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Abstract

Earth’s background free oscillations, known as Earth’s hum, were discovered
in 1998. Excited modes of the oscillations are almost exclusively fundamental
spheroidal and toroidal modes from 2 to 20 mHz. Seasonal variations in the
source distribution suggest that the dominant sources are ocean infragravity
waves in the shallow and deep oceans. A probable excitation mechanism is
random shear traction acting on the sea bottom owing to linear topographic
coupling of the infragravity waves. Excitation by pressure sources on Earth’s
surface is also significant for a frequency below 5 mHz. A possible pres-
sure source is atmospheric turbulence, which can cause observed resonant
oscillations between the solid modes and atmospheric acoustic modes.
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1. INTRODUCTION

Massive earthquakes generate observable low-frequency seismic waves that propagate many times
around Earth. Constructive interference of such waves traveling in opposite directions results in
standing waves. The Fourier spectra of observed seismic waves show many peaks in the very-low-
frequency range (<5 mHz), which correspond to Earth’s normal modes. They contain information
about the large-scale internal structure of Earth.

After the 1960 Chilean earthquake, which was the largest earthquake in the twentieth century,
Earth’s free oscillations were reported for the first time in a memorial paper “Excitation of the Free
Oscillations of the Earth by Earthquakes” (Benioff et al. 1961). Since then, the eigenfrequencies of
these oscillations and their decay rates have been measured and compiled after large earthquakes.
With modern seismic instruments, we can now detect major modes of Earth’s free oscillations
after an earthquake with moment magnitude larger than 6.5.

Observations of low-frequency seismic waves were used to constrain the radial and lateral dis-
tribution of density, seismic wave speed, and anelastic attenuation within Earth (e.g., Dziewonski
& Anderson 1981, Gilbert & Dziewonski 1975, Masters et al. 1996). They also revealed strong
evidence that the inner core is solid (Dziewonski 1971). Another important application was the
inversion of the centroid moment tensor for large earthquakes (Dziewonski et al. 1981).

Before the first observation of Earth’s free oscillations in 1961, many researchers understood
that observation of the eigenfrequencies was key for determining Earth’s geophysical properties,
following Lord Kelvin’s estimation of the molten Earth (Dahlen & Tromp 1998, Thomson
1863). For this detection, Benioff et al. (1959) analyzed not only records of massive earthquakes,
but also quiet data, which is now recognized as Earth’s background free oscillations, or Earth’s
hum, because Benioff et al. (1959) considered the possibility of atmospheric excitation of
Earth’s free oscillations but found no such evidence (Kanamori 1998, Tanimoto 2001). The
expected signals were so small that their detection was beyond the technological accuracy at that
time.

It had long been understood that Earth’s free oscillations were a transient phenomenon in-
duced only by large earthquakes, including slow earthquakes, which can selectively excite low-
frequency modes and occur several times a year (Beroza & Jordan 1990), and huge volcanic erup-
tions (Kanamori & Mori 1992, Widmer & Zürn 1992). The possibility of Earth’s background
free oscillations had been abandoned. Fifty years later, with the development of improved seismic
instruments, Benioff ’s approach was revived.

Seismic exploration is a powerful tool not only for understanding the interior of Earth but also
for probing the internal structure of the Sun; the latter is known as helioseismology (Christensen-
Dalsgaard 2002, Gough et al. 1996, Unno et al. 1989). Leighton et al. (1962) showed the first
definite observations of solar pulsations in local Doppler velocity with periods of approximately
5 min. Ulrich (1970) found that the pulsations were generated by standing acoustic waves (equiv-
alent acoustic modes) in the solar interior. These acoustic modes are excited by turbulence at the
top of the convective layer (Goldreich & Keeley 1977). Current observations have constrained
the solar sound-speed structure to a precision better than 0.5% (Christensen-Dalsgaard 2002).

Similar excitation processes should be expected on solid planets with an atmosphere. Kobayashi
(1996) estimated the amplitudes of Earth’s background free oscillations using dimensional analysis.
Amplitudes on the order of nGal (10−11 m s−2) can now be observed by modern seismometers
(Peterson 1993). On the basis of the theoretical estimations, the possibility of seismology on Mars
has been discussed (Kobayashi & Nishida 1998; Lognonné et al. 1998b, 2000; Lognonné 2005;
Nishida et al. 2009; Suda et al. 2002). The theoretical prediction obtained triggered a search for
Earth’s background free oscillations, as described below.
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2. DISCOVERY OF EARTH’S BACKGROUND FREE OSCILLATIONS

Following the estimation of Kobayashi (1996), Nawa et al. (1998) reported modal peaks of
Earth’s background free oscillations, recorded by a superconducting gravimeter at Syowa Station,
Antarctica. The discovery triggered a debate because distinct peaks were also caused by the seiches
in Lützow-Holm Bay, where the station is located (Nawa et al. 2003, 2000). Immediately after
this report, Earth’s background free oscillations were also confirmed by other sensors: modified
LaCoste-Romberg gravimeter (Suda et al. 1998), STS-1Z seismometer (Kobayashi & Nishida
1998, Tanimoto et al. 1998), and STS-2 seismometer (Widmer-Schnidrig 2003). The studies
carefully excluded the effects of large (typically Mw >5.5) earthquakes with the help of earthquake
catalogues (Nishida & Kobayashi 1999, Tanimoto & Um 1999). The records of the LaCoste-
Romberg gravimeter dated back to the 1970s (Agnew & Berger 1978, Suda et al. 1998). For
20 years, Earth’s background free oscillations had been accepted as just background noise. Now
their existence has been firmly established at more than 200 globally distributed stations. Figure 1
shows a typical example of the spectra of ground acceleration at eight globally distributed stations.

In this review, I discuss the background excitation of seismic normal modes from 2 to 20 mHz,
referred to as Earth’s background free oscillations. Sections 3–6 summarize the observed features
of Earth’s background free oscillations. Following that, I discuss their possible excitation sources:
small earthquakes, ocean infragravity waves, and atmospheric turbulence.

3. OBSERVATIONS OF SPHEROIDAL MODES

Most studies of Earth’s background free oscillations (e.g., Kobayashi & Nishida 1998, Roult
& Crawford 2000, Suda et al. 1998, Tanimoto et al. 1998) have used the vertical components
of broadband seismometers, because the noise levels in these components are several orders of
magnitude lower than those in the horizontal components (Peterson 1993). Stacked spectra on
seismically quiet days show distinct modal peaks at eigenfrequencies of the fundamental spheroidal
modes. As shown in Figure 1, no significant spatial variation is found in the observed power spectral
densities from 2 to 7 mHz within the accuracy of their instrumental responses of approximately
10% (Ekström et al. 2006, Hutt 2011). The root mean squared (RMS) amplitude of each mode
is on the order of 0.5 nGal with little frequency dependence. The dominance of the fundamental
spheroidal modes suggests that the sources were distributed on Earth’s surface. Above 7 mHz,
distinct modal peaks cannot be identified because the constructive interference of the traveling
wave is distorted by lateral heterogeneities of Earth’s internal structure and attenuation. This
limitation originates from single-station analysis.

To detect modes above 7 mHz, spatial information of the wave fields should be utilized.
Nishida et al. (2002) performed cross-correlation analysis with an assumption of homogeneous
and isotropic sources as a stationary stochastic process. This method is a natural extension of
the spatial autocorrelation method (Aki 1957) from a semi-infinite case to a spherical one. The
resultant wavenumber-frequency spectrum shows a clear branch of fundamental spheroidal
modes (Figure 2). Their amplitudes below 7 mHz are consistent with those shown in the
single-station analysis. Earth’s background free oscillations can explain existing background noise
models (Peterson 1993) from 2 to 20 mHz (Nishida et al. 2002), as shown in Figure 3.

The spatial-time domain representation of the wavenumber-frequency spectrum, displaying
the cross-correlation functions between two stations as a function of their separation dis-
tance, indicates clear Rayleigh wave propagation from one station to another (Snieder 2006).
Figure 4 shows the cross-correlation functions bandpass filtered from 2 to 20 mHz. The figure
shows the Rayleigh wave as well as the P and S waves. The body wave corresponds to the
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Figure 1
Typical example of power spectra of ground acceleration on seismically quiet days from 1990 to 2011 at eight stations. Each modal peak
corresponds to an eigenfrequency of a fundamental spheroidal mode. The station locations are also shown in the map. The local noise
due to Newtonian attraction of atmospheric pressure (Zürn & Widmer 1995) and instrumental noise (Fukao et al. 2002, Nishida &
Kobayashi 1999) have been subtracted: the 44 stations of STS seismometers used to calculate the spectrogram shown in Figure 7 (closed
red circles), and the 283 stations of STS seismometers used to calculate the wavenumber-frequency spectrum shown in Figure 2 (open
red circles). Abbreviations: COR, Corvallis, Oregon; CTAO, Charters Towers, Queensland, Australia; ESK, Eskdalemuir, Scotland,
United Kingdom; KIP, Kipapa, Hawaii; MAJO, Matsushiro, Nagano, Japan; NNA, Nana, Lima, Peru; SUR, Sutherland, Northern
Cape, South Africa; WMQ, Ürümqi, Xinjiang Province, China.

higher-mode branches of the wavenumber-frequency spectrum (Figure 2). The amplitudes of
the higher modes (body waves) can be explained by surface sources (Fukao et al. 2002). From
the cross-correlation functions, the seismic velocity structure of the upper mantle was extracted
(Nishida et al. 2009) using the method known as seismic interferometry (e.g., Shapiro et al. 2005).

Statistical examination of the excited spheroidal modes indicated three features: (a) Standard
deviations of the spectra show that the amplitude of each mode fluctuates with time; (b) the total
modal signal power of the spectra shows that the oscillations are excited continuously; and (c) the
cross-correlation coefficients between the modal powers show that the modes do not correlate,
even with adjacent modes (Nishida & Kobayashi 1999). These features show that the sources must
be a stationary stochastic process on the entirety of Earth’s surface, which verifies the assumption of
the wavenumber-frequency analysis. The proposed excitation sources of the observed spheroidal

722 Nishida

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
13

.4
1:

71
9-

74
0.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 G
ra

nd
 V

al
le

y 
St

at
e 

U
ni

ve
rs

ity
 o

n 
06

/0
9/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.



EA41CH26-Nishida ARI 19 April 2013 14:40

F
re

q
u

e
n

cy
 (

m
H

z)

Angular order

20

18

16

14

12

10

8

6

4

2
0 100 200

0

0.2

0.4

0.6

0.8

1.0

Power
spectral

densities
(m2 s–3 × 10 –19)

Fu
n

Fu
n

d
am

d
am

en
t

en
t

e
al

 
al

 l s
p

h
sp

h
s

e

sp
h

u
n

u
n

d
am

d
am

en
t

en
t

mm
tta

lal
p

h
p

h
er

o
er

o
id

a
id

al
 ml m

o
d

e
o

d
ess

o
al

s

p
h

p
h

roer
o

iid

h
oo

id
a

dd
aall

oo
d

e
d

ess

O
v

O
v

e
r

e
rt

oto
n

e
n

e
s s

o
f

o
f

ssp
h

p
h

O
v

ss
o

f

OOOOO
oo

oooo
f

p
h

p
e

rro
id

a
d

l m
o

m
o

d
e

d
e

ss

o
o

 m
o

d

p
hh

e
r

e
o

i
o

id
a

d
a

l
oo

d
e

d
e

s

Fu
n

d
am

en
ta

l s
p

h
er

o
id

al
 m

o
d

es

O
v

e
rt

o
n

e
s 

o
f 

sp
h

e
ro

id
a

l m
o

d
e

s

 

Figure 2
Wavenumber-frequency spectrum (Nishida et al. 2002) calculated from vertical components of 283 STS
seismometers. Station locations are shown in Figure 1. Fundamental spheroidal modes as well as overtones
are shown. In particular, at higher frequencies, many stripes appear parallel to the fundamental mode branch
owing to their spectral leakages. These leakages are caused by the incomplete station distribution and lateral
heterogeneities of Earth’s structure.

modes include commonly assumed random pressure disturbances, either in the atmosphere or the
oceans, that cannot generate toroidal modes if Earth is spherically symmetric. Although detection
of the toroidal modes is crucial for inferring the excitation mechanism, the high horizontal noise
of long-period seismometers had prevented their detection.

4. OBSERVATION OF TOROIDAL MODES

The most recent data analyses at the quietest sites have revealed the existence of background
Love waves from 3 to 20 mHz, which are equivalent to the fundamental toroidal modes. Kurrle
& Widmer-Schnidrig (2008) showed the existence of background Love waves from 3.5 to
5.5 mHz using a time-domain method based on the autocorrelation functions (Ekström 2001).
The observed spheroidal and toroidal modes exhibited similar horizontal amplitudes. Nishida
et al. (2008) showed clear evidence of background Love waves from 0.01 to 0.1 Hz based on
the array analysis of Hi-net tiltmeters in the Japanese islands. The observed kinetic energy
of the Love waves was as large as that of the Rayleigh waves throughout the analysis period.
Figure 5 shows the results of the array analysis of the observed data at 12.5 mHz. These features
suggest that the excitation sources could be represented by random shear traction on the seafloor.
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Figure 3
Comparison of the power spectral densities of the background free oscillations (blue line) (Nishida et al.
2002) to those of the background noise ( green line) in the New Low Noise Model (NLNM) (Peterson 1993).
These densities coincide in almost the entire seismic passband from 2 to 20 mHz. The force systems of the
excitation sources are also shown (Fukao et al. 2010, Nishida et al. 2008).

Topographic variations in the seafloor, which are perturbations from a spherically symmetric
Earth, have a crucial role in these excitations (see Section 8 for details).

To discuss qualitatively the force system of the excitation sources, the synthetic power spectra
of acceleration for random shear traction and random pressure on the seafloor have been calculated
using the spherically symmetric Earth model PREM (Dziewonski & Anderson 1981). Here, let us
consider only the fundamental modes for simplicity. The power spectra of the spheroidal mode
�̂S

v and �̂S
h and that of the toroidal mode �̂T

h are given by

�̂S
v (ω) =

∑
l

2l + 1
4π

|ηS
l (ω)|2U l (R)2[�press

e (ω)U l (R)2 + � shear
e (ω)V l (R)2],

�̂S
h (ω) =

∑
l

2l + 1
4π

|ηS
l (ω)|2V l (R)2[�press

e (ω)U l (R)2 + � shear
e (ω)V l (R)2],

�̂T
h (ω) =

∑
l

2l + 1
4π

|ηT
l (ω)|2Wl (R)4� shear

e (ω),

(1)

where ω is the angular frequency; R is the radius of the seafloor; Ul and Vl are the vertical and
horizontal eigenfunctions, respectively, of the lth fundamental spheroidal mode; and Wl is the
eigenfunction of the fundamental toroidal mode. The eigenfunctions are normalized as

∫ Re

0
ρ(r)[U 2

l (r) + V 2
l (r)]r2dr = 1,∫ Re

0
ρ(r)W 2

l (r)r2dr = 1,

(2)

where Re is Earth’s radius, ρ is density, and r is the radius (Dahlen & Tromp 1998). The in-
dex v represents the vertical component, and h represents the horizontal component. Here, the
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Figure 4
Stacked cross-correlation functions every 0.5◦ bandpass filtered from 2 to 20 mHz. Seismograms were
recorded at stations shown as open and closed circles in Figure 1. R1 and R2 indicate Rayleigh wave
propagation along the minor and major arcs, respectively. For simplicity, only the time-symmetric part of
the cross-correlation functions is shown.

resonance function ηα
l of the lth mode is defined by

ηα
l (ω) = 2π R2ω2[

− ωα
l

2Qα
l

− i (ωα
l − ω)

] [
− ωα

l
2Qα

l
+ i (ωα

l + ω)
] , (3)

where α indicates the spheroidal mode (S) of the toroidal mode (T ), ωα
l is the eigenfrequency of

the lth mode, and Qα
l is the quality factor of the lth mode. Here, the effective shear traction � shear

e
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Figure 5
(a) Location map of 679 Hi-net tiltmeters and the distribution of continents and oceans in the azimuthal projection from the center of
the Hi-net array. (b) Frequency-slowness spectra at 0.0125 Hz, calculated for every 60 days from 166/2004 to 346/2004. (c) Azimuthal
variations of Love- and Rayleigh-wave amplitudes at 0.0125 Hz as functions of time, showing the similar azimuthal patterns. The right
column indicates the temporal change of amplitudes of primary microseisms (mean power spectral densities from 0.08 to 0.09 Hz) and
secondary microseisms (from 0.12 to 0.125 Hz), showing the activity pattern similar to that of Love and Rayleigh waves at 0.0125 Hz
(from Nishida et al. 2008). Abbreviation: PSD, power spectral density.

726 Nishida

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
13

.4
1:

71
9-

74
0.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 G
ra

nd
 V

al
le

y 
St

at
e 

U
ni

ve
rs

ity
 o

n 
06

/0
9/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.



EA41CH26-Nishida ARI 19 April 2013 14:40

and the effective random pressure �
press
e (Nishida & Fukao 2007) are defined by

�press
e ( f ) ≡ Lpress(ω)2

4π R2
p(ω) [Pa2 Hz−1],

� s hear
e ( f ) ≡ Ls hear (ω)2

4π R2
τ (ω) [Pa2 Hz−1],

(4)

where p(ω) is the power spectrum of the random surface pressure, τ (ω) is that of the random surface
shear traction, Lpress(ω) is the correlation length of the random surface pressure, and Lshear(ω) is
that of the random surface shear traction. � shear

e and �
press
e represent the power spectrum of random

pressure and the random shear traction on the seafloor per wavenumber, respectively. In Equation
(1), the excitation by the effective pressure is also evaluated for discussion in the following sections.

Here, I consider only the random shear traction based on an empirical model (Nishida & Fukao
2007) as

� shear
e ( f ) ∼ 7 × 10−6

(
f
f0

)−2.3

[Pa2 Hz−1], (5)

where f0 = 1 mHz. The model is slightly modified from that of the effective pressure (Fukao
et al. 2002). This model explains the observed vertical components of the fundamental spheroid
modes below 6 mHz.

For comparison with the observations, the spectral ratio between the fundamental toroidal
and spheroid modes have been calculated for the empirical model in Figure 6. The model of the
random shear traction can explain the observed amplitude ratios at frequencies around 12 mHz
(Nishida et al. 2008). However, at frequencies around 4 mHz, the observed ratios are significantly
smaller than estimations (Kurrle & Widmer-Schnidrig 2008). The model overpredicts the ampli-
tudes of the toroidal mode at 4 mHz. This result suggests that, below 5 mHz, the contribution of
random surface pressure must be considered.

Love wave/ Rayleigh wave (horizontal)Love wave/Rayleigh wave (vertical)
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Widmer-Schnidrig
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Nishida et al.
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Frequency (mHz)

Figure 6
Ratios between background Love and Rayleigh waves. The ratio between the synthetic power spectrum of
the fundamental Love wave and that of the horizontal component (solid blue line) and vertical component
(dashed red line) of the fundamental Rayleigh wave. The results observed by Kurrle & Widmer-Schnidrig
(2008) and Nishida et al. (2008) are also shown. Blue closed squares and red open circles show the ratio
between the Love wave and the horizontal and vertical components of the Rayleigh wave, respectively.
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Figure 7
Spectrogram of the seismically quiet days from 1990 to 2011, showing successive monthly spectra; each
spectrum is an average of the 1-day spectra over 90 days and over 44 stations shown in Figure 1. The local
noise due to Newtonian attraction of atmospheric pressure (Zürn & Widmer 1995) and the instrumental
noise (Fukao et al. 2002, Nishida & Kobayashi 1999) have been subtracted. The figure shows only the
relatively narrow frequency range from 3 to 5 mHz. The vertically intense lines with approximately regular
intervals correspond to the spectral peaks of fundamental spheroidal modes. An apparent annual variation is
observed (Nishida et al. 2000).

5. TEMPORAL AND SPATIAL VARIATIONS IN EXCITATION SOURCES

If the excitation sources of Earth’s background free oscillations were oceanic and/or atmospheric
in origin, temporal variations in the excitation amplitudes should be observed. Figure 7 shows a
spectrogram of mean spectra observed on seismically quiet days from 1991 to 2011. To improve
the signal-to-noise ratio, the spectra were stacked over 44 stations for 3 months (90 days); the
resultant spectrum was regarded as the average spectrum for the middle of the month. The figure
shows persistent excitation of the fundamental spheroidal modes with seasonal variations.

To enhance the signal-to-noise ratio, all the modes from 0S22 to 0S43 except for 0S29 were
stacked. Figure 8 shows the annual and semiannual variations of approximately 10% of the mean
RMS amplitude with the largest peak in July and a secondary peak in January (Ekström 2001,
Nishida et al. 2000, Roult & Crawford 2000, Tanimoto 2001, Tanimoto & Um 1999). Anomalous
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Figure 8
Temporal variations in modal amplitudes of fundamental spheroidal modes against days of the year. Data
from 44 stations (Figure 1) from 1990 to 2011 were stacked. Red open circles indicate the mean modal
amplitudes from 0S22 to 0S43 except for 0S29. Blue squares indicate the modal amplitudes of 0S29, which is
the acoustic coupling mode.

variations can also be identified in one specific mode (0S29), which is known as the acoustic coupling
mode (see the discussion in the next section). The estimated amplitudes were scattered partly
because of the heterogeneous source distribution. For further analysis, the spatial distribution of
the sources needs to be inferred. However, the number of available stations was not enough to
determine this at the initial stage of the studies.

During the 2000s, an increased number of broadband seismometers in the global and re-
gional networks facilitated inferences regarding the distribution on the excitation sources. Rhie &
Romanowicz (2004) determined the locations of the excitation sources using two arrays of broad-
band seismometers, one in California and the other in Japan. Array analyses (Rost & Thomas
2002) provide an efficient method for processing large amounts of data, partly because the phase
differences between the records, rather than the amplitudes, are a more robustly observed parame-
ter (Ekström et al. 2006, Hutt 2011). Figure 9 shows the seasonal variations in source locations in
the year 2000 by Rhie & Romanowicz (2004). In the northern-hemispheric winter, the strongest
sources were located in the northern Pacific Ocean (Figure 9a), whereas in the summer, they
were located near the Antarctic Ocean (Figure 9b). On the basis of a comparison of the seasonal
variations with the global distribution of significant wave height in winter (Figure 9c) and summer
(Figure 9d), Rhie & Romanowicz (2004) concluded that Earth’s background free oscillations were
excited by ocean infragravity waves through interaction with the seafloor topography. Other stud-
ies (Bromirski & Gerstoft 2009, Kurrle & Widmer-Schnidrig 2006, Rhie & Romanowicz 2006,
Traer et al. 2012) using arrays of vertical components also supported the result that the major
sources of the background Rayleigh waves were located in regions around the ocean-continent bor-
ders, where the ocean wave height was the highest. An array analysis using horizontal components
in Japan (Nishida et al. 2008) showed that the azimuthal distributions of background Love waves
are similar to those of Rayleigh waves. The background surface waves along the continental coast
were strongest; the weaker waves with clearly observed amplitudes traveled from the Pacific Ocean
and the weakest waves traveled from the Asian continent (Figure 5c). Although these amplitudes
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Figure 9
Comparison of seasonal variations in the distribution of hum-related noise (degree one only) and significant wave height in the year
2000. The directions corresponding to the mean amplitudes that are larger than 85% of the maximum are combined for the two arrays
in (a) winter and (b) summer to obtain the region of predominant sources in each season. White arrows indicate the directions of the
maxima. Both arrays are pointing to the North Pacific Ocean in the winter and to the southern oceans in the summer. Global
distribution of significant wave height in the (c) winter and (d ) summer was averaged from TOPEX/Poseidon images for the months of
January and July 2000, respectively. Black shading in panels c and d indicates locations with no data (from Rhie & Romanowicz 2004).
Abbreviations: BDSN, Berkeley Digital Seismic Network (in Northern California); F-net, Full Range Seismograph Network (deployed
in Japan by the National Research Institute for Earth Science and Disaster Prevention).

are in good agreement with their spatial distribution, the precise spatial extent of the sources is po-
tentially ambiguous because of the use of local or regional data sets (e.g., USArray, F-net, Hi-net).

Cross-correlation analysis is another method used to estimate source distribution. A cross-
correlation function between two stations is highly sensitive to excitation sources randomly
distributed in close proximity to the major arc of the great circle path where waves radiating from
it interfere constructively while waves radiated from sources off the great circle path interfere
destructively (Nishida & Fukao 2007, Snieder 2006). Therefore, if there were any heterogeneity
in the spatial distribution of the excitation sources, then the observed cross-correlation functions
would deviate from the reference. This method has been applied for microseisms from 0.025
to 0.2 Hz (Stehly et al. 2006). A frequency-slowness spectrum by the array analysis (e.g.,
Figure 5b) can also be mathematically reconstructed from the cross-correlation functions. These
two methods are equivalent in some cases.

To infer the spatial extent of the sources, Nishida & Fukao (2007) modeled the cross spectra of
the vertical components between pairs of stations while assuming stationary stochastic excitation
of the Rayleigh waves by random surface pressure sources. They fitted the synthetic spectra to
yearly averages of observed cross spectra between pairs of 54 global stations for 2-month periods.
Figure 10 shows the resulting source distributions from 2 to 10 mHz every 2 months. The
locations of the strongest sources are consistent with those estimated by the array analysis. This
study also showed that the excitation sources are not only localized in shallow oceanic regions, but
also distributed over the entire sea surface. The source distribution of the background Love waves
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Figure 10
Spatial distribution of excitation sources estimated for every two months of the year. Color scale indicates amplitudes relative to the
reference effective pressure model (from Nishida & Fukao 2007).

(or toroidal modes) has not yet been inferred because of the high noise levels of the horizontal
components. Recent dense networks of broadband seismometers may reveal the distribution in
future studies.

6. ACOUSTIC RESONANCE BETWEEN THE ATMOSPHERE
AND SOLID EARTH

Acoustic coupling between Earth and the atmosphere is important when considering the
atmospheric excitation of free oscillations of solid Earth (Lognonné et al. 1998a, Watada 1995,
Watada & Kanamori 2010). Resonant oscillations are observed at two frequencies: One is the
fundamental Rayleigh wave at periods around 270 s (0S29), and the other is the Rayleigh wave
at periods around 230 s (0S37). 0S29 is coupled with a mode along the fundamental branch of
the atmospheric acoustic modes, whereas 0S37 is coupled with an acoustic mode along the first
overtone branch, as shown in Figure 11. This acoustic coupling was observed for the first time
when a major eruption of Mt. Pinatubo, the Philippines, occurred on June 15, 1991 (Kanamori
& Mori 1992, Widmer & Zürn 1992, Zürn & Widmer 1996). The coupling was recognized as
harmonic long-period ground motions at the resonance frequencies associated with the eruption
recorded at many stations on the worldwide seismographic networks.

Evidence of acoustic coupling of Earth’s background free oscillations can be found in the
presence of two local increased modal amplitudes of these oscillations at angular orders of 29 and
37 (Nishida et al. 2000). Figures 1 and 7 show the two local maxima of the excitation amplitudes.
The increases in amplitudes of the two resonant frequencies are approximately 10∼20% of the
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Figure 11
An overlay of dispersion diagrams of solid Earth and the atmosphere. The two red circles indicate the two
resonant frequencies.

amplitude of the decoupled modes. These amplitudes are consistent with those estimated from
the wavenumber-frequency spectra (Nishida et al. 2002).

The coupled mode 0S29 shows a greater annual variation (approximately 40%) than do the
oscillations that are decoupled from the atmospheric oscillations (Figure 8). This amplification
should depend critically on the extent of the resonance occurring between solid Earth and the
atmosphere. The eigenfrequencies of the acoustic modes are sensitive to the acoustic structure of
the atmosphere, which varies annually. The difference in the amplitude of the annual variation
between 0S29 and other modes suggests that the annual variation in the acoustic structure is more
attuned to the resonant frequencies of the acoustic modes than to those of the seismic modes in
the northern-hemispheric summer (“tuning mechanism”) (Nishida et al. 2000). The attenuation
and eigenfrequency of the acoustic resonance are so sensitive to the local atmospheric structure
(Kobayashi 2007) that more quantitative treatment of the coupling is needed for further discussion.

7. CUMULATIVE EXCITATION BY SMALL EARTHQUAKES

Most studies of Earth’s background free oscillations have excluded seismic records that were
disturbed by large earthquakes (e.g., Nishida & Kobayashi 1999, Tanimoto & Um 1999). However,
many small earthquakes may induce continuous tiny free oscillations. Nevertheless, this possibility
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was rejected on the basis of a numerical experiment and an order of magnitude estimate (Kobayashi
& Nishida 1998, Suda et al. 1998, Tanimoto & Um 1999). Using the Gutenberg-Richter law,
researchers estimated the modal amplitudes of Earth’s free oscillations to be two or three orders
of magnitude smaller than those observed. The observed temporal and spatial characteristics
provided further evidence for rejection of this possibility.

8. EXCITATION BY OCEAN INFRAGRAVITY WAVES

Shortly after the discovery of Earth’s background free oscillations, researchers identified the
pressure changes at the ocean bottom due to oceanic swells as the probable excitation source
(Tanimoto 2005, Watada & Masters 2001). Ocean swells in this frequency band are gravity waves,
often called infragravity waves, in the deep sea or surf beat in coastal areas. The typical frequency
of Earth’s background free oscillations of approximately 0.01 Hz (Figure 3) coincides with a
broad peak in the ocean-bottom pressure spectrum (e.g., Sugioka et al. 2010, Webb 1998). Rhie &
Romanowicz (2004) found that the excitation sources are dominant in the northern Pacific Ocean
in the northern-hemispheric winter and in the Circum-Antarctic in the southern-hemispheric
winter. The source distribution is consistent with oceanic wave height data. By comparing this
result to significant oceanic wave height data, these authors concluded that ocean infragravity
waves were the most probable excitation source. Note, however, that significant wave height does
not directly reflect the ocean infragravity waves but instead reflects the wind waves of a typical
frequency on the order of 0.1 Hz.

To discuss the excitation by ocean infragravity waves, let us consider the horizontal propagation
of ocean infragravity waves: The z-axis is considered to be positive upward with the undisturbed
sea surface at z = 0 and the undisturbed seafloor at z = −h, as shown in Figure 12a. A sinusoidal
wave is assumed to propagate in the positive x direction with wavenumber k and angular frequency
ω. The phase velocity c0 is given by

c 0 =
√

g
k

tanh kh, (6)

where g is gravitational acceleration. In the long-wave approximation (kh�1), infragravity waves
propagate in the horizontal direction with an approximate phase velocity of

√
gh. Slower velocities

at shallower water depths tend to trap most of the infragravity waves in shallow areas where there
are two types of freely propagating infragravity waves: edge and leaky waves. Edge waves are
repeatedly refracted. As a result, they become trapped in close proximity to the shore. By contrast,
leaky waves can propagate to and from deep water (Figure 12b). In the shallow waters of the
surf zone, the infragravity waves steepen their fronts with increasing amplitudes, a phenomenon
known as surf beat.

Ocean infragravity waves are generated primarily by nonlinear forcing by higher-frequency
wind waves with dominant periods of approximately 10 s (Longuet-Higgins & Stewart 1962,
Munk 1949). Bowen & Guza (1978) suggested that edge waves may become larger than leaky
waves because they are trapped in shallow water (low-velocity region) where strong nonlinear
forcing occurs. Mesoscale forcing by the primary wind waves in the deep ocean also generates ocean
infragravity waves (Uchiyama & McWilliams 2008). Although these studies and observations have
improved our knowledge of ocean infragravity waves, these waves are still not fully understood.

8.1. Nonlinear Coupling Between Ocean Infragravity Waves and Seismic Modes

Higher-frequency ocean swells from 0.05 to 0.2 Hz also excite seismic waves. The excited back-
ground Love and Rayleigh waves are known as microseisms. The excitation mechanisms of these
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Figure 12
(a) Schematic of the topographic coupling between the ocean infragravity waves and the background Love
and Rayleigh waves. The coupling occurs efficiently when wavelength λ of the infragravity waves at the
frequency and the horizontal scale of the topography match each other. H is the height of the hill whose
horizontal scale is λ, and ζ is the displacement amplitude of the sea surface. (b) Schematic of the nonlinear
forcing of seismic modes by ocean infragravity waves in coastal areas. When two regular wave trains
traveling in opposite directions with displacement amplitude of the sea surface interact, the second-order
pressure fluctuation δp with correlation length Lpress excites background Rayleigh waves. (c) Schematic of the
atmospheric excitation by cumulus convection or atmospheric turbulence in the troposphere. Random
pressure fluctuation δp of cumulus convection or atmospheric turbulence with correlation length Lpress

excites background Rayleigh waves.
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waves have been firmly established. Microseisms are identified at primary and double frequencies
(Figure 3). Primary microseisms are observed at approximately 0.08 Hz and have been inter-
preted as being caused by direct loading of ocean swell onto a sloping beach (Haubrich et al.
1963). The typical frequency of the secondary microseisms is approximately 0.15 Hz, roughly
double the typical frequency of ocean swells, indicating the generation of the former through
nonlinear wave-wave interaction of the latter (Kedar et al. 2008, Longuet-Higgins 1950). There
are several reports of background Love waves in microseismic bands, where the energy ratio of
Love to Rayleigh waves is much higher for primary microseisms than for secondary microseisms
(Friedrich et al. 1998, Nishida et al. 2008). Because the ratio of Love to Rayleigh waves for primary
microseisms is similar to that of Earth’s background free oscillations at 10 mHz, the low-frequency
components of primary microseisms (Kurrle & Widmer-Schnidrig 2010) may be related to the
excitation of Earth’s background free oscillations.

Webb (2007) extended the Longuet-Higgins mechanism of secondary microseisms to
the excitation of Earth’s background free oscillations via a correction of the ellipticity of the
particle motion of the infragravity waves (Tanimoto 2007, 2010, Webb 2008). He concluded that
the infragravity waves trapped in the shore regions are dominant sources of Earth’s background
free oscillations, although the excitation by the infragravity waves in regions of oceanic basins
cannot be neglected (Webb 2008). For a better understanding of this mechanism, let us consider
the simplified case shown Figure 12b. When two regular wave trains traveling in opposite
directions with displacement amplitude of the sea surface ζ and frequency ω interact, the
second-order pressure fluctuation δp can be approximated by −2ρφζ ( f )ω2� f , where φζ ( f ) is
the power spectra of the displacement amplitude of the sea surface. The power spectra of the
pressure fluctuations p and their correlation length Lpress can then be roughly estimated as

p( f ) ∼ δp2 / � f [Pa2 Hz−1], (7)

Lpress( f ) ∼ λ = 105 [m]. (8)

In particular, the estimation of the correlation length has potential ambiguity. Insertion of these
parameters into Equations (1) and (4) yields an estimate of the amplitudes of Earth’s background
free oscillations that is consistent with the observed amplitudes of the background Rayleigh waves
from 5 to 20 mHz (Tanimoto 2007, 2010, Webb 2008).

A drawback of this mechanism is that it cannot explain the observed background Love waves
because the pressure sources cannot excite Love waves in a spherically symmetric structure (Tani-
moto 2010). In addition, the mechanisms cannot explain the observed typical frequency of Earth’s
background free oscillations of approximately 0.01 Hz because the typical frequency should be
double a frequency of approximately 0.02 Hz owing to the nonlinear effect. Such a possibility can-
not be ruled out for frequencies below 5 mHz, because pressure sources are also significant in this
frequency range (Figure 3). Although most of these studies focused on nonlinear forcing of seismic
modes by ocean infragravity waves, nonlinear forcing by primary higher-frequency wind waves at
approximately 0.1 Hz may not be negligible. Further studies are needed to address these issues.

8.2. Topographic Coupling Between Ocean Infragravity
Waves and Seismic Modes

A possible excitation mechanism of background Love and Rayleigh waves in the frequency range
of 2–20 mHz is linear topographic coupling between ocean infragravity waves and seismic surface
waves (Fukao et al. 2010, Nishida et al. 2008, Saito 2010). The wavelengths of infragravity waves
in this frequency range are on the order of 10–40 km in the deep ocean. The seafloor topography
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with wavelengths of this order is dominated by abyssal hills on the ocean floor. Coupling occurs
efficiently when the wavelength of the infragravity waves at the frequency λ and the horizontal
scale of the topography match each other. Topographic coupling then generates a random
distribution of point-like tangential forces on the seafloor. Fukao et al. (2010) assumed a random
distribution of triangular hills such that the power spectrum of the random shear traction τ and
the correlation length Lshear can be estimated as

τ ( f ) ∼ pocean( f )C
H 2

λ2
[Pa2 Hz−1], (9)

Lshear( f ) ∼ λ [m], (10)

where C is a nondimensional statistical parameter of the hill’s distribution, H is the height of the
hill whose horizontal scale is λ, and pocean is the power spectrum of the pressure fluctuations on the
seafloor (Figure 12a). Note, however, that this mechanism generates only horizontal force but no
vertical force (Fukao et al. 2010). Insertion of these parameters into Equations (1) and (4) yields
estimated amplitudes that are consistent with the observed amplitudes of the background Love and
Rayleigh waves from 5 to 20 mHz. These results can explain the observed amplitude ratio between
the Love and Rayleigh waves (Fukao et al. 2010) shown in Figure 6 as well as the observed spatial
extent of the sources. However, there are still ambiguities regarding the assumed parameters.

9. EXCITATION BY ATMOSPHERIC TURBULENCE

An atmospheric excitation mechanism was first proposed by Kobayashi (1996) as an analogy to he-
lioseismology. Atmospheric turbulence and/or cumulus cloud convection (Shimazaki & Nakajima
2009) in the troposphere cause atmospheric pressure disturbances. They act on Earth’s surface and
persistently induce spheroidal modes of Earth as shown in Figure 12c. According to his theory, the
excitation sources can be characterized by stochastic parameters of atmospheric turbulence: One
is the power spectra of the pressure disturbances p( f ), and the other is their correlation length
Lpress( f ). These pressure sources can excite only Rayleigh waves. Therefore, this mechanism is
applicable below 5 mHz. A quantitative comparison was made between the atmospheric pressure
disturbance and Earth’s background free oscillations (Fukao et al. 2002, Kobayashi & Nishida
1998, Tanimoto & Um 1999), and an empirical model was defined by

p( f ) = 4 × 103 ×
(

f
f0

)−2

[Pa2 Hz−1] (11)

and

Lpress( f ) = 600 ×
(

f
f0

)−0.12

[m]. (12)

This estimation still contains ambiguities because the global observation of the atmospheric turbu-
lence is not available in this frequency range. In particular, the spatial structure of such turbulence
strongly depends on the buoyancy frequency in the lowermost atmospheric structure, which is
too complex to evaluate.

The atmospheric excitation mechanism can also explain observed resonant oscillations between
the solid modes and acoustic modes at the two frequencies, 3.7 and 4.4 mHz (Kobayashi et al.
2008). Webb (2008) noted that ocean infragravity waves could excite low-frequency atmospheric
acoustic waves through nonlinear interaction, as in microbaroms, at frequencies of approximately
0.2 Hz (Arendt & Fritts 2000). However, observed low-frequency infrasounds below 10 mHz
were related to atmospheric phenomena: convective storms as well as atmospheric turbulence
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in mountain regions (Georges 1973, Gossard & Hooke 1975, Jones & Georges 1976, Nishida
et al. 2005). The acoustic resonance observed at the two frequencies suggests that atmospheric
disturbances contribute to the excitation of Earth’s background free oscillations.

Atmospheric internal gravity waves are another possible source of excitation. The same prin-
ciples of topographic coupling and nonlinear forcing of ocean infragravity waves may be applied
to atmospheric internal gravity waves. Below 10 mHz, the influence of internal gravity waves be-
comes dominant in the lower atmosphere (Nishida et al. 2005), although this depends strongly on
local stratification. Because their amplitudes are on the order of 104 [Pa2 Hz−1], these excitation
mechanisms may not be negligible. These mechanisms should be addressed in a future study.

SUMMARY POINTS

1. Earth’s background free oscillations from 2 to 20 mHz are observed at globally distributed
stations.

2. Excited modes of the oscillations are almost exclusively fundamental spheroidal and
toroidal modes. Amplitudes of the toroidal modes are larger than those of the spheroidal
modes.

3. During the 2000s, an increased number of broadband seismometers in the global and
regional networks facilitated inferring temporal variations in the source distribution.
They suggest that ocean infragravity waves are dominant sources of the oscillations.

4. A possible excitation mechanism of the oscillations is random shear traction on the
seafloor. The shear traction owes to linear topographic coupling between ocean infra-
gravity waves and seismic modes.

5. Pressure sources are also significant for the oscillations below 5 mHz. Acoustic resonance
between the atmosphere and solid Earth at 3.7 and 4.4 mHz suggests that atmospheric
disturbances contribute to the excitation. Another possibility is nonlinear forcing of the
seismic modes by ocean infragravity waves.
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