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Abstract we present evidence that measurements of minor-arc fundamental-mode (FM) Rayleigh
waves experience interference from major-arc overtones, resulting in travel-time and amplitude
measurements oscillating along a ray path. The oscillations are present in synthetic seismograms
generated in a 3-D Earth model via SPECFEM3D_GLOBE and in a 1-D Earth model by mode summation.
The absence of oscillations in synthetics containing only the FM indicates that the oscillations originate
from higher-mode interference. This interference is present across multiple measurement techniques,
including multi-channel cross correlation, phase-matched filtering, and cluster analysis. Experiments with
1-D synthetics suggest that contamination from interference is largest at epicentral distances greater than
around 120 degrees, where record sections of seismograms show the major-arc overtones intersecting the
minor-arc FM Rayleigh wave. The short wavelength of the interference pattern means it is only observable
with dense station spacing and high data quality, which may explain why it has not, to our knowledge,
been previously recognized. We show the interference is visible in real data. Its overall impact on
phase-velocity maps is probably minor due to many measurements from shorter path lengths less prone to
interference bias. However, phase-velocity maps constructed only from measurements at epicentral
distances prone to interference exhibit significant noise and poor agreement with maps from
measurements that include all path lengths; the issue is especially problematic for approaches that use
differential travel times between nearby stations. Accounting for interference may diminish noise in
measurements and improve the accuracy of images of the upper mantle.

1. Introduction

Fundamental-mode (FM) Rayleigh wave measurements provide unique and critical information for imaging
the seismic structure of the upper mantle. Rayleigh waves are clear on the vertical component of seismo-
grams, well separated from other seismic arrivals, and well dispersed in frequency. Their depth sensitivity
to shear velocity depends strongly on period, providing constraints on seismic structure at depths < 300 km.
As aresult of these properties and the good lateral coverage of surface-wave paths, FM Rayleigh wave mea-
surements form the basis of many global (Ritsema et al., 2011; Shapiro & Ritzwoller, 2002; Zhou et al., 2006)
and regional (Shen & Ritzwoller, 2016; Wagner et al., 2010; Weeraratne et al., 2003) models of shear velocity
as well as models including azimuthal (Debayle & Ricard, 2013; Li et al., 2003) and radial (Beghein et al.,
2014; Moulik & Ekstrom, 2014) anisotropy. Rayleigh wave phase velocities can also be used in combination
with other data types such as Rayleigh wave ellipticity (Gao & Leki¢, 2018) and receiver funtions (Eilon
et al., 2018) to constrain 1-D velocity structure beneath seismic stations. FM Rayleigh wave amplitudes are
essential in studies of upper-mantle seismic attenuation (Bao et al., 2016; Selby & Woodhouse, 2002) and
increasingly are used in determining velocity models (Dalton & Ekstrom, 2006; Forsyth & Li, 2005; Lin &
Ritzwoller, 2011).

In addition to the FM surface waves, earthquakes excite higher-mode surface waves, which in a
normal-mode framework correspond to free oscillations with radial order n > 0. These higher-mode surface
waves, or overtones, affect studies of Earth structure in two ways. One, their sensitivity kernels are more
complex and sample deeper structure than the kernels for the FM waves, offering potential to image deeper
structure such as the transition zone and uppermost lower mantle. Two, the overtones can interfere with
the FM when the group arrival windows overlap. This interference can bias measurements of the FM if it
is not accounted for. This has been recognized as a problem for Love waves, particularly in oceanic settings
where the group velocity curves of different mode branches overlap (Figure 1b).
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Figure 1. Rayleigh and Love wave group and phase velocity for the fundamental mode (n=0) and the first three higher
modes. Group and phase velocities are calculated with MINEOS for the oceanic model ATL2a (James et al., 2014)

Early studies of higher-mode interference for Love waves debated whether the difficulty reconciling FM
Rayleigh wave and Love wave phase velocities was due to overtone interference (Thatcher & Brune, 1969) or
radially anisotropic seismic structure (Boore, 1969). Forsyth (1975b) showed that both factors mattered. A
statistically significant lower misfit to Love wave phase observations was obtained when the phase velocity of
the first higher mode was included as an unknown parameter in inversions (Forsyth, 1975a), but accounting
for the overtone interference did not eliminate the inconsistency between Rayleigh wave and Love wave
data sets (Forsyth, 1975b). More recently, Nettles and Dziewonski (2011) demonstrated, using tests with
synthetic and real data, that global long-wavelength patterns of upper-mantle radial anisotropy are not an
artifact of overtone interference.

Higher-mode interference does not introduce a systematic bias into global maps of FM Love wave phase
velocity because such global inversions include measurements from a wide range of path lengths and
because the overall perturbation to the total path-integrated travel time is relatively small. The overlapping
group velocities of FM and overtone Love waves cause overlapping group arrival times, but the differing
phase velocities (Figure 1d) cause the degree of constructive and destructive interference to vary with path
length. By modeling a Love wave arrival as the interference between two sinusoidal waves, the wavelength
of the interference pattern can be shown to depend on the phase velocities of the two waves (Foster, Nettles,
etal., 2014; Jin, 2015; Thatcher & Brune, 1969). Thus, as long as many paths of sufficiently different lengths
are used, the bias in the individual measurements can be suppressed (Boore, 1969; Forsyth, 1975b; Foster,
Nettles, et al., 2014; Nettles & Dziewon$ki, 2011). However, the strong dependence of the Love wave interfer-
ence pattern on path length introduces significant bias into estimates of Love wave phase velocity between
pairs or small groups of nearby stations. Foster, Nettles, et al. (2014) showed that phase-velocity errors can be
up to 10% when the two-station method (interstation distance = 350 — 750 km) is used and up to 20% when
a mini-array method (interstation distance < 225 km) is used. Moreover, because the shape of the interfer-
ence pattern with distance is saw-toothed rather than symmetric, the two-station and mini-array methods
can introduce an overall bias toward fast phase velocities (Foster, Ekstrom, et al., 2014; Foster, Nettles,
et al., 2014).
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Figure 2. Rayleigh wave travel-time measurements on ShakeMovie synthetic seismograms, at 100 s. Measurements are
shown for two events in the Global CMT catalog: 201501100205A (a,b) and 201503172212A (c,d). Event
201501100205A is located at 5.74°W, 68.32°N, and 12-km depth. Event 201503172212A is located at 126.5°E, 1.77°N,
and 41.7-km depth. Measurements made with the ASWMS (a,c) and phase-matched filtering (b,d) methods are
compared. Travel times predicted with PREM have been subtracted to emphasize the effects of propagation through a
heterogenerous Earth model. For ease of comparison, the travel times are plotted relative to a reference station (shown
as a black star). The black arrow illustrates a great-circle ray path. Contours of epicentral distance, spaced 4 degrees
apart, are overlain and labeled.

Unlike for the Love waves, the group velocities of the FM and higher-mode Rayleigh waves are well separated
(Figure 1a). A number of methods have been developed to utilize the overtone signal in seismograms in order
to improve seismic imaging of the mantle transition zone. These strategies include array-based methods
(Matsuzawa & Yoshizawa, 2019; Nolet, 1975), the use of pure-mode synthetic seismograms (Cara & Lévéque,
1987; van Heijst & Woodhouse, 1997), full-waveform inversion (Bozdag et al., 2016; Li & Romanowicz,
1996; Lebedev & Nolet, 2003; Woodhouse & Dziewonski, 1984), linear Radon transform (Luo et al., 2015),
and model-space searches (Visser et al., 2007; Xu & Beghein, 2019; Yoshizawa & Ekstrom, 2010). Nonethe-
less, approaches designed to isolate the FM Rayleigh wave take steps to avoid overtone interference. These
steps include using only shallow earthquakes, which most strongly excite the fundamental modes, and
discarding measurements from paths with epicentral distances < 20 degrees and > 160 degrees to avoid
interference between the minor-arc FM and overtones along short paths and between the minor-arc and
major-arc FM along long paths (Ekstrom et al., 1997; Levshin et al., 2005).

Here, we show that the well separated Rayleigh wave group-velocity curves cause minor-arc FM Rayleigh
wave measurements to be impacted by interference with higher-mode Rayleigh waves on the major arc
(sometimes referred to as Xn phases, where n is the orbit number of the overtones). Traveling at greater
speeds, the higher modes along the major arc arrive in the same time window as the fundamental mode
along the minor arc, mostly at distances > 120 degrees for the shallow earthquakes considered in this study.
We use synthetic seismograms to characterize the interference. We also show that the interference is present
in real data, can affect phase-velocity maps depending on the path lengths used, and results in increased
measurement errors for long paths.

2. Data and Methods

The analysis described in sections 3 and 4 utilizes measurements of Rayleigh wave travel time and ampli-
tude. These measurements are made on synthetic waveforms generated by SPECFEM3D_GLOBE and
normal-mode summation as well as on observed waveforms at USArray stations. The measurements are
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Figure 3. As in Figure 2 but for Rayleigh wave amplitude measurements, also at 100 s. The predicted effects of the
source radiation pattern have been removed from the ASWMS measurements. Amplitudes are shown relative to the
same reference station for both measurement approaches. Different color scales are used to emphasize the amplitude
variations. Contours of epicentral distance, spaced 4 degrees apart, are overlain and labeled.

made using both inter-station and single-station approaches. Finally, phase-velocity maps are generated
from the measurements. Below, the details of the data and methods are discussed.

2.1. Synthetic Seismograms

Synthetic seismograms used in this study are generated with two different approaches. To include complex
wave-propagation phenomena and the effects of realistic Earth structure, we use seismograms generated
from Princeton University's ShakeMovie portal (Tromp et al., 2010) (http://global.shakemovie.princeton.
edu, last accessed 7-1-2019), created using the spectral-element code SPECFEM3D_GLOBE and implement-
ing the 3-D Earth model S362ANTI (Kustowski et al., 2008), with crustal structure from CRUST2.0 (Bassin
et al., 2000).

To perform tests on the influence of different surface-wave overtones in seismograms, we calculate syn-
thetic seismograms using normal-mode summation (Gilbert, 1971) for a known 1-D Earth structure; the
mode eigenfunctions and eigenfrequencies are computed with the MINEOS code (Masters et al., 2011). The
advantage of mode summation is that we can control which mode branches (i.e., which values of n) are
included in the seismograms. Given the prevalence of oceanic paths in global data sets, the 1-D Earth struc-
ture used in this study is the oceanic model ATL2A (James et al., 2014), which has a 4 km water layer, a 300
m sediment layer, and a Moho depth of 10.3 km.

The examples shown in sections 3 and 4 utilize a few different earthquake sources. The source parameters
for these events are from the Global CMT catalog (Ekstrom et al., 2012).

2.2. Measurement Approaches

We measure the travel time and amplitude of fundamental-mode Rayleigh waves. We compare measure-
ments made using three different approaches to demonstrate that our results are not dependent on how the
measurement is made. The first approach is the Automated Surface-Wave Measurement System (ASWMS)
software package (Jin & Gaherty, 2015), which uses multi-channel cross-correlation of waveforms at nearby
stations. For each event, single-station travel times are obtained from the inter-station delay times using
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Figure 4. Phase-velocity maps for 100-s Rayleigh waves. (a) Predicted phase velocities for the 3-D model S362ANI with
CRUST?2.0. Since this model is used to calculate the spectral-element synthetics, this map represents the input structure
we expect to recover. (b) Event locations used in this study. Red stars correspond to events with corresponding
ShakeMovie synthetics analyzed. Green stars correspond to sources recorded on real data, shown later in the paper
(Figure 11). The black star corresponds to a source used in Figures 9 and 10, and the black line shows corresponding
stations. (c-f) Event-specific Eikonal phase velocities determined for the same events shown in Figure 2,
201501100205A (c,d) and 201503172212A (e,f), using measurements made with ASWMS (c,e) and phase-matched
filtering (d,f). The black arrow illustrates a great-circle ray path. Contours of epicentral distance, spaced 4 degrees
apart, are overlain and labeled.

least-squares inversion, and the single-station amplitudes are determined from the square root of the peak
of the auto-correlation function of the windowed Rayleigh wave.

The second approach utilizes a phase-matched filter to produce single-station travel-time and amplitude
measurements (Ekstrom et al., 1997). This method, with which the measurements are made relative
to synthetic reference seismograms, has been used to generate the phase-delay data sets described by
Ekstrom et al. (1997), Ekstrom (2011), Foster, Ekstrom, et al. (2014), Foster, Nettles, et al. (2014) and
Eddy et al. (2018). The third approach is the cluster-analysis method of Ma et al. (2014), which relies on
time-domain multi-channel cross-correlation to extract the relative travel times. With this method, cluster
analysis using cross-correlation as a similarity metric is used to generate clustering trees, from which users
can manually eliminate measurements below a desired similarity threshold.

While the focus of this study is synthetic seismograms, we also show some Rayleigh wave travel-time and
amplitude measurements made on real data, using the data set of Babikoff and Dalton (2019). These mea-
surements, which exist for the period range 25-180 s, were made using ASWMS (Jin & Gaherty, 2015) on
waveforms recorded by 1831 USArray stations. They include 549 earthquakes with M,, > 6.0, depth < 50
km, and a maximum epicentral distance of 160 degrees.
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Figure 5. Eikonal phase-velocity maps for 100 s Rayleigh waves. Travel times are measured on ShakeMovie synthetics
using ASWMS (left) and the cluster-analysis measurement of Ma et al. (2014) (right) for event 201802251744A, which
is located at 142.97°E, 6.29°S, and depth=12 km. The bottom panel shows the along-ray transect through both maps.
Contours of epicentral distance, spaced 4 degrees apart, are overlain and labeled.

2.3. Determining Phase Velocity Maps

The phase-velocity maps shown here are generated using either Eikonal tomography (Lin et al., 2009) or
Helmholtz tomography (Lin & Ritzwoller, 2011). The governing Helmholtz equation is:

2

S =vep- 22 M
where 7 and A are the measured travel-time and amplitude fields, w is angular frequency, and c represents the
phase-velocity variations to be determined. When the second term on the right-hand side is small, Equation 1
is reduced to the Eikonal equation, and c is determined only from the travel-time field.

In practice, we average the travel-time and amplitude measurements in 0.5° X 0.5° cells and interpolate them
onto a gridded surface with 0.25° x 0.25° cells. Our surfaces are smoothed with a Gaussian filter of width
200 km, and the gradient terms are calculated by finite difference in spherical coordinates. This process is
performed separately for each event, and event-specific Eikonal phase-velocity maps are determined from
the inverse of 4/|Vz|2. To generate composite Eikonal phase-velocity maps from multiple events, we use
the median of the |Vz|? values in each pixel. For Helmholtz phase-velocity maps we use the median of the
entire right-hand side of Equation 1.

3. Results

3.1. Evidence from Spectral-Element Synthetic Seismograms

Our experiments on synthetic seismograms show that Rayleigh wave measurements from certain events
exhibit streaks or banding when plotted in map view. Figures 2-4 show examples of 100 s measurements
made on ShakeMovie synthetics for two events. Event 201503172212A is a shallow (41.7 km) event in the
Northern Molucca Sea, and Event 201501100205A is a shallow (12.0 km) event in the Chagos Archipelago
region. The two events are located roughly 120 and 140 degrees from the center of the U.S, respectively. In the
maps, bands of alternating advanced and delayed traveltimes (Figure 2), high and low amplitude (Figure 3),
and slow and fast velocity (Figure 4) are apparent. In Figure 2, the predicted travel times for propagation in
a 1-D Earth model have been subtracted. The orientation of the bands is roughly parallel to wavefronts, and
the bands have a similar wavelength in all maps.

HARIHARAN ET AL.

60f17



Journal of Geophysical Research: Solid Earth 10.1029/2019JB018540

3u'I

T S

) =110 =100" =20 =80 -’
: Helmholtz Phase Velocity (m/s) Eikonal Phase Velocity (m/s)
3900 4000 4100 4200 4300 3500 4000 4100 4200 4300
5000 - —— i~
—— Eikonal Velocity
Q —— Helmholtz Velocity
£
= 4500 - 1
‘g
o
]
5 4000 |
wv
2
= !
3500 : :
100 105 110 115 120 125 130 135 140

Epicentral Distance (°)

Figure 6. Comparison of Helmholtz and Eikonal phase velocities for 100-s Rayleigh waves for event 201503172212A.
Travel times and amplitudes were measured using ASWMS. Left: Helmholtz velocities plotted in map view. Right:
Eikonal velocities in map view (as in Figure 4e). Bottom: Transect along ray path comparing Helmholtz (red) and
Eikonal (blue) phase velocities. Contours of epicentral distance, spaced 4 degrees apart, are overlain.

The banding is not characteristic of a particular measurement method. With the ASWMS approach, the
travel times are derived from inter-station cross-correlation, and with the phase-matched filtering approach,
the travel times are single-station measurements made with respect to 1-D synthetic waveforms. Yet the
travel times (Figure 2) and the phase-velocity maps determined from them (Figure 4) exhibit the bands
for both measurement approaches. The amplitudes are obtained from single-station auto-correlations with
ASWMS and relative to a reference synthetic waveform that includes the source radiation pattern, 1-D atten-
uation, and geometrical spreading with the phase-matched filtering approach. All four examples of the
amplitude field (Figure 3) show the oscillatory features. In Figure 5, as an example of a third event and
a third measurement approach, we compare Eikonal phase velocities determined from travel times mea-
sured with ASWMS and with the cluster-analysis method of (Ma et al., 2014) for a shallow event (12 km) at
Papua New Guinea, roughly 115 degrees from the center of the array. The banding is apparent in both sets
of measurements from this event, especially at stations located > 120 degrees from the earthquake.

For the events in Figure 4, the streaks obscure the long-wavelength phase-velocity features we expect to
recover, whereas the example in Figure 5 more successfully recovers the input structure with the exception
of pixels in the eastern U.S., which are located > 120 degrees from the earthquake. An advantage of using
the Eikonal equation is that it utilizes only the travel times; the Eikonal phase-velocity maps therefore repre-
sent how the anomalies in the travel-time measurements will impact estimates of velocity. Since the streaks
are also present in the amplitude measurements, it is reasonable to wonder whether they could be sup-
pressed if the Helmholtz equation (Equation 1) is instead used. By comparing the Eikonal and Helmholtz
phase-velocity maps for all events we have analyzed, we have found that this is true to an extent; the ampli-
tude of the banding is weaker, though still significant, in the Helmholtz phase-velocity maps. Figure 6 shows
acomparison of Eikonal and Helmholtz velocities in map view and along a transect for event 201503172212A
measured with ASWMS. The inability of the Helmholtz equation (Equation 1) to fully account for the
interference is likely because the assumption that the interfering waves have the same phase velocity is
violated.

Figures 5 and 7 show along-ray transects of amplitude and Eikonal phase velocity, measured with different
methods, as a function of epicentral distance. These figures highlight the agreement between measure-
ments made with different approaches. They also show the approximate wavelength of the bands (~ 3 — 5
degrees, depending on location) and suggest that the banding becomes stronger at epicentral distances > 120
degrees. The offset between amplitudes measured with the two different approaches (Figures 7b,d) may be
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Figure 7. Along-ray transects of Eikonal phase velocity (a,c) and Rayleigh wave amplitude (b,d) for the measurements
and phase-velocity maps in Figures 3 and 4. While the transects sample an evenly spaced grid for the phase-velocity
maps, they sample USArray station locations for the amplitudes, which explains the difference in sampling density
between the two sets of transects.

because the amplitudes measured with the phase-matched filtering approach have had 1-D attenuation and
geometrical spreading removed.

3.2. Tests with Normal-Mode Synthetic Seismograms

To explore explanations for the anomalies described in the previous section, we simulate seismograms for
the same two events considered in Figures 2-4 using normal-mode summation with the 1-D Earth model
ATL2a (James et al., 2014). Two sets of normal-mode seismograms are generated. The first set contains only
the fundamental spheroidal modes, and the second set contains the full catalog of spheroidal modes. The
summation includes all modes with frequency < 50 mHz and angular order < 500. We use ASWMS to mea-
sure Rayleigh wave travel times and amplitudes for the two events. Figure 8 shows the resulting 100 s Eikonal
phase-velocity maps. Maps corresponding to synthetic seismograms that contain only the fundamental
modes successfully recover the homogenous input phase velocity (Figures 8b,d), but maps corresponding
to seismograms containing the full mode catalog do not (Figures 8a,c). These maps contain strong bands of
alternating slow and fast velocity. These bands are similar to the ones in Figures 4c,e, suggesting a common
mechanism. Moreover, the absence of the bands when only the fundamental modes are used suggests that
the interference of the higher modes with the fundamental mode causes the banding. The edge effect seen
along the East Coast in Figures 8a,b is due to erroneous travel-time measurements, which result from the
relative paucity of stations for which interstation cross-correlation can be conducted.

Record sections of vertical-component synthetic seismograms illustrate the likely explanation (Figure 9a).
Normal-mode summation is used to calculate these seismograms for the ATL2a model and event
201502131859A, a shallow (depth=25.2 km) strike-slip event on the Reykjanes Ridge. Stations are evenly
spaced along a great-circle path spanning epicentral distances 20-175 degrees. Synthetic seismograms con-
taining only the fundamental mode and containing only higher modes are plotted separately, with the
latter amplitude exaggerated by a factor of five. At distances greater than roughly 25 degrees the minor-arc
higher-mode Rayleigh waves arrive much earlier than the minor-arc fundamental-mode Rayleigh waves
as a result of their distinct group velocities (Figure 1a; Figure 9b). However, at distances >~ 120 degrees,
the major-arc higher-mode Rayleigh waves (X2 phases) arrive within the same window as the minor-arc
fundamental mode. We suggest that this interference introduces bias into the Rayleigh wave amplitude
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Figure 8. Eikonal phase velocity for 100-s Rayleigh waves for events 201501100205A (panels a, b, e) and
201503172212A (panels c, d, ). The travel times are measured from synthetic seismograms generated with
normal-mode summation, using the full mode catalog (a,c) and only the fundamental modes (b,d). The black arrow
illustrates a great-circle ray path. Contours of epicentral distance, spaced 4 degrees apart, are overlain.

and travel-time measurements as the different wavepackets constructively and destructively interfere with
each other.

Figure 10 quantifies this interference by measuring the impact on amplitude and travel time for the syn-
thetics in Figure 9. The amplitude and travel time measured from the normal-mode synthetics that contain
the full mode catalog are expressed relative to their values measured from the synthetics containing only
the fundamental mode. In doing so the effects of the source radiation pattern, attenuation, and geometri-
cal spreading will be cancelled out, allowing the effects of higher-mode interference to be isolated. These
comparisons show a slight and long-wavelength perturbation to amplitude and travel time at distances < 50
degrees, presumably due to interference between the minor-arc fundamental and higher modes (Figure 9),
and larger and shorter-wavelength perturbations at distances > 120 degrees. These short-wavelength
perturbations are largest around 140 degrees, where branches 2 and 3 overlap with branch 0.

Foster, Nettles, et al. (2014) calculated the interference of higher-mode Love waves with the fundamental-
mode Love waves. It differs from the Rayleigh wave higher-mode interference patterns in Figure 10 in
several aspects. One, the Love wave interference pattern is present throughout a broad range of epicen-
tral distances, in contrast to the Rayleigh wave pattern, which is most prominent at distances > 120
degrees. Two, the perturbations that characterize the Love wave interference pattern are relatively con-
stant across a broad distance range, whereas the Rayleigh wave perturbations are strongly dependent on
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Figure 9. (a) Record sections of vertical-component synthetic seismograms calculated using normal-mode summation
for event 201502131859A. Event 201502131859A is located at 32.74°W, 52.7°N, and 25.2-km depth. Two sets of
seismograms are shown, bandpass-filtered with a center period at 100 s. The red traces contain only the fundamental
mode, and the black traces contain all mode branches except the fundamental mode; for easier visualization the black
traces are vertically exaggerated by a factor of 5. (b) Predicted group arrival times for the first four mode branches as a
function of epicentral distance using ATL2a-predicted group velocities for period = 100 s.

distance. Three, the Love wave interference pattern has a longer wavelength (~ 20 degrees), in contrast to
the ~ 3-degree wavelength of the Rayleigh wave pattern at distances > 120 degrees.

These differences can be understood from the Rayleigh and Love group and phase velocities (Figure 1). For
Love waves, the overlapping group velocities cause the minor-arc fundamental and higher modes to inter-
fere across a broad range of distances, whereas the well separated Rayleigh wave group velocities cause the
higher modes to pass into and out of the fundamental-mode window. The wavelength of the interference pat-
tern is dictated by the relative phase velocities of the interfering modes (Foster, Nettles, et al., 2014; Thatcher
& Brune, 1969), with a larger difference causing a shorter-wavelength pattern. Although the relative phase
velocities between modes are not dramatically different for the Rayleigh waves and Love waves, major-arc
higher modes are traveling in the opposite direction from the minor-arc fundamental mode. Thus, the rela-
tive phase velocity will appear much larger; for Rayleigh wave branches 2 (c=7.1 km/s) and 0 (c=4.1 km/s),
the difference will appear to be 11.2 km/s rather than 3.0 km/s. This can explain the short-wavelength nature
of the Rayleigh wave interference pattern.

3.3. Interference in Real Data

Because the higher-mode interference pattern is characterized by short wavelengths and is strongest at epi-
central distances > 120 degrees, it will be easiest to observe in real data with long arrays of densely spaced
stations. Furthermore, real data will be noisier and have greater wavefield complexity than the rather ide-
alized synthetic seismograms analyzed in Sections 3.1-3.2. Nonetheless, using Rayleigh waves recorded by
the EarthScope USArray stations for events with ray paths traveling along the long axis of the Transportable
Array deployment, we have found travel-time and amplitude anomalies that are similar to those observed in
the synthetic data. Figure 11 shows the Eikonal velocities and amplitudes for two events; these travel-time
and amplitude data are from the study of Babikoff and Dalton (2019), in which Rayleigh waves were mea-
sured using ASWMS for 549 events in the period range 25-180 s. The real data exhibit oscillations in velocity
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Figure 10. Rayleigh wave amplitudes (top) and travel times (bottom) measured at 100 s using ASWMS for the
synthetics in Figure 9. The measurements from synthetics containing the full mode catalog (AM) are plotted relative to
those from synthetics containing only the fundamental mode (FM).

and amplitude along a ray path. Both the wavelength and the magnitude of the oscillations in the real data
are similar to those present in the measurements made on synthetic data, suggesting that the anomalies
are generated by interference of the higher-mode major-arc Rayleigh wave with the minor-arc fundamental
mode. In Section 4 we consider how this interference affects Rayleigh wave phase-velocity maps on regional
and global scales.

4. Discussion

4.1. Implications for USArray Measurements & Phase Velocity Maps

In this section we evaluate the effects of the overtone interference on the 100-s Rayleigh wave travel-time
measurements made at USArray stations in the contiguous U.S. by Babikoff and Dalton (2019) and on the
Eikonal phase-velocity maps determined from that data set. The effects of overtone interference (i.e., the
oscillations with distance) are not visible in the single-station travel-time measurements, mostly because the
dominant signal is from 3-D structural heterogeneity. We predict and remove the long-wavelength velocity
variations from the travel-time data by integrating along the great-circle path through GDM52, the global
phase-velocity maps of Ekstrom (2011). Since the predictions are path-integrated travel times and the mea-
surements of Babikoff and Dalton (2019) are expressed relative to the travel time at a reference station, we
convert the measurements into path-integrated times by fixing the travel time at the reference station to the
predicted value and applying this static offset to all other relative travel times. For 90% of the 208,233 paths
from Babikoff and Dalton (2019) the path-averaged phase-velocity anomaly is within 0.5% of the GDM52 pre-
dictions. Figure 12a shows the median absolute velocity difference in one-degree epicentral distance bins;
all bins between 17 degrees and 152 degrees contain at least 200 paths. The calculation shows that paths
in the distance range 70-120 degrees are fit best by the GDM predictions, with higher residuals at distances
< 70 degrees and > 120 degrees. Comparison of Figures 12a and the bottom panel of Figure 10 suggests
that the elevated residuals at distances > 120 degrees correspond to interference with the major-arc higher
modes; we speculate that the signal for short paths may be due to interference with the minor-arc higher
modes (Figure 9).

With Eikonal and Helmholtz tomography (Lin et al., 2009; Lin & Ritzwoller, 2011) individual phase-velocity
maps are generated for each event, and then they are combined to yield a single composite phase-velocity
map at a given period. Figure 12b shows the median absolute difference between the event-specific Eikonal
phase-velocity maps and the portion of the global GDM52 map confined to the contiguous U.S. For this
figure distance is calculated from the center of each 0.25° x 0.25° pixel and the corresponding earthquake
location. This calculation makes use of event-specific velocities from 549 earthquakes and a total of 11,932
pixels, although most of the event-specific phase-velocity maps consist of roughly 2100 pixels. The median
residual phase velocity is ~ 100 m/s (2%) at distances < 120 degrees; the residual peaks at distance ~ 140
degrees, where it is 422 m/s (10%).
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Figure 11. Evidence of the interference in real data using the 100-s Rayleigh wave travel-time and amplitude
measurements from Babikoff and Dalton (2019) for two events, 201204150557 (a-c) and 201209140451 (d-f). Event
201204150557 is located at 90.31°E, 2.49°N, and 33.0-km depth. Event 201209140451 is located at 100.32°E, 3.58°S, and
12.0-km depth. These measurements were made using ASWMS. Eikonal velocities determined from the travel times
are shown in map view (a,d) and as transects (c,f), and amplitudes are shown in map view (b,e). The black arrow
illustrates a great-circle ray path. Contours of epicentral distance, spaced 4 degrees apart, are overlain.

Figure 12b makes clear that the event-specific phase velocities for distances > 120 degrees are characterized
by large errors. In Figure 13 we explore how the composite map is affected when velocities that may be biased
by the higher-mode interference are excluded. Referring to Equation 1, the composite Eikonal maps are
generated from the inverse of the square root of the median of all | Vz|? values in each pixel. In Figure 13b we
only include an event-specific | Vz|? value in the median calculation if the distance between the earthquake
and pixel is < 115 degrees, and in Figure 13c only | Vz|? values from earthquakes > 115 degrees are included.
For this test we use the Rayleigh wave Eikonal maps of Babikoff and Dalton (2019). Figure 13d shows that
the number of distant events (> 115 degrees) is much smaller than the number of nearby events (< 115
degrees). Since the median value may not be as robust if determined from a small number of measurements,
we require that the number of distant and nearby events used at each pixel is the same. In practice, in each
pixel we randomly select a subset of the nearby events; this results in a speckled appearance of the map in
Figure 13b. Because most pixels are dominated by data from events at distances < 115 degrees, the similarity
between Figures 13a and 13b shows that the composite map generated from all data is not biased by the
inclusion of data from events at distances > 115 degrees. However, Figure 13c illustrates the potential pitfalls
of including data biased by interference effects; this composite map differs significantly from the composite
map determined from all data. As mentioned earlier, the impact of this interference is somewhat weaker for
maps constructed using Helmholtz tomography (Figure 6).
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Figure 12. Evidence of higher-mode interference in USArray and global data sets of 100-s Rayleigh wave travel times
and phase velocities. (a) The median absolute difference of the path-averaged phase-velocity anomalies (dc/c), binned
by epicentral distance. Path-averaged dc/c predicted by integrating through the GDM52 phase-velocity map is
subtracted from the measured values. Results are shown for 208,233 measurements at USArray stations (Babikoff &
Dalton, 2019) and 282,996 measurements at global stations (Ekstrém, 2011). (b) Median absolute phase-velocity
difference (m/s) in the contiguous U.S. between 549 event-specific Eikonal maps of Babikoff and Dalton (2019) and the
U.S. portion of the GDM52 global map. (c) Standard deviation of the path-averaged phase-velocity anomalies in the
global data set of Ekstrom (2011), binned by epicentral distance. Green line shows linear regression applied to values in
the distance range 20-110 degrees.

4.2. Implications for Global Rayleigh Wave Data Sets

To investigate the possible impact of Rayleigh wave higher-mode interference on global studies, in Figure 12a
we plot the median residual path-averaged phase-velocity anomaly determined from the global 100-s
phase-delay data set of Ekstrom (2011). As with the analogous USArray calculation, the measured anomalies
are expressed relative to predictions obtained from integrating the GDM52 global map along the great-circle
path. In general the median residuals are comparable in size to the USArray residuals (~ 0.2%). However,
unlike the USArray residuals, the global data set does not show evidence of a larger mismatch between
observations and predictions for path length > 120 degrees as might be expected for major-arc higher-mode
interference. On the other hand, Figure 12c hints at larger errors in the global data set for paths longer than
120 degrees. It shows the standard deviation of all measurements in each one-degree distance bin. All bins
in the distance range 20-160 degrees contain at least 500 measurements, and this calculation utilizes mea-
surements that have not been corrected for propagation through the GDM52 map. The data reveal a linear
decline in standard deviation with distance for path lengths < 110 degrees. A larger spread in measure-
ments for shorter paths is expected, since they can be confined to regions with relatively uniform seismic
properties— for example, some short paths will travel only through continents whereas others will travel
only through oceans. Long paths necessarily integrate across a range of tectonic settings, which will tend
to homogenize the path-averaged phase velocities. The linear decline is interrupted for path lengths > 110
degrees. This may indicate larger uncertainties in these measurements due to higher-mode interference.

Since our results suggest that interference varies as a function of path length, we explore the question of
whether measurements made at different locations on Earth are more prone to interference, as the distribu-
tion of path lengths sampled at any position on the Earth varies due to the global distribution of earthquake
sources. Figure 14a shows the proportion of events with path lengths > 115 degrees. The 971 earthquakes
used for this calculation are from the Global CMT catalog (Dziewonski et al., 1981; Ekstrom et al., 2012) for
the years 2013, 2014 and 2015 with M,, > 5.5 and depth < 70 km. For a hypothetical station located along the
southern Mid-Atlantic Ridge, roughly 50% of the shallow earthquakes it records will be located > 115 degrees
away, and we predict that measurements of the minor-arc Rayleigh waves will therefore be more susceptible
to higher-mode interference. Plans for future deployments of ocean-bottom seismometers may want to take
this into consideration. Figure 14a also shows, however, that most regions of the Earth are not dominated by
long paths, and thus Rayleigh wave measurements in those regions will experience only a nominal impact
from interference bias. Figure 14b shows that global Rayleigh wave data sets do contain these regional vari-
ations in path length to earthquakes. We calculate epicentral distance for each event-station pair in the data
set of Ekstrom (2011) and determine the fraction of events located > 115 degrees away from each station.
Figure 14b shows that for stations located along the western edge of the Atlantic basin, roughly 50% of the
measurements could be prone to interference.

Overall we expect that regional and global phase-velocity maps will be minimally affected by the
higher-mode interference. First, most data sets are dominated by path lengths < 120 degrees. In addition,
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Figure 13. Eikonal phase velocities for 100 s Rayleigh waves calculated from the database of Babikoff and Dalton
(2019) for measurements grouped into different subsets based on path length. (a) All measurements are used. (b) Only
measurements with path lengths < 115 degrees are used. (c) Only measurements with path lengths > 115 degrees are
used. (d) Hit count map showing proportion of all measurements with path lengths > 115 degrees. (e) Difference
between panels (b) and (a). (f) Difference between panels (c) and (a).

the fact that the oscillations vary with distance and have a short wavelength means that systematic bias
is unlikely to result given a large number of measurements. Second, for phase-velocity inversions that use
path-integrated travel times as data, the +5 second perturbation introduced by higher-mode interference
(Figures 2 and 10) will not result in a large bias in inverted phase velocity. Damping and smoothing, which
are traditionally applied to these inversions, will help to suppress any streaks or banding. On the other hand,

0.0 02 0.4 0.6

Proportion of Paths with X > 115 deg

Figure 14. (a) Map view showing, in each pixel, the number of events located > 115 degrees away from each pixel,
plotted as a fraction of the total number of events considered in the calculation. White stars show earthquakes used in
the calculation, which are from the Global CMT catalog with depth < 70 km and M,,, > 5.5 for the years 2013-2015.
Tectonic plate boundaries from Bird (2003) are overlain. (b) As in (a), but calculated using only the source-station event
pairs used in the construction of the GDMS52 model at 100 s for Rayleigh waves (Ekstrom, 2011)
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phase-velocity inversions based on travel-time differences between pairs or small groups of nearby stations
(Foster, Ekstrom, et al., 2014; Lin et al., 2009) are more susceptible to bias from higher-mode interference.

Furthermore, travel-time and amplitude measurements that are strongly biased by the interference may
be removed as part of quality control procedures, a notion discussed by Thatcher and Brune (1969) in the
context of Love wave interference. An additional consideration is that measurements of fundamental-mode
Rayleigh waves on the major arc (R2) may be biased by interference with higher modes traveling on the
minor arc after completing one orbit (often termed X3 phases), and the group velocities in Figure 1a sug-
gest that the interference for R2 will occur over a much wider range of epicentral distances (~ 20 — 90
degrees) than the minor-arc interference considered here. Finally, we note that our study has used 100 s
Rayleigh waves to document the phenomenon of higher-mode interference and describe its general char-
acteristics. Measurements made at other periods also show evidence of the interference. In both Eikonal
velocity (Figure S1) and amplitude (Figure S2), it is clear that the wavelength of the interference pattern
decreases with decreasing period and that the onset of the strongest interference is consistently around 120
degrees.

Future work will investigate how the earthquake source, including its moment tensor and depth, the velocity
structure, and the period affect the characteristics of higher-mode interference. Major-arc overtone interfer-
ence also holds the potential for studies to image higher-mode wave propagation through a unique lens, as
the interference signal preserves information about the phase velocity and amplitude of the higher modes
while the large distance range of the major-arc phase ensures the individual mode branches are well sepa-
rated in time. Previous studies (Forsyth, 1975b; Thatcher & Brune, 1969) have demonstrated the potential
to model the relative amplitude and phase velocity of individual modes in a travelling-wave signal using
the superposition of plane waves, suggesting that the same principle can be applied to the wavefield identi-
fied here. The ability to extract information about overtone phase velocity and amplitude would allow new
investigations in the velocity and attenuation structure of the mantle transition zone and uppermost lower
mantle.

5. Conclusion

We show that interference of Rayleigh wave major-arc overtones with the minor-arc fundamental mode
can be detected in travel-time and amplitude measurements made on synthetic and real waveforms. This
interference manifests as oscillations about the underlying value along a ray path. Comparing synthetic seis-
mograms computed by normal-mode summation with a full mode catalog and with only the fundamental
modes shows that the higher modes traveling along the major arc overlap with the fundamental mode along
the minor arc, thus producing the interference. The interference is most pronounced for relatively long paths
(epicentral distance > 120 degrees) and is characterized by a wavelength of ~ 3 degrees at 100 s.

The interference is most easily observed with dense arrays of seismometers, and we have found examples of
it in real data recorded by the EarthScope USArray stations. The impact of the interference on estimates of
Rayleigh wave phase velocity will be larger for approaches based on relative travel times between stations
than for approaches that use path-integrated travel times, such as most global studies. Overall, we expect
that the impact of the interference will be small since most data sets are dominated by measurements from
path lengths < 120 degrees. We show that, as a consequence of the global distribution of earthquakes, mea-
surements made at stations in and around the Atlantic Ocean are more susceptible to interference bias.
Looking forward, modeling various characteristics of the interference pattern, including its distance depen-
dence, wavelength, and amplitude, may allow the phase and group velocities and amplitudes of higher-mode
Rayleigh waves to be measured.
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