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Seismic noise between 0.003 Hz and 1.0 Hz 
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Abstract 

It is now established that the primary microseism, the secondary microseisms, and the hum are the three main 
components of seismic noise in the frequency band from about 0.003 Hz to 1.0 Hz. Monthly averages of seismic noise 
are dominated by these signals in seismic noise. There are, however, some temporary additional signals in the same 
frequency band, such as signals from tropical cyclones (hurricanes and typhoons) in the ocean and on land, storm-
quakes, weather bombs, tornadoes, and wind-related atmospheric pressure loading. We review these effects, lasting 
only from a few hours to a week but are significant signals. We also attempt to classify all seismic noise. We point 
out that there are two broad types of seismic noise, the propagating seismic waves and the quasi-static deformations. 
The latter type is observed only for surface pressure changes at close distances. It has been known since about 1970 
but has not been emphasized in recent literature. Recent data based on co-located pressure and seismic instruments 
clearly show its existence. Because the number of phenomena in the first type is large, we propose to classify all 
seismic noise into three categories: (1) propagating seismic waves from ocean sources, (2) propagating seismic waves 
from on-land sources, and (3) quasi-static deformation at ocean bottom and on land. The microseisms and the hum 
are in the first category although there are differences in the detailed processes of their excitation mechanisms. We 
will also classify temporary signals by these categories.

Keywords Low-frequency seismic noise, Ocean–solid earth interaction, Wave–wave interaction, Quasi-static 
deformation

1 Introduction
The study of seismic noise started shortly after mechani-
cal seismic instruments were developed in the late 
nineteenth century to the early twentieth century (e.g., 
Wiechert 1904; Gutenberg 1912; Omori 1918; Bernard 
1990). It was noted that the microseisms were the domi-
nant signals in the absence of earthquake signals, even in 
these early seismic instruments. The cause of excitation 
was not clear but early postulates included the excitation 
by surf breaking on coasts (Wiechert 1904) and ocean 
swell (Omori 1918), which we now know to be correct 

for some microseism sources. However, it took almost a 
half-century before the basic mechanisms for the micro-
seisms were sorted out by Hasselmann (1963). This was 
mainly because the cause of the secondary microseism 
was not properly understood until the work of Longuet-
Higgins (1950). Gutenberg, who wrote a doctoral thesis 
in Göttingen on seismic noise (Gutenberg 1912), stated 
twenty-four years later (Gutenberg 1936) “while for most 
of the types of microseisms the cause is known, there is 
still no agreement among seismologists on the cause of 
the most common type, namely, the more or less regular 
microseisms with periods of from 4 to 10 s.” The double-
frequency mechanism for the secondary microseism in 
which the interactions between ocean waves generate 
seismic noise was the missing element for many dec-
ades in the early twentieth century. Clarification of this 
process due to the nonlinear interactions among ocean 
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waves was finally published by Longuet-Higgins (1950). 
This paper also referred to an earlier, equivalent work by 
Miche (1944) which was written in French. This led to a 
summary of excitation mechanisms for seismic noise by 
Hasselmann (1963).

Based on Hasselmann’s (1963) analysis, it has been 
stated (e.g., Ardhuin et al. 2015) that the two main mech-
anisms of excitation of microseisms, the direct inter-
actions between ocean waves and solid Earth near the 
coast, and the interactions among the ocean waves can 
explain the excitation of the microseisms. Verification of 
these mechanisms was not straightforward in the 1960s 
and 1970s, however, because the widely analyzed seismic 
data during these decades came from the World Wide 
Standardized Seismograph Network (WWSSN) stations, 
which had two different sensors, covering the short peri-
ods (targeted at about 1  s) and the long periods (target 
at about 15  s) separately. These sensors were precisely 
designed to avoid the large microseism noise between 
these periods and prevented further analysis of seismic 
noise. This situation changed, however, when the digital, 
continuous recordings of broadband instruments became 
common in the mid-1980s, especially with the formation 
of the Incorporated Research Institutions of Seismology 
(IRIS Science Plan 1984).

In this paper, we limit our discussion to seismic noise 
in the low-frequency band from about 0.003  Hz to 
1.0 Hz. We have learned from the past few decades that 
the dominant causes of seismic noise between about 
0.003 Hz and 1.0 Hz are the processes in the oceans (e.g., 
Nishida 2017). Below 0.003 Hz, seismic noise is primar-
ily controlled by atmospheric processes (e.g., Warburton 
and Goodkind 1977; Zürn and Widmer 1995; Beauduin 
et  al. 1996; Tanimoto 1999; Roult and Crawford 2000; 
Tanimoto et al. 2015a, b). Therefore, seismic noise below 
about 1  Hz is primarily caused by nature rather than 
anthropological processes.

Above 1.0 Hz, there is noise generated by nature such 
as winds and ocean processes, but various forms of 
human activities contribute greatly. Examples include 
the resonant frequencies of buildings (except for the true 
high-rises) that are typically above 1  Hz and the noise 
from trains, automobiles (highways), factories, and other 
human activities. The high-rise buildings that have ~ 100 
stories have resonant periods of the order of 10 s and are 
an exception to this statement, but such buildings are still 
quite rare.

The importance of human-generated seismic noise 
for frequencies above 1  Hz became abundantly clear 
during the COVID-19 lockdown periods in the past 
few years (e.g., Lecocq et al. 2020; Xiao et al. 2020). We 
found extremely quiet periods in seismic noise for fre-
quencies above 1  Hz. This was a new confirmation of 

the importance of human-related, cultural noise above 
1.0  Hz. There are other fascinating aspects of seismic 
noise above 1.0 Hz, but in this paper, we restrict the fre-
quency range to below 1  Hz and focus only on seismic 
noise caused by nature.

We have two main goals for this paper. One is to sum-
marize various types of seismic noise, not only the three 
main types of noise between 0.003 and 1.0 Hz but seven 
relatively short-term deviations from them. The other 
goal is to classify the entire set of seismic noise.

In Sect. 2, we summarize the main three components 
of seismic noise, the primary microseism, the second-
ary microseism, and the hum, even though there already 
exist reviews on them such as Nishida (2017) and Tani-
moto et al. (2015a, b). We will try to put them in context 
for this paper in order to discuss the different types of 
noise.

In Sect. 3, we first discuss that the entire seismic noise 
can be classified into two broad types: the first type is 
the propagating seismic noise and the second type is the 
quasi-static deformation. The latter type is generated by 
slow surface pressure changes near a station that act like 
a surface load. The solid Earth deforms almost statically 
in response to slow surface pressure changes in time. For 
our classification scheme, because there are many exam-
ples of seismic noise for the first type, we will introduce 
a subdivision in it and attempt to classify seismic noise 
by three categories: (1) propagating seismic waves from 
ocean processes, (2) propagating seismic waves from 
atmospheric processes, and (3) the quasi-static defor-
mation from pressure loading at ocean bottom and on 
land. In Sect. 4, we will discuss seven phenomena that are 
deviations from the main three noises and classify them 
according to this scheme.

In Sect.  5, we will visit some long-lasting questions 
from the perspective of our current understanding of 
seismic noise. We believe that a question on microseisms 
such as "Are the sources coastal or pelagic?" (Haubrich 
and McCamy 1969) can now be answered. We also review 
recent literature on the reason why SH-type waves (Love 
waves) are observed in the frequency band of secondary 
microseism (0.1–0.4  Hz); this appears puzzling because 
the wave–wave interaction at the source is equivalent to 
vertical forcing and thus cannot excite SH-type waves.

2  Review
In this section, we review the three main components 
of seismic noise, the primary microseism, the secondary 
microseism, and the hum. There is significant overlap 
with previous publications such as Nishida (2017) and 
Tanimoto et  al. (2015a) but to define and clarify some 
terms for later use we will discuss these phenomena in 
detail.
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2.1  The primary and the secondary microseisms
We start our discussion with the well-known new-low-
noise-model (NLNM) by Peterson (1993) which summa-
rized the characteristics of seismic noise. Figure 1 shows 
this model that plots the power spectral densities (PSD) 
of ground acceleration as a function of frequency from 
0.1 mHz (milli-hertz) to 10 Hz. The largest peak in Fig. 1 
is the secondary microseism whose frequency range is 
approximately between 0.1 and 0.4  Hz. The small peak 
at about 0.05–0.07  Hz that shows up on the lower fre-
quency side (left) of this peak is the primary microseism. 
It has been confirmed by many studies (e.g., Bromirski, 
et  al. 1999) that the frequencies of the primary micro-
seism match with those of ocean waves from ocean buoy 
data, and the frequencies of the secondary microseism 
are approximately twice the frequency of ocean waves 
(hereafter, the double frequency or DF).

The frequency range of the secondary microseism 
slightly differs from location to location, especially the 
width of the main frequency band. Figure 2 shows exam-
ples from three locations; YBH (Fig. 2a) in Northern Cal-
ifornia, HRV in Massachusetts, USA (Fig. 2b), and CTAO 
in the Northwest region of Australia (Fig. 2c). Many seis-
mic stations in California, such as YBH, show that the 
secondary microseism has a peak at about 0.15 Hz which 
is approximately double the ocean-wave frequency. Its 
width is typically limited to the range between 0.1 and 

0.25  Hz (Fig.  2a, YBH). On the other hand, many sta-
tions on the east coast of the United States (Fig. 2b, HRV) 
generally show a broader secondary-microseism peak 
spanning from about 0.1  Hz to 0.4  Hz. Stations in the 
northwest U.S. in the states of Washington and Oregon, 
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Fig. 1 Characteristic spectral features of seismic noise from 0.0001 
to 10 Hz. This is a model (NLNM) by Peterson (1993). For frequencies 
below 0.003 Hz, atmospheric processes are the main source 
of seismic noise but oceanic processes are the main source 
in the frequency band from 0.003 to 1.0 Hz; there are three main 
seismic noises in this frequency band and they are, from low 
frequency, the hum, the primary microseism and the secondary 
microseism

Fig. 2 Spectral characteristics of primary microseism and secondary 
microseism at three locations, YBH in California, USA (top), HRV 
near the east coast of USA (middle), and CTAO in the northeastern 
part of Australia (bottom). Monthly averages are shown in different 
colors. Spectral shapes of the secondary microseism (0.1–0.4 Hz) 
vary greatly from location to location which in most cases reflect 
the behavior of ocean waves in the nearby ocean
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also show a similar broad peak in comparison to Califor-
nia stations. Such a variation in the width of the second-
ary microseism also occurs in the southern hemisphere 
(Fig.  2c, CTAO in Australia), although the high-ampli-
tude season is the winter in each hemisphere. These high-
amplitude seasons occur when ocean waves in the nearby 
oceans have high amplitudes, suggesting that the source 
of secondary microseisms is dominated by ocean waves 
from the nearby ocean (Bromirski et al. 1999).

Koper and Burlacu (2015) pointed out, using seismic 
data from the Transportable Array of the EarthScope 
network (hereafter TA), that the secondary microseism 
(DF) consisted of two peaks, the lower frequency peak 
at about 0.1–0.17 Hz (period 6–10 s) and the higher fre-
quency peak at about 0.17–0.5 Hz (period 2–6 s). Polari-
zation analysis indicated that their source areas point 
to different oceanic regions and their sources generally 
agreed with the oceanic noise source model of Ardhuin 
et  al. (2011). The source regions of seismic noise in the 
oceans have slightly different spectral peaks. The sta-
tion they analyzed in the paper was a TA station in Utah 
which is located far away from the Pacific Ocean and 
the Atlantic Ocean. If a station were close to the coast, 
however, seismic noise would be strongly influenced by 
the ocean-wave characteristics in the nearby ocean and 
less so from other distant oceans. However, there could 
be short time intervals even for stations in California for 
which the excitation source in the Atlantic Ocean is the 
cause of seismic noise when the nearby ocean becomes 
calm (Schulte-Pelkum et al. 2004).

2.2  Forcing mechanisms of primary and secondary 
microseisms

2.2.1  Excitation of primary microseism and direct interaction 
between ocean waves and solid earth (DI)

The reason that ocean waves and the primary microseism 
have the same frequency is because the ocean waves 
directly interact with the seafloor and exert forces on the 
solid Earth. In the case of primary microseism, ocean 
waves are the swells that are generated by storms (low-
pressure systems) at distant locations, usually in the mid-
dle of oceans. Figure 3a, b show an example of an ocean 
swell that was generated in the Northern Pacific Ocean. 
Ocean wave heights (Significant Wave Height, SWH) are 
shown in Fig. 3a, displaying more than 6 m of maximum 
amplitude (dark red). These waves were generated in the 
mid-latitude region of the Northern Pacific Ocean and 
propagated toward the west coast of the U.S.

These waves, typically at periods of about 14  s but 
occasionally becoming longer periods of up to about 
18  s, do not generate seismic waves while they are in 
deep oceans. This can be understood easily if we exam-
ine the wavelength and the depth extent of these waves. 

The dispersion relation of these ocean waves (in deep 
water meaning tanh(kH) ≈ 1 ) is given by ω2 = gk where 
ω(= 2π f ) is the angular frequency (f is the frequency in 
Hz), g = 9.8

m
s2

 is gravitational acceleration, k(= 2π
�
) is 

the wavenumber and � is the wavelength. Rewriting this 
relation in terms of the wavelength, we can write it as 
� = g/(2π)× T 2 ≈ 1.56T 2 . Using a typical period 
T = 14 (s), � = 306 (m), which is the horizontal wave-
length. These waves are surface waves in the ocean and 
their amplitudes decay exponentially with depth. 
Therefore, the predominant oscillating parts of these 
waves may reach about 200  m but not beyond. There-
fore, in open oceans where ocean depths are typically 
3–4  km, they cannot possibly interact with the solid 
Earth. Consequently, no excitation of seismic waves can 
occur by those propagating waves in one direction 
(Longuet-Higgins 1950).

When the swells reach near the coasts, ocean depths 
become shallow enough for ocean-wave energy to 
interact with the seafloor. Figure 3c indicates a possible 
location of seismic waves near the coast, indicated by 1. 
If there is a continental shelf region near the coast, this 
interaction occurs within the shelf with ocean depths of 
less than about 200 m.

This process of direct interaction may also be viewed 
as the scattering of seismic waves. Propagating ocean 
waves are a particular mode of surface waves. If the 
Earth were layered and laterally homogeneous, it would 
maintain its mode types and remain orthogonal to 
other modes. But once their motions reach the ocean 
floor, either due to topography on the ocean floor or 
shallow and sloping coastal structure, some portions 
of their energy get converted to other types of seismic 
waves by the scattering process. This process can pro-
duce Rayleigh and Love waves as well as body waves 
such as P waves and S waves.

2.2.2  Excitation of the secondary microseism by the wave–
wave interaction

2.2.2.1 The Longuet‑Higgins pressure formula The 
mechanism for the excitation of secondary microseism is 
entirely different and ocean waves do not need to directly 
interact with the solid Earth. In Fig. 3c we indicate a pos-
sible location as 2, but the excitation can occur anywhere 
in the ocean. The only condition is that two ocean waves 
that propagate in an opposite direction must meet (or 
collide). Then, through the nonlinear term in the Navier–
Stokes equation, an equivalent vertical force results from 
this interaction; more explicitly, the origin of this effect is 
the second term on the lefthand side of the Navier–Stokes 
equation:
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where ρ is density, v is velocity, P is pressure and g is grav-
itational acceleration. We drop the viscous term because 
it is not important in our discussion.

Longuet-Higgins (1950) showed that when two ocean 
waves that propagate in an opposite direction meet, it 
generates pressure given by

where ζ is the ocean surface displacement and the bar 
indicates spatial averaging over a large region whose scale 
is much larger than the wavelength of ocean waves. For 
example, if we take a case of two cosine waves that propa-
gate in opposite directions, we have

(1)ρ
∂v

∂t
+ ρ(v · ∇)v = −∇P− ρg

(2)P =
1

2

∂2

∂t2
ζ 2

Substituting (3) in (2), we get.

where P is proportional to a1a2 and has twice the fre-
quency of ocean waves that collided. The depth extent of 
ocean waves may be confined to the upper 100–200  m 
from the ocean surface for the relevant frequency range 
of 0.05–0.07  Hz (ocean swell frequencies) but Eq.  (4) 
shows that this pressure is associated with a standing 
wave and can exert pressure at any depth under the loca-
tion where two waves meet. The important point is that 
this process can generate seismic waves in the ocean of 
any depth. This process is often termed the wave–wave 
interaction process.

(3)ζ = a1cos(ωt − kx)+ a2cos(ωt + kx)

(4)P = −2ρω2a1a2cos(2ωt),

Fig. 3 a Significant wave height of the swell that was generated in the northern part of the Pacific Ocean. The northernmost portion has hit 
the coast of Canada and it is propagating toward the east. b Dispersive character of the swell is depicted as it is propagating toward the east. 
The lower frequency energy is at its front (red region). c The wave–wave interactions can occur in the ocean of any depth such as 2 in this figure 
but the direct interaction can only occur in shallow ocean depths such as 1, usually a location very close to the coast. This is after Gualtieri et al. 
(2015)
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The wave–wave interaction can happen in the neigh-
borhood of a low-pressure (weather) system in open 
oceans as the center of the low-pressure system moves. 
Teleseismic P-wave sources are now commonly identified 
near a tropical cyclone (hurricane and typhoon) which 
can be explained best by the wave–wave interaction. It 
can also occur near a coast because the incoming ocean 
waves can reflect from the coast and meet the incoming 
waves after their reflection. The latter near-coast case can 
be verified quantitatively by comparing the amplitudes 
of the primary microseism and those of the secondary 
microseism. Near the coast, the amplitude of a reflected 
wave may be written as αA , where α is the reflection coef-
ficient. Then the above pressure term becomes propor-
tional to P ∝ αA2 . It means that if the amplitude of the 
primary microseism is A , the amplitude of the second-
ary microseism should be proportional to A2 . This rela-
tion was verified in Nishida (2017) for stations near the 
coasts. However, for locations far away from the coast 
this relation becomes obscure. This is probably because 
propagation across the complex continental structures in 
the crust from the coast to an in-land seismic station can 
mask the distinct amplitude characteristics due to scat-
tering during the propagation of waves.

2.2.2.2 Modal excitation theory and  the  effects of  ocean 
depth Longuet-Higgin’s (1950) derivation for pressure is 
relatively intuitive and is often used to explain the wave–
wave interaction mechanism. Simply stated, the double-
frequency standing waves are generated by colliding 
ocean waves and create pressure change at the seafloor. 
But we can also analyze this excitation problem as a modal 
excitation problem. The modal excitation by the nonlinear 
term in (1) was analyzed by Tanimoto (2007a), following 
the normal mode excitation theory (e.g., Gilbert 1970; Aki 
and Richards 2002; Dahlen and Tromp 1998). The results 
confirmed that a term equivalent to the above pressure 
term emerges through the analysis. However, the quan-
titative match required consideration of the frequency 
range and the ocean depth. For the frequency range 0.05–
0.07 Hz, if the ocean depth were 1 km or less, Fig. 4 shows 
that Longuet-Higgin’s pressure term and the modal exci-
tation theory agree almost perfectly. But if the ocean were 
deeper, the modal excitation theory predicted a more effi-
cient excitation than that predicted by the Longuet-Hig-
gins formula. For an ocean depth of 5 km, an equivalent 
force was larger by a factor of five (Tanimoto 2007b).

But this is not a fair comparison as the effects from 
ocean depth are not included in (4). The effects from 
ocean depth are related to the resonant effects within the 
oceanic layer. Longuet-Higgins (1950, p. 34) stated that 
“the microseism amplitudes may be increased by a factor 
of order 5 owing to the greater response of the physical 

system for certain depths of water.” In other words, the 
excitation may be enhanced due to resonant effects if 
the ocean depth is close to ½(m − 1) + 1/4 of an acoustic 
wavelength in water, where m is an integer related to the 
number of reverberations in the ocean (Kedar et al. 2008). 
The modal excitation approach contains such effects 
automatically. The inclusion of ocean-depth effects with 
the above pressure term in (2) resolves this problem and 
in most applications such effects are taken into account 
(Kedar et  al. 2008; Ardhuin and Herbers 2013; Ardhuin 
et al. 2011; Gualtieri et al. 2015).

2.3  Hum: background oscillations
2.3.1  Discovery
The frequency range of the hum is approximately from 
about 3 mHz to 15 mHz. An example of spectra, stacked 
from 15 global broadband stations (Tanimoto 2005), is 
shown in Fig. 5 (top). Spectral peaks of individual fun-
damental spheroidal modes are clear from about 3 mHz 
to 8 mHz but the broad background spectra that span 
in frequency from about 3 mHz to 15 mHz have a peak 
at about 9  mHz. An arrow is shown to indicate this 
broad peak. This peak had already been recognized by 
Peterson (1993, Fig. 1). The boxed part in the top figure 
is enlarged in the bottom panel and the spectra confirm 
that each peak is a fundamental spheroidal mode. The 
reason that each spheroidal mode peak cannot be seen 
above 8 mHz should be partly due to attenuation. It can 
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also be because of contributions from smaller sources 
in which only minor-arc Rayleigh waves are observed. 
Observation of modal peaks in spectra requires not 
only minor-arc Rayleigh waves but also great-circling 
Rayleigh waves that circulated the Earth a few more 
times and constructively interfere with other great-cir-
culating Rayleigh waves. Such constructive interference 
can only occur for a strong source; this implies there 
are many weaker sources responsible for this portion 
of the spectra. The lack of constructive interference 
among many minor-arc arrivals can produce a broad 
peak like the one in Fig. 5 (top).

The hum was initially discovered as the background 
oscillations of the Earth around the year 1998 (Nawa 
et  al. 1998; Suda et  al. 1998; Kobayashi and Nishida 

1998; Tanimoto et  al. 1998; Kanamori 1998). It was 
recognized then that there were small oscillations that 
exactly matched the frequencies of fundamental sphe-
roidal modes (Fig.  5, bottom), even in the absence of 
earthquakes with a moment magnitude of about 5.5. 
The amplitudes for these oscillations were shown to be 
equivalent to earthquakes with a moment magnitude 
of about 6 (Tanimoto and Um 1999) despite the fact 
there was no occurrence of such earthquakes. This dis-
covery was about 100 years later than the discovery of 
the microseisms because their amplitudes were much 
smaller. Furthermore, the frequency band of the hum 
required high-quality broadband sensors that are sensi-
tive at about 0.01 Hz.

Using the fact that spheroidal fundamental modes are 
equivalent to traveling great-circling Rayleigh waves, 
Ekström (2001) showed that there existed background 
great-circling Rayleigh waves in vertical component 
seismograms through the autocorrelation approach. 
This work also detected a large six-month periodicity in 
amplitudes that agreed with the modal study by Tani-
moto and Um (1999). The maximum amplitudes were 
found in January and July. Ekström (2001) also reported 
that the amplitudes of the hum were equivalent to an 
earthquake of about magnitude 5.8 which was a more 
precise estimate than Tanimoto and Um (1999). Detec-
tion of seasonality finally made it clear that the cause of 
excitation was not of tectonic origin such as small earth-
quakes or slow slips on faults; the cause must be in the 
atmosphere or the oceans. This was reviewed in Tani-
moto (2001) but a more recent, up-to-date review of the 
hum can be found in Nishida (2013).

2.3.2  Excitation mechanism
The initial hypothesis for the cause of the hum was the 
atmospheric excitation or pressure changes on Earth’s 
surface. Random pressure changes on Earth’s surface 
were assumed to excite the resonant vibration modes of 
the Earth (Kobayashi and Nishida 1998; Tanimoto and 
Um 1999; Fukao et al. 2002; Nishida et al. 2002). For such 
randomly distributed surface forces to excite normal 
modes, the crucial parameter turned out to be the lateral 
correlation length of surface pressure (Kobayashi and 
Nishida 1998). In hindsight, this hypothesis was unten-
able because the required correlation length of pressure 
to explain the observed modal amplitudes was 1–10 km. 
Such a long correlation length is incompatible with 
pressure observations. The observed pressure correla-
tion length varies temporarily and spatially but is in the 
10–100 m range most of the time.

Intuitively, the choice of ocean waves as the cause of 
excitation seems far more reasonable than the atmos-
pheric hypothesis. This is because pressure perturbations 
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in the oceans are much larger than pressure perturba-
tions in the atmosphere; for example, the largest pressure 
changes in the atmosphere occur when tropical cyclones 
develop but the pressure difference between the lowest 
pressure at their center (~ 900 hPa) and the average pres-
sure outside (~ 1000  hPa) is at most 10% (100  hPa). In 
the oceans, ocean waves with amplitudes of about 10 m 
can be found quite commonly in winter of the northern 
hemisphere or the southern hemisphere. Pressure per-
turbations in such a situation can be as large as 1000 hPa, 
therefore the pressure perturbations could reach about 
100%.

An oceanic excitation hypothesis was discussed earlier 
when the atmospheric excitation hypothesis was first pro-
posed (Watada and Masters 2001), but it took a few years 
until the oceanic excitation hypothesis was seriously con-
sidered. In an observational study, Rhie and Romanow-
icz (2004, 2006) showed that the excitation sources of the 
hum were in the ocean by using broadband seismic arrays 
in Japan and California. This result suggested that ocean 
waves with frequencies of about 10  mHz were some-
how generated (often called oceanic infragravity waves) 
and led to the excitation of solid Earth modes. Tanimoto 
(2005) also presented various supporting evidence for the 
oceanic excitation hypothesis from the analysis of seis-
mic data from the IRIS global network data and the satel-
lite significant-wave-height data (SWH). Specifically, the 
SWH data showed high-amplitude ocean-wave activities 
in January and July that matched the seasonal, maximum 

amplitudes of the hum. Further studies that improved the 
locations of the excitation sources and understanding of 
the excitation mechanisms were published by Nishida 
and Fukao (2007), Bromirski and Gerstoft (2009), Fukao 
et  al. (2010), and Harmon et  al. (2012). In general, the 
excitation sources in the oceans were found close to the 
coasts but were spatially spread out (Bromirski and Ger-
stoft 2009; Traer et al. 2012; Nishida 2017).

In theory, the hum could be excited in deep oceans 
because the long-period oceanic infragravity waves that 
are the cause of excitation have amplitudes that reach the 
ocean floor even in the open oceans (3–4 km). Examples 
of the eigenfunctions of ocean waves for the frequency 
band of the hum, about 10 mHz, are shown to reach the 
ocean bottom (Fig.  6). This is the case for the Prelimi-
nary Reference Earth Model (Dziewonski and Anderson 
1981) which has an ocean depth of 3  km. The eigen-
functions only marginally reach the seafloor at 20  mHz 
(Fig. 6, right) but they have significant amplitudes on the 
seafloor at 10 mHz. These features in eigenfunctions sug-
gest that the hum at 10 mHz may be excited by the direct 
interactions between ocean waves and the solid Earth in 
the open ocean, although the hum at 20  mHz can only 
be excited in shallower ocean areas. Therefore, in theory, 
the excitation of the hum could occur anywhere in the 
oceans (Tanimoto 2005). However, observational stud-
ies for the excitation sources of the hum seem to indicate 
the potential source areas are close to the coasts (Bromir-
ski and Gerstoft 2009; Ermert et al. 2017; Harmon et al. 
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2012). It is generally thought that the generation of low-
frequency ocean infragravity waves preferentially occur 
in shallow oceans close to the coasts but we still do not 
have a clear understanding of this process (Ardhuin et al. 
2014; Aucan and Ardhuin 2013; Dolenc et al. 2008; Her-
bers et al. 1995; Uchiyama and McWilliams 2008; Rawat 
et al. 2014).

Based on these developments, the cause of the hum is 
now generally considered to be in the ocean. However, 
there may be an exception at low frequencies, especially 
below 5 mHz (Nishida 2017). First of all, even though we 
stated that the low-frequency end of the hum is 3 mHz, 
the background noise, caused by atmospheric processes, 
increases toward lower frequency (Fig. 1) and precludes 
its definitive determination. This feature may be mask-
ing the background oscillation signals (Fig.  5) and if so, 
the lower frequency limit of 3  mHz is not certain. We 
note that Nawa et al. (1998) reported very low-frequency 
modes in their analysis for the background oscillations 
(hum). Although it seems to be the only paper to show 
such results, if their observations were true, the atmos-
pheric process seems to be a serious candidate for the 
excitation of such a low-frequency part of the hum, 
because there is much more background energy in the 
atmosphere than in the oceans at low frequencies.

2.4  A unified view for the excitation of the microseisms 
and the hum

Ardhuin et  al. (2015) claimed, following Hasselmann 
(1963), that there are two types of seismic-noise excita-
tion by ocean waves. One is by the direct interaction 
between ocean waves and the solid Earth and the other 
is by the wave–wave interaction among ocean waves. 
The hum and the primary microseism are examples of 
the direct interaction and the secondary microseism is 
an example of the wave–wave interaction. Similar argu-
ments were essentially made by Nishida and Fukao 
(2007), Nishida et al. (2008), Fukao et al. (2010), and Saito 
(2010). They also discussed the excitation mechanism 
of Love waves in the hum, caused by the interactions 
between propagating oceanic infragravity waves and the 
solid Earth through the ocean-floor topography. Both the 
excitation of Rayleigh and Love waves may be explained 
by this process.

An alternative excitation mechanism for the hum simi-
lar to the wave–wave interaction was proposed by Webb 
(2008) and was also analyzed by Tanimoto (2010). The 
reason that this process was proposed was that the exci-
tation due to a collision of low-frequency ocean waves 
could become large for frequencies below 5  mHz. At 
such low frequencies, horizontal components of ocean-
wave eigenfunctions become like that of Tsunami waves 
(modes) and have large amplitudes from the surface to 

the ocean floor. But this mechanism should create at least 
two spectral peaks, one corresponding to the frequency 
of ocean waves and the other being its double-frequency 
peak, as this process is a low-frequency version of the 
wave–wave interaction. Such a double-frequency feature 
has not been identified in observed data for the hum. It 
appears that the direct interaction is a better mechanism 
to explain the excitation of the hum, especially because 
it can also explain the excitation of Love waves that have 
been observed (Kurrle and Widmer-Schnidrig 2008).

3  Classification of seismic noise
We propose to classify seismic noise, first broadly by two 
types: (1) the propagating seismic noise and (2) the quasi-
static deformation. The former type typically occurs due 
to sources at remote sites that emit seismic waves. Seis-
mic noise consists of propagating body and surface waves 
of this type. The latter type is typically caused by large 
pressure variations near an observing station; pressure 
changes work as a load on the solid Earth and deform it 
almost statically at low frequency, even though pressure 
may vary with time.

For the first type, the propagating seismic waves, we 
will introduce an additional distinction between the oce-
anic sources and the on-land sources because we find 
many different processes in this type. The number of 
cases for quasi-static deformation is limited, and hence 
we will treat it as one category. This leads us to consider 
three different categories: (a) propagating seismic signals 
from sources in the ocean, (b) propagating seismic waves 
from on-land sources, and (c) the quasi-static deforma-
tion in the ocean (at sea bottom) or on land.

In our classification, the three main types of seismic 
noise, namely the primary microseism, the second-
ary microseism, and the hum are in the first category: 
(a) propagating seismic waves from ocean sources. We 
regard the distinction between the direct interaction and 
the wave–wave interaction as the next level of classifica-
tion within this category.

In this paper, we stress the last category, the quasi-
static deformation due to pressure loading effects. This 
is because, in recent literature, this type of seismic noise 
is not emphasized or sometimes ignored entirely. But 
recent observations with co-located pressure and seis-
mic sensors have unequivocally shown that surface pres-
sure can become the dominant cause of deformation for 
a short-term interval and it causes a quasi-static defor-
mation of the medium by surface pressure loading. Such 
time intervals last from a few hours to days. For on-land 
seismic stations, it occurs when a strong wind blows over 
a station or high-amplitude atmospheric pressure waves, 
such as Lamb waves from the Hunga-Tonga eruption 
(Anthony et  al. 2022), pass over a station. For stations 
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on the ocean floor, it occurs when oceanic infragravity 
waves pass over a station on the seafloor (Crawford et al. 
1991; Webb and Crawford 1999) or when the ocean cur-
rents at the sea bottom change the sea-bottom pressure 
significantly. In all cases, the time interval of quasi-static 
deformation can be identified by monitoring the coher-
ence between pressure and seismic data because coher-
ence should become high when pressure loading is the 
cause of the deformation. At the same time, there should 
be little seismic-wave excitation during this deformation 
process.

4  Transient phenomena
As we stated earlier if we created seismic-noise spectra 
by averaging one-month-long time series, the results 
would be dominated by the three main types of noise: the 
primary microseism, the secondary microseism, and the 
hum (Fig. 1). But for a short-term interval from about a 
few hours to a week, we can see signals from other phe-
nomena. Some phenomena simply show larger signals 
either in the time domain or in the spectral domain but 
others require a technique of signal stacking such as the 
beamforming method. In the latter case, raw amplitudes 
may be smaller than the background noise but a stacking 
approach makes it possible to identify the signals.

We will discuss such transient phenomena in this sec-
tion. Specifically, we discuss (1) teleseismic body waves 
from tropical cyclones (TC), (2) stormquakes, (3) weather 
bombs, (4) higher-frequency noise in the frequency 
range 0.3–2 Hz due to local wind-generated ocean waves, 
(5) tornadoes, (6) tropical cyclones on land (after the 
landfall), and (7) the quasi-static deformations due to 
pressure loading. We will discuss them according to our 
classification scheme: (1) propagating seismic waves from 
oceanic sources (1, 2, 3, 4, in Sect.  4.1), (2) propagating 
seismic waves from on-land sources (5, 6, Sect. 4.2), and 
(3) quasi-static deformations in the ocean and on land (7, 
Sect.4.3).

4.1  Propagating seismic waves from oceanic sources
We discuss four phenomena from (1) to (4) in the above 
list. They all have excitation sources in the ocean but the 
detailed locations are quite different. Signals from a TC 
are typically from an open, deep ocean. Stormquakes 
are excited in a continental shelf, therefore close to the 
coast in general. Weather bombs also tend to be located 
close to the coast. The sources for higher-frequency noise 
between 0.3 and 2 Hz have been found in the open ocean 
as well as in coastal regions.

4.1.1  Teleseismic body waves from tropical cyclones (TC)
By using a network of about 150 broadband stations 
in Southern California, Gerstoft et  al. (2006, 2008) 

and Zhang et  al. (2010) demonstrated that teleseismic 
P-wave signals from a tropical cyclone (TC hereafter) 
can be identified by the beamforming analysis. Gerstoft 
et  al. (2006) analyzed signals from Hurricane Katrina 
when its landfall occurred near New Orleans. Zhang 
et al. (2010) analyzed signals from Super Typhoon Ioke 
in 2006. The two results were some of the best early, 
clean demonstrations of P wave signals associated with 
TCs.

As the Ioke moved northward in the western Pacific 
Ocean (Zhang et  al. 2010), the P-wave source could be 
identified in the neighborhood of its center and it moved 
with this TC. It was clear, however, that the P-wave beam 
(the excitation source) was not at or near the center of 
this TC but was shifted south by a distance of about 500–
1000 km. It was as though the P-wave source was track-
ing the center of Ioke with this separation distance as the 
TC moved northward. Later studies by others confirmed 
the movement of the source. Those later studies included 
additional quantitative modeling of P-wave amplitudes, 
for example, by Farra et  al. (2016) and Retailleau and 
Gualtieri (2021).

A similar spatial shift of the P-wave source from the 
center of a TC was also recognized for other hurricanes. 
An example from Hurricane Sandy in 2012 is shown in 
Fig.  7. This TC moved northward from the Caribbean 
Sea, off the East Coast of the USA. The P-wave source 
was also derived from the Southern California Broadband 
Network. In this case, the P-wave source was geographi-
cally shifted to the east of this hurricane. The source was 
not tracking behind the hurricane like the case for Ioke. 
Hurricane Sandy made landfall on the New Jersey coast 
and continued to move inland in the USA. The P-wave 
source in the ocean remained active for some time even 
after the landfall of Hurricane Sandy. This delayed phe-
nomenon can be explained by the fact that P waves were 
generated by the wave–wave interactions in the ocean. 
There may also be an effect due to a slower response 
of the ocean-wave spectrum to changes in wind speed 
(Young 1999).

In general, seismic wave excitation associated with a TC 
while it is in the ocean is difficult to understand because 
of the complexity of nonlinear energy transfer between 
the atmosphere and the ocean. What has been analyzed 
theoretically so far, including the famous Longuet-Hig-
gins (1950) formula, are only the first-order effects of the 
nonlinear advection term in the Navier–Stokes equation. 
When the wind blows hard and its strength is maintained 
for a long period, there should be more complex nonlin-
ear effects emerge. If the nonlinear effects become severe, 
they will mix processes from different frequencies, mak-
ing its understanding extremely difficult (e.g., Janssen 
2004).



Page 11 of 22Tanimoto and Anderson  Progress in Earth and Planetary Science           (2023) 10:56  

4.1.2  Stormquakes
Fan et  al. (2019) showed that during a large storm or a 
large TC, the interactions of long-period ocean waves 
with the solid Earth occur in shallow oceans, offshore 
of North America. This interaction was shown to excite 
Rayleigh waves in the 0.02–0.05  Hz range by analyzing 
seismic data from the EarthScope TA stations. These 
excitation sources were located in specific regions of the 
shallow ocean and had an equivalent magnitude of 3.5 
or more in terms of their strength of excitation. These 
events were individually small but occurred over a large 
region off the coasts and were termed “stormquakes”.

Stormquakes are likely generated by the direct inter-
action between ocean waves and the solid Earth. This is 
because the excited seismic waves were typically Rayleigh 
waves between 0.02 and 0.05  Hz whose eigenfunctions 
reach the upper mantle, well beyond the ocean bottom. 
Secondly, the spatial pattern of stormquakes suggested 
that a specific seafloor topography is required for their 
excitation. For example, one of the requirements seems 
to be an existence of a large continental shelf. There-
fore, the direct interaction between ocean waves and the 
solid Earth within a large continental shelf seems to be 
required for the excitation.

Seismic signals from these sources may be used for a 
structural study, although the drawback is the require-
ment for a dense array like the EarthScope TA to locate 
the excitation sources. But such detection of storm-
quakes may become more common, as deployments of 
arrays with higher density arrays are happening in the 
world, such as AlpArray (Hetényi et al. 2018) and Hi-net 
(Obara 2003).

4.1.3  Weather bomb
Nishida and Takagi (2016) showed that a rapidly grow-
ing low-pressure system, a weather bomb off the coast of 
Greenland, generated body waves that were detected in 
Japan. The Hi-Net data consisting of about 600 stations in 
Japan (Obara 2003; Okada et al. 2004) were used to detect 
seismic signals from this “weather bomb”. Their results 
showed that in addition to P waves, both SV waves and 
SH waves were identified by the beamforming analysis. 
The weather bomb is defined to be a low-pressure system 
whose pressure is rapidly dropping 1 (hPa/h) for 24 h. It 
is a rare and extreme event (Gerstoft and Bromirski 2016) 
but when it occurs, it can be an efficient source for seis-
mic body waves that may be observed at distant seismic 
stations (70–90 deg).

A similar excitation of P waves can be recognized 
even for a weaker low-pressure system. In Fig. 7, P-wave 
sources for Super-typhoon Ioke (Fig. 7a) and Hurricane 
Sandy (Fig. 7b) are shown. When Sandy approached the 
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New Jersey coast, the array in Southern California also 
detected a low-pressure system in the opposite direc-
tion in the Northern Pacific Ocean (Fig. 7c). This low-
pressure system was not reported, presumably because 
it was in a remote area in the deep ocean and posed 
no risk to human society. But clearly, it is possible to 
detect P-wave energy from such a low-pressure system, 

using an ordinary beamforming method. This type of 
low-pressure system may be quite common.

4.1.4  Higher frequency noise 0.3–2 Hz due to local 
wind‑ocean waves

Figure  8 shows that seismic spectra (PSD) (top panel), 
ocean wave spectra (second panel), wind speed and 
direction data (third panel), all plotted against time 

Fig. 8 (Top panel) Seismic data (PSD) from station STC in California (bottom panel) for two weeks from May 1 to May 15 in 2011. The frequency 
range (vertical axis) is from 0 to 1 Hz. White indicates high amplitude (PSD) and dark blue indicates low amplitude. (Second panel) Ocean wave 
spectra at buoy 46,053 of the same period (May 1–15). The frequency range (vertical) is from 0 to 0.5 Hz as this was the only available range. White 
indicates high amplitude and dark blue indicates small. (Third panel) Wind speed (blue line) and wind direction data at buoy 46,053. Wind direction 
(scale on right) is relatively constant at about 270 deg which means the westerly winds dominate most of the time. The scale for wind speeds 
is on the left (vertical axis). (Bottom panel) The locations of buoy 46,053 (red) and station STC (blue)
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(horizontal axis), and a map that shows the locations of 
the buoy (45,053) and the seismic station STC (bottom 
panel). Ocean wave spectra and wind data were from 
buoy 46,053 in the Santa Barbara strait (Fig.  8, bottom) 
and seismic data were from STC, therefore the location 
of seismic data is close to the location of ocean-wave and 
wind data but not the same. The horizontal axis is the day 
from May 1st to 15th in 2011 for the three top panels.

In seismic and ocean-wave data, amplitudes are indi-
cated by color in decreasing order from white (high) 
to dark blue (low). The whiter the color, the higher the 
amplitudes. In the ocean-wave panel, there are multi-
ple signals for frequencies below about 0.2  Hz that are 
oblique and parallel. This trend of oblique patterns shows 
that the lower-frequency signals arrive earlier than the 
higher-frequency signal and the whole dispersive wave 
train last about 4  days. There are four such wave trains 
in Fig. 8 (ocean wave panel) during the 15-day time inter-
val. This oblique pattern indicates that these signals are 
the arrival of swells (ocean waves) generated by a dis-
tant storm; since ocean waves are dispersive and those 
at lower frequencies have higher propagation speeds, the 
lower frequency signals arrive first. Higher frequency sig-
nals follow in succession. These oblique trends are proof 
that they were generated at faraway locations. When 
these swell arrive at the coast, they generate the primary 
microseism and secondary microseism for frequencies 
below about 0.25–0.3 Hz.

But in the same figures, we note many vertically elon-
gated white streaks span from about 0.3  Hz to 1.0  Hz, 
both in seismic and ocean-wave data. There are multiple 
examples of such features in white during this 15-day-
long period. Comparison of these data with the wind 
speed data (blue line in the third panel, Fig.  8) shows 
that high amplitudes of seismic and ocean-wave data 
(white regions) generally agree with the time intervals of 
high wind speeds. When wind speed exceeded 10 (m/s) 
from about May 9th to 11th, there are three peaks in 
wind speed data and three distinct, corresponding white 
regions in both seismic and ocean-wave data, suggesting 
relationships among them. When wind speed goes down 
after May 11th, seismic signals generally become weak; 
Ocean waves also become less energetic, as indicated by 
dark blue areas.

These relationships imply that the seismic noise above 
0.3  Hz is related to the local wind and its associated 
ocean wave behaviors. Even though seismic data in Fig. 8 
stops at 1 Hz, similar patterns extend to higher frequen-
cies up to about 2 Hz. The most natural explanation for 
their correlations seems to be that as wind becomes 
strong, wind-generated ocean waves are excited that 
in turn excite seismic signals. The part that connects 
ocean waves and seismic signals requires the wave–wave 

interaction because the ocean depth at the location of 
the buoy (46,053) is larger than the depth extent of ocean 
waves at frequencies 0.3–2.0 Hz.

Similar but independent evidence for wind-generated 
seismic noise was pointed out by Zhang et  al. (2009, 
2010) for regional data in Central California. Also, Bro-
mirski et  al. (2005) claimed, based on an ocean-bottom 
seismometer located at a halfway point between Hawaii 
and the continental USA and wind data in its neighbor-
hood, that locally generated wind ocean waves are gener-
ating seismic noise in the same frequency band. A similar 
wind-generated seismic noise was also identified by an 
array study by Gal et al. (2015) and Pyle et al. (2015). In 
these studies, it was claimed that wind-generated ocean 
waves in an open ocean were generating similar high-
frequency signals and body-wave signals were detectable 
through a careful analysis of multiple seismic arrays. The 
case of Zhang et al. (2010) is similar to our case in Fig. 8 
as the source was close to the coast but the other three 
cases were in the open ocean.

These observations indicate that wind-generated 
ocean waves are creating seismic noise in the frequency 
band of about 0.3–2.0 Hz both in the open ocean and in 
the coastal region. This higher-frequency noise is dis-
tinct from the microseisms because the microseisms 
are mainly generated by ocean swells that are originally 
generated at distant locations by storms and propagate a 
long distance to the coasts.

4.2  Propagating seismic waves from on‑land sources
For this category, we discuss two phenomena, (1) tor-
nado and (2) tropical cyclone after the landfall. In both 
cases, propagating seismic waves are generated by sud-
den changes in surface pressure. In the case of tropical 
cyclone, there may also be some effects of pressure load-
ing in addition to seismic wave generation but the data 
indicate that the loading effects alone cannot explain the 
data.

4.2.1  Tornado
Tornados are mostly atmospheric phenomena and their 
monitoring and forecasting are done using data from 
surface weather stations and the incoherent scatter and 
Doppler radars (Mitchell et  al. 1998). These approaches 
can detect a possible location of tornado and funnel 
clouds but determining the timing of a tornado touch-
down still relies on storm chasers and spotters. Alterna-
tive detection methods have been pursued by studying 
seismic and infrasound signals (Talmadge and Waxler 
2016; Tatom et al. 1995; Tatom and Vitton 2001) but the 
analysis tended to be focused at frequencies above 1 Hz.

Valovcin and Tanimoto (2017) investigated seismic 
signals for frequencies between 0.01 and 0.03 Hz for the 
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touchdown of tornado Joplin in 2011. Joplin was a sig-
nificant tornado with an Enhanced Fujita Scale 5 (EF5, 
http:// www. spc. noaa. gov/ efsca le/) which exhibited wind 
gusts over 200 mph (about 90 m/s). Seismic signals were 
detected clearly at station T38A, an EarthScope TA 
station about 2  km from the tornado track, but other 
EarthScope stations, more than about 70 km away from 
the tornado track, did not show clear seismic signals. 
Figure  9 (top) illustrates the arrival of airwaves (infra-
sound) and seismic waves from a tornado touchdown 
and Fig.  9 (bottom) shows an inverted surface pressure 
source as a function of time. The source of seismic waves 
was assumed to be a vertical force that ran along the tor-
nado touchdown track. For vertical data, this is a reason-
able assumption as the pressure inside a tornado is very 

low due to high-speed winds and most tornado dam-
ages include things that fly away from the Earth’s surface. 
Although the swirling motion of the winds was not mod-
eled in this study, this approach may be justified for the 
analysis of vertical component seismic data.

The time series for the inverted source strength in 
Fig.  9 (bottom) shows that the source strength (surface 
vertical forcing due to pressure) correlates with the EF 
scale; note that when the EF scale was about 4–5, the ver-
tical force had large amplitudes and when the EF scale 
became low about 0–2, the inverted source strength was 
much weaker. Therefore, by analyzing seismic data, we 
can estimate the violent effects of a tornado touchdown.

However, the use of seismic data for this purpose may 
be hard in practice. This is because even this significant 
tornado did not create large seismic signals at adjacent 
stations in the EarthScope Network, the closest stations 
being typically 70  km away. Only the data at a distance 
of 2  km from the track showed analyzable signals. This 
rapid decay with distance seems to indicate that this 
approach of using low-frequency seismic signals is not 
viable for tornado monitoring, as it would require a much 
higher-density network. It seems more promising to ana-
lyze seismic signals from a higher frequency range or 
infrasound data for monitoring tornadoes.

4.3  Tropical cyclones on land
A TC (hurricane or typhoon) becomes strong when 
it travels over a warm ocean (above 26  °C) because of 
the energy supply from the ocean below through the 
latent heat (Emanuel 1986, 1991). But after the landfall, 
a TC decays quickly because there is no more supply 
of energy from the land below. Tanimoto and Lamon-
tagne (2014) and Tanimoto and Valovcin (2015) showed 
that seismic and pressure data at low frequency (0.01–
0.02 Hz) from the EarthScope TA stations can be used 
to monitor how a TC decays. Right after the landfall of 
Hurricane Isaac in 2012, this hurricane went through 
the TA stations which were equipped with seismic as 
well as pressure sensors. Both seismic and pressure 
data showed the maximum peak at the location of the 
circular eyewall, a distance about 80–100 km from the 
center. Figure  10 shows seismic data in the left panels 
and pressure data in the right panels. The top panels 
show seismic and pressure amplitudes on maps and 
the bottom panels show amplitudes plotted against the 
distance from the center of this TC. Colors are used 
to indicate three different levels of amplitudes (Power 
Spectral Density). In both data, the peaks are found at 
about 80–100 km and the amplitudes decay outward up 
to about 600–800 km. It seems reasonable to interpret 
the location of the maximum amplitudes as the eyewall. 
Inside the eyewall, seismic and pressure amplitudes 

Tornado

Air wave

Seismic Wave

Instruments

EF 4-5 EF 0-2

Fig. 9 (top) Tornadoes generate airwaves and seismic waves. 
Seismic waves primarily come when a tornado touches the ground. 
Because the pressure in the interior of a tornado is low (due to fast 
wind speeds), things get sucked upward. (Bottom) The pressure 
source along the tornado track was inverted and shown as a time 
series. When the tornado was strong (EF4–5), the pressure source 
was strong, and when it became weaker (EF0–2), the pressure source 
became weak. Seismic data may be used for quantitative analysis 
of the effects of tornadoes

http://www.spc.noaa.gov/efscale/
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were quite small although the number of stations 
within the eyewall was limited. The whole structure 
that surrounded the center of this TC decayed in about 
3–4 days and could be monitored through seismic and 
pressure data.

For an on-land hurricane, pressure data are the cause 
of excitation and seismic data are the resulting distur-
bances. In Tanimoto and Valovcin (2015) the stochastic 
excitation theory was invoked to model these data. But 
there may be some effects from surface pressure load-
ing in seismic data which was not incorporated in their 
analysis. However, the pressure loading alone cannot 
explain the data in Fig. 10, because the decay distance 
of seismic data (about 500–600  km) is different from 
that of pressure data (about 700–800 km). The loading 

effects alone, at least within the linear theory, should 
create the same pattern for seismic and pressure data. 
The differences in decaying patterns indicate the gen-
eration of propagating seismic waves that tend to make 
seismic amplitudes higher near the center of this TC.

4.4  Quasi‑static deformation in seismic noise
The importance of quasi-static deformation has been 
recognized in at least two phenomena. The first case is 
the seafloor observation with co-located pressure and 
seismic instruments (Crawford et  al. 1991; Webb et  al. 
1991; Webb and Crawford 1999). The second is the on-
land observation with co-located pressure and seismic 
instruments (e.g., Sorrells 1971; Sorrells et al. 1971; Sor-
rells and Goforth 1973; Tanimoto and Wang 2018, 2019, 
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Fig. 10 (Top-Left) Seismic amplitudes (PSD averaged between 0.01 and 0.02 Hz) from Hurricane Isaac on a map. (Bottom-Left) The same amplitude 
results are plotted as a function of distance from the Hurricane center, indicated by a red triangle in the map. (Top-Right) Pressure amplitudes 
(PSD averaged between 0.01 and 0.02 Hz) on a map. (Bottom-Right) The same pressure amplitude results are plotted against the distance 
from the Hurricane Center. The peak amplitude distance is about 80–100 km from the Hurricane center and is likely to be the location of the eyewall 
of Hurricane Isaac. Amplitude decay is slightly different between seismic data and pressure data
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2020, 2021; Wang and Tanimoto 2020, 2022). We use the 
on-land case to describe the nature of this type of noise.

When atmospheric pressure changes slowly on the 
Earth’s surface, the solid Earth deforms elastically by 
responding to surface pressure loading. If we have seis-
mic and pressure sensors at the same location, we can 
monitor how the surface pressure is changing and how 
the solid Earth is responding to it. Two co-located sen-
sors essentially show the source (pressure) and the 
response (seismic ground deformation). The data indi-
cates that when surface pressure becomes large, the solid 
Earth deforms as if statically, responding to the loading 
pressure at each time instance. This process is more like a 
static deformation and hardly generates propagating seis-
mic waves.

An example from a co-located pair of seismic and pres-
sure sensors from an EarthScope TA station U57A is 
shown in Fig.  11. Figure  11a shows the vertical seismic 
amplitudes (PSD) plotted against the pressure amplitudes 
(PSD). Each point represents pressure and seismic PSD 
from one-hour-long time series and the whole plot was 
derived from the entire year of 2014. Red points indicate 
the time intervals of high coherence (> 0.7) between pres-
sure and seismic data and blue points indicate time inter-
vals of low coherence (< 0.7).

Figure  11a shows that when pressure is low, verti-
cal seismic amplitudes are nearly constant. But if pres-
sure exceeds a certain threshold value, in this case about 
1  (Pa2/Hz), vertical amplitudes change with pressure 
amplitudes. This trend suggests that the local pressure is 
controlling the amplitudes of seismic noise for pressures 
above a certain pressure threshold.

Red circles in Fig. 11a (high coherence time intervals) 
appear mostly when the pressure is higher than a thresh-
old value. High coherence indicates that the waveforms 
are similar. This distribution of high-coherence time 
intervals also supports that the pressure (source) and 
seismic data (resultant deformation) are under a causal 
relationship.

Figure  11b shows a plot between the wind speed 
PSD and the vertical seismic PSD. The pressure PSD in 
Fig.  11a was replaced by the wind PSD data. There are 
large scatters in this plot but we can see that the basic 
structure of the relationship is similar to Fig. 11a; when 
the wind speed PSD is low, the vertical seismic amplitude 
is nearly constant but beyond a threshold wind speed, 
the vertical seismic amplitudes and the wind speed PSD 
go up and down in tandem. This is because variations 
in wind speed are the main cause of surface pressure 
changes. If the wind speed is v and atmospheric density is 
ρ, pressure changes approximately as (1/2)ρv2. Figure 11b 
illustrates this at 0.02  Hz but similar behaviors can be 
confirmed within the frequency range 0.01–0.05 Hz.

If we examine the phase relationship between pres-
sure and vertical displacement, their phases are approxi-
mately 180° apart (Fig. 11d), meaning that when pressure 
becomes high, vertical displacement is negative or the 
surface is pushed downward. This relationship conclu-
sively shows that the deformation is caused by the pres-
sure-loading effect (Fig.  11e). This phenomenon was 
correctly analyzed and formulated by Sorrells (1971) 
for a homogeneous half-space in the early 1970s. It was 
later extended to a multi-layered medium (Sorrells and 
Goforth 1973). The method was taken up by Tanimoto 
and Wang (2018, 2019, 2020) to analyze the co-located 
pressure and seismic data from the EarthScope TA Net-
work. Using this method, Vs30 for all the TA stations was 
estimated (Wang and Tanimoto 2020, 2022).

A similar situation was also noted for the seafloor 
observation of co-located pressure and seismic sensors 
(Crawford et al. 1991; Webb et al. 1991; Webb and Craw-
ford 1999). In this case, highly coherent time intervals 
occurred when the ocean infragravity waves passed over 
a seafloor seismic station (Webb et al. 1991). The defor-
mation is caused by pressure loading effects and is a case 
of quasi-static deformation, similar to the on-land cases. 
Using pressure and seismic data, the elasticity of shallow 
sedimentary layers can be determined by taking the ratio 
between pressure and seismic amplitudes. Following 
the phrase “Seafloor Compliance Method” by Crawford 
et al. (1991), this type of method of estimating near-sur-
face (seafloor) elasticity is often called the compliance 
method.

5  Modern perspectives on two puzzles
5.1  Are the sources pelagic or coastal?
With the title “Microseisms: Coastal and Pelagic Sources”, 
Haubrich and McCamy (1969) discussed that there is 
great uncertainty about the source locations of micro-
seisms. The source of primary microseism was not an 
issue as the direct interaction between ocean waves and 
solid Earth can only occur in shallow oceans or near the 
coasts. The main argument arose because of the source 
locations of the secondary microseisms. They can be 
excited, in principle, in oceans of any depth by the wave–
wave interactions (Longuet-Higgins 1950). This problem 
has remained a puzzle, although some have argued that 
both pelagic and coastal sources have to be considered 
(e.g., Chevrot et al. 2007; Landès et al. 2010). This ques-
tion still became a contentious point of disagreement 
among some researchers (e.g., Kedar et al. 2008; Bromir-
ski et al. 2013). But it appears that the research from the 
past decade has turned this question into a moot one, 
in essence strengthening the argument by Chevrot et al. 
(2007).
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Fig. 11 a Co-located pressure vertical seismic data (both PSD, denoted by  SP and  SZ) are plotted for an EarthScope station U57A. Each 
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This question has been answered mainly due to the 
feasibility of mapping the locations of wave–wave 
interactions by beamforming analysis of dense array 
data. Array analysis of surface waves (Toksöz and 
Lacoss 1968; Cessaro and Chan 1989; Cessaro 1994; 
Friedrich et al. 1998; Gerstoft and Tanimoto 2007) have 
provided useful results before but the new develop-
ments are mainly for body waves which require a much 
denser distribution of seismic stations. By focusing on 
body waves, especially P waves (Neale et al. 2017, 2018; 
Reading et  al. 2014; Xiao et  al. 2021), it is now possi-
ble to map the locations and the strength of equivalent 
forces on a global scale (Nishida and Takagi 2022). Even 
the seasonal variations are detectable through the vari-
ations in the strength of sources. The results show the 
global distribution of excitation sources for the second-
ary microseism.

But this does not mean that the signals in observed sec-
ondary microseism are dominated by the global, pelagic 
sources. While a seismic array can pick up signals from 
far away, the dominant signals may be from a near coastal 
region. For example, an observation at a California sta-
tion is more likely to be dominated by sources near the 
coast. There are two reasons for this. First, the wave–
wave interactions occur quite commonly near the coast 
because of the reflection of ocean waves from the coast. 
The second reason is related to the nature of surface 
waves that are generated by the wave–wave interaction. 
Because the excitation source is shallow, the amplitudes 
of surface waves (mostly Rayleigh waves) tend to domi-
nate body wave signals. For this reason, seismic noise in 
the frequency band of secondary microseisms at coastal 
stations shows large signals from surface waves (Tani-
moto et  al. 2006). But there is also another reason that 
observed surface waves in the secondary microseism 
tend to be from nearby sources. It is related to the nature 
of surface waves at about 0.15 Hz. At this frequency, the 
wavelength and the depth extent of surface waves are not 
large. When surface waves, generated in deep (pelagic) 
oceans, arrive at the continental shelf region, their ampli-
tude can suffer from scattering at the continental shelves 
(Bromirski et  al. 2013). This would cause reflection of 
some portion of energy as well as transmission, but the 
transmitted energy consists of scattered waves, consisting 
of body waves, and converted Love waves (Gualtieri et al. 
2015, 2020). Therefore, the observed secondary micro-
seisms in coastal regions, such as California, are often 
dominated by surface waves generated from the nearby 
coastal region. But if we analyzed seismic array data for 
the same time interval, we expect to detect body waves 
from teleseismic sources caused by the wave–wave inter-
actions (Nishida and Takagi 2016, 2022; Liu et  al. 2016; 
Xiao et al. 2021).

In summary, it seems safe to state that the wave–wave 
interactions are occurring globally all the time. But the 
signals in the frequency band of secondary microseism 
at a particular location may be dominated by nearby 
sources, especially by surface waves excited by them.

5.2  Love wave excitation in the secondary microseisms
It is not surprising to find SH-type body waves or Love 
waves in the primary microseism. As ocean waves 
approach the coastal area and interact with the solid 
Earth through the topography in shallow oceans, this 
interaction can produce an equivalent horizontal force 
(e.g., Saito 2010). But it is surprising to see Love waves in 
the secondary microseism because the equivalent force 
to the wave–wave interaction is primarily vertical. The 
mechanism of wave–wave interaction does have a cou-
pled horizontal force due to a collision of ocean waves 
(Tanimoto 2010) but its effects are very small at 0.15 Hz.

Observationally, the existence of Love waves in the fre-
quency band of secondary microseism has been clear for 
a long time. But the quantitative estimate of their ratio 
relative to the amount of Rayleigh waves became reliable 
only recently (Matsuzawa et al. 2012; Juretzek and Hadzi-
ioannou 2016; Tanimoto et al. 2015a, b, 2016a, b; Le Pape 
et al. 2021). Those results indicated that the ratio of Love-
wave energy to Rayleigh-wave energy varied widely from 
10 to 100% at different locations (100% means compara-
ble to Rayleigh waves). The ratios also varied seasonally at 
each location.

The origin of such Love waves may be explained by two 
mechanisms; one is the action of vertical force (wave–
wave interaction) on seafloor topography or a slope that 
contains deviation from a layered structure. The other 
is through the conversion from Rayleigh waves to Love 
waves as they propagate from the source to an on-land 
seismic station. Gualtieri et  al. (2020) used a numeri-
cal simulation method for a realistic 3D structure and 
demonstrated that conversion from Rayleigh waves to 
Love waves can occur and can explain the observed 
Love wave amplitudes. A serious conversion effect was 
also discussed by Bromirski et  al. (2013), although they 
primarily stressed a reduction of fundamental Rayleigh 
wave energy when Rayleigh waves propagate through 
the ocean-continent transition region. It appears that the 
second mechanism, a conversion during wave propaga-
tion from an ocean to a continent, seems to be a more 
viable process for generating Love waves.

6  Summary and discussion
We reviewed seismic noise in the frequency band from 
about 0.003  Hz to 1  Hz. In addition to the three main 
seismic noises, namely (1) the primary microseism (0.05–
0.07 Hz), (2) the secondary microseism (0.1–0.4 Hz), (3) 
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the hum (0.003–0.015 Hz), there are transient, short-term 
noise-generating phenomena that last from a few hours 
to a week in this frequency band. Seven examples were 
discussed: tropical cyclones (Hurricanes and typhoons) 
in the ocean, stormquakes, weather bombs, higher fre-
quency seismic noise between about 0.03 and 2 Hz that 
are generated by locally-generated ocean waves, torna-
does, on-land tropical cyclones (after landfall), and pres-
sure loading that cause quasi-static deformations.

Table  1 summarizes our classification scheme of seis-
mic noise. We propose to classify seismic noise broadly 
by three categories, (a) propagating seismic waves from 
oceanic sources, (b) propagating seismic waves from 
on-land sources, and (c) pressure-loading quasi-static 
deformation on land and the seafloor. The three main 
seismic noises between 0.003 and 1.0 Hz are in (a). Since 
the primary microseism and the hum are generated by 
the direct interaction between ocean waves and the solid 
Earth (DI) and the secondary microseism by the wave–
wave interactions among ocean waves (WW), we further 
divide this category into two sub-categories.

Seven different types of seismic noise, all emerging as 
temporary deviations from the three main seismic noises, 
are discussed in the text and are listed in Table  1. The 
dominant source is indicated by a circle for each case. 
The question mark is added for on-land tropical cyclones 
because there may be some significant loading effects in 
this case, even though seismic wave generation is indi-
cated by seismic and pressure data.

We must end with a caution. Our understanding of 
seismic noise is making progress rapidly, especially 
our knowledge of the ocean processes. Soon, we will 

probably have an improved global map of source loca-
tions that are locations of the wave–wave interaction 
(e.g., Nishida and Takagi 2022), and their seasonal 
changes in the intensity of their forcings. Also, we will 
most likely discover new types of seismic noise from 
seafloor observations, particularly by the fiber-optic 
cable observations (e.g., Xiao et  al 2022). Progress 
seems quite rapid and a new review will likely have to 
be written within the next 5 years.
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Table 1 Forcing mechanisms of various seismic noise in three categories

Category 1 is Propagating Seismic Waves (PSW) from ocean sources. Category 2 is PSW from on-land sources and Category 3 is the quasi-static deformation (QS). 
Category 1 is divided into two cases, the Direct Interaction between ocean waves and solid Earth (DI) and the Wave–wave interaction among ocean waves (WW). MS 
is Microseism, and TC is Tropical Cyclone

Frequency range (Hz) Category 1 Category 2 Category 3

PSW ocean PSW land QS

DI WW

Primary MS 0.05–0.07 O

Secondary MS 0.1–0.3 O

Hum 0.003–0.015 O

TC in the Ocean 0.15–0.25 O

Stormquakes 0.02–0.05 O

Weather Bomb 0.01–0.02 O

Wind ocean waves 0.3–2.0 O

Tornado 0.01–0.03 O

TC on Land 0.01–0.03 O ?

Pressure loading deformation on land 
and seafloor

0.01–0.05 O
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