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Global propagation of body waves
analysis of seismic hum
K. Nishida'

Seismic interferometry has now been applied to the ex-
ploration of the Earth’s interior at scales ranging from local
to global. Most studies have used surface-wave propagation.
Recently, some studies have focused on body-wave propaga-
tion on local and regional scales but not on a global scale. In
this study, we succeed in extracting global body-wave prop-
agation (of P, PP, PKP, S, SS, ScS, P'P’, etc. waves)
using seismic hum with wavenumber—frequency filtering in
the range of 5 to 40 mHz. Although the observed body-wave
propagation is similar to that of the corresponding com-
ponents of Green’s functions, there are two differences be-
tween them: the lack of reflection phases in the observation
and the dominance of shear-coupled PL waves in the obser-
vation. These differences originate from the dominance of
shear-traction sources on the Earth’s surface, which causes
the breakdown of equipartition among modes with different
radial orders. For further studies of body-wave exploration
by seismic interferometry, these differences should be con-
sidered.

1. Introduction

Seismic interferometry [e.g., Curtis et al., 2006] is an ap-
proach that can be used to extract the elastic response be-
tween two stations by cross-correlating a random wavefield.
Shapiro et al. [2005] performed a cross-correlation analysis
of long sequences of ambient seismic noise at around 0.1 Hz
to obtain a group-velocity map of Rayleigh waves in south-
ern California. This method has now been applied at scales
ranging from local and regional [e.g., Ritzwoller et al., 2011]
to global [Nishida et al., 2009]. Most studies have focused
on surface-wave propagation, although the calculated cross-
correlation functions (CCFs) of a random wavefield contain
not only surface waves but also body waves. Surface-wave
tomography has fine lateral resolution, but it has inherently
poor vertical resolution in the deep structure. Body-wave
exploration offers a better vertical resolution of the deep
Earth’s structure than surface-wave exploration.

Recently, body-wave propagation on local and regional
scales has been extracted by using seismic interferometry.
There have been two types of studies. One is body-wave
extraction using ambient noise: reflection phases on a 1-km
scale [Draganov et al., 2007], direct P waves on a 10-km
scale [Roux, 2005], and reflection phases at the Moho, 440-
and 660-km discontinuities on a 500-km scale [Poli et al.,
2012a, b]. The other type uses seismic coda [e.g., Tonegawa
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revealed by cross-correlation

et al., 2009]: direct and reflection phases on a 100-km scale.
However, there is still no study on a global scale.

For the detection of the global propagation of seismic
waves, low-frequency seismic data are effective [Nishida
et al., 2009] because of their long wavelength. For the ex-
traction of global body-wave propagation, we conducted a
cross-correlation analysis of the background seismic wave-
field from 5 to 40 mHz, now known as seismic hum [e.g.,
Nishida, 2013]

2. Data

We analyzed continuous sampling records in a time period
from 2004 to 2011 at 658 stations with three components
of broadband seismometers (STS-1, STS2, and STS2.5) at
the lowest ground noise levels (Figure 1(a)). We used data
obtained from the stations of the International Federation
of Digital Seismographic Networks (FSDN) and F-net sta-
tions of the National Research Institute for Earth Science
and Disaster Prevention (NIED). For each station, the com-
plete record was divided into about 2.8-h segments with an
overlap of 1.4 h. To avoid effects from earthquakes, we dis-
carded all the seismically disturbed segments [Nishida and
Kobayashi, 1999] using the global CMT catalog [Ekstrom et
al., 2012]. We calculated cross spectra between every pair of
different stations for their common record segments at peri-
ods from 5 to 40 mHz for 9 years. We did not use the cross
spectra when the horizontal components of their amplitudes
were 200 times greater than in Peterson’s New Low Noise
Model (NLNM) [Peterson, 1993] and when the vertical com-
ponents of their amplitudes were 40 times greater than in
NLNM. We stacked real parts of the cross spectra between
transverse (TT), radial (RR), and vertical (ZZ) components
for 9 years. Here, we define radial and transverse compo-
nents for each station pair. Figure 1(b) shows a histogram
showing the distribution of receiver-receiver ranges for the
CCFs

To remove the effects of source time functions, we normal-
ized the cross spectra by the power spectrum of NLNM. This
is because the Green’s function (i.e., the impulse response)
can be retrieved from the normalized cross spectra [Naka-
hara, 2006]. We did not normalized cross spectra by power
spectra of observed ground motions but by that of NLNM
for the following reasons: (1) Normalization by power spec-
tra of the random elastic wavefield is better. However, power
spectra of observed ground motions at stations include the
random elastic wavefield and site-dependent noise. Because
the amplitudes of site-dependent noise are higher than those
of the random wavefield in most cases, the separation is dif-
ficult. High variabilities of the noise biases the results of
the normalization. (2) Nishida et al. [2002] showed that
power spectra of the random wavefield at stations can be
approximated by that of NLNM in this frequency range.
(3) Although the normalization by NLNM is ad hoc, the
procedure is stable and simple.

3. Frequency—wavenumber spectra
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To detect body-wave propagation in the frequency—
wavenumber (FK) domain, we calculated FK spectra for
the cross spectra as follows. By assuming homogeneous and
isotropic excitation of the Earth’s normal modes, the TT,
RR, and ZZ components of synthetic cross spectra (¢77,
o7 and QSZZ) can be represented by a superimposition
of associate Legendre functions P, (cos ©) as a function of
separation distance © [Nishida et al., 2002; Nishida et al.,
2008a] as

TT _ adPy | b Pu
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where [ is the angular order, k is the wavenumber /(I 4 1),
and the coefficients a;, b;, and ¢; represent normalized power
spectral densities (PSDs) at frequency w. This method is a
natural extension of Aki’s spatial autocorrelation method
[Aki, 1957] from a flat case to spherical one. We estimated
the coefficients a;, b;, and ¢; by minimizing the square differ-
ences between the synthetic cross spectra and the observed
ones.

A plot of a; against the angular order ! and frequency
gives a FK spectrum of the ZZ component, that of b; gives
a FK spectrum of the RR component, and that of ¢; gives
a FK spectrum of the TT component as shown in Figure
2(a). The plots of the RR and ZZ components show clear
fundamental spheroidal modes (Rayleigh waves), and that of
the TT component shows fundamental toroidal modes (Love
waves). The plots of the RR and ZZ components also show
a clear physical branch of higher modes that corresponds
to S- and S S-wave propagation. The phase velocity ranges
from 7 to 8 km/s, which is comparable to typical Pn-wave
velocity. This result suggests that the physical branch repre-
sents a crustal PL wave coupled with S and SS waves that
are known, respectively, as a shear-coupled PL (SPL) wave
and an SS coupled PL (SSPL) wave [Oliver, 1961; Baag
and Langston, 1985]. The direct PL wave is a long-period
wave train (30-50 s) in vertical and radial components be-
ginning immediately after the P-wave arrival for epicentral
distances less than 30°. That is, it is a leaking spheroidal
mode in the crust—-mantle wave guide. For further discus-
sion, we will identify the phases in the spatial-time domain,
which are record sections of CCFs.

4. Global body-wave propagation in the
spatial-time domain

For obtaining record sections of CCFs, we transformed
the FK spectra to CCFs in the spatial-time domain. Be-
fore the transformation, we suppressed the FK spectra with
phase velocity lower than those of fundamental toroidal or
spheroidal modes. This procedure in the FK domain corre-
sponds to stacking and phase velocity filtering in the spatial—
time domain. If homogeneous and isotropic excitation is a
stationary stochastic process, the display of the CCFs as a
function of their separation distance should indicate seismic
wave propagation. Hilbert transform of normalized CCF's
can be regarded as the Green’s function in the 2-D case:
surface wave or boundary wave, whereas the time derivative
in the 3-D case: body wave [e.g., Snieder, 2004; Nakahara,
2006]. Because the wavefield in our observation can be repre-
sented by superimposition of surface wave and body wave,
the theoretical treatment is unclear. We took the Hilbert
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transform of the CCF's for comparison with the correspond-
ing components of the Green’s functions, simply because the
reconstruction is better than that by the time derivative.

Figure 3(a) shows the CCFs bandpass-filtered from 5 to
40 mHz every 0.2°. The RR and ZZ components of the
CCFs show propagating Rayleigh, P, S, and SS waves.
We can also identify PP, PKP, and P'P’ waves. The TT
component of the CCFs shows Love waves and S and ScS
waves. Because the noise level of the horizontal components
is higher than that of the vertical ones, phase identifications
of RR and TT components are more difficult than those of
the ZZ component.

These phase identifications suggest that the travel times
can be approximated by those from Green functions. How-
ever, Forghani et al. [2010] pointed out that the body-wave
amplitudes of the CCFs are underestimated compared to
those predicted by the corresponding components of the
Green’s functions, when the random wavefield is excited
by random surface sources. Incomplete source distribution
leads to incomplete reconstruction of Green’s functions.

5. Comparison with Green’s functions

For a discussion on the difference between the observed
CCFs and the corresponding components of the Green’s
functions, we calculated Green’s functions for a spherical
Earth model (PREM [Dziewonski and Anderson, 1981]) us-
ing a normal mode theory [Dahlen and Tromp, 1998]. For
comparison, we bandpass-filtered the Green’s functions from
5 to 40 mHz. Figure 3(b) shows the transverse components
of the Green’s functions due to a unit single force at the
source in the transverse direction (TT), the radial compo-
nents due to that in the radial direction (RR), and the ver-
tical components due to that in the vertical direction (ZZ).
Here, we normalized all the components of Green’s func-
tions by setting the P-wave amplitude of the Green’s func-
tion (ZZ) at 80° equal to that of the CCF (ZZ). FK spectra
of the Green’s functions are also shown in Figure 2(b). We
note that we kept the relative amplitudes of the Green’s
functions among the components.

The observed CCFs agree with the Green’s functions, but
we find three differences: (1) the dominant frequency of sur-
face waves, (2) a lack of reflection phases in the CCFs, and
(3) the dominance of SPL and SSPL waves in the ZZ com-
ponent of the CCF's.

First, high-frequency components of the surface waves of
the CCFs are smaller than those of the Green’s functions.
For more detail, we show the ZZ component of the CCF
and the Green’s function at 80° in Figure 4(a). The CCF
has the best signal-to-noise ratio because of the many pairs
of cross spectra between stations in Japan and those in the
USA (Figure 1(b)). We can find a difference in the domi-
nant frequency of Rayleigh waves between them. The CCF
includes many more low-frequency (<10 mHz) surface waves
than does the Green’s function. The stacking procedure sup-
pressed the high-frequency surface wave components, be-
cause of the large phase velocity anomalies resulting from
lateral heterogeneities in the Earth’s structure.

The second difference is the lack of reflection phases in
the CCFs. We can identify only a weak SS wave in the TT
component and weak PP, PPS, and SSS waves in the ZZ
component, although the corresponding components of the
Green’s functions show clear ones. Geometrical spreading of
the body waves and the small reflection coefficients affect the
amplitudes of the reflection phases. For a proper reconstruc-
tion of the Green’s function, the source must be at the ap-
propriate stationary phase region that includes the Earth’s
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interior. Absence of the excitation sources in the Earth
results in an underestimation of the extracted body-wave
amplitudes [Forghani et al., 2010]. This lack of reflection
phases can be also interpreted as a breakdown of equiparti-
tion among modes with different radial orders [Snieder et al.,
2010] as a result of their source distribution being only on
the Earth’s surface [e.g., Nishida, 2013]. We note a good re-
construction of the ScS wave because the short separation
distance reduces the amplitude loss resulting from geomet-
rical spreading.

The third difference is the dominance of the SPL and
SSPL waves in the ZZ component of the CCFs. The CCFs
in the ZZ component show propagation of the waves with
a phase velocity from 7 to 8 km as shown in Figure 2(a),
whereas the Green’s functions (ZZ) lack them [Figure 2(b)].
We note that the both FK spectra of CCFs and Green’s
functions in RR components show dominance of SPL and
SSPL waves.

We now discuss the efficient excitation of an SPL wave.
The excitation source of seismic hum can be represented by
a random shear traction acting on a presumed sea-bottom
horizon [Nishida et al., 2008b]. The radiation patterns of P
and S waves by surface shear traction are shown in Figure
4(b). The traction source radiates the strongest PL wave
in the horizontal direction, as shown in the figure. The
PL wave coupled with a mantle S wave (shear-coupled PL
wave) becomes dominant. A schematic figure of the cou-
pling mechanism is shown in Figure 4(b). If this mechanism
works well, a direct PL wave should be also dominant. In
fact, we can find a clear PL wave in the ZZ component
of the CCFs [Figure 3(c)], whereas we cannot identify a PL
wave in the ZZ components of the Green’s function. The ra-
diation pattern also explains the dominance of SPL waves
of the Green’s function in the RR components, because the
single force acts in the horizontal direction.

6. Discussion

Here, we discuss two potential applications using the ex-
tracted body waves: (1) body-wave tomography and (2) in-
ferring discontinuities such as those at 410 and 660 km.

The first application involves travel-time tomography us-
ing P- and S-wave arrivals. Although the stacked CCF's
(Figure 4) show clear P- and S-wave arrivals, noise-to-signal
ratios of individual CCF's are very low. The detection of a
P-wave arrival for each CCF is quite difficult, and hence, we
focus on S-wave measurements. Even picking the first ar-
rival of the S-wave is difficult. In this case, travel-time mea-
surement by using the cross-correlation method is realistic.
For a measurement, we cannot separate the S waves from
the SPL wave. The SPL wave biases the travel-time mea-
surement because it is also sensitive to crustal P-wave struc-
ture. When we conduct the tomography, we must consider
the appropriate sensitivity kernels for S and SPL waves.

The other application is inferring discontinuities (e.g., at
410 and 660 km) using upper and under reflection phases
[e.g., Shearer and Masters, 1992]. For the detection of weak
phases such as PP and SS precursors, the signal-to-noise
ratio in this frequency range is too low. Hence, we must
include higher frequency components of the CCFs for the
detection [Poli et al., 2012b]; however, global measurements
at higher frequencies (>0.03 Hz) are beyond the scope of
this study.

7. Conclusions

We succeeded in extracting body-wave propagation us-
ing seismic hum from 5 to 40 mHz by cross-correlating
the background wavefield. The resultant CCF's show clear
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body-wave propagations (of P, PKP, S, SS, ScS, P'P’,
etc. waves). Although the observed body-wave propaga-
tions are similar to those of the corresponding components
of the Green’s functions, there two significant differences be-
tween them: (1) the lack of reflection phases in the CCFs
and (2) dominance of SPL and SSPL waves in the CCFs.
These differences originate in (1) the breakdown of equipar-
tition among modes with different radial orders and (2) the
dominance of shear-traction sources on the Earth’s surface,
respectively. Strong excitation of a PL wave by the shear-
traction sources can explain the observed dominance of SPL
and SSPL waves. The cross-correlation analysis emphasizes
efficiently excited modes such as surface waves and SPL and
SSPL waves. For further studies of body-wave exploration
using seismic interferometry, we must consider these differ-
ences.
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Figure 1. (a) Location map of 658 stations used in
this study (red circles). (b) A histogram showing the
distribution of receiver-receiver ranges for the CCF's used

in this paper. The number in 1° range bins are plotted
as a function of range.
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Figure 2. (a) FK spectra of seismic hum. The left panel
shows the TT component, the middle one shows the RR
component, and the right one shows the ZZ component.
The horizontal axes show angular order, and the vertical
ones show the frequency in milli Hertz [mHz]. Their color
shows PSDs normalized by NLNM. Noise levels of the
horizontal components (RR and TT) at low frequency are
higher than that of the vertical one (ZZ). (b) FK spectra
of corresponding components of the Green’s functions.
Also shown are names of some typical associated seismic
phases.
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Figure 3. (a) Record sections of TT, RR, and ZZ com-
ponents of CCFs. The horizontal axes show separation
distance between station pairs, and the vertical axes show
the lag time in minutes. (b) TT, RR, and ZZ components
of the Green’s functions. Also shown are names of some
typical seismic phases. (c) Zoom up of the two rectan-

gular areas in the ZZ component. Also shown are P and
SPL waves.
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Figure 4. (a) Comparison of ZZ component of the CCF
at 80° with the corresponding component of the Green’s
function. (b) Schematic figure of the coupling mechanism
between S and PL waves, and the radiation pattern from
the shear-traction source. The red color shows the radia-
tion pattern of an S wave, and the blue color shows that
of a P wave.
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