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S U M M A R Y 

The recent developments in array-based surface-w ave tomo graphy have made it possible to 

directly measure apparent phase velocities through wave front tracking. While directionally 

dependent measurements have been used to infer intrinsic 2 ψ azimuthal anisotropy (with a 180 

◦

periodicity), a few studies have also demonstrated strong but spurious 1 ψ azimuthal anisotropy 

(360 

◦ periodicity) near major structure boundaries particularly for long period surface waves. In 

such observations, Rayleigh waves propagating in the direction perpendicular to the boundary 

from the slow to the fast side persistently show a higher apparent velocity compared to waves 
propagating in the opposite direction. In this study, we conduct numerical and theoretical 
inv estigations to e xplore the effect of scattering on the apparent Ra yleigh-wa v e phase v elocity 

measurement. Using 2-D spectral-element numerical wavefield simulations, we first reproduce 
the observation that waves propagating in opposite directions show different apparent phase 
velocities when passing through a major velocity contrast. Based on mode coupling theory and 

the locked mode approximation, we then investigate the effect of the scattered fundamental- 
mode Rayleigh wave and body waves interfering with the incident Rayleigh wave separately. 
We show that scattered fundamental-mode Rayleigh waves, while dominating the scattered 

w avefield, mostl y cause short wavelength apparent phase velocity variations that could only 

be studied if the station spacing is less than about one tenth of the surface wave wavelength. 
Scattered body waves, on the other hand, cause longer wavelength velocity variations that 
correspond to the existing real data observations. Because of the sensitivity of the 1 ψ apparent 
anisotropy to velocity contrasts, incorporating such measurements in surface wave tomography 

could improve the resolution and sharpen the structural boundaries of the inverted model. 

Key words: Fourier analysis; Numerical modelling; Seismic anisotropy; Seismic tomogra- 
phy; Surface waves and free oscillations; Wave scattering and diffraction. 
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 I N T RO D U C T I O N  

eismic anisotropy refers to the phenomenon that seismic waves
e.g. P, S, Rayleigh or Lov e wav es) trav el at different speeds depend-
ng on the polarization and propagation direction (Long & Becker
010 ). Seismic anisotropy potentially provides important informa-
ion about the deformation history of the Earth (Karato et al. 2008 ).
n particular, directionally dependent Rayleigh waves are often used
o infer crustal and upper mantle azimuthal anisotropy (Simons et al.
002 ; Yao et al. 2010 ; Soergel et al. 2023 ). For a laterally homo-
eneous anisotropic medium (Smith & Dahlen 1973 ; Montagner
 Nataf 1986 ), Ra yleigh-wa ve azimuthal anisotropy is expected to

ominantl y v ary with a 180 ◦ azimuthal periodicity (often referred to
s the 2 ψ component), where a 360 ◦ periodicity ( 1 ψ) is not possi-
le due to the reciprocity principle. This assumption has often been
mbedded in standard tomographic inversion methods (e.g. Barmin
t al. 2001 ). 
C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
Despite the theoretical expectation, spurious 1 ψ apparent
nisotropy has been clearly observed from long-period surface wave
tudies using earthquakes through wave front tracking particularly
ear major structural boundaries (Lin & Ritzwoller 2011a ; Mauer-
erger et al. 2021 ). Lin & Ritzwoller ( 2011a ) proposed that the
 ψ anisotropy is related to the finite frequency effect, where unac-
ounted backward scattered waves from a sharp velocity contrast
ould bias apparent velocity measurements. While 1 ψ anisotropy
as also been observed at short periods using ambient noise cross-
orrelations, the cause has been partially attributed to poor source
nd station coverage (Mordret et al. 2013 ; K ästle et al. 2022 ).
hen left unaccounted for, the spurious 1 ψ component could bias

he targeted intrinsic 2 ψ anisotropy observation (Lin & Ritzwoller
011a ; b ; Zhang et al. 2021 ; Liu et al. 2022 ). 

The objective of this study is to understand the precise physical
ause of 1 ψ anisotropy. We first extend the study of Lin & Ritzwoller
 2011a ) to cover the entire contiguous United States and show that
oyal Astronomical Society. This is an Open Access 
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of the wave train. 
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persistent Ra yleigh-wa ve 1 ψ anisotropy can be observed across all 
major velocity structural boundaries. We then simplify our analysis 
to a 2-D wave propagation problem using velocity contrasts across 
the nor thwester n side of Snake Riv er Plain as an e xample case. 2-D 

numerical simulations were performed to demonstrate that Rayleigh 
waves propagating in the opposite direction across a sharp velocity 
contrast indeed have different apparent phase velocities and hence 
the spurious 1 ψ anisotropy. We test how the 1 ψ anisotropy is sen- 
sitive to the station spacing and the measuring scheme. We then 
use mode summation and the locked mode approximation (Har- 
v e y 1981 ) to decompose the 2-D wavefield into fundamental-mode 
Ra yleigh wa ves and higher modes/body wa ves. Through the anal- 
ysis, we conclude that the 1 ψ anisotropy is mainly caused by the 
interference of scattered body waves with the incident/transmitted 
Ra yleigh wa ve, instead of being caused b y the backw ard scattered 
Ra yleigh wa ve. 

2  U S A R R AY  T R A N S P O RTA B L E  A R R AY  

O B S E RVAT I O N S  

Here we briefly summarize the process of making 1 ψ measurements 
across USArray. Over 1400 earthquakes occurred between January 
2007 and May 2015 with M s magnitudes larger than 5.0 are used 
for Ra yleigh-wa ve dispersion measurements. For each earthquake, 
we apply automated frequency-time analysis (FTAN; Levshin & 

Ritzwoller 2001 ; Lin et al. 2008 ) to measure phase traveltimes at 
each period for all availab le stations, w hich are spaced approxi- 
mately 70 km apart. The station-wise phase traveltimes are then 
interpolated onto a 0.2 ◦ × 0.2 ◦ grid by minimum curvature surface 
fitting (Smith & Wessel 1990 ) to construct phase traveltime maps. 
The spatial gradient of the phase traveltime map is then calculated 
to approximate local phase slowness and direction of geometric 
propagation using the eikonal equation (Lin et al. 2009 ). 

For each location, using all available phase velocity measure- 
ments from different earthquakes, we estimate the directionally 
dependent phase velocity and its uncertainty based on the mean 
and standard deviation of the mean within each 20 ◦ azimuthal bin. 
A 9-point (3 × 3 grid with 0.6 ◦ separation) averaging scheme is 
used to reduce small-scale variations, which also lower the ef fecti ve 
resolution to ∼200 km. We then apply uncertainty weighted least- 
square fits to the azimuthally binned phase velocity measurements, 
using sinusoidal functions (Smith & Dahlen 1973 ): 

c ( ψ 

) = c iso 

{
1 + 

A 1 

2 
cos ( ψ − ϕ 1 ) + 

A 2 

2 
cos [ 2 ( ψ − ϕ 2 ) ] 

}
, (1) 

where c iso is the isotropic phase velocity, ψ is the azimuthal angle 
measured positive clockwise from north, A 1 and ϕ 1 are peak-to- 
peak relative amplitude and fast direction of the 1 ψ component and 
A 2 and ϕ 2 are peak-to-peak relative amplitude and fast direction of 
the 2 ψ component. 

Fig. 1 summarizes the 60-s Ra yleigh-wa ve isotropic phase ve- 
locity and 1 ψ anisotropy observed across the contiguous United 
States. The observed 1 ψ amplitude is strongest near major struc- 
tural boundaries and 1 ψ fast directions generally point toward the 
fastest ascent direction of the isotropic phase velocity. For example 
(Fig. 1 , insert), on the northwestern edge of the Snake River Plain, 
phase velocity measurements with waves propagating to the north- 
west (toward the fast anomaly) are systematically about 3 per cent 
faster than measurements with waves propagating to the southeast 
(to ward the slo w anomaly). In the Western United States, strong 
1 ψ anisotropy mainly appears near the physiographic boundaries 
of Snake River Plain, Green River Basin, Rocky Mountains, Col- 
orado Plateau, Sierra Ne v ada, Cascade Range and Pasco Basin 
(Shen & Ritzwoller 2016 ). To the east, there is also 1 ψ anisotropy 
observed near the edge of the Edwards Plateau, Mississippi Em- 
bayment, Virginia Anomaly (Pollitz & Mooney 2016 ) and Nor ther n 
Appalachian Anomaly (Menke et al. 2016 ). We note that Lin & Ritz- 
woller ( 2011b ) have shown that while the observed 1 ψ anisotropy 
amplitudes could be somewhat reduced by incorporating amplitude 
measurements and solving the full 2-D Helmholtz wave equation 
when making the phase velocity measurement, the 1 ψ anisotropy 
cannot be eliminated by this process. 

3  N U M E R I C A L  S I M U L AT I O N  

To understand the cause of the 1 ψ anisotropy, we synthesize 2-D 

( x : horizontal and z : vertical) wavefields using the spectral element 
method (SPECFEM2D; Komatitsch et al. 2001 ) and investigate how 

apparent Ra yleigh-wa v e phase v elocities depend on the direction 
of wave propagation. We construct our 2-D model with a sharp 
velocity contrast (Figs 2 a-b) using 1-D Vs models extracted from 

Schmandt et al. ( 2015 ) at two locations near the nor thwester n Snake 
River Plain (SRP; Fig. 1 ). The nor thwester n SRP is chosen because 
strong 1 ψ anisotropy has been persistently observed there (Fig. 1; 
Lin & Ritzwoller 2011a ). On the left (0–3000 km in x ), our model 
represents velocity structure within the SRP, which is generally 
slower in the uppermost mantle deeper than 40 km as part of the 
Yellowstone hotspot track. On the right (3000–6000 km in x ), the 
model represents velocity structure outside of the SRP associated 
with the Idaho Batholith/Nor ther n Rockies, which is generally faster 
in the upper mantle. The extracted models are averaged every 10 km 

depth interval down to 200 km and the velocity at 200 km is extended 
down to 600 km to avoid boundary distortion. We use empirical 
relationships of Brocher ( 2005 ) to obtain Vp and density models 
from the Vs model. 

To simulate the 1 ψ anisotropy measurement, we perform two nu- 
merical simulations with one source on the left and one source on 
the right. The sources are located at 1 km depth to generate strong 
Ra yleigh wa ves and 2000 km away from the str uctural boundar y 
(i.e. at x = 3000 km) in horizontal distance, which is sufficient to 
separate the incident Rayleigh and body waves. Isotropic moment 
tensor sources are used for the simulation (Feng & Ritzwoller 2017 ). 
A dominant source frequency of 0.02 Hz is applied to excite inter- 
mediate to long-period Ra yleigh wa ves, for which 1 ψ anisotropy 
has been observed using tectonic scale seismic arrays (Lin & Ritz- 
woller 2011a ; Mauerberger et al. 2021 ). Perfectly matched layer 
(PML) boundary conditions (Komatitsch & Tromp 2003 ) are im- 
plemented to absorb energy at the boundary and avoid artificial 
reflections. An example snapshot of the vertical-component wave- 
field excited by the left source at 740 s lag time is shown in Fig. 2 (c), 
where the transmitted Rayleigh wave, reflected Rayleigh wave, and 
scattered body wave can be observed. Throughout the numerical 
simulations, w e record wa veforms at the surface betw een 2000 and 
4000 km horizontal distance at 1 km intervals (dense blue triangles 
in Fig. 2 b). An example subsampled record section of the vertical 
waveforms from the left source is shown in F ig. 3 . Distinguishab le 
wave types include (i) Incident and transmitted Rayleigh waves 
(mainly flat-topped due to the plotting amplitude range; (ii) earlier 
direct P-SV body w ave arri v als and (iii) reflected Rayleigh waves 
from the velocity contrast at x = 3000 km. The scattered Rayleigh 
and body waves cannot be distinguished from the incident Rayleigh 
wave near the structural boundary due to the finite-frequency nature 
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Figure 1. Black arrows show fast directions of 1 ψ anisotropy for 60-s Ra yleigh wa ves measured across the contiguous United States using USArray data. 
Only locations with 1 ψ amplitudes larger than 2 per cent are shown where the lengths of the arrows are proportional to the 1 ψ amplitude. Isotropic 60-s 
Ra yleigh-wa ve phase velocities are shown in the background. Major physiographic boundaries are shown with red lines. Blue and black triangles in Idaho near 
the Snake River Plain denote the two locations where we e xtract 1-D v elocity models for numerical simulations. Inset plot shows the example azimuthally 
dependent phase-velocity measurements (red error bars) for a point in Idaho denoted by the green circle. The green line shows the best-fitting curve based on 
eq. ( 1 ) where the 1 ψ and 2 ψ amplitudes are identified in the upper left-hand corner. 
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To obtain apparent phase velocities, we first apply frequency–
ime analysis (FTAN; Levshin & Ritzwoller 2001 ; Lin et al. 2008 )
o measure phase traveltime across the synthetic v ertical wav eforms
bserved at the virtual receiver stations. For each adjacent station
air, we then take the spatial deri v ati ve of the traveltime to derive
he phase slowness (the inverse of phase velocity, Lin et al. 2009 ).
or each location, we compare the apparent phase velocities c L ( x)
nd c R ( x) derived from the left and right sources, respectively, and
etermine the peak-to-peak 1 ψ amplitudes A 1 , 

A 1 ( x ) = 

c L ( x ) − c R ( x ) 

( c L ( x ) + c R ( x ) ) / 2 
. (2) 

Figs 4 (a) and (b) show the phase velocity measurements at 60 s
or the left and right sources using 10-km and 70-km station spacing,
here the velocities are simply calculated as the ratio of the station

pacing to the time difference. For the 70-km result, the velocities
f the nearest three stations are averaged, to be consistent with
he ef fecti ve resolution ( ∼200 km) and the process of deriving the
 ψ measurements across USArray (Fig. 1 ). For the 10-km station
pacing result, instead of a constant phase velocity on each side of
he ver tical boundar y as would be predicted by a homogeneous 1-D
elocity model, the apparent phase velocity measurements oscillate,
specially on the reflected side, near the structure boundary. This
ndicates scattered surface and body waves are interfering with the
ncident and transmitted Ra yleigh wa ve. Compared to the 10-km
esult, short wavelength oscillations near boundary are absent for

he 70-km result. The 70-km result also shows that the recovered 
elocity structure is generally shifted towards the source side relative
o the input structure. This is consistent with observations from real
ata and predictions made based on the finite-frequency sensitivity
ernels considering backscattering (Lin & Ritzwoller 2011a ). As
 result, the 1 ψ amplitude A 1 (eq. 2 ) oscillates near the structural
oundary for the 10-km case but gently peaks at the structural
oundary for the 70-km case (Fig. 4 c). 

The different results for different station spacings indicate the
pparent 1 ψ anisotropy is a localized wave phenomenon which
an be overlooked if the station spacing is much longer than the
haracteristic wavelength. We note that experiments with different
ource distances, ranging from 1500 to 2500 km away from the
tr uctural boundar y, do not affect the results presented in Fig. 4 . We
ocus on the 70-km result hereafter to be consistent with USArray
tation spacing and hence have better comparisons with empirical
bserv ations. The positi ve 1 ψ amplitude near the structure bound-
ry represents the fast direction pointing toward the faster structure
onsistent with the observations (Fig. 1 ). The simulated 2 per cent
 ψ amplitude is slightly smaller than the observed 3 per cent near
he nor thwester n SRP from real data (Fig. 1 ). The discrepancy be-
ween simulated and observed 1 ψ amplitudes potentially indicates
hat the reference 3-D tomography model (Schmandt et al. 2015 ) is
oo smoothed and the velocity contrast between the two 1-D veloc-
ty models we extracted is not big enough to reflect the true earth
tructure. Mauerberger et al. ( 2021 ) has investigated the effects of
s contrast and boundary sharpness to the 1 ψ amplitude, where
 stronger Vs contrast and a sharper boundary (shorter transition
idth) result in a higher 1 ψ amplitude. Their results also show that
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Figure 2. (a) 1-D shear velocity models at two locations near the northwest SRP (Fig. 1 ) extracted from Schmandt et al. ( 2015 ). (b) The 2-D Vs model used 
for SPECFEM2D simulations. Background grayscale colors represent shear wave velocities, which can be identified in the 1-D models shown in (a). Red stars 
represents the left and right sources used in the simulations. The blue line at the surface between 2500 and 3500 km identifies the virtual receiver locations. 
The green triangles show the virtual stations where template waveforms are used in mode synthetics (Section 4 ). (c) The vertical component displacement 
wavefield at 740-s lag time from the SPECFEM2D simulation with the left source. 
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Figure 4. (a) Measured phase velocities at 60 s from the SPECFEM2D synthetics using the left source. Black and red triangles connect by dashed lines 
represent phase velocity measurements with 10-km and 70-km station spacing (with 3-point smoothing), respecti vel y. (b) Same as (a) but using the right source. 
(c) 1 ψ amplitudes derived from (a) and (b). 
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 ψ amplitudes become less sensitive to the transition width when
he transition width is much smaller than one wavelength. While
ther factors, such as 3-D lateral scattering, might also contribute
o the discrepancy, we believe those effects are secondary and they
re outside the scope of this study. 

 N O R M A L  M O D E  S U M M AT I O N  

lthough numerical simulation methods such as finite difference
Li et al. 2014 ), finite element, and spectral element (Komatitsch
t al. 2001 ) methods have demonstrated accuracy and efficiency
n synthesizing seismic waveforms, it is hard to isolate differ-
nt components of the wavefield (e.g. surface wav es v ersus body
aves). To further understand the nature of the apparent 1 ψ
nisotropy, w e synthesize 2-D wa veforms through mode summation
nd e v aluate the ef fect of scattering surface w aves and body w aves
eparately. 

.1 Reflection and transmission coefficients 

e adapt the Green’s function approach of Its & Yanovskaya ( 1985 )
nd Datta ( 2018 ) to calculate the reflection and transmission coeffi-
ients of an incident Rayleigh wave at a ver tical boundar y. This
pproach determines reflection and transmission coefficients by
atisfying boundary conditions (continuity of displacements and
tress), considering orthogonality between modes and assuming
 eak coupling betw een surface wa ves and body wa ves. A detailed
escription of this calculation is summarized in Appendix A . We

art/ggae305_f4.eps
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reformulate the algorithm following the convention from Aki & 

Richards ( 2002 ) and use eigenfunctions from Herrmann ( 2013 ) as 
inputs. 

We use the locked mode approximation (Harv e y 1981 ) to ar- 
tificially include higher modes and use the summation of higher 
modes to represent body waves based on the mode-ray duality con- 
cept (Dahlen & Tromp 1999 , pp. 451–513; Zhao & Dahlen 1996 ). 
To do this, we modify the model used in the SPECFEM2D simu- 
lation (Fig. 2 b) by placing an anomalously high-velocity cap layer 
( Vs = 6.9 km s −1 ) below 900 km depth. The inclusion of this cap 
layer ensures that body wave energy can be accurately represented 
by the higher mode summation and that the reflection and transmis- 
sion coefficient calculation is stable. 

Fig. 5 shows the calculated reflection and transmission coeffi- 
cients for an incident fundamental-mode Rayleigh wave between 
the two media (Fig. 2 a). We calculated the period-dependent coef- 
ficients from 10- to 150-s period with 1-s increments. Note that the 
polarity of the reflection coefficients is reversed for waves propa- 
gating from left to right versus right to left due to the impedance 
contrast. Coefficients associated with the fundamental mode are 
generally much bigger than the higher modes as the variation be- 
tween the left and right Vs models are mostly smaller than 10 per 
cent (Fig. 2 a). 

4.2 Wavefield synthesis from normal mode summation 

To construct synthetic wavefields that are comparable to the results 
from the previous section, we recomposite template waveforms 
from SPECFEM2D simulations to determine the phase and ampli- 
tude content of the incident fundamental-mode Rayleigh waves in 
our mode summation calculation. Here we take the SPECFEM2D 

synthetic waveforms 1500 km away from the sources (green trian- 
gles in Fig. 2 b) as the templates. We taper the template waveforms 
and remove non-Ra yleigh-wa ve energy slower than 2.5 km s −1 and 
faster than 5 km s −1 . 

With the vertical displacement spectrum of the fundamental- 
mode incident wave F 0 ( ω) determined at the template location x 0 
on the surface, the vertical spectrum of the incident ( F inc ) , reflected 
( F ref ) and transmitted ( F trans ) waves at other locations ( x , z ) can be
determined based on mode summation: 

F inc ( x, z, ω 

) = r 0 ( z, ω 

) · F 0 ( ω 

) · exp 

[
iω 

x − x 0 
c 0 ( ω 

) 

]
(3) 

F re f ( x, z, ω 

) = −
∑ 

m 

r m ( z, ω 

) · a m 

( ω 

) · F 0 ( ω 

) 

·exp 

[
iω 

(
x c − x 0 
c 0 ( ω 

) 
+ 

x c − x 

c m 

( ω 

) 

)]
(4) 

F trans ( x, z, ω 

) = 

∑ 

n 

r n ( z, ω 

) · b n ( ω 

) · F 0 ( ω 

) 

·exp 

[
iω 

(
x c − x 0 
c 0 ( ω 

) 
+ 

x − x c 
c n ( ω 

) 

)]
, (5) 

where r , a, b and c are vertical displacement eigenfunction, reflec- 
tion coefficient, transmission coefficient and phase velocity, respec- 
ti vel y, with mode index 0 or m for the incident medium or mode 
index n for the transmitted medium, and ω and x c representing an- 
gular frequency and location of the boundary. Here we follow the 
Fourier transform convention of Aki & Richards ( 2002 , p. 84). On 
the incident side, the final synthetic wavefield is the combination of 
the incident and reflected wavefields: 

F 

( x, z, ω 

) = F inc ( x, z, ω 

) + F ref ( x, z, ω 

) (6) 
Figs 6 and 7 summarize the synthetic wavefield and record sec- 
tions using the left source and mode summation. When all modes 
are included (Figs 6 a and 7 a), the wavefield and record section 
show incident, transmitted and reflected w aves mostl y consistent 
to the SPECFEM2D results shown in Figs 2 (c) and 3 . The early 
body-w ave arri v al is missing in the mode summation calculation 
due to the tapering of the template waveform. Figs 6 (b) and 7 (b) 
show the wavefield and record section when only fundamental- 
mode Ra yleigh wa v es are included. Ov erall, Figs 6 (a) and (b) and 
Figs 7 (a) and (b) are fairly similar, suggesting that fundamental- 
mode energy dominates the incident, transmitted and reflection 
wavefields. Figs 6 (c) and 7 (c) shows the wavefield and record sec- 
tion when only the higher modes (mode 1–9) are summed together. 
Stronger forward scattering energy is observed on the transmit- 
ted side compared to the backscattering energy. In the context of 
mode-ra y duality, w e consider the energy associated with higher 
modes as body wave energy. This interpretation is consistent with 
the amplitude decay of the scattered energy away from the structural 
boundary (F ig. 6 c), w hich suffered from 2-D geometric spreading 
(Fig. 7 c). 

We follow the same process as described in Section 3 to measure 
phase velocity and determine 1 ψ anisotropy using synthetic wave- 
forms from modal summation with 70-km station spacing (Fig. 8 ). 
The results with and without higher modes are e v aluated. When all 
available modes (mode 0–10) are included, the phase velocities as 
well as the 1 ψ anisotropy overall show consistent results when com- 
pared to the SPECFEM2D results (Fig. 4 ) with minor discrepancies 
that likely reflect numerical errors in the waveform simulations, re- 
flection/transmission coefficient calculations and the locked mode 
approximation. The result from fundamental-mode-only synthet- 
ics, on the other hand, shows phase velocities and 1 ψ anisotropy 
inconsistent with the SPECFEM2D results, with no obvious 1 ψ
anisotropy that can be observed. 

There are two main differences between the phase velocity mea- 
surements including higher mode/body-wave energy or not. First, 
by including all the higher modes, an apparent shift toward the 
source side can be observed for the measured phase velocity pro- 
file, where the profile is closer to antisymmetric (relative to the 
boundary) when only the fundamental mode is used. Secondly, on 
the transmitted side, when higher modes are included, it takes longer 
before the phase velocity converges to a constant value, reflecting 
the homogeneous 1-D structure across the boundary. These results 
suggest that the scattered body-wave energy (mostly forward scat- 
tering; Figs 6 c and 7 c) plays an important role in the observed 1 ψ
apparent anisotropy. 

5  D I S C U S S I O N  

In this study, we show that observed spurious Ra yleigh-wa ve appar- 
ent 1 ψ anisotropy near major structure boundaries is the result of 
interference between the incident/transmitted Rayleigh waves and 
scattered waves. Multiple factors are expected to affect the am- 
plitudes and spatial variability of 1 ψ anisotropy. F irst, w hile not 
the focus of this study, the sharpness of the boundary and the ve- 
locity mismatch across it likely will control the amplitude of the 
scattered ener gy (Mauerber ger et al. 2021 ). Secondly, the exact in- 
terference pattern could be sensitive to the scattered wave type. 
In our simulation, we show that the interference between the inci- 
dent and backscattering/reflected Ra yleigh wa ves could dominate 
and lead to prominent short wavelength oscillations (Fig. 4 c) when 
station spacing is suf ficientl y dense (relati ve to the Ra yleigh-wa ve 
w avelength). For two w aves heading in opposite directions with 
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he same velocity, the interference pattern is expected to be half of
he wavelength. In our example for the 60-s Ra yleigh wa ve with
 ∼3.8 km s −1 phase velocity, a ∼115 km interference pattern is
xpected, consistent with observations (Fig. 4 c). 

The perception that backscattering Rayleigh waves would dom-
nate the scattering wavefield led to the suggestion that this is also
he main cause of the observed 1 ψ anisotropy in previous stud-
es (Lin & Ritzwoller 2011a ). What was not accounted for is that
he limited station spacing (relative to the wavelength of the anal-
sed Rayleigh waves) prevented the short wavelength interference
attern from being resolv ed. Moreov er , as sho wn in our mode sum-
ation synthetics, the interference from backscattering Rayleigh
 aves mostl y got canceled out when only low-resolution measure-
ents were being made (Fig. 8 c). With 70-km station spacing and

-point averages, the ef fecti ve resolution of the measurement is
200 km which is comparable to the wavelength of 60-s Rayleigh
aves. 
To our surprise, scattered body waves, despite being significantly

eaker than scattered surface waves, appear to play a much more
mportant role in the low-resolution 1 ψ anisotropy measurement.
he faster apparent velocity of the scattered body waves could lead

o longer apparent wavelengths for the interference pattern (Fig. 8 ).
ecause forward scattered body waves are stronger than backscat-
ered body waves, the interference effect on phase velocity measure-

ent is stronger on the transmission side (Figs 8 a and b). This is in
ontrast with the stronger short-wavelength velocity variations on
he reflected side for Ra yleigh-wa ve backscattering (Figs 4 a and b).
his potentially also explains why Helmholtz tomography does not
ompletely remove the spurious 1 ψ anisotropy, as it only accounts
or interference betw een Ra yleigh wa ves but not betw een Ra yleigh
nd body waves ( Fig. S1 ; Lin & Ritzwoller 2011b ). Maupin et al.
 2022 ) reported 1 ψ anisotropy for Love waves, and we suspect a
imilar interference effect may be responsible. 

Given the importance of body wave scattering, any attempts to
odel the 1 ψ anisotropy measurement using simplified 2-D mem-

rane surface-wav e finite-frequenc y sensitivity kernels (e.g. Yang &
orsyth 2006 ; Tape et al. 2007 ) that only accounts for surface-wave
o surface-wave scattering will not be accurate. Full 3-D surface-
av e finite-frequenc y sensitivity kernels (e.g. Zhou et al. 2004 ;
ape et al. 2010 ), on the other hand, do account for surface-wave to
ody-wave scattering and could be used to model the 1 ψ observa-
ion and could better resolve the structure boundary. It is interesting
o note that Lin & Ritzwoller ( 2011a ) successfully predicted the
eneral 1 ψ anisotropy pattern across USArray using a simplified
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2-D flat-topped surface-wav e finite-frequenc y kernel, suggesting 
that such kernels do somewhat capture the effect of surface wave 
to body wave scattering. In principle, when only focusing on the 
two opposite directions with the largest apparent velocity variation 
such as the approach taken in this study, the full 3-D kernel can 
be simplified to a 2-D kernel with one depth dimension and one 
horizontal dimension. 

Two future directions are the natural extensions of this theoreti- 
cal/numerical focused study. First, a more detailed study could be 
done across dense seismic arrays to investigate if the short wave- 
length interference pattern related to surface-wave backscattering 
could be observed. While dense station coverage in 2-D is rare, 
dense linear arrays that cut perpendicularly across major phys- 
iographic boundaries are not uncommon (e.g. West et al. 2004 ). 
Moreover, recent dense nodal geophone deployments (e.g. Rabade 
et al. 2023 ; Wu et al. 2023 ) would also make it possible to inves- 
tigate detailed interference patterns for short-period surface waves 
extracted from noise cross-correlations. Recent developments in 
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rra y processing ha ve made it possible to conserve the entire wave
roperty of the noise cross-correlation wavefield (Bowden et al.
015 ), and we expect the exact same interference effect described
n this study to be applicable to noise cross-correlation studies,
espite the higher frequencies and shorter length scales. 

Secondly, better constraints on structure boundaries could be
erived from apparent 1 ψ anisotropy observations. When unac-
ounted for, the apparent velocity variations introduced by wave
nterference discussed in this study not only smooths tomographic
mages but could also produce systematic biases. This is on top
f the fact that the apparent 1 ψ anisotropy could bias the intrin-
ic 2 ψ anisotropy observations when azimuthal data coverage is
ot ideal (Lin & Ritzwoller 2011a ; Zhang et al. 2021 ; Liu et al.
022 ). While it is beyond the scope of this study, we envision
hat finite-frequency sensitivity kernels regarding 1 ψ anisotropy
ould be constructed through the adjoint method (Tromp et al.
005 ; Yuan et al. 2016 ; Liu 2020 ) given an accurate forward
alculation algorithm. While the mode summation method works
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well for simple structure boundaries with a homogeneous structure 
on either side, 2-D or 3-D finite-different/finite-element simula- 
tions would offer more flexibility to account for 2-D/3-D velocity 
structure. 

6  C O N C LU S I O N S  

In this study, we use USArray Transportable Array to measure di- 
rectionally dependent phase velocities across the contiguous United 
States from teleseismic earthquakes. We show that apparent 1 ψ
anisotropy (with 360 ◦ periodicity) can be observed near major 
structural contrasts with fast directions that align with the fastest 
ascent direction of phase velocity structure. To better understand 
the cause of this spurious and apparent 1 ψ anisotropy, we perform 

2-D numerical simulations using SPCEFEM2D and show that we 
can reproduce the 1 ψ anisotropy observations when sparse sta- 
tion spacing is used. We also show that a shorter wavelength 1 ψ
anisotropy variation that has not been observed in real data can also 
be observed when denser station coverage is available. By sepa- 
rating the incident/transmitted fundamental-mode Rayleigh wave, 
reflected fundamental-mode Rayleigh wave, and scattered body 
wave through mode summation, we isolate the effect of interfer- 
ence for scattered Rayleigh waves and body waves. We show that 
the short and long wavelength 1 ψ anisotropy variations are due 
to the interference of scattered Rayleigh and body waves with the 
incident/transmitted Ra yleigh wa v e, respectiv ely. As dense array 
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 xperiments hav e become more common in recent year , we en vi-
ion apparent 1 ψ anisotropy could become a standard measurement.
nd future studies could incorporate such measurements to better

esolve structural boundaries in otherwise commonly smoothed to-
ography models. 
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A P P E N D I X  A :  S U R FA C E - WAV E  

R E F L E C T I O N  A N D  T R A N S M I S S I O N  

C O E F F I C I E N T S  A L G O R I T H M  

R E F O R M U L AT I O N  

In the case of two layered models with a ver tical boundar y in the 
middle, we can estimate reflection and transmission coefficients by 
satisfying boundary conditions, that is continuity of displacements 
and stresses at the vertical boundary. For a given angular frequency 
ω, we assume that the incident wave consists of only one normal 
mode ( s th for generalization of deri v ation below; s = 0 for funda- 
mental mode used in the paper) and that the reflected and transmitted 
waves contain all possible normal modes within their media. There 
are possible body waves scattered at the boundary which we also 
include in the boundary conditions: 

u s ( z ) + 

M ∑ 

m = 0 
a m 

u 

∗
m 

( z ) + u 

( I ) 
b ( z ) = 

N ∑ 

n = 0 
b n u n ( z ) + u 

( T ) 
b ( z ) (A1) 

τ s ( z ) + 

M ∑ 

m = 0 
a m 

τ ∗
m 

( z ) + τ
( I ) 
b ( z ) = 

N ∑ 

n = 0 
b n τ n ( z ) + τ

( T ) 
b ( z ) (A2) 

where u and τ are displacement and stress vectors. The left-hand 
side of eq. (A1) corresponds to the incident medium where we have 
incident s th mode surface wave u s , reflected waves 

∑ M 

m = 0 a m 

u 

∗
m 

, 

and scattered body wave u 

( I ) 
b . Reflected waves consist of all possible 

modes (0 to M) in the first medium, a m 

is reflection coefficient, ∗
means complex conjugate due to propagation direction. The right- 
hand side of eq. (A1) corresponds to the transmitted medium where 
w e ha ve transmitted wa ves 

∑ N 
n = 0 b n u n and scattered body wa ve 

u 

( T ) 
b . T ransmitted wa ves consist of all possible modes (0 to N) in 

the second medium, b n is the transmission coefficient. Eq. (A2 ) is 
the same boundary condition as eq. (A1) but for stress. Hereafter 
mode indices s and m al wa ys correspond to the incident medium. 
Mode index n al wa ys corresponds to the transmitted medium. In 
case of any ambiguity, we use superscript (I) and (T) to indicate the 
medium. 

Different normal modes in the same medium are orthogonal, 
including incident and reflected normal modes: 

∞ ∫ 
0 

(
τ ∗

k u m 

− τm 

u 

∗
k 

)
dz = 0 , km (A3) 

∞ ∫ 
0 

( τ k u m 

− τm 

u k ) dz = 0 (A4) 

We assume that the body wa vefield ha ve w eak coupling with 
reflected and transmitted normal modes (Its & Yanovskaya 1985 ), 
that is the wavefields are approximately orthogonal: 

∞ ∫ 
0 

[ 
τm 

(
u 

( 2 ) 
b − u 

( 1 ) 
b 

)
− u m 

(
τ

( 2 ) 
b − τ

( 1 ) 
b 

)] 
dz = 0 (A5) 
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∗
n 

(
τ

( 2 ) 
b − τ

( 1 ) 
b 

)] 
dz = 0 (A6) 

Taking assumptions (A3)–(A6) into account, we solve the bound- 
ary conditions by taking the depth integral form (or Green’s 
function approach). Reflection coefficients for the m th mode 
can then be calculated by ∫ 

∞ 

0 [ ( A 1 ) · τm 

− ( A 2 ) · u m 

]dz, and 
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ransmission coefficients for the n th mode can be calculated by
 

∞ 

0 [ ( A 1 ) · τ ∗
n − ( A 2 ) · u 

∗
n ]dz, 
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Defining 

P pq = 

∞ ∫ 
0 

(
τ p u q − τ q u p 

)
dz (A9) 

S pq = 

∞ ∫ 
0 

(
τ ∗

p u q − τ q u 

∗
p 

)
dz (A10) 

hen eqs (A7 ) and (A8) can be written as 
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Written in matrix form: 
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(A13) 

Reflection and transmission coefficients can be solved by matrix
nversion. 

P pq and S pq can be calculated by depth integration of displace-
ent and stress eigenfunctions. The equations above works for both
C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License ( h
permits unrestricted reuse, distribution, and reproduction in any medium, provided
ayleigh and Love waves although the eigenfunctions involved dif-
er. Here we focus on Rayleigh waves. Following Aki & Richards
 2002 , p. 263), the displacement and stress eigenfunctions of a lay-
red model can be represented as: 

u x = r 1 ( k, z, ω 

) e i ( kx−ωt ) , u y = 0 , u z = ir 2 ( k, z, ω 

) e i ( kx−ωt ) 
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λ
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λ + 2 μ
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e i ( kx−ωt ) = ir 5 e 

i ( kx−ωt ) 

(A14) 

Four independent eigenfunctions r 1 , r 2 , r 3 and r 4 can be solved
y propagator matrix methods (Aki & Richards 2002 ; Denolle et al.
012 ). We use code from Herrmann ( 2013 ) to calculate eigenfunc-
ions, which are normalized by the vertical displacement at the
urface ( z = 0) for each mode. We correct the signs of the eigen-
unction from Herrmann ( 2013 ; z -axis positive direction upward)
o be consistent with the convention from Aki & Richards ( 2002 ;
 -axis positive direction downward). The fifth eigenfunction r 5 can
e calculated from eq. (A14) afterwards. We then have 
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dz (A15) 
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here superscripts of eigenfunctions p and q are mode indices of
he medium they are in. This concludes the algorithm to calculate
he Rayleigh reflection and transmission coefficients at a vertical
oundary. 
oyal Astronomical Society. This is an Open Access 
ttps://cr eativecommons.or g/licenses/by/4.0/ ), which 
 the original work is properly cited. 

https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 USARRAY TRANSPORTABLE ARRAY OBSERVATIONS
	3 NUMERICAL SIMULATION
	4 NORMAL MODE SUMMATION
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	SUPPORTING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: SURFACE-WAVE REFLECTION AND TRANSMISSION COEFFICIENTS ALGORITHM REFORMULATION

