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Abstract We discuss two array-based tomography methods, ambient noise tomography (ANT) and two-plane-

wave earthquake tomography (TPWT), which are capable of taking advantage of emerging large-scale broadband

seismic arrays to generate high resolution phase velocity maps, but in complementary period band: ANT at

8–40 s and TPWT at 25–100 s period. Combining these two methods generates surface wave dispersion maps

from 8 to 100 s periods, which can be used to construct a 3D vS model from the surface to ∼200 km depth. As an

illustration, we apply the two methods to the USArray/Transportable Array. We process seismic noise data from

over 1 500 stations obtained from 2005 through 2009 to produce Rayleigh wave phase velocity maps from 8 to

40 s period, and also perform TPWT using ∼450 teleseismic earthquakes to obtain phase velocity maps between

25 and 100 s period. Combining dispersion maps from ANT and TPWT, we construct a 3D vS model from the

surface to a depth of 160 km in the western and central USA. These surface wave tomography methods can also

be applied to other rapidly growing seismic networks such as those in China.
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1 Introduction

In recent years, large-scale arrays of broadband

seismographs have been emerging across different con-

tinents, such as the EarthScope USArray in the USA,

the China Digital Seismic Network, F-net in Japan,

etc. These dense, large scale arrays provide the op-

portunity to image subsurface seismic structures at un-

precedented resolution. The development of large scale

seismic instrumentation also requires the improvements

in tomography methodology to achieve the potential

that these arrays offer. High resolution models of sub-

surface structures at large scales promise to advance

the knowledge of tectonics and geodynamic processes

across continents.
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One of the most significant recent improvements in

tomography methodology is the development of ambient

noise tomography, which is based on cross-correlations

of longtime series of ambient seismic noise data. This

method has liberated conventional tomography from

its dependence on natural earthquakes or human-made

explosions. Ambient noise tomography has mainly

been applied to surface waves, has extended analysis

to shorter periods (<20 s) than from traditional earth-

quake tomography, and has provided higher resolution

constraints on the structures of the crust and upper-

most mantle. Currently, ambient noise tomography has

been applied around the world to study crustal and up-

permost structures; for example, Shapiro et al. (2005),

Moschetti et al. (2007), Bensen et al. (2008), Liang and

Langston (2009) in US; Kang and Shin (2006), Cho et

al. (2007), Fang et al. (2010), Li et al. (2009), Yang

et al. (2010), Yao et al. (2006, 2008) in Asia; Yang et

al. (2007) and Villaseñor et al. (2007) in Europe; Arrou-

cau et al. (2010), Behr et al. (2010), Lin et al. (2007),

Saygin and Kennett (2010) in New Zealand and Aus-
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tralia, and so on.

Ambient noise tomography is typically performed

at periods shorter than ∼40 s, which mainly provides

constraints on the structure of crust and uppermost

mantle. To provide constraints on deeper structures and

more completely image the structures of the lithosphere

and asthenosphere, long period surface waves (>50 s)

are required. Long period surface waves may also be ob-

tained from ambient noise tomography (e.g., Bensen et

al., 2008, 2009; Nishida et al., 2009), but this probably

requires very long baselines between stations. Alterna-

tively, long period surface waves can be extracted from

large teleseismic earthquakes, which usually excite long

period surface waves that propagate over thousands of

kilometers. New array-based tomography methods such

as those developed by Yang and Forsyth (2006a, b), Pol-

litz (2008), and others produce dispersion maps with

resolutions similar to ambient noise tomography. Our

method is built on the method of Yang and Forsyth

(2006a), called two-plane-wave tomography (TPWT),

which uses the interference of two plane-waves to model

each incoming teleseismic wavefield. This method was

originally developed to image regional scale structures

with an aperture typically less than 1 000 km. For

a continental-scale array with a scale of thousands of

kilometers, we have generalized the method by dividing

a large area to an arbitrary number of sub-regions and

fitting each incoming wavefield at each sub-region with

two plane waves (e.g., Yang et al., 2008). The current

paper is an update of the study of Yang et al. (2008).

Combining the two array-based tomography meth-

ods, ambient noise tomography and two-plane-wave to-

mography, we are able to image structures at high res-

olution from the surface to ∼200 km depth. In this pa-

per, we discuss the two methods and also demonstrate

their application to the large-scale Transportable Array

(TA) of EarthScope/USArray (Figure 1). We present

Rayleigh wave phase velocity maps constructed by ANT

at periods of 8–40 s and TPWT at periods of 25–100 s

using ambient noise and teleseismic earthquake data,

respectively, from the TA and several other regional ar-

rays in the western US in 2005–2009. In addition, we

present the inversion for 3D vS structures by combining

the resulting Rayleigh wave phase velocity dispersion

maps from ANT and TPWT and briefly discuss the re-

sulting 3D model.
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Figure 1 (a) Station coverage in the western US. The EarthScope USArray Transportable Array is plotted

as circles, and regional arrays CI, BK and XP are plotted as triangles. The division of the sub-regions for two-

plane-wave tomography is outlined with dashed lines. (b) Major geological units in the western US are outlined

and identified with names and abbreviations: Rocky Mountains, Columbia Plateau, Cascade Range (CR), Snake

River Plain, Basin and Range, Sierra Nevada Mountains (SN), Central Valley (CV), Colorado Plateau, and

Rio Grande Rift (RGR). Major sedimentary basins are indicated with orange-red abbreviations (from north to

south): Williston Basin (WB), Columbia River sub-Flood Basalt sediment (CRFB), Powder River Basin (PRB),

Green River Basin (GRB), Uinta Basin (UB), Washakie Basin (WB), Denver Basin (DB), Central Valley (CV),

Albuquerque Basin (ALB in New Mexico), Altar Basin (AB in southern California), Permian Basin (PB).
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2 Data and methods

2.1 Ambient noise tomography

We process continuous vertical component ambi-

ent noise data from 2005 to 2009 recorded by ∼1 500

stations including the TA, the US National Seismic Net-

work (US), and several regional arrays (Figure 1). The

average inter-station distance is around 70 km. The

Transportable Array is a network of 400 high-quality

broadband seismographs that have been emplaced in

temporary sites since 2004 across the conterminous

United States from west to east in a regular grid pat-

tern with station spacings of about ∼70 km. Each

instrument is deployed at one place for about two years

and then removed and re-deployed to the next carefully

selected location on the eastern edge of the array. So

far, instruments have been deployed in more than 1 000

locations.

The ambient noise data processing procedure ap-

plied here is similar to that described in detail by

Bensen et al. (2007) and Lin et al. (2008). Contin-

uous data are decimated to one sample per second and

then filtered in the period band from 5 to 100 s. In-

strument responses are removed from the continuous

data because different types of seismic sensors are used

among the stations. Because the amplitudes of ambient

noise at ∼6–8 s period dominate the spectra, spectral

whitening is applied to flatten spectra over the entire

period band (5–100 s). Time-domain normalization is

then applied to suppress the influence of earthquake sig-

nals and other irregularities. After these processes are

completed, cross-correlations are performed daily and

then are stacked over five years between 2005 and 2009.

Then, an automated frequency time analysis (FTAN) is

used to measure the dispersion curves of the Rayleigh

waves. Careful attention is paid to data selection based

on signal-to-noise ratio (SNR), inter-station distances

and data consistency.

Surface wave tomography is applied on the select-

ed dispersion measurements to produce Rayleigh wave

phase speed maps on a 0.5◦ by 0.5◦ grid using the ray

theoretic method of Barmin et al. (2001). Both damp-

ing and smoothing are applied in the tomography. The

choice of damping and smoothing parameters is based

on the optimization of data misfit and model smooth-

ness and determined after a series of tests using various

values. Finally, the resulting Rayleigh wave dispersion

maps are constructed between of 8 and 40 s period with

a typical resolution within the array of ∼50 km.

2.2 Two-plane-wave tomography (TPWT)

The measurement of the dispersion characteristics

of teleseismic surface waves crossing a regional array of

seismometers is a powerful means to detect variations in

lithospheric and asthenospheric structures. However, a

crucial question is how to represent the incoming wave-

field accurately. A conventional approach is to regard

incoming waves as plane waves propagating along great-

circle paths and then to measure the phase differences

between station pairs aligned along the same path. Am-

plitude and waveform variations are commonly observed

across a seismic array, particularly at shorter periods,

and indicate scattering or multi-pathing caused by lat-

eral heterogeneities between the earthquake and the ar-

ray. These effects can distort the incoming waves, caus-

ing deviations in azimuth and leading to wavefield com-

plexity. Neglect of the non-planar character of the in-

coming wavefield can systematically bias the measured

phase velocities (Wielandt, 1993).

In the two-plane-wave tomography method, an in-

coming teleseismic wavefield is modelled using the in-

terference of two plane-waves, each with initially un-

known amplitude, initial phase, and propagation direc-

tion (Forsyth et al., 1998; Forsyth and Li, 2005), yield-

ing a total of six parameters that describe the incoming

wavefield for each teleseismic event. Finite frequency

effects (e.g., Dahlen et al., 2000; Zhou et al., 2004) are

also considered in this method because the goal is to

resolve structures with scales the order of a wavelength.

This two-plane-wave representation has been success-

fully applied to regional arrays in several continents to

obtain phase velocities (Li et al., 2003; Weeraratne et

al., 2003; Yang and Forsyth, 2006a, b).

In the context of a large-scale array like the TA

(Figure 1), the size of the region of study is larger than

the limit of the two-plane-wave assumption. Thus, we

partition the western US into seven sub-regions with 2◦

overlaps in both latitude and longitude. The seven sub-

regions are shown in Figure 1a. As a result, each of the

regions has a scale less than 1 000 km, in which an in-

coming teleseismic wavefield can be modeled quite well

with two plane-waves. The two-plane-wave tomogra-

phy is performed separately in each of these seven sub-

regions using a 0.5◦×0.5◦ grid. The final phase velocity

maps across the whole western USA are constructed

by including phase velocities from all of the individual

sub-regions and averaging phase velocities in the areas

of overlap.

In data processing, about 450 teleseismic events

that occurred from 2005 to 2009 (Figure 2) withMS>5.5
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Figure 2 Azimuthal equidistant projection of earthquakes used for two-plane-wave tomog-

raphy. This plot is centered at (104◦W, 35◦N) (triangle). The straight lines connecting each

event to the center (triangle) are great-circle paths.

and epicentral distances from 30◦ to 150◦ relative to the

center of the array are selected. These events together

with the large number of stations generate highly dense

ray coverage, which allows us to produce high-resolution

phase velocity maps. After all the event data are col-

lected, the instrument responses, means and trends of

seismograms are removed and then the vertical com-

ponents of Rayleigh waves are filtered with a series of

narrow-bandpass (10 mHz), four-pole, double-pass But-

terworth filters centered at frequencies ranging from 10

to 40 MHz (25–100 s). Fundamental mode Rayleigh

waves are isolated from other seismic phases by cut-

ting the filtered seismograms using boxcar time windows

with a 50 s half cosine taper at each end. The width

of the boxcar window is determined according to the

width of the fundamental mode Rayleigh wave packet.

The filtered and windowed seismograms are converted

to the frequency domain to obtain amplitude and phase

measurements. Details of the data processing procedure

are described by Yang and Forsyth (2006a, b).

2.3 Phase velocity maps

The resulting phase velocity maps from ANT and

TPWT are plotted in Figures 3 and 4, respectively. At

8 s period, in the short period end of ANT, Rayleigh

wave phase velocity is most sensitive to shear veloc-

ities at depths shallower than ∼10 km. Low veloci-

ties are imaged in all of the major sedimentary basins

as indicated in Figure 1. At intermediate periods of

ANT (16 s and 24 s), Rayleigh wave phase velocities

mainly reflect the shear velocities in the middle and

lower crust. Low velocities associated with sedimentary

basins diminish at these periods. Four major low veloc-

ity anomalies are observed: in Yellowstone, the eastern

edge of the Basin and Range, the Rocky Mountains, and

the western fringe of the Colorado Plateau. High veloc-

ity anomalies are observed beneath the Columbia River

Flood Basalts and in the southern Basin and Range.

At periods longer than 50 s (Figure 4), surface

waves are mainly sensitive to shear velocities in the

uppermost mantle. At these periods, low velocities are
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Figure 3 Phase velocity maps from ambient noise tomography with reference velocity (vref) 3.05, 3.25, 3.55 km/s at

periods (T ) of 8, 16 and 24 s.
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Figure 4 Phase velocity maps from two-plane-wave tomography at periods (T ) of 50, 66, 83 and 100 s.



60 Earthq Sci (2011)24: 55–64

observed in the Columbia Plateau, the Basin and

Range, the Snake River Plain and near the western,

eastern and southern edges of the Colorado Plateau. A

strong velocity contrast exists between the tectonically

active western US and the cratonic central US in these

maps.

In the overlapped period band between the two

tomographic methods, from 25 s to 40 s, phase veloci-

ties from these methods are quite similar. For example,

Figure 5 plots the phase velocity maps from ANT and

TPWT at 40 s period and their difference. The RMS

of the difference between these two maps is about 1%.

Agreement is very good in most areas with a differ-

ence less than 0.5%. The differences of phase veloci-

ties from these two methods are quite similar at other

overlapped periods. Differences are more pronounced,

however, near the boundaries of the sub-regions divided

in TWPT where edge effects apparently are significant

(e.g., Idaho, the western edge of Utah, middle Col-

orado and southern New Mexico) and near the fringes

of the array where resolution is lower, particularly near

the eastern edge of northern and southern Dakota, Ne-

braska, and Kansas. Thus, in order to reduce the edge

effects in the two-plane-wave tomography, we plan in

the future to improve the two-plane-wave tomography

by performing tomography simultaneously over all sub-

regions with an integrated grid. Some differences in

phase velocities could also arise from the different wave

propagation theories assumed in the two tomography

methods. In ANT, ray theory is assumed because peri-

ods of Rayleigh waves used in ANT are shorter than 40 s

and finite frequency effects are insignificant for surface

waves at these periods. However, in TPWT, we employ

Born sensitivity kernels (Zhou et al., 2004) to account

for finite frequency effects because we use surface waves

at periods up to 100 s.
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Figure 5 Phase velocity maps at 40 s from ANT (a) and TPWT (b) as well as the velocity difference between

ANT and TPWT at 40 s (c).

3 3D model construction

By combining results from the full set of tomo-

graphic maps, we can construct a 3D isotropic shear

velocity model. Because only Rayleigh waves are used

in the inversion and they are primarily sensitivity to

vSV, the resulting model is in fact a vSV model but will

be referred to as vS hereafter. At each geographic point

of the 0.5◦×0.5◦ grid, a local Rayleigh wave phase speed

curve is extracted from the dispersion maps at periods

from 8 to 100 s and this curve provides the data for

the vS inversion. The inversion is performed using a

two-step procedure. This two-step procedure has been

used and thoroughly discussed in previous studies (e.g.,

Bensen et al., 2009; Yang et al., 2008) and we only

briefly describe it here.

The first step is a linearized inversion of the

Rayleigh wave phase velocity curve for the best fitting

vS-model below each grid point. In the linearized inver-

sion, depth-dependent shear wave velocities are param-

eterized in eleven constant vS layers from the Earth’s

surface to 200 km depth with three layers for the crust

and eight layers for the upper mantle. The model pa-

rameters are slightly damped and smoothed vertically.

Because Rayleigh wave phase speeds depend primarily

on vS, we scale vP to vS using a constant vP/vS ratio
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of 1.735 in the crust and 1.756 in the mantle (Chulick

and Mooney, 2002). Due to the trade-off between Moho

depth and vS in the layers directly above and below

the Moho, in this first step, we fix crustal thickness to

that derived from receiver functions (Gilbert and Fouch,

2007).

In the second step, a Markov Chain Monte-Carlo

resampling of model space is performed to quantify the

uncertainty in shear velocity versus depth (Shapiro and

Ritzwoller, 2002). The Markov Chain Monte-Carlo in-

version executes a random walk through model space

starting from the model derived from the linearized in-

version. At each spatial node, this generates an ensem-

ble of “acceptable” local 1D shear velocity models that

fit the Rayleigh wave dispersion curve within specified

uncertainties. In this step, depth-dependent shear wave

speeds are parameterized by three crustal layers and

five B-spline functions in the upper mantle to repre-

sent mantle velocity to a depth of 200 km, rather than

by eight layers in the upper mantle in the linearized

inversion. If the predicted dispersion curve for a can-

didate model from Markov Chain Monte-Carlo resam-

pling matches the measured curve with an average mis-

fit of less than twice the dispersion measurement uncer-

tainties, the model is retained and termed “acceptable”.

An example of the two-step procedure at one lo-

cation is plotted in Figure 6. For each grid point, the

average of the resulting ensemble of acceptable models

at each depth is taken as the expected value of the vS
model and the half-width of the corridor of the ensemble

provides an estimate of model uncertainty (Figure 6c).

By assembling the individual vS model profiles for each

grid point, we form the 3D model. Here, we present four

vS maps at depths of 5, 15, 60 and 120 km (Figure 7)

and briefly describe the major velocity features imaged.

In the upper crust, most significant velocity fea-

tures are low velocities in the major sedimentary basins,

including the Central Valley of California, and the

Uinta, Green River, Washakie, Powder River, Denver,

Albuquerque, Permian, Anadarko and Williston Basins.

In contrast, high velocities are observed for the moun-

tain ranges, including the Sierra Nevada, the Peninsular

Range, and the central and southern Rocky Mountains

and also in the Colorado Plateau. In the whole crust,

low velocities are observed throughout the Basin and

Range province and the Columbia River Flood Basalt

province probably due to elevated crustal temperatures

resulting from relatively thin lithosphere and young

magmatism and extension (Zandt et al., 1995).

In the uppermost mantle, the most striking fea-

ture is the transition from overall low velocities observed

in the western US to overall high velocities observed in

central US. This lateral west-to-east transition is clearly

correlated with the western Rocky Mountain front, the

boundary between the tectonically active western US

and the stable and cratonic eastern US. Other than the

high velocities in the cratonic central US, moderate high

velocities are observed in the northern and central Col-

orado Plateau and in the central Rocky Mountains in

the area of northern Idaho and western Montana, which

implies that the Proterozoic lithosphere in these areas

may still be present and not completely eroded by past

tectonic events such as the Laramide Orogeny. On the

contrary, seismic velocities become quite low in the
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Figure 6 An example of vSV inversion for the point at (104◦W, 35◦N). (a) The observed dispersion curve from

ambient noise tomography (blue) and from TPWT (green). (b) The observed dispersion curve (same as the red line

in Figure 6a) is shown with error bars at individual periods. The blue line is the predicted dispersion curve from

the vSV model of the linear inversion. Gray lines are predicted dispersion curves from the ensemble of vSV models

from the Monte-Carlo inversion shown in Figure 6c. The red line is the predicted dispersion curve from the average

of the ensemble of vSV models. (c) The vSV models (gray lines) and the average of the ensemble (red line) from the

Monte-Carlo inversion. The blue line is the vSV model from the linear inversion.
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Figure 7 vSV maps at depths (h) of 5, 15, 60, and 120 km, plotted as perturbations relative to the average

velocity shown in the lower-left corner of each panel.

southern Rocky Mountain, implying Proterozoic litho-

sphere may be altered or removed. Prominent low ve-

locities are observed throughout the Basin and Range

province and the Columbia River Flood Basalt province

and along the Snake River Plain and the Rio Grand Rift.

The low velocities in the Columbia River Flood Basalt

province and along the Snake River Plain are proba-

bly related to the Yellowstone and Newberry hotspot

tracks, following the impact of the mantle plume head

beneath the lithosphere that occurred near the bound-

ary of Oregon and Nevada at ∼16.6 Ma (Camp and

Ross, 2004; Xue and Allen, 2007). Low velocities un-

derlying the Basin and Range province may reflect litho-

spheric thinning consistent with the buoyant upwelling

of asthenospheric material in response to the detach-

ment of the Farallon plate in the post-Laramide era

from ∼50 to 20 Ma (Humphreys et al., 2003). Low

velocities are also observed at the edges of the Colorado

Plateau except on the northern side, indicating large

parts of the Proterozoic lithosphere beneath the Col-

orado Plateau have been eroded.

4 Summary

In this paper, we discuss two array-based tomogra-

phy methods, ambient noise tomography and two-plane-
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wave earthquake tomography. Ambient noise tomogra-

phy is based on cross-correlations of ambient seismic

noise data to obtain short-period surface wave disper-

sion maps, which provide constraints on the structure

of crust and uppermost mantle. Two-plane-wave to-

mography is a method to generate intermediate- and

long-period surface wave dispersion maps using teleseis-

mic earthquake data, which provide constraints on up-

per mantle structure. In this method, each teleseismic

wavefield is modelled as the interference of two incom-

ing plane waves, each with initially unknown amplitude,

initial phase and propagating direction. By combining

these two complementary methods, we can generate sur-

face wave dispersion maps from ∼8 s to ∼100 s, which

enables us to construct 3D shear velocity model from

surface to ∼200 km depth.

For illustration, we apply these two methods to

the recent deployment of USArray/Transportable Ar-

ray, covering the western and central US so far. We

present Rayleigh wave phase velocity maps constructed

by ambient noise tomography at periods of 8–40 s and

two-plane-wave tomography (TPWT) at periods of 25–

100 s using ambient noise and teleseismic earthquake

data from TA and several other regional arrays in west-

ern US in 2005–2009. In addition, we present the in-

version for 3D vS structure by combining the result-

ing Rayleigh wave phase velocity dispersion maps from

ANT and TPWT and briefly discuss the resulting 3D

model.

These surface wave tomography methods have also

been applied to the rapidly growing seismic instrumen-

tations in China (e.g., Yang et al., 2010) but mostly at

regional scales and generated numerous regional mod-

els. In the near future, with the extension of coverage

over the whole China, these methods can be adopted to

construct a high resolution continental-scale 3D model

over the whole China just as across the continental USA.
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