from the south and southwest might be related to the
widening direction of the basin where anelastic attenuation may be
greater due to thicker sediments. Further experimental and theoret-
ical work is needed to better understand the generation mechanisms
of the sedimentary surface waves.

Four major backazimuths, ∼ 45◦, ∼ 125◦, ∼ 255◦ and ∼ 320◦,
are identified in the primary microseism band. For ambient noise
with a backazimuth of ∼ 255◦, noise energy flux is stronger in
Northern Hemisphere summer than in winter indicating that noise
sources must be in the Southern Hemisphere. A simple backprojec-
tion reveals that noise sources can be along the coast of Australia
or New Zealand. For ambient noise with a backazimuth of ∼ 320◦,
major sources could be along the coasts of Canada and Alaska,
consistent with regions identified by Tian & Ritzwoller (2015) and
Stehly et al. (2006). For noise with the backazimuth of ∼ 45◦,
sources can be near the coasts of Newfoundland and/or Greenland.
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For ambient noise with a backazimuth of ∼ 125◦, strong energy
flux in Northern Hemisphere summer suggests that noise sources
are in the Southern Hemisphere. A simple backprojection reveals
that sources can be along the southeast Atlantic coast of South
America.

In the secondary microseism band, four major azimuths, ∼ 45◦,
∼ 125◦, ∼ 270◦ and ∼ 320◦, are observed. Sources for noise with
the backazimuth of ∼ 270◦ can be in the Southern Hemisphere
Pacific Ocean, where sources for body waves were suggested by
Gerstoft et al. (2008) and Landeés et al. (2010). Sources for noise
with backazimuth ∼ 320◦ can be near the coasts of Alaska and
Canada or in the deep Pacific Ocean (Gerstoft et al. 2008; Landeés
et al. 2010). Sources for noise with backazimuth ∼ 40◦ can be near
the coasts of Newfoundland and Greenland or in the deep ocean
south of Greenland.
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from January 2006 to June 2007, J. Volc. Geotherm. Res., 184(1–2), 164–
173.

Field, E.H., 1996. Spectral amplification in a sediment-filled valley ex-
hibiting clear basin-edge-induced waves, Bull. seism. Soc. Am., 86(4),
991–1005.

Fu, Y.V. & Li, A., 2015. Crustal shear wave velocity and radial anisotropy
beneath the Rio Grande rift from ambient noise tomography, J. geophys.
Res., 120(2), 1005–1019.

Furumura, M. & Sasatani, T., 1996. Secondarily generated surface waves in
the Tokachi basin, Hokkaido, Japan, J. Phys. Earth, 44(2), 115–132.

Gerstoft, P., Shearer, P.M., Harmon, N. & Zhang, J., 2008. Global P, PP,
and PKP wave microseisms observed from distant storms, Geophys. Res.
Lett., 35(23), doi:10.1029/2008GL036111.

Gu, Y.J. & Shen, L., 2012. Microseismic noise from large ice-covered lakes?,
Bull. seism. Soc. Am., 102(3), 1155–1166.

Gu, Y.J., Dublanko, C., Lerner-Lam, A., Brzak, K. & Steckler, M., 2007.
Probing the sources of ambient seismic noise near the coasts of southern
Italy, Geophys. Res. Lett., 34(22), doi:10.1029/2007GL031967.

Hallier, S., Chaljub, E., Bouchon, M. & Sekiguchi, H., 2008. Revisiting the
basin-edge effect at Kobe during the 1995 Hyogo-Ken Nanbu earthquake,
Pure appl. Geophys., 165(9–10), 1751–1760.

Harmon, N., Rychert, C. & Gerstoft, P., 2010. Distribution of noise sources
for seismic interferometry, Geophys. J. Int., 183(3), 1470–1484.

Hasselmann, K., 1963. A statistical analysis of the generation of micro-
seisms, Rev. Geophys., 1(2), 177–210.

Hatayama, K., Matsunami, K., Iwata, T. & Irikura, K., 1995. Basin-induced
love waves in the eastern part of the Osaka basin, J. Phys. Earth, 43(2),
131–155.

Hildenbrand, T.G. & Hendricks, J.D., 1995. Geophysical setting of the
Reelfoot rift and relations between rift structures and the New Madrid
seismic zone. USGS Technical Report, No. 1538-E, US Geological Sur-
vey, doi:10.3133/pp1538E.

Hillers, G., Ben-Zion, Y., Campillo, M. & Zigone, D., 2015. Seasonal vari-
ations of seismic velocities in the San Jacinto fault area observed with
ambient seismic noise, Geophys. J. Int., 202(2), 920–932.

Holland, P.W. & Welsch, R.E., 1977. Robust regression using itera-
tively reweighted least-squares, Commun. Stat.: Theory Methods, A6,
813–827.

Husker, A.L., Kohler, M.D. & Davis, P.M., 2006. Anomalous seismic am-
plitudes measured in the Los Angeles Basin interpreted as a basin-edge
diffraction catastrophe, Bull. seism. Soc. Am., 96(1), 147–164.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/223/2/1100/5881309 by U

niversity of O
regon Libraries user on 25 Septem

ber 2020

http://www.msnoise.org
http://www.iris.edu
http://purl.access.gpo.gov/GPO/gpo441
http://dx.doi.org/10.1029/2011JC006952
http://dx.doi.org/10.1029/2012JB009382
http://dx.doi.org/10.1111/j.1365-246X.2007.03374.x
http://dx.doi.org/10.1126/science.1160943
http://dx.doi.org/10.1038/ngeo104
http://dx.doi.org/10.1029/2001JB000265
http://dx.doi.org/10.1029/2007JB005034
http://dx.doi.org/10.1002/2015GC006206
http://dx.doi.org/10.1785/0120020140
http://dx.doi.org/10.1029/97TC03551
http://dx.doi.org/10.1063/1.1617373
http://dx.doi.org/10.1016/j.jvolgeores.2008.11.024
http://dx.doi.org/10.1002/2014JB011602
http://dx.doi.org/10.4294/jpe1952.44.115
http://dx.doi.org/10.1029/2008GL036111
http://dx.doi.org/10.1785/0120100010
http://dx.doi.org/10.1029/2007GL031967
http://dx.doi.org/10.1007/s00024-008-0404-y
http://dx.doi.org/10.1111/j.1365-246X.2010.04802.x
http://dx.doi.org/10.1029/RG001i002p00177
http://dx.doi.org/10.4294/jpe1952.43.131
http://dx.doi.org/10.1093/gji/ggv151
http://dx.doi.org/10.1080/03610927708827533
http://dx.doi.org/10.1785/0120040216


1116 C. Liu, K. Aslam and C.A. Langston

Joyner, W.B., 2000. Strong motion from surface waves in deep sedimentary
basins, Bull. seism. Soc. Am., 90(6B), S95–S112.

Kawase, H., 1996. The cause of the damage belt in Kobe: the basin-edge ef-
fect, constructive interference of the direct S-wave with the basin-induced
diffracted/Rayleigh waves, Seismol. Res. Lett., 67(5), 25–34.

Kedar, S., Longuet-Higgins, M., Webb, F., Graham, N., Clayton, R. & Jones,
C., 2008. The origin of deep ocean microseisms in the north Atlantic
Ocean, Proc. R. Soc. A, 464(2019), 777–793.

Kibblewhite, A.C. & Ewans, K.C., 1985. Wave–wave interactions, micro-
seisms, and infrasonic ambient noise in the ocean, J. acoust. Soc. Am.,
78(3), 981–994.

Landés, M., Hubans, F., Shapiro, N.M., Paul, A. & Campillo, M., 2010.
Origin of deep ocean microseisms by using teleseismic body waves, J.
geophys. Res., 115(B5), doi:10.1029/2009JB006918.

Langston, C.A., Bodin, P., Powell, C., Withers, M., Horton, S. & Mooney,
W., 2005. Bulk sediment Q p and Q s in the Mississippi embayment,
central United States, Bull. seism. Soc. Am., 95(6), 2162–2179.

Langston, C.A., Chiu, S.-C.C., Lawrence, Z., Bodin, P. & Horton, S., 2009.
Array observations of microseismic noise and the nature of H/V in the
Mississippi embayment, Bull. seism. Soc. Am., 99(5), 2893–2911.

Lecocq, T., Caudron, C. & Brenguier, F., 2014. MSNoise, a python package
for monitoring seismic velocity changes using ambient seismic noise,
Seismol. Res. Lett., 85(3), 715–726.

Liang, C. & Langston, C.A., 2008. Ambient seismic noise tomography
and structure of eastern North America, J. geophys. Res., 113(B3),
doi:10.1029/2007JB005350.

Liang, C. & Langston, C.A., 2009. Three-dimensional crustal structure of
eastern North America extracted from ambient noise, J. geophys. Res.,
114(B3), doi:10.1029/2008JB005919.

Lin, F.C., Ritzwoller, M.H., Townend, J., Bannister, S. & Savage, M.K., 2007.
Ambient noise Rayleigh wave tomography of New Zealand, Geophys. J.
Int., 170(2), 649–666.

Lin, F.C., Moschetti, M.P. & Ritzwoller, M.H., 2008. Surface wave tomog-
raphy of the western United States from ambient seismic noise: Rayleigh
and Love wave phase velocity maps, Geophys. J. Int., 173(1), 281–298.

Lin, F.-C., Li, D., Clayton, R.W. & Hollis, D., 2013. High-resolution 3D
shallow crustal structure in Long Beach, California: application of ambi-
ent noise tomography on a dense seismic array noise tomography with a
dense array, Geophysics, 78(4), Q45–Q56.

Liu, C., Langston, C.A., Powell, C.A. & Cramer, C.H., 2018a. Near surface
to upper mantle velocity structure in the Mississippi embayment from
ambient noise tomography, AGUFM, 2018, S13C-0454.

Liu, C., Aslam, K.S. & Daub, E.G., 2020. Estimating seismic velocity
variations in the Mississippi embayment from analysis of the ambient
seismic field, doi:10.1002/essoar.10502143.1.

Liu, Z., Huang, J., He, P. & Qi, J., 2018b. Ambient noise monitoring of
seismic velocity around the Longmen Shan fault zone from 10 years of
continuous observation, J. geophys. Res., 123(10), 8979–8994.

Longuet-Higgins, M.S., 1950. A theory of the origin of microseisms, Phil.
Trans. R. Soc. A, 243(857), 1–35.

Meier, U., Shapiro, N.M. & Brenguier, F., 2010. Detecting seasonal varia-
tions in seismic velocities within Los Angeles basin from correlations of
ambient seismic noise, Geophys. J. Int., 181(2), 985–996.

Nakata, N., Chang, J.P., Lawrence, J.F. & Boué, P., 2015. Body wave ex-
traction and tomography at Long Beach, California, with ambient-noise
interferometry, J. geophys. Res., 120(2), 1159–1173.

Narayan, J.P., 2012. Effects of P-wave and S-wave impedance contrast on the
characteristics of basin transduced Rayleigh waves, Pure appl. Geophys.,
169(4), 693–709.

Nawab, S., Dowla, F. & Lacoss, R., 1985. Direction determination of wide-
band signals, IEEE Trans. Acoust. Speech Signal Process., 33, 1114–1122.

Nishida, K., Montagner, J.P. & Kawakatsu, H., 2009. Global sur-
face wave tomography using seismic hum, Science, 326(5949), 112,
doi:10.1126/science.1176389.

Niu, F., Silver, P.G., Daley, T.M., Cheng, X. & Majer, E.L., 2008. Preseismic
velocity changes observed from active source monitoring at the Parkfield
SAFOD drill site, Nature, 454(7201), 204.

Reading, A.M., Koper, K.D., Gal, M., Graham, L.S., Tkalčić, H. & Hemer,
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Figure S1. Amplitude of signals (red circles) and noise (blue circles)
for 5000 measurements. The amplitude of signal is 10 times greater
than that of noise. The standard deviation of noise is 1.5 × 10−5.
Figure S2. Station pairs within 100 km (black) and station pairs
observing sedimentary Rayleigh (left, coloured) and Love (right,
coloured) waves. Station pairs observing sedimentary surface waves
are well in the interior of the ME.

Figure S3. Group velocity dispersion curves for sedimentary
Rayleigh (a) and Love (b) waves. The dominant period range is
1–5 s.
Figure S4. 2-D frequency–wavenumber analysis of monthly time-
series in the passband of 0.2–1 Hz. The major energy arrival with
slowness of 0.3 s km−1 in March might be a crustal surface wave.
The slowness for low-velocity sedimentary surface wave ranges
from 0.5 to 1 s km−1.
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