
 

 
 
1. Global scale solid/fluid interactions 
 
As the technology of measurement of the solid 
Earth advanced, it is often found that various 
behaviors of the solid Earth part are controlled 
by the interaction with the fluid part of the 
Earth (Figure 1.). The fluid part includes the 
atmosphere, the ocean and the fluid outer core. 
The center of the mass and the rotational speed 
and orientation of the Earth must be precisely 
monitored to keep the location precision of the 
Global Positioning System (GPS). Recent 
centimeter-level monitoring shows clear 
seasonal change of the position of the center of 
the mass of the Earth. To conserve the linear 
momentum of the Earth system, the center of   
the mass is moved to balance the motion of the 
fluid in the atmosphere and the ocean. To 
conserve the total angular momentum of the 
Earth, the rotational speed and axis of the solid 
Earth are altered by the currents and flows in 
the atmosphere, the ocean, and likely the 
molten outer core. Decadal change of the 
rotational speed is caused by the angular 
momentum exchange through the interaction of 
the solid Earth and the fluid outer core. The 
change of the mass distribution is associated 
with the change of the gravity, because of the 
Newton’s law. In the future Precise 
measurement of the irregular gravity field of 
the Earth using satellite laser tracking 

technology will reveal the deep water 
circulations the surface current flow in the 
ocean. El Nino, weather irregularity causing 
flooding and drought, is associated with a large 
mass re-distribution and is clearly seen as a low 
rotational speed. 
 
 

 
 
Figure 1. Global scale solid-fluid interactions 
within the Earth system. 
 
2. Seismology with atmosphere 
 
Seismology is a science to study earthquakes 
and records of ground motions, i.e., 
seismograms. Elastic waves generated by 
earthquakes, i.e., seismic waves are propagated 
within the Earth. Seismic wave propagation 
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theory has been developed to understand the 
behavior of the wave reflection and 
transmission within the solid Earth and the 
fluid core. In the theory, the existence of the 
atmosphere has been ignored and the 
atmosphere is treated as a vacuum. This 
approximation is good for almost all studies of 
seismology. Recently we encounter a few cases 
in which the simple vacuum treatment of the 
atmosphere is needed abolished. 
 
In 1991 Mt. Pinatubo erupted. The eruption is 
the third largest in the last century, but the first 
after deployment broadband seismographs in 
the world. During the eruption the ground of 
the entire Earth oscillated harmonically (Figure 
2), which is distinct from usual ground motions 
by large earthquakes. 
 
The harmonic ground motion was caused by the 
resonance between the solid Earth seismic 
surface waves and the atmospheric long-period 
acoustic waves which were excited by the large 
energy input in the atmosphere supplied by the 
eruption. The similar resonance was later 
confirmed in the power spectrum of the 
continuous oscillations of the Earth. In this first 
example air motion induced the ground motion.  
 
In September 26, 2003, M8.3 Tokachi-oki 
earthquakes shocked the northern part of Japan. 
During the passage of the largest amplitude 
seismic surface waves, clear pressure changes 
are recorded. Spectrum analysis shows that the 
pressure records are proportional to the upward 
ground velocity at the site. The excess pressure 
is well expressed by (air density)x(ground 
velocity)x(sound velocity). We have witnessed 
that the ground motion causes air pressure 
change.  
 
At long-period, the acoustic wave length 
becomes comparable to the thickness of the 
atmosphere, about 10 km and the response of 
the pressure change relative to the ground 
motion becomes frequency dependent. 
 

 
Figure 2. (top) original seismograms recorded in 
Japan showing harmonic ground motion during 
Mt. Pinatubo eruption. (bottom) amplitude 
spectrum of the ground motion. 
 
3. Conclusion  
 
The scope of seismology is expanded and now 
starts including the atmosphere. 
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1. Introduction 
Earth sciences have revealed various 
phenomena occurred on the Earth. For 
instance, plate tectonics, that is a model 
in which the outer shell of the earth is 
divided into a number of thin, rigid 
plates that are in relative motion with 
respect to one another, well explains 
occurrence of earthquakes, volcanic 
eruptions and mount building at plate 
boundaries. Plate tectonics itself is a part 
of thermal convection of the cooling earth 
and a unique phenomenon of the earth.  
Venus has nearly the same mass and 
radius of the earth but very different 
surface environment (e.g. hot and dense 
CO2 rich atmosphere) and very week 
magnetic field, and the surface feature 
shows no plate motion. Mars also has no 
plate motion at least now and cool and 
thin CO2 rich atmosphere. On the earth, 
the strong magnetic field protecting lives 
from suffering cosmic ray exposure is 
maintained by a dynamo due to 
thermo-compositional convection in the 
outer core. Why the earth has the plate 
motion and the magnetic field?  To 
understand why they are so different, we 
must clarify the internal structure of 
Venus and Mars because its surface 
features have co-evolved with its interior. 
Knowledge of the interior of the other 
planets may be important to understand 
the past and the future of the earth. In 
the earlier stage of the earth's history, 
mode of thermal convection is considered 
as much similar to that of present Venus 
(some geologists call it as plume 

tectonics), and the plate motion will die 
in the far distant future and the earth 
will become like Mars. 
For a search of planetary interior, 
seismology provides us the best way to 
probe interior of planets. By 
investigating how elastic waves 
propagate in their interior, we can infer 
internal structure of planets. On the 
earth, earthquakes occurred at plate 
margins in relation to plate motion 
generate seismic waves propagating 
throughout the earth. However Venus 
and Mars have no plate motions and they 
are considered as tectonically less active 
planets. Thus we have a question that 
seismology is really effective on those 
planets? To overcome this problem, we 
sought another mechanism generating 
seismic waves other than earthquakes 
and proposed atmospheric excitation 
mechanism of seismic waves.  
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2. Atmospheric excitation mechanism 
The Sun pulsates due to acoustic waves 
generated by intensive turbulent gaseous 
motion on the top of the convective layer. 
Similar processes should occur on solid 
planets having atmospheres, and should 
excite seismic waves that propagate 



throughout the solid interior, thereby 
inducing free oscillations. Such 
planetary atmospheric disturbances 
should occur even on tectonically 
inactive solid planets such as Mars and 
Venus. 
We estimated the order of magnitude of 
the seismic free oscillations excited by 
atmospheric disturbances. Atmospheres 
are relatively transparent to visible light 
but have strong absorption at infrared 
wavelengths. The infrared rays are 
absorbed into the atmosphere and warm 
the air near the surface. The resultant 
buoyant force induces atmospheric 
convective motions. Planetary surface 
are covered by such convective 
turbulences. They randomly beat the 
planetary surface  and excite free 
oscillations. In table 1, estimates of free 
oscillation amplitudes at 3 mHz excited 
by atmospheric turbulence are compared 
for the three planets. They are almost 
the same amplitudes (only 100 angstrom 
in displacement!) although the planets 
have different mechanical properties and 
atmospheric conditions. 

Table 1. Comparison of excitation 
amplitudes of the three planets. PH, H, R, 
M and a are pressure disturbance, 
pressure scale height, radius and mass of 
the planets and free oscillation amplitude 
evaluated at 3 mHz respectively. 

 
3. Search for hum of the earth 
Although the evaluated values are so 
small, it is possible to detect such small 
oscillations using modern seismometers. 

We gathered continuous records of 
ground motions from global seismometer 
networks. In our analyses, ground 
motions due to earthquakes are noises 
and we discarded data contaminated by 
earthquakes. Only 10% of data were 
useable. Then we divided the records 
into segments of about a half day length, 
calculated power spectral densities 
(PSD) of each data segment and took 
average of the PSD over every three 
months.  

Fig1. Power spectral densities of ground 
accelerations on seismically quiet days.  
 
In Fig. 1, we show the result of our 
analyses. Power spectral densities of 
ground accelerations on seismically quiet 
days are plotted in color contour. Each 
pixel shows the average of PSD over 
three months and all the stations we 
used. Tick marks on the top frame are 
location of eigenfrequencies of 
fundamental spheroidal free oscillations. 
Higher intensities of PSD just lie at the 
frequencies. Amplitudes of observed 
oscillations are about 0.5 nano galileo, 
and show annual variations. In addition, 
amplitude of 0S29 which is the mode 
located at branch crossing with 
atmospheric acoustic modes is larger 
than those of adjacent modes in the 
summer season of the northern 
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hemisphere. These observed features are 
desirable for the atmospheric excitation 
mechanism of free oscillations. 
 
4. Coupling atmospheric modes and 
solid modes 
Since temperature of the atmosphere 
varies season by season, modal structure 
of the acoustic modes also should vary 
annually. We calculated eigenfrequencies 
and eigenfunctions of the acoustic modes 
near the solid mode 0S29, and evaluated 
contribution to ground motion of the 
acoustic waves. We found that 
frequencies of the fundamental acoustic 
modes approach to the frequency of 0S29 
and the acoustic mode at the branch 
crossing much efficiently shake the 
ground in the summer. The total 
amplitudes of both solid modes and 
acoustic modes can well explain the 
observed oscillation amplitudes. 
 
5. Conclusion 
Seismology provides us the best method 
to infer the interior of the earth. Surface 
tectonic features should be understood in 
conjunction with the internal structure. 
The same things should be concluded on 
the other planets. To assess effectiveness 
of seismological study on Venus and 
Mars, we made an order of estimate how 
much they are excited by their 
atmosphere and found the excited 
amplitudes are detectable by modern 
seismometers. In the search of such 
oscillations of the earth, we have 
discovered the hum of the earth well 
explained by the atmospheric excitation 
mechanism. Thus we conclude that 
seismological method is promising to 
reveal internal structure of the planets. 
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Fig. 3. Estimated amplitudes and 
observed ones [nano galileo] are plotted 
against wave number [angular degree] of 
modes. The acoustic mode with degree 29 
has larger amplitude (in the summer) 
and contributes significantly. 


