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Abstract: The socio-economic disastrous affect of moderate to strong
earthquakes on the society has made it imperative to search for the
methods to predict occurrence of earthquakes. Many of the observations
in the past in highly seismic active regions have reported abnormal
behavior of animals before the occurrence of earthquakes. The abnormal
behavior can be attributed to various aspects including the sounds
generated before and during occurrence of earthquakes. Seismic waves
prior to occurrence of earthquakes have been found to contain a large
spectrum of frequency content including very low frequency components
also. Animals, aware of super-and sub-sonic frequencies, may- hear the
initial sound waves of an earthquake, which are otherwise inaudible to
humans. Some animals living within seismically active region have been
found to be affected by these very low frequency signals (LFS) because
of their organs sensitive to low frequency vibrations. Due to some
anatomical and neurological changes into their inner ear some aquatic
animals can hear infrasonic sound of earthquake. For the purpose, a
simple mathematical model has been developed to study the dynamics of
the inner ear of animals. The mode! describes the cochlear mechanics by
a set of differential equations relating pressure and displacements in'the
inner ear. This provides a base for investigating the effects of frequency
of seismic waves, on pressure difference along basilar membrane. Hence
dynamics of the cochlea would be describing the sensitivity of animal ear
in a particular range of frequency of sound waves, which may be useful
for prediction of earthquake.

Keywords: Earthquake, animal models, seismic waves, unusual animal
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1. Intreduction

It has becn observed that earthquakes are generally, but not necessarily,
preceded by some signals mainly divided into geophysical precursors and
others which also contains the unusual animal behavior. The earthquake
prediction can be done using the abnormal behavior of animals preceding
earthquake occurrence in seismically active region because of their relatively
more caPabllity than humans of perceiving certain kind of geophysical
stimuli' Animals have been known to perceive the infrasonic waves
carried through the earth by natural disasters and can use this wave a5 an
early warning. Animals were reported to flee the area long before the actual
tsunami hit the shores of Asia.’ Some geophysical precursors tested on
animals and it has been found that some species of animals pick up very low
frequency sound waves below 50 Hz. i.e. infrasound of seismic waves that
human cannot pick up. For example, birds (pigeons, owls) are much more
sensitive than humans, rock doves and some other species of birds reportedly
can detect frequencies of foreshocks typically in the range of (0.1 to 10) Hz;
fish even more so, since water transmits these sounds more efficiently than
air. There have been some reports of abnormal behavior with large animals,
cats, dogs, rabbits, rats, mice, mussels, pigs, hippo’s are able to detect the
sound far out the range of human ear, can pick up infrasonic sound waves at
great distance®, In Japan, unusual behavior of catfish before the 1855 Edo
earthquake was reported. Many fish jumping in a gond just one day before
the great Kanto earthquake occurred was reported

According to (Emily Shepard, 2003)’, blue whales on the other side of
the ocean can hear ‘infrasound calls and other whales also use infrasound to
communicate. A case study involving pigeons show that, these small birds
can detect infrasound. Some animals may actually able to feel the rumblings
of the earth deep beneath us for example elephants can detect suitable
seismic vibration from the ground from great distances. Elephants and
whales have the most similarities for uses of infrasonic waves,'®. The lowest
frequency of an elephant rumble is 14 to 40 hertz. The other is that elephants
use the air and ground as mediums for their infrasound where as whales
obviously use water, but larger animals are generally reported as being less
able to predict earthquakes.

To recognize the reason behind the abnormal behavior of animal due to
low frequency signals, a mathematical model is presented in this paper. The
cochlear mechanics of animal’s inner ear has been described with the help of
following model.
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2. Mathematical Model for Dynamics of Cochlea of Animal

According to (Wikibooks”), Fig. 1, shows the anatomy of animal’s innes
ear. Animals inner ear has threc essential components outer car, middle, and
inner ear, as same as in human ear, but there is some difference between the
size and shape of their organs due to which that particular animal can hear
infrasound which is inaudible to humans, for example shape of three tiny
bones; malleus, incus, stapes (in the middle car) is differ, semicircular canal
is differ and also length and width of basilar membrane is also smaller that
human basilar membrane and varies according to animals.
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Fig. 1- Anatomy of animal ear, [After ~Ref.!]

Modeling of animal inner ear will be used for calculating effect of
seismic waves of various frequency ranges, by co-relating the neural
network of animal cochlea and mathematical equations, and with the help of
a mathematical model forecasting of carthquake might be possible and for
differ geophysical condition the effect of seismic wave on animals may be
differ. Further, mathematical model will be developed to study the dynamics
of the inner ear of animal. The model should be able to describe the cochlear
mechanics by a set of differential equations relating pressure and
displacements in the inner ear which will provide a base for investigating the
effect of frequency on pressure difference along basilar membrane. Hence
dynamics of the cochlea would be describing the sensitivity of animal in a
particular range of frequency of sound waves.
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Fig.2 Geometrical model of the cochlea of animal

A mathematical model is proposed in an attempt to elucidate the various
factors influencing the cochlear dynamics. The objective of our study is to
find the expressions for pressure difference in the two chambers (i.e. scala
vestibula and scala tympani), at different distances from the stapes and for
different frequencies of seismic waves. To study the dynamical properties of
cochlea, the geometry of the cochlea is considered, as shown in fig-2. The
middle ear converts the acoustic pressure into a force, which is amplified by
the middle ear ossicles (i.e. three tiny bones mallus, incus, and stapes). The
ossicles are attached to the oval window, i.e. membrane is part of the inner
ear and a snail shaped organ is called cochlea as shown in fig-1. Cross-
sectional area of the cochlear canal, the density of the fluid filled in it and the
.mechanical properties of the partition i.e. basilar membrane are important
factors in the dynamic behavior of cochlear canal

Pressure difference across the basilar membrane can be written as; 12
(2.1) P=p, =D,

It must be balanced by forces resulting from the displacement of the cochlear
partition. There are three kind of forces acting; inertial force, frictional force
and elastic force. These forces are proportional to acceleration, velocity, and
the displacement of the partition respectively, so that equilibrium forces can
be expressed by '%;

(2.2) pb=mv+rv+kfvar,
0
d*s ds
2.3 b=M “=-+ F 22 L ES,
(2.3) p i’ di
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where b is width of the partition, m is mass of membrane per unit arca, M 1s
mass of membrane per unit length, F is friction of membrane per unit length,
S is area of scala and E is elasticity per unit length. Equation (2.1} can be
represented separately for the scala vestibula and scala tympani by using the
subscript ‘v’ and‘t’ respectively. Differentiating cquation (2.3) twice w. 1. L.
time‘t’, we get cquation (2.4);

2 4 3 3 e

or or or ar’

The (equation of continuity for the cochlea)'? , can be changed in such a
form that the rate of change of the flow in the longitudinal dircction x is
equal to the velocity ‘of volume displacement of the cochlear partition per
unit length. Therefore this volume displacement is identical with the change
of the cross-sectional area, we get.

(2.5) S, (?il—‘ =- 85‘ (For scala vestibula)
ox ot
. i
(2.6) S, oy == ?—J— (For scala tympani)
ox ot

The membrane or partition is considered as incompressible, so that
(2.7) oS, =-05,

v {

and
28 S, LN
ox Ot Ox

It follows that
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2.9 e
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3 3
212 F.s 2% 95 p

Ox ot~ ot

o*u o's
2.13 MS ——=—-——+ M,
2:13) “axorr ot

On adding above three equations, we get the following equations.

d'u, u, ou, o'S s 'S
3 7 HE =M TR
Ox Ot Ox Ot Ox ot ot ot ot

(2.14) S}{M +F —tF —+E

Replace R.H.S. of above equation by using equation (2.4), we get following
equation;

2 84 3 2,
(2.15) bé—f =S | M= e i F Ou,_ gt
ot Ox Ot oxot” Ox Ot

Now differentiating eq. (2.1) w. r. to‘t’, we get

(2.16) o _9p, _op,
ox Ox Ox

According to fluid dynamics (M.D. Raisinghania) the equation of motion or
rate of pressure change in the longitudinal direction for the scala vestibuli
will be equal to

. op. ou,
2.17 L
Q1IN TP

And for the scala vestibuli will be equal to

!

By 5
ax pat'

(2.18)

On substituting these values in equation (2.16), we get;

op ou, Ou
2.19 L= p—2+p——
( ) ox # ot 2 ot

Again on differentiating above eq. w. r. t. ‘X, we get
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&'p du, &u
2.20 e e —_— il
(2 ox” a Ot Ox # Ot Ox

To eliminate u,, from the above equation, we use equation (2.10) and then we
get the following equation;

(2.21 = vy e 2

(220 S5 Pha s arox

.50 u,_ -E.S, 8
oxot p.A(S,+S,)) ox

Differentiating Equation (2.22), w. r. to. °t’ and replacing E by F. we get the
following equation

3 3
22y P FS o5
oxorr  p(S,+S,) oxot

Again differentiating eq. (2.23) w. r. to. ‘t’ and replacing F* by M we get

4 = 4
(224) M. ou, . M5 OFP
ot p.(S,+8,) oxor

On adding above three equations (2.22), (2.23), and (2.24), we gel the
following equation

4 3 2
225 | M2 e =1 g2
ox ot Oox ot Ox ot
_ 4 3 2
= 2 ) a7p2+F 62p +E QJ;_ .
p.(S,+S,) Ox~ 0ot ox“ot Ox

On replacing the L.H.S. of equation (2.25), by using equation (2.15) we get
the following equation;
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2 _ 4 3 z
m-b-af’: S|y 0p ,p 9P 22|
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a2 4 3 5
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All cochlear theories use simple harmonic function, hence we can put

(227)  p=Pe™

:

where w=27f and f is frequency of oscillation.
Equation (2.27) implies that

228 22_9P
ox ox”

; p . @
5595 2P = gl T
(2.29) FYEFY we pw

d'p s e O°P
230) g sosn Sowes o g elul il
(230 e o’

(23 1) ?_:_’E - “‘WZ Pei“”v
ot’

Now by using equation (2.28), (2.29), (2.30), (2.31) and (2.26), we gct the
following equation:

o*P

_W2 Pem‘t :___..'SL_ [‘E_Wz,M“i’hVF] em-t AL
bp(S,+S) *+ P
A2
(2.32) WP =25 [E——w2M+inJ 8 f’,
bp(S,+S,) pw:

where p = P(x) ¢™, v =V(x) ¢™, u, = U(x) ¢™ is taken for pure tone.
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Using, Kucharski’s observe;tion”s F can be taken so small that iwF can be
neglected and taking E = w™ M, we get final equation which is

S, S, o*p

(2.33y W' 'P=- iy
bp(S,+S,) 0x

As we know that cross-sectional area for scala vestibula and tympani can be
taken equal, i.e. Sy = S1= So,

2
(2.34) W:'P :-3«9-—-‘?-—’;5
2bp Ox°

Let o’ = —:SLs then
2bp

2

}:+ w2p=0.
X

, 0
2.35 ,
(2.35) a3

The above equation is a partial differential equation of the form

o d
aog—yz— +a, ~—d—y-+ a,y = f(x), where i+« fi1. 72 are constants.
x X

Therefore general solution of equation (2.35) can be written as;
(23()) P(x):Cl +C2 e(--u'z’ajlr’

where, C; and C; are arbitrary constants. Therefore above relation might be
used for calculating pressure difference across the basilar membrane for the
frequency of various ranges (infrasound) and due to this pressure animal
behave abnormally before ecarthquake. The length and width of basilar
membrane varies acoording to animal, for example length of basilar
membrane is 2.0 cm. 2.4 cm., 2.1 cm 3.2 cm. for cat, dog, guinea-pig and
human respectively“. Therefore parameters for all these animals will be
different these animals feel variation in pressure for a fix range of frequency
of seismic waves. The above value of pressure will depend upon distance
from stapes, and frequency of seismic pulse.
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3. Conclusion

An endeavor has been made in the present study to estimate the pressure
difference in the inner ear of animal due to seismic waves of very low
frequency genecrated before an earthquake. Therefore sometime dog, cat,
guinea pig, rat; mice, etc start to behave abnormally before earthquake. The
paper has shown encouraging results of using abnormal animal behavior
before an earthquake for prediction. It requires its due attention in Indian
context, which may be used for earthquake prediction.

Appendix: A
S Area of scalas
£ Density of fluid
¢ Velocity of sound in the cochlear fluid
b Width of the basilar membrane
u  Velocity of fluid in x direction
v Vertical velocity of membrane
p  Pressure difference across the basilar membrane
m  Mass of the membrane per unit area
r Resistance of the membrane per unit area
k  Stiffness or rigidity of membrane per unit area
M Mass of membrane per unit length
E  Elasticity of the membrane per unit length
F Friction of membrane per unit length
x  Distance of basilar membrane
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