
1. Introduction
Seismic scattering originated from structural heterogeneity covers a wide range of scales within the Earth's 
interior. Conventionally, stochastic approaches are employed to study high-frequency scattering process 
from random heterogeneity (Sato et al., 2012). One typical example is the characterization of P and S coda 
waves from local and regional earthquakes (Aki, 1969). On the other hand, deterministic imaging of sub-
surface structures has long been undertaken using either backward or forward scattering. For example, in 
earthquake seismology, receiver functions rely on the forward P-to-S scattering to image seismic discontinu-
ities in the crust and mantle (Langston, 1979). Seismic reflection surveys utilize backward reflected waves 
to characterize petroleum reservoirs in exploration seismology and the Earth's crust in controlled-source 
crustal seismology (Prodehl & Mooney, 2012; Sheriff & Geldart, 1995).

Unlike subhorizontal structures, strong lateral heterogeneity associated with near-vertical structure poses 
a significant challenge in deterministic scattered-wave imaging. In exploration seismology, complex struc-
tures can be imaged using densely distributed sources and receivers, in combination with sophisticated 
imaging or inversion techniques, such as reverse time migration or full-waveform inversion (Sheriff & 
Geldart, 1995; Virieux & Operto, 2009). However, such frameworks do not generally apply to earthquake 
seismology. The sparse distribution of earthquake sources and seismic stations greatly limits the detection 
ability of subsurface lateral heterogeneities, such as basin edges, fault zones, and Moho offsets, despite them 
having strong effects on seismic waveforms. Furthermore, many seismic imaging methods, such as com-
mon conversion point stacking of conventional receiver functions, assume subhorizontal structures, which 
cannot readily be applied to image strong lateral heterogeneities.

Body-to-surface wave conversion is a special case of seismic scattering originated from strong lateral heter-
ogeneity. Compared to body-to-body wave scattering, scattered surface waves propagate horizontally along 
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the Earth's surface with less decay due to two-dimensional (2D) geometric spreading and, thus, can be re-
corded over a wider distance range. Both Rayleigh and Love waves that are converted from body waves have 
been observed previously (e.g., Abers, 1998; Bannister et al., 1990; Finlay et al., 2020; Furumura et al., 1998; 
Gupta et al., 1990; Maeda et al., 2014; Revenaugh, 1995; Revenaugh & Mendoza, 1996; Wagner & Lang-
ston, 1992). Moreover, if the delay time with respect to some reference phases can be measured, it is then 
possible to use the scattered surface waves to locate strong lateral heterogeneities. For example, Yu, Zhan 
et al. (2017) analyzed relatively long-period (∼10 s) teleseismic waveforms recorded by the Southern Cal-
ifornia Seismic Network and found that strong SH-to-Love wave scattering is associated with pronounced 
bathymetric relief and possible Moho offset in the Southern California Continental Borderland. Similarly, 
Buehler et al (2018) documented strong S-to-Rayleigh waves that are scattered at the western United States 
continental margin. At shorter period (∼1 s), P-to-Rayleigh wave scattering was used to map strong lateral 
heterogeneities in Southern California (Revenaugh & Mendoza, 1996) and rift-bounding faults associated 
with steep edges of the Albuquerque Basin in New Mexico (Finlay et al., 2020).

The contiguous United States is rich in structural heterogeneities both at the surface and in the under-
lying lithosphere. To first order, the contiguous United States can be roughly divided into the western, 
central, and eastern United States (Figure 1). The western United States has undergone a complex tectonic 
history since Neoproterozoic and is still actively deforming today (Dickinson,  2004). It is characterized 
by high topography and short-wavelength variations at the surface (Figure 1a). Geophysical evidence re-
veals thin crust and lithosphere, as well as significant lateral variations in seismic velocity (e.g., Burdick 
et al., 2017; Ekström, 2017; Schmandt & Lin, 2014; Shen & Ritzwoller, 2016). In contrast, the central United 
States is mainly composed of stable terranes of Precambrian cores (Whitmeyer & Karlstrom, 2007). For 
most regions, the surface landscape is low and flat (Figure 1a), and the crust and lithosphere are thick and 
uniform. However, significant lateral variations in subsurface structure exist. For instance, both shallow 
crustal velocity and Moho depth change abruptly across the northern margin of the Gulf of Mexico basin 
(e.g., Schmandt & Lin, 2014; Shen & Ritzwoller, 2016). The eastern United States has undergone two com-
plete cycles of supercontinent formation during the Grenville and Appalachian orogenesis, and subsequent 
breakup of Rodinia and Pangea, respectively (Hatcher et al., 2010; McLelland et al., 2010). At present, the 
most prominent topographic feature is the Appalachian Mountains which consists of a system of fold and 
thrust belts in eastern North America (Figure 1a).

Building upon our previous study in Southern California, here we attempt to systematically search for 
strong lateral heterogeneities across the entire contiguous United States using body-to-surface wave scatter-
ing. We first apply phase coherence analysis to extract coherent scattered energies and use back-projection 
techniques to locate their sources. We then evaluate possible contributions from various factors, such as 
topographic relief, sedimentary basins and Moho offset, on the body-to-surface wave scattering. Finally, 
we demonstrate that scattered surface waves can potentially be used for constraining subsurface velocity 
structures.

2. Data and Methods
2.1. Preliminary Data Processing

We collect broadband waveform data from globally distributed events that are recorded by the USArray 
Transportable Array. Stations from other regional networks, such as the Southern/Northern California Seis-
mic Network, and temporary arrays are also included to densify the station spacing, especially in the west-
ern United States (Figure 1b). The complete coverage of seismic stations provides a unique opportunity to 
map strong lateral heterogeneities across the entire contiguous United States.

For earthquake sources, we use both shallow and deep events with magnitude ≥6.0 that occurred during the 
deployment of USArray Transportable Array from 2004 to 2015. Event information is obtained from USGS 
National Earthquake Information Center. We limit the epicentral distances of the events to be within 40° 
and 120° since, for events with shorter epicentral distances, the surface wave trains may arrive too close 
to the time window of interest. When the epicentral distance is larger than about 100°, the core-mantle 
boundary diffracted wave is used as the reference phase, whose amplitude may decrease rapidly as epicen-
tral distance increases.
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Figure 1. (a) Topographic map of the contiguous United States and adjacent areas. Black lines mark boundaries of major physiographic provinces 
(Feneman, 1931). Red lines are contours of the midcontinent rift zone and other sedimentary basins (Coleman & Cahan, 2012) mentioned in the main text. 
Blue lines are state borders. (b) Broadband seismic stations (solid triangles) used this study, including USArray Transportable Array, US permanent network, 
Southern California Seismic Network, North California Seismic Network, and other temporary deployments. (c) Distribution of 206 selected earthquakes (red 
stars).
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Our data preprocessing is similar to that of Yu, Zhan, et al. (2017). We first rotate seismograms from vertical/
north/east components into vertical/radial/tangential components based on source and receiver geometry. 
Here, we focus on tangential-component seismogram as it involves less body-wave phases and thus is less 
complicated than the other two components. The seismograms are then bandpass filtered between 0.02 and 
0.1 Hz with a zero-phase, two-pass Butterworth filter. Events with complex apparent source signatures are 
removed, and traces with low signal-to-noise ratio are discarded by visual inspection using the Crazyseis-
mic software (Yu, Zheng, et al., 2017). Afterward, the waveforms are aligned, normalized by the maximum 
peaks of the observed SH or Sdiff phase, and cut using a time window of 200 s before the arrival to 660 s after 
it. The application of this preprocessing and quality control scheme resulted in 206 high-quality events that 
were then selected for further analyses (Figure 1c).

2.2. Observations of Body-To-Surface Wave Scattering Across the Contiguous United States

Body-to-surface wave scattering is associated with strong lateral heterogeneity. Synthetic waveform mode-
ling demonstrates that body-to-surface wave scattering can be well excited by either a topographic relief or 
a Moho offset (Yu, Zhan, et al., 2017). Similarly, sharp horizontal contrasts in the elastic properties of the 
subsurface, such as basin edges, can also be a strong source of scattered energy (Figure 2).

Figure 3 shows seismic waveforms recorded in the western, central and eastern United States by the US-
Array Transportable Array from three high-quality events occurred in the Kermadec-Fiji-Tonga subduction 
zones, respectively. These events are deep in focal depth as indicated by clear depth phase sSH, which ar-
rives 200–250 s after the direct SH or Sdiff phase. The characteristics of signals in the time window between 
the SH and sSH phases, for example, 50–150 s, are distinctly different among these three events: data record-
ed in the western United States seems to have much higher “noise” level than that recorded in the eastern 
United States, while that in the central United States is somewhat in between (cf., Figures 3b–3d). Power 
spectrum density analysis further verify such observation (Figure S1). Furthermore, there is a systematic 
increase in delay times of these “noise-like” signals (with respect to the reference SH phase) as epicentral 
distance increases (Figures 3b and 3c). As we look more closely into waveforms from a local subarray in 
the western and central United States, the delays of the signals are more apparent (Figure 4). In the former 
case (Figures 4a and 4c), our previous study has verified that the delayed signals are Love waves scattered 
from teleseismic SH wave incidence (Yu, Zhan, et al., 2017). In the latter case, the delay of signals does not 
seem to monotonically increase with epicentral distance (Figures 4b and 4d). In the following sections, we 
will demonstrate that these signals are also scattered surface waves but propagate slightly off the great circle 
plane.

2.3. Phase Coherence Analysis

To characterize the scattered signals, we employ the array-based phase coherence analysis technique im-
plemented by Yu, Zhan, et al.  (2017), which was originally described by Schimmel and Paulssen (1997). 
Phase coherence analysis is superior to conventional linear beamforming techniques in detecting weak but 
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Figure 2. Schematic diagram showing body-to-surface wave scattering due to sharp lateral heterogeneities, including 
(i) topographic relief, (ii) basin edge, and (iii) Moho offset.
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coherent signals as it relies on instantaneous phase. We systematically scan horizontal slowness from 0 to 
40 s/o and back azimuth from −45° to 45° relative to the theoretical back azimuth. In Figure 5, we show 
phase coherence measurements for the above two subarrays (Figure 4). In both cases, scattered waves prop-
agate roughly at a slowness of ∼30 s/o (Figures 5a and 5b), which corresponds to an apparent velocity of 
∼3.7 km/s, consistent with surface wave velocity at a central frequency ∼10 s. The horizontal propagation 
direction of the scattered waves deviates from that of the incident body waves (SH or Sdiff), at an angle 
about −4° and −15° for the two subarrays in the western and central United States, respectively (Figures 5c 
and 5d). Thus, the body-to-surface wave scattering process is not necessarily confined in the great circle 
plane. Nevertheless, in most cases we analyzed, the directional deviation is not significant.

2.4. Back-Projections

To map the geographical distribution of scatterers, we apply further data processing. For each event, we first 
estimate the source wavelet and then subtract and deconvolve it from each trace. Traces within a 2° radius 
bin around each station (subarray) are stacked for back azimuth from −45° to 45° relative to the theoretical 
back azimuth, with a horizontal slowness determined by maximizing the coherence of scatters. We limit 
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Figure 3. Teleseismic SH waveforms recorded at different locations across the contiguous United States. (a) The distribution of USArray Transportable Array. 
(b–d) Waveforms from three deep events that occurred in the Tonga-Fiji-Kermadec subduction zone. Waveforms are aligned and normalized by the maximum 
peak of SH or Sdiff phase, and are sorted by epicentral distance. The depth phase sSH arrives >200 s later than the direct SH or Sdiff phase. Stations used in 
(b–d) are shown as red, green, and blue colors in (a), respectively.
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the horizontal slowness to be within 25–35 s/o to avoid contamination from other phases and to stabilize 
the estimation, although in some locations the expected value may be outside this range. Subarrays with 
few traces (<20) are not processed in order to avoid strong spatial aliasing effect. The envelop functions of 
stacked traces are normalized, and incoherent signals are muted (Yu, Zhan, et al., 2017). To minimize the 
contamination from scatters generated by other phases, we also mute signals starting with the arrival of SS 
for all epicentral distance, and the ScS for short epicentral distance (<75°). We note that some scatters may 
escape detection but artifacts are minimized.

The next step of back-projection is to choose an accurate velocity model. In Southern California, the scat-
tered surface wave has a dominant period ∼10 s (Yu, Zhan, et al., 2017). We find similar dominant periods 
for most events recorded by stations across the contiguous United States. The scattered surface waves are 
mainly Love waves, since we focus on the transverse component and that the propagation direction of 
the scattered wave does not significantly deviate from the incident wave direction. Therefore, we use the 
10-s Love group velocity as the background velocity model to perform the back-projection. There are a few 
existing high-resolution surface wave velocity models across the contiguous United States (Ekström, 2017; 
e.g., Shen & Ritzwoller,  2016). Here, we calculate Love group velocities based on the USANT15 model 
(Ekström, 2017). The original USANT15 model provides Love phase velocities at different periods, and we 
use Rayleigh's formula to convert phase velocities to group velocities (Figure 6a). We acknowledge that 
the exact surface-wave propagation velocity may slightly deviate from the background model, for example, 
due to different frequency content of the signal. However, since we use the envelop of stacked traces for 
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Figure 4. Observations of scattered surface waves from teleseismic SH incidences. (a) The distribution of broadband seismic stations in the western United 
States for the same 2007 deep earthquake as in Figure 3b. (c) The recorded teleseismic waveforms (tangential component) for selected stations (red triangles 
in a) in a 2°-radius circular area. Traces are sorted by epicentral distance. (b and d) are the same as (a and c), except for the 2011 deep earthquake shown in 
Figure 3c. Note that in both cases, scattered surface waves are clearly observed
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back-projection, the location uncertainties are acceptable considering the spatial resolution of scatterers. 
In the region outside the contiguous United States, there is no high-resolution surface-wave velocity model 
available. For simplicity, we set a constant Love wave group velocity of 3.1 km/s, which may result in mislo-
cations of potential scatterers outside the contiguous United States. Here, however, we are mainly interested 
in locating scatterers within the contiguous United States.

Finally, we back-project the beamformed energy to map the geographical locations of scatterers. We em-
ploy two different back-projection schemes using straight and curved rays, respectively. For straight-ray 
back-projection, the envelop function of the stacked trace for each back azimuth is mapped to geographic 
locations along a straight-ray trajectory. The distance to the center of the subarray is determined by the ar-
rival time of the scatter (relative to the incident SH or Sdiff phase) and the background velocity model. Tele-
seismic SH wave arrival times are calculated using the ak135 reference Earth model (Kennett et al., 1995). 
As an example, Figures 6c and 6d show the geographic distribution of travel times and back azimuths cal-
culated using straight-ray tracing from a hypothetical subarray center in the central United States. Figure 7 
shows straight-ray back-projections of both phase coherence and amplitude for the two events recorded in 
western and central United States, respectively (Figures 3 and 4). Because the back-projection is applied to 
all subarrays, the maximum values of phase coherence and amplitude at each grid point are used. A mini-
mum phase coherence of 0.5 is used to mute incoherent signals (Yu, Zhan, et al., 2017).

It is well-known that lateral variation in velocity can result in changes in the curvature of the wavefield. 
To account for this effect, we apply curved-ray back-projection which applies the Eikonal solver to trace 
surface-wave rays (Qin et al., 1992). We generate migration tables of travel times and back azimuths for 
gridded nodes (0.1° by 0.1°) for the entire contiguous United States. Because of the focusing/defocusing 
effect, as well as the infinite frequency approximation of the Eikonal solution, ray geometry may change 
abruptly for nearby azimuths (Figure 6b). To stabilize the results, we apply a theoretical beamform at every 
node in the grid by taking the travel times of all neighboring nodes that are within a 2° distance range and 

YU ET AL.

10.1029/2020JB020798

7 of 18

Figure 5. Coherence analyses of recorded seismic waveforms shown in Figures 4c and 4d. (a and c) Stations in the 
western United States; (b and d) stations in the central United States. The slownesses and back azimuths of scattered 
Love waves can be determined by picking up the maximum coherence in the expected slowness window (marked by 
white arrows).
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fitting the direction and slowness of a plane wave propagating through said subarray. This process allows 
us to retrieve the incidence angle of the plane waves generated at any scatter point in our study region as 
recorded by every 2° radius subarray. Figures 6d and 6e show the geographic distribution of travel times 
and back azimuths calculated using curved-ray tracing. In regions with large velocity gradient, such as the 
Gulf of Mexico basin, the travel time isochron is significantly different between straight-ray and curved-ray 
tracing (cf., Figures 6c and 6e).

3. Results
3.1. Directional Sensitivity of Scattering Strength

The strength of body-to-surface wave scattering depends on not only the characters of scatterers but also 
the incident wave geometry. It appears that the scattering strength is strongest if the alignment of scatterers 
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Figure 6. Love wave group velocity map and corresponding ray tracing. (a) 10-s Love-wave group velocity calculated from USANT15 (Ekström, 2017). (b) 
Curved-ray tracing using the Eikonal solver for a hypothetical subarray center in the central United States. (c and d) Distributions of travel times and back 
azimuths, respectively, for straight-ray tracing. (e) and (f) are the same as (c) and (d), but for curved-ray tracing. The red and yellow star in all panels mark the 
location of the hypothetical subarray center. The red circle in (f) depicts the 2°-radius subarray used to beamform the theoretical arrival times and extract the 
apparent back azimuths.
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is perpendicular to the wave propagation direction. To visualize the directional sensitivity of scattering 
strength, we divide events into four groups based on their back azimuths, and stack back-projection results 
individually (Figure 8).

For events from the NW quadrant, strong scatterers are mainly located along the northern part of the Pacific 
Border and the offshore continental slope. Slightly weaker scatterers are detected around the Colorado Pla-
teau, Rocky Mountains, and near the midcontinent rift zones (cf., Figures 1 and 8a). The scattering strength 
is strongest for events from the SW quadrant. Strong scatterers are widely distributed along the entire west-
ern coastal regions. However, they are weak or absent in the interior of the contiguous United States, except 
for an isolated one in the southwestern part of Oklahoma in the central United States (Figure 8c). For events 
from the SE quadrant, strong scatterers are located near the northern margin of the Gulf of Mexico basin in 
the southern part of the central United States (cf., Figures 1 and 8d). Additional scatterers are seen round 
the Colorado Plateau, the Yellowstone region, Baja California, and the eastern coastal regions. The scatter-
ing strength is weakest for events from the NE quadrant, and scatterers are only sporadically detected in the 
northeastern part of the United States (Figure 8b).

3.2. Similarities and Differences Between Straight-Ray and Curved-Ray Back-Projections

To obtain an overall distribution of scatterers across the entire contiguous United States, we merge the 
back-projection results from all directions (Figure  9). Overall, straight-ray and curved-ray back-projec-
tion results are consistent with each other. The first-order feature is that scatterers are both stronger and 
more widely distributed in the western United States than in the eastern United States, and that in the 
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Figure 7. Straight-ray back-projection of scattered surface wave. The top panels (a) and (b) are for phase coherence. The bottom panels (c) and (d) are for the 
envelop of stacked amplitude (normalized by direct SH or Sdiff wave). Results for all subarrays are combined together. (a) and (c) are for the 2007 event. (b) and 
(d) are for the 2011 event.
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central United States is in between. The result is consistent with data observations in Figure 3. The detailed 
back-projection results also depend on the choice of minimum phase coherence (cf., Figures 9 and S2) and, 
as such, we focus on the most robust features only.

The detailed distribution of scatterers from straight-ray and curved-ray back-projections is different. It 
appears that scatterers imaged with curved-ray back-projection are more focused than the straight-ray 
back-projection in the interior of the contiguous United States, where a high-resolution 2D velocity model 
is available (cf., Figures 9a and 9b). For example, in the curved-ray back-projection result, the midcontinent 
rift zone stands out more clearly and the periphery of the Colorado Plateau is well delineated (Figure 9b). 
Such difference indicates better location of scatterers using curved-ray back-projection and, in general, at-
tests to the efficacy of the use of scattered waves as a tool to image sharp velocity contrasts. This last point 
is well-supported by the fact that, although the midcontinent rift is a prominent feature in gravity anomaly 
maps, traditional surface wave studies have had difficulty illuminating its fine-scale structure due to its nar-
row geometry (Figure 12). It is important to note that some weak scatterers with marginal coherence may 
not show up in the curved-ray back-projection result as it uses precalculated migration tables with a limited 
spatial resolution of 0.1° (for the consideration of computational and storage costs).

Outside the contiguous United States, the background velocity is fixed at a constant value (Figure 6a). As a 
result, neither straight-ray back-projection nor curved-ray back-projection can accurately locate scatterers. 
For example, the strong scatterer around Baja California is expected to be associated with the continental 
slope where bathymetric relief is significant (Figure 1a). However, the straight-ray and curved-ray back-pro-
jections map that scatterer to the west and east of the continental slope, respectively (cf., Figures 1a and 9). 
In addition, the Eikonal ray tracing is likely to fail in regions with significant velocity gradient, such as the 
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Figure 8. Directional sensitivity of scattering strength across the contiguous United States. (a), (b), (c), and (d) are straight-ray back-projection results for 
events from NW, NE, SE, and SW directions, respectively.
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boundary of the Gulf of Mexico basin, where the curved-ray back-projection show smeared distribution of 
scatterers.

Henceforth, we will focus on the curved-ray back-projection result since it provides better locations of scat-
terers within the contiguous US, in which we are mostly interested.

3.3. Strong Scatterers Across the Contiguous US

In the western US, scatterers are widely distributed. Stronger scatterers are mainly located along the west-
ern coastal regions. This result is not surprising since this region is a plate boundary where there are strong 
lateral variations in both shallow and deep structures (cf., Figures 1 and 9). Interestingly, the strongest scat-
terer is located in the northern part of the Central Valley in California. Albeit weaker, scatterers are widely 
detected in other physiographic provinces, including the Cascade-Sierra Mountains, Basin and Ranges, the 
Colorado Plateau, and the Rocky Mountains. It appears that scatterers are much weaker in the interior of 
these physiographic provinces than at their margins. For example, there is almost no detection of scatterers 
in the interior of the Northern Basin and Ranges.
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Figure 9. Composite back-projection results across the contiguous United States. (a) and (b) are for straight-ray and 
curved-ray back-projections, respectively. Results for all events are merged together.
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In the central United States, strong scatterers are mainly located in the southern part (Figure 9). The 
geographic distribution of scatterers correlates remarkably well with margins of thick sedimentary 
basins (Figure 10a), where there are strong lateral variations in short-period Love wave velocity (Fig-
ure 6a). For example, the geometry of scatterers near the northern margin of the Gulf of Mexico basin 
mimics the 4-km depth contour of sedimentary thickness (Figure  10a). Strong scatterers in south-
western Oklahoma and across the border between Oklahoma and Arkansas correlate well with thick 
sediments in the Anadarko Basin and the Arkoma Basin, respectively (Figures  1a and 10a). In the 
northern part of central United States, the midcontinental rift zone is a prominent scatterer, albeit with 
relatively weak scattering strength. The Superior Upland and nearby regions are also strong sources 
of scattering.

In the eastern United States, scatterers are only sparsely distributed. Some isolated scatterers can be 
associated with the Appalachian Mountains and the continental slope. The weak detection of scatter-
ers in the eastern United States can result from either lack of strong lateral heterogeneities or lack of 
illuminating events from proper directions. We believe that the latter is the main reason because strong 
lateral variation in structures does exist, for example, along the continental slope or the Appalachian 
front. However, there are no events that propagate roughly perpendicular to strike of these geological 
features (Figure 1c).
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Figure 10. Comparison between curved-ray back-projection results with horizontal gradients of (sub)surface structures. (b), (c), and (d) are for topographic 
relief, 10-s Love-wave group velocity (Ekström, 2017), and Moho depth (Shen & Ritzwoller, 2016), respectively. A Gaussian filter with a standard deviation of 1° 
in radius is applied to remove short-wavelength features. Red lines in (a) and (c) are the 4-km depth contour of sedimentary thickness (modified from Figure 5 
of Blackwell et al., 2006).
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4. Discussions
4.1. Sources of Body-To-Surface Wave Scattering

To better understand the sources of SH-to-Love wave scattering, we explore three nominal factors that can 
potentially contribute to the scattering: topographic relief, lateral variation in near-surface velocity, and 
Moho offset. We compare them with back-projection results both in map view (Figure 10) and along select-
ed profiles (Figure 11).

The most prominent source of scattering is topographic/bathymetric relief. In the Pacific Border region, 
the geographic distribution of scatterers show a nice spatial correlation with large gradient in bathymetry 
along the continental slope (cf., Figures 10a and 10b). The result is consistent with previous findings in this 
region (Buehler et al., 2018; Yu, Zhan, et al., 2017). However, there is no detection of strong scatterers along 
the continental slope of Atlantic plains, where topographic gradients are also significant. As mentioned 
earlier, this is likely due to lack of proper illumination of events from the SE direction. On the other hand, 
topographic relief is unable to explain many detected scatterers within the contiguous United States. For 
example, there is barely any prominent topographic relief in the central United States, yet strong scatterers 
are clearly observed (cf., Figures 10a and 10b).

Another source of scattering comes from lateral variation in velocity structure of the shallow crust (ve-
locity gradient), in which sedimentary basins play an important role. Since the teleseismic incident SH 
wave and the scattered Love wave have a dominant period ∼10 s, we use 10 s Love-wave group velocity 
to approximate the overall shallow crustal velocity. Locations of scatterers near the northwestern margin 
of the Gulf of Mexico basin correlate well with a large velocity gradient zone (cf., Figures 10a and 10c; 
profile AA’ in Figure 11). The strong scatterer in Oklahoma is interpreted to be associated with the steeply 
dipping southern edge of the Anadarko Basin. The deepest portion of sediments is around 15 km in depth 
(Keller & Baldridge, 2006). The formation of the highly asymmetric subsurface structure of the Anadarko 
Basin is related to the Southern Oklahoma Aulacogen—a failed rift arm in late Paleozoic. Another strong 
scatterer across the border between Oklahoma and Arkansas is likely associated with the Arkoma Basin. In 
the northern part of the Great Valley (Sacramento Basin) in California, low-velocity sediments must play a 
crucial role in SH-to-Love wave scattering as topographic relief alone is insufficient to explain the observed 
strength of scatterers (Figure 10; profile BB’ in Figure 11).
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Figure 11. A detailed comparison of back-projection results (gray-filled curve) with horizontal gradients of the 10-s Love-wave group velocity (green curve), 
topography (blue curve), and Moho depth (red curve) along three selected profiles.
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Deeper structures, such as Moho offset (or horizontal gradient of Moho depth), can also contribute to 
body-to-surface wave scattering (Yu, Zhan, et al., 2017). However, isolating the effect from deeper struc-
tures is challenging as they are often collocated with shallow structural heterogeneities. Due to smaller 
impedance contrast at the crust-mantle boundary than that at the free surface, Moho offset typically 
plays a secondary role on the SH-to-Love wave scattering, unless significant amount of offset exists over 
a short horizontal distance. Here, we document a few places that Moho offset might play an important 
role. Along profile BB’ in Figure 11, horizontal gradient of Moho depth is correlated with the scattering 
strength, suggesting that it also contributes to SH-to-Love wave scattering. In the profile CC’ across the 
Colorado Plateau (Figure  11), horizontal gradient of Moho depth fits the strength of scatterers much 
better than topographic relief or near-surface velocity gradient. We hence suggest that Moho offset is 
the major source of SH-to-Love wave scattering around the Colorado Plateau. For the case of the mid-
continent rift zone, strong scatterers are correlated with gravity anomalies with a ∼50 km offset in peak 
amplitude (Figure 12a). Here, however, it is complicated to attribute the large amount of scattering to a 
single structural heterogeneity. Detailed analysis of receiver functions across this province has revealed 
the existence of sharp crustal thickness differences and a complicated Moho structure which, together 
with the intermittent intracrustal boundaries of the buried dense volcanic layers, have the potential of 
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Figure 12. (a) Comparison between back-projection results (gray-filled curve) with the isostatic residual gravity 
anomaly (Kucks, 1999) across the midcontinent rift zone (profile AA’). (b) Free-air gravity anomaly map with location 
of the AA’ profile.
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being a strong source of scattering (Chichester et al., 2018; Zhang et al., 2016). Moreover, the presence of 
thick low-velocity sediments that filled the basins created by the rift's extension can also be contributing 
the overall scattering strength (Foster et al., 2020; Green et al., 1989). Further work is required in order 
to accurately quantify the contribution from shallow and deep structures on body-to-surface wave scat-
tering. A comparison of scattering properties between SH-to-Love and SV-to-Rayleigh (or P-to-Rayleigh) 
wave scattering might be helpful.

4.2. Scattering Strength

In this study, we use the maximum amplitude measured at each subarray to represent the scattering strength 
of the scatterer. This is an approximation that assumes plane wave propagation and no amplitude-varying 
effect on the scattered surface wave. Attenuation can decrease the amplitude of the scattered surface wave 
when it propagates from the scatterer to the receiver. Focusing and defocusing effect can also change the 
amplitude. The amplitude of the reference incident wave used for normalization may be different at the lo-
cation of the scatterer and the receiver. Since we use teleseismic events that can be as far as 120°, the ampli-
tude of diffracted SH wave recorded at the subarray may be significantly smaller than that of the diffracted 
or direct SH at the scatterer's location. The amplitude may also be affected by SV-to-Rayleigh wave scatter-
ing since scattered surface wave can propagate off the great-arc circle. It is generally difficult to quantify 
these effects, and thus the measured amplitude ratio is only a rough estimation of the scattering strength.

From theoretical point of view, the problem of deterministic body-to-surface wave scattering is not well-stud-
ied. Hudson (1967) described the coupling of direct P and scattered Rayleigh waves by the topography on a 
homogeneous half space. Snieder (2002) investigated mode conversion scattering between body and surface 
waves. Maeda et al. (2008) statistically derived scattering amplitude for body-to-Rayleigh wave scattering by 
applying the Born approximation to localized inhomogeneities. To the best of our knowledge, so far there is 
no theoretical study on SH-to-Love wave scattering, including its sensitivity to the depth and characters of 
scatterers, as well as the frequency and geometry of the incident body wave. To this end, our phenomeno-
logical investigation of SH-to-Love wave scattering as presented here may be useful for further development 
on the theory of body-to-surface wave scattering.

4.3. Potentials for Surface-Wave Tomography

Although scatterers are limited to certain locations, the scattered surface waves are widely recorded 
across the contiguous United States. Therefore, it is possible to apply conventional surface-wave analysis 
to estimate their group and phase velocities, which can potentially be used for surface wave tomography. 
The frequency of scattered Love waves is relatively narrowband. The dominant period is between 10 and 
20 s. Here, as a demonstration, we estimate the apparent velocity (reciprocal of the horizontal slowness) 
at each grid point by averaging valid measurements from all events. Only the most coherent slowness 
measurement is picked up for each subarray. The minimum phase coherence is set to 0.7 and the mini-
mum scattering strength 0.05 (relative to the reference phase). Results within 1° around each grid point 
are averaged.

Figure 13a shows the estimated apparent velocity of scattered surface waves across the contiguous United 
States. The overall pattern resembles that of 20 s Love wave phase velocity obtained from ambient noise cross 
correlations (Figure 13b; Ekström, 2017). The correlation coefficient is high at 0.66 (Figure S3). Strictly speak-
ing, our apparent velocity measurement cannot be directly compared with phase velocity at a fixed period. 
It is an average over a certain period range, which may also vary among different events. Indeed, observed 
scattered surface wave in the western United States is relatively enriched in high-frequency content compared 
with that in the eastern United States (Figure S1). As a result, the overall apparent velocity is lower than and 
about the same as the 20-s Love wave phase velocity in the western and eastern United States, respectively 
(cf., Figures 13a and 13b). Furthermore, our apparent velocity measurement is smoothed over a radius of ∼1°. 
In any case, the overall similarity between Figures 13a and 13b demonstrates the potential of using relatively 
short-period surface waves scattered from teleseismic body waves for constraining subsurface structures, as 
complementary to conventional earthquake- or ambient-noise-based surface wave tomography.
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5. Conclusions
Body-to-surface wave scattering has been documented for several decades. Yet, it has few applications in 
deterministic structural imaging. Here, we take advantage of the dense coverage of the USArray Transport-
able Array and other permanent/temporary networks to systematically map strong lateral heterogeneities 
across the entire contiguous United States by back-projection of scattered surface waves converted from 
teleseismic SH or Sdiff wave incidence. Array-based phase coherence analysis is employed to detect coher-
ent signals that are associated with scattered Love waves. Both straight-ray and curved-ray back-projections 
are used to locate scatterers.

Our results show that the distribution of scatterers correlates well with geological features across the con-
tiguous United States. Potential scatterers include topographic relief, near-surface lateral velocity gradient, 
and lateral variation in Moho depth. The contribution from topographic relief is most evident along the 
continental slope off the Pacific Border. Margins of sedimentary basins are the dominant scatterers in the 
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Figure 13. Comparison between (a) our estimated apparent velocity of scattered Love wave and (b) 20-s Love-wave 
phase velocity of USANT15 (Ekström, 2017). Note that the estimated apparent velocity is averaged over a certain 
frequency range, which varies for different events and locations.
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central United States. Moho offset is likely a major source of scatterers around the Colorado Plateau. We also 
demonstrate that scattered surface waves can potentially be used for surface-wave tomography in the future.

Data Availability Statement
The open source Crazyseismic software is now freely available on Github (https://github.com/yucqSUSTech/
Crazyseismic).
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