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Chap. 6. Introduction

The local aspect of crustal movement can be perceived through a record
at an observatory, but the record is, in its crude state, a great accumulation
of various effects of phenomena. These effects are mixed to various extents
according to each of circumstances, so confusedly rather than éomplicatedly,
that one might even suspect that the record is meaningless at all. If we
can give an appropriate estimation to each effect of the ‘‘external” factors
(the word “‘external’’ indicates “‘out of the earth’s surface’’; meteorological,
astronomical and so on), and take it off from the record, then we shall ob-
tain the strains resulting only from mechanical anomalies in the earth’s
crust, and then, unusual crustal movements accompanied with big earthquakes
will appear quite exactly in the record.

This “‘purely mechanical” crustal strain was discussed in the preceding
part. For the practical use of observational data, however, we should study
at first the effects due to these external factors. As M. Takada? stated in
his study of the observation at the Ide Observatory, the secular change in
crustal strains will be made clearer and the prediction of earthquake would
become more probable if we could investigate the intrinsic nature of annual
variations and deduce their behaviors in advance. (The annual variations, or,

“‘external

the periodic variations throughout a year are evidently due to
factors”, to which we shall refer later, while the secular change corresponds
to the mechanical anomaly in the crust.)

A great many external causes are considered contributing to the crustal
deformations, but several investigators found experimentally what kinds of the
factors are contributing particularly to the records of their own observatories
and how they can be estimated and eliminated, through their long obser-

vations and accurate analyses of the data. A usual treatment of the elimi-



nation of effects of these external factors is to take an overrunning mean of
the strains observed ; to take the mean value of records during a constant
period (13 months, for example) and to regard it as the value at the central
time of the period. This will make the secular change conspicuous, but not
clear the present state of the change till half the period later (half a year
later, as to the above ex-
ample). I. Ozawa? proposed
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Fig. 1. The record of strain variation at the

Osakayama Observatory from 1948 to 1955 and
hatched part in (a) denotes the width of fluctuation proposed by Ozawa.
(After Ozawa. The fat curves denote the
actual variation and both boundaries of width
are indicated by dotted lines.)

Observatory (see Fig. 1. The

the width. Arrows point out
the occurrences of a few big
earthquakes ; Fukui earth-
quake on 28, June, 1948, Yoshino earthquake on 18, July, 1952 and the
earthquake in the middle part of Kyoto Prefecture on 24, Nov., 1953, re-
spectively.). The width M+ E is defined by the average M of values on the
same date through several years and the half length E=ce of width, where
¢=2.33 and ¢ is the (mathematical) standard deviation of M. V. V Popov
and M. K. Chernyavkina® took it for granted that the record at their Yalta
station would consist of a linear component d¢ (secular change) and a perio-

dic term Xax cos(kwt+¢r), and having obtained the constant & for every
%



day, they subjected to harmonic analysis the average hourly data per decade,
which still remained in the record after exclusion of the term d¢ and which
were regarded by them as purely periodic components. Though they failed
to show the annual variation, they concluded the presence of daily periodic
displacements with harmonics of the first and second orders. Besides those
two components they took into consideration, we should think moreover of
the effects due to the sudden or irregular changes of external circumstances.
Rainfall, for example, must be one of the most remarkable, especially in our
country where the circumstances of weather are much more changeable than
in many other countries and states.

However, the crustal deformations brought by the sudden and irregular
changes of external circumstances will almost vanish by the above treatments.
These must be eliminated, indeed, for the sur-
vey of general aspect. The effects of sudden
changes are quite hard to estimate, and so,
impossible to treat theoretically. Hence the
most interesting of the external factors from
a theoretical standpoint should be those giving
periodic movements on a constant cycle.

Most records modified in the above man-

ner, still have components of periodic move-

ment on a day or a year cycle. (Popov and

Chernyavkina are not so cautjous of the com-
ponent of secular change itself, as is obvious
from the fact that they take a linear term b¢

6
\/\/\/\/\/\/\[\/\ as its representative.) For example, the result

0505354555657, 56,59,60(6 obtained by Takada® is shown in Fig. 2.

Fig. 2. Annual variations at There exist many causes to give the peri-
Ide. (After Takada. The

continued lines, numbered
1 to 6, denote the varia- confine ourselves to the study of annual peri-
tions of different six com- odicity, for we seek the long secular change
ponents of the ground-
strain, while the dotted
curve represents the volume anomalies in the crust. The revolution of the
dilatation.)

odicity to the crustal deformations, but we

and try to obtain from it the mechanical

earth as a planet will make nothing of such
local movements, and we might consider the temperature variation as the most

essential one. Rainfall, together with atmospheric pressure, will also offer



the periodic effect, though not so precisely as temperature will. At the pre-
sent step of observations, the above three factors are generally to be regard-
ed as the principal ones acting constantly to give the nonsecular change as
a whole in the crustal strains.

In this part, we shall estimate only the effects of temperature theoreti-
cally. Naturally, other factors also should be studied at the same time, and
so, in this sense, the following study will not allow us to obtain any closed
conclusion. K. Hosoyama® states from his observations that the principal
causes giving annual periodic variation of strains are atmospheric pressure
varying throughout a year as well as temperature variation on the earth’s
surface.

Most observatories in our country are situated scores of meters below the
earth’s surface, and at the same depths the temperature scarcely varies but
keeps constant throughout a year. (The room temperatures in observatories
have, of course, greater variations than theoretical results, for they are con-
nected with the surface by some tunnels or caves. For example, see Ozawa’s®
report, and yet the amplitude in his report does not exceed 0.4 to 0.5°C
throughout the year.) In other words, the temperature variation attenuates
with depth very sharply. T. Matsuzawa™ once treated this problem and dis-
scussed the stress at the interior of crust when temperature varies sinusoidal-
ly and propagates as a plane wave along the earth’s surface. It is his con-
clusion that it yields considerable stresses in the crust of a depth comparable
with the wave length of temperature variation, which is reproved still valid
in most cases we take up here with more physically interesting cautions. S.
Homma® studied an extension of Matuzawa’s calculation to the case of
neighborhood of ocean where the ground temperature is almost constant. He
still investigated the effects of the shape of each observatory that generally
forms a tunnel or a gallery.

As stated later, the attenuations of temperature and of strain are, to-
gether with the local reliefs and irregularities of the earth’s surface, the
most remarkable points in our study, which will leave many to be discussed
in future. Recently Popov® took up the same problem, arriving at the
similar conclusion with Matuzawa.

On the other hand, the theory of thermoelastical dynamics with irreversi-
ble process was constructed by M. A. Biot'® Using Biot’s theory we discuss

the effects of temperature variation upon an internal point of the crust under



the condition that a sinusoidal variation of temperature propagates along the
earth’s surface. In the foregoing researches the problem was mostly sim-
plified by neglecting the inertia terms in the equations of motion and the
term representing heat expansion in the equation of heat conduction, although
the neglect of the latter term might be a little absurd. Evidently the study
performed here also can not help being accompanied with some simplifications
of the phenomena. It will be very difficult to answer the whole question,
when we take in minds those complicated records, but we shall find through
our investigation the governing role of temperature variation in crustal de-

formations.

Chap. 7. The Effects of Surface Temperature to the
Periodic Movement of the Earth’s Crust

1. The Establishment of Problem and the Boundary Conditions

At first we construct two equations according to Biot; one (a vector
equation) describes the motion of particle, caused by the variation of thermal
condition in an elastic solid with the Lamé constants A and g, the density p
and the coefficient of thermal expansion a, while the other (a scalar equa-
tion) expresses the variation of temperature causing this motion. Let the
strain components and the temperature at an element of the medium be e
(,7=1, 2, 3) and T+§, where § is an increment of temperature above a
reference absolute temperature 7" for the state of zero stress and strain. The

equations of state are written in the form

Ozz=2ext A0 — B 02y= pley
oyy=2pyytAe— B0 oye= peye
Cee=2Cos 26— B0 Gex= pl:z,
B denotes the product of the bulk modulus and of the coefficient a, and e=
€zzt+eyy+ex is the voluminal dilatation.
The three equations of motion are derived from the condition of equi-
librium, the derivation of which will not need to be repeated here, and we

have

0
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002z + 002y + 00+ (Z Otk )=0-
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We shall confine ourselves to the case that body forces shall not exist.
Substituting the equations of state into the above as to the stress components,

we find

02u

v+ A+ pgrad e— g grad 0=0 "%

On the other hand, the first law of thermodynamics can be expressed as
dh:dU—Z U/.t»de/.wa
“wy

where U is the internal energy of an element of unit size, and % the heat
absorbed by it. Dividing this by T1=T+0, we obtain the entropy

7=~ Ty Bowden

or, rewriting the differential dU as a linear combination of d7: and dey;,

1 oU
T, 9T, dTﬁE(ae—f"“)deﬂ“'

From the second law of thermodynamics it is required that ds is an exact

ds=

differential in 7, and ey, that is,

B4y _ 01 and %=a# -T g‘fz‘“‘; .
uy

Differentiating the preceding equations of state by T, (i.e. by @), and sub-

63“ 66,“,

stituting the results intn the above in the case of z=v, we have

52()“] —Ouy= ,BTI,
and of g+,
666(;{ —O',uy'—‘O.

Hence, the entropy can be also expressed as follows

ds=c¢' dTl

+ fde,

where ¢’ denotes the specific heat of the unit volume in the absence of de-

formation. Integrating this we obtain

s=¢' log(1+ 0 >+ﬂe



# being sufficiently small compared with 7', this is nearly equivalent to the

relation
c'f ,
s=—r+fe or h=c'0+ T ge.

Still, by the law of heat conduction we have a well-known formula ..

on
ot ~ k0,

where % is the coefficient of heat conduction. Substitution of % just re-
presented as a linear expression of § and e, into the equation of heat con-
duction yields

0 Oe
k720=0’a—?+ Tﬂa—t.

by which and the preceding vector equation of motion we can determine the
motion of a particle as well as its thermal field in the elastic solid. Rewrit-
ing ¢’ by cp, where ¢ denotes the specific heat per unit mass, and 2 by a2,
the temperature conductivity, we can also express the scalar equation as

follows,

o0 , BT @ ..
2pe)= OF 4+ PL U
arp) 6t+cp thlvu'
(Similar investigation was performed by M. Pésler'® earlier than Biot. But
it seems that Biot has the advantage of more systematic construction in the
theory.)

Suppose a temperature variation exist on the surface of a semi-infinite

elastic solid as the following form
Do cos(wt—kx).

Yo is a half difference between the maximal and minimal values of tempera-
ture throughout a year. It must be noted that the value of 9 is unknown
so far as the observatory has no peculiar apparatus measuring the surface
temperature in its neighborhood. Generally speaking, Yo must be larger than
half the greatest variation in atmospheric temperature of the district. o is
equal to 27/7 and T denotes a year. k, the wave number, never originates
only in the earth’s revolution but it should be rather considered as a para-
meter resulting from the above supposition with respect to the temperature
variation. As is shown later, % has tolerably large value (which means the

wave length / is tolerably small) ,’ and 'so, / is to be regarded as a parameter



expressing the local irregularities or reliefs and can not be given the numeri-
cal value from the beginning of study. A similar variable appears in the
V. V. Popov’s work, who stated that the value 1000 m as ! would be valid,
though his statement of the reason is not so clear. However, since we de-
mand the solution under the above condition of ¥, the strains obtained will
have the same wave number with o, for which reason we shall be able to
decide the value of % from the actually observed values of strains. In other
words, the parameter k£ can be significant as the wave number of the strains,
and it seems unreasonable to estimate k2 only from the fact that it denotes
the wave number in the temperature variation, disregarding other effects of
k. Fk would be rather considered as a quantity compensatiﬁg the losses caus-
ed by such a treatment of the problem under those simple postulates submit-
ted to the temperature and the shape of the earth’s surface. We take the x
and z axes, along and perpendicularly to the surface, respectively. Positive
directions of both axes coincide with that of the propagation of ¥ and down-
ward from the boundary. Thus settled, the problem will be worked in the
xz plane (a two-dimensional problem). The potentials ¢ and ¢ are defined
as in the usual theory of elastic waves, that is,

yo 00 _ 0 00 00

“ox 0z YT 9z "ox

Formally these correspond to the P and S potentials, though they will
not necessarily possess the usual physical significances. In fact, substituting
these into the Biot’s formulae and separating them as to ¢ and ¢, then we

have the following three equations,

02 o Lo 00 T o _,
PEZZ:(/H‘Z,U)VZ(P—&Z Pa—tfinﬁb, 027‘19=“‘6T+"i_—p“ Py P2e.

Therefore, the problem will come to the acquirement of three functions
¢, ¢ and @ satisfying the above equations. Expressing the stress components
in Xz, Xy,-eeoe Z. following Love, we write down the boundary conditions as
follows,

9(x,0, ) =08 TFD (75 =0 and (Z)em0=0,

however, if we donote by paz, Pay, - P2z the formal components of stresses
defined mathematically by the actual strains through the well-known stress-
strain relation in usual elastic theory, the stress parts in the boundary con-

ditions can be rewritten in the form
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(Pee)e=0=0 and (Pzz)z=o= o (ot —Fkx)

Hence, the problem seems quite resemblant to that of the ordinary elasti-
city without energy dissipation under the existence of the normal pressure
Bz?oei(wt_kx) acting on the boundary plane. As is well-known, it is an ele-
mentary problem to get a solution of plane waves in an elastic half space
with such boundary conditions. (See Ewing, Jardetzky and Press'®.) The

former boundary condititions are rewritten in the following form, by use of

¢ and ¢,

Zo= plu= ”( ox0z " 9x*  02°
Zz= Zﬂeu+l(ezz+ezz> - ‘319

=wro+2u( 2 + 24 V= p9(x,0,0=0 (z=0).

Co 180 _89)0 =0

2. The Exact Solution of Strains and Temperature Variation

Under the above boundary conditions the forms of ¢, ¢ and 2 can not
help being restricted as functions of x and f; they should have the form
such as f(z)ei(wt_kx) in order to satisfy the boundary conditions. Writing
o, ¢ and O as fp(zDei(wt—kx)’ fs(Z)ei(wt—kx) i(wt—kx)

and g(2)e , successive-
ly, and substituting these into the equations, we have

£81@ = (B =k fo@) + 8@
fs”(Z) = (kz - ksz)fs(ZD

£ @=1{r+i 21 +E‘%)}g(z) - i%i—z 2 fo(@),

where %p and k: denote w/v» and w/vs, and vy, vs are the propagation ve-
locities in the elastic solid of the longitudinal and shear waves. These
equations of fp, fs and g are ordinary differential equations of the variable
2z, in which f(2) is determined independently of two other unknowns while
the simultaneous relation holds between f,(2) amd g(2). Writing these three

functions as follows,
f])(Z) =Ace V2+Abcpe—l1p2’ f8 (2) = Cse— vs2 and
g@D=ce” " +ce” ",

we can obtain vy and v, by solving the quadric equation of the unknown »?
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=R+ Byt =i 2 (1+Lp(§—+?;m)}(pz~k2)—i%kp2=

which is derived from substitution of the supposed forms of f,(z) and g(2)
into the equations. As to A and A,, we seek them in substitution of the

above v into the form

- B
G-kt kA= T

vs is immediately determined by the fact that fs(2) is to be a_ solution of
the above equation and we find

vs=vVEE—Fs2,
which is exactly equal to the value of S potential in the theory of elastic
waves under the application of normal pressure cited in the preceding pas-
sage. On the other hand, ¢, ¢, and ¢s are integral constants depending on
the boundary conditions, which are rewritten in the following form by using

g
these constants,

ctep=00, 2k(vAC+vpAucy) — (2R —k®)cs=0 and
<2k2 - ksz) (AC +Apcp) +2ikw0s = 0,

from which we can represent ¢, ¢» and ¢s as the functions of v, vy, A and

Ay as follows

ARG ~ ARG
= AR(o») ARG = T A,R(u) - ARG 2™

o 2tk(2k2— k®) (v—v)AA
T AuR(w») —AR®)

Here we denote the Rayleigh function by R(x) = (2k2 — ks?*)%~4k%vs% ; in the

usual problem of elasticity each potential has R(vp) as denominator of its

2s.

amplitude, while the denominators of the above ¢, ¢» and ¢ turn to ApR(v»)
—AR®).

Using the above results we can thus derive the exact expressions of
general solution to this problem, still leaving unknown ihe values of v, va,
A and A,,

0oe’i((ut—kx)
AsR(vy) —AR(v

ou _ Do AA ke (@R
9% AR(v») -AR(v )L

d=

){ApR(p,,)e_”z—AR(u)e—”"z}

R(Up)e

+R(p)e—u1)z+2(2kz — kD vs(y—vp)e vsz}



ow _ ‘(DQAApei(wtukx) 1.7 —vz
Bx = AR(n — ARG PR(@»e

—vPR()e -2k 2R — kD vs(v —vp)e *F}

ou i AA R RO —vz
9z = AR (o) — ARG VRO

— R e T F 29k — kD ut (v —vp)e” UF)

ow _ iDeAA ke’ WD —vz
0% = A,R(vp) — ARGy PR

—ypR()e "F 282k — k) (v —vpde VF).

ou/6x and 0w/6z are the dilatations of horizontal and vertical components,
respectively, which will be actually observed by the extensometers in each
observatory. The inclination to the horizontal plane corresponds to 6w/0%
in our solution, which is measured by the tiltmeters on the actual obser-

vation.
3. Approximations with respect to the infinitesimal J.

For an approximate evaluation of the constants y, vp, A and A,, a con-

_PT
FES YD) which makes our
study conspicuous from among the foregoing investigations. In spite of its

sideration will be taken about the parameter 6=

tolerably large magnitude & has been treated as good as neglected in the
former studies since the term of heat expansion has never been taken into
account in the equation of heat conduction. And yet, to discuss such small
strains as caused by the temperature variation on the earth’s surface, we
must pay attention about each infinitesimal parameter of the earth’s crust,
comparing it with the parameters denoting the external effects. In fact,
when the wave length of temperature variation is so short enough that the

following inequality may be applied

o
k> 5o,
the chief role in estimating each formula is mainly occupied by &, and so,
the neglect of high powers of § would make nothing of the correctness of
the conclusions obtained. Hence, only the first approximation of ¢ will be

concerned here and higher than the second power of & is all taken off out

of the formulae, It must be also noted that & presents in the formulae
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always as the product with /@®. The above condition confining % will be

discussed in the next chapter. Similarly, higher than the second power of
k2

e=—7— )& will be also neglected for the convenience of simplification ; £ must

be small enough to satisfy the relation

©
k<o
We shall show the validity of this excessive restrlctlon of k also in the next

chapter. Still, two infinitesimals e,=

2
ajl;zz and es=—>— much smaller than

/02
¢ should be eliminated, and, finally, the ratios es/e and es/e are taken into
consideration only the first powers of them.

Under the restrictions just mentioned v, vs, A and A, can be obtained

approximately as follows,

y=vr+ivy, vo=VE—E?,
B faio (1 BT N o4
= Gzt i (o) A=

”"x/zaz( 26‘0(;4]:2/1)) Wgﬁ,ﬁ

_ w pT _ k2
’”’\/ 27(1+20p<z+2p)) V8w/@"
It is remarkable that A, can be taken as infinity, which implies that
the term with R(v) vanishes and only R(y») stays in each denominator of

the solutions, just as in the solution of the elasticity theory. By putting A,

=oo, the expression is awfully simplified and written as follows,

J= 1903— yrzei(wt—kx— viz)

ou — 0 Ake eri(wt—kx_Wz)—l—Oeri(wt_kx)

ox
J ER(v) —1/k3 —hz 2k2 2R — Rs®)vs (v — vp) —1/k2 kgzz}
( R(Vp) R(W))
Ow — DAy w-zei(unf—k;ur—wz)_19 Aei(wt—-kx)
0z 0
{vp R() ,~VE—hafz_ 28 Q2R = k) va(v— ) o~V =k kﬂl}
RGw © R(vy)

%: iz?oAkye_wzei(wt_kx—wz) _ oeri(wt—kx)
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{kupR(») —Vk’—kp’z 2k (2K — ks®) vs* (v — vp) ——1/k=—k,2z}

R(Dp) R(Vp)
g_z=z-zpoAkpe—vrzei(wt—kx-—wz)_z-oeri(wt—kx)
« {kupR(u) —V k- —kifz | 2k°Q2 — ke®) (v — vp) o~ V= ki ksZZ}
R(Vp) R(VP)

Each expression representing strains consists of three kinds of terms, the
attenuations of which with the depth are ¢” ™%, ¢ —VE-E"z 1ng _\/kz kez
respectively. The first term will attenuate in the same way as the tempera-
tur will, while two others are damping in the same manner as ordinary two
elastic waves. Hence each of three terms may correspond to strains caused

by its own ‘particular process, which will be also discussed in the next

chapter.
Taking int consideration the supposition for approximate procedure above

mentioned, we shall be able to write the coefficients as follows,

— oAk~ B g A B i),

At+2p

/H—Z

ikpAosz\%em{@—T (1+5) +(%—e,,)(1 -0},

R() VIR an 14s
AR R o) T2 (epery (1,

_ 2 I{O) ~ 1/2»B190 1/2( o — _ ;
Z?uAV]) R(Dp) (Z+2,u) (€p—€s)e / (5 3.1))( 1+1),

b R~ Yy (e 3 )LD,
”ﬂAQkB(ZkLz?‘c?S(”_W) <z+§22> 5-30— = 5)a-0,
o A2k3(2k21—?f:i))(u va) (z+§f§(‘zﬂ— SR,

Especially the second and the third terms in each formula of the strain

turn to
—wvpz| ep —kz —vszZ, €s —kz
e <1+Zkz)e , e °? \1+ —Z:kz)e ,

by which they can be unified. Finally, taking oniy the real part in each
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solution we can obtain an approximate solution in the form

D=0 "% cos(wl—kx—p;2)

ou B

ou _ —vrz _ _ _ *
ox z+2'u{pze cos(wt kx—ypz 2)

+p(kx—%) —kz cos(wt—kx—%)}

9 Do ( —vr _
TZ= ll-ei-?f,u {e Y72 cos(wt—kx— pi2)* + pte L”Zcos(wt—kx——mz—i)*

2
+p( 11 ) —kz cos\cot kx—%)}

%Zz‘—= l’ﬁ_ﬂé’ﬂ{ ( 200(/24-2,4)) —uchos<wt—kx_wz+%)*

1 _ ,
+ 7P38 vrz (o] k&)t —kx— V2 — %)*
Atu

ow _ Bk fp( #T —vrz
Bx  A+2x 2c0(A+2u) )

+1>(kz - M)e_kz cos(wt —kx-l-fzf )}

*

cos (cot —kx—ypz+ %)
+ %pSe_”’z cos(a)t —kx—yiz— L)*

+1{

X-I- ) _kzcos<wt—kx+%)},

where

__k _Je BT _ \, p
b= ”"\/2az (+ sepcrrem it 3/%

_ ] T\ _ b
”“\/zaz (H 2cp(x+2ﬂ)) 292
Asterisks show the heat terms of which we shall discuss in detail in the

next chapter, together with other questions reserved here.

Chap. 8. Estimations of the Thermoelastic
Strains from the Theoretical and
the Observational Results

In the approximate solution we arrived at in the preceding chapter is

only the first power considered as to the infinitesimal 8. In fact, among
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some infinitesimals higher than the first or the second powers of which were
neglected, 8, ep and es are the constants depending only of the physical pro-
perties of the earth (and not of the given form of temperature variation).
Even compared with &%, e» and e have still much smaller magnitudes and
naturally they ought to be taken off, while ¢ varies as a function of % and it
may get tolerably large in certain cases. We restricted ¢ by a little com.-
plicated condition ; first, it must be such an infinitesimal as its second power

may be negligible, so we have the relation about &

k<¢%.

second, in order to ignore higher than the second power of & another limi-

tation to the value of 2
[0)]

must hold, which is equivalent to the condition of ¢ that ¢»¢* Hence, ¢
can not also be so small as it becomes comparable with é2. Only under
these restrictions about e the above solution can be justified and regarded as
an extension of the antecedent results; an extension with the closer conside-
ration of the effects of heat process.
At first sight th above restrictions look quite inadequate to an investi-
gation of the problem for their strong restraint on the range of value permis-
sible to take as the wave length, I, of temperature variation. However, when
we take the following values as the physical constants of the earth’s crust,'®
@z~1x10-2 c~2X10"1 (cal.g t.deg=t.)
a~8x10-¢ 0o~2.8
T~273°K a~0.25,

the above restrictions imply, with respect to the wave length, that

103 <I<107 (em).

In our problem it will not need to take notice of the wave length smaller
than over ten meters, and so, the existence of lower limit of I in the above
inequality will be no obstacle to our investigation. Still, as stated later, the
following fact makes the existence of upper limit also available that the
actual value of wave length may be regarded as a few kilometers or so,

which lies evidently within the above range of value. Therefore we shall be
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sufficiently able to study the general aspect of this problem, using the ap-
proximate solution obtained in Chap. 7, though mathematically it brings only
a very particular case where [ is restricted within so limited values. Hence,
in the case, for example, that I denotes the effect of movement of the earth
as a planet, of course, we can not say anything from this approximate
formula.

Each term in the expressions can be distinguished one another by its own
physical significance. The expressions describing the variations of strains
will be separated into two kinds of terms; the asterisked in the preceding
chapter have yr as their common coefficient of attenuation (with the depth)
which coincides with that of the temperature variation, and the other terms,
consisting of two terms originally (see the exact solution) and unified by the
procedure of approximation, have the same types with P and S waves of the

ordinary elasticity under the normal pressure

‘Bz%ez'(wt—kx)

on the boundary plane, Since the temperature variation causes this pressure
on the surface and the non-asterisked terms correspond to the solution caus-
ed by this mechanical pressure, they will represent the deformations result-
ing through mechnical process from the existence of the above normal stress
on the surface. In other words, these terms correspond to the strain caused
by the energy which has been already transformed from hear to elasticity on
the boundary surface. These terms are to be called “elastic terms” in this
paper. On the contrary, the asterisked terms will correspond to the strain
caused by the energy which propagates to the interior point in question as
heat and yields the elastic deformation just at this point. These terms will
be named here “heat terms’> Thus, in the expressions of strains, we find a
reparation into two terms each of which is characterized by its own particular
process of generation.

The heat terms, together with the temperature variation, attenuate as
e "% and the elastic terms as ¢ 2 The relative acuteness of both atten-
uations depends upon the relative magnitudes of p- and k. v- can be regard-

ed approximately as

® 1 k
vr~x/27+m*"z“ >

as
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and taking account of the fact that J%~4.5X10‘3 we find v, is evident-
ly larger than any (positive) value of 2. Namely, the heat term usually goes
to vanish with depth more rapidly than the elastic term, which leads to an
extension of the Matuzawa’s statement from the more significant standpoint.
(Matuzawa stated the difference on the attenuations between the temperature
and the strain caused, while the statement mentioned here points out that @
the strains caused by heat energy attenuate in the same way as the tempera-
ture and (ii) they (in which the temperature itself is comprehended) have
the larger coefficient of attenuation than the strains caused by mechanical
process.) pr will be substantially identified with 21/%1/7}17; and \/2(07’
or /s1.6X105 (cm.). As the actual / lies

just near this boundary value, the above two terms of p, become almost

respectively according to k= 2
equal each other, and so, both are useful as to the approximations of vr.

As the wave length is getting shorter, the attenuation of each term be-
comes more rapid. To discuss the case of the wave length shorter than over
ten meters we must take the second or the higher than second powers of e
into the solution, for the upper restriction to k£ does not exist any longer. On
the other hand, when / becomes long enough that the relation k>\/%5
can not hold, the first approximation at to & get really absurd. That is to
say, we must pay attention about the effects of heat process more and more
in proportion as the wave length becomes longer. However, if we return to
the solution in its exact form (Section 2, Chap. 7) and investigate each term
in the expressions of strain, we find that three kinds of terms constructing
the exact solution have Vr~x/—2a;—2, Vp"’\/%% (142) and ps~k as their

coefficients of attenuation in the case that k<<\/% 8. As to their physi-
VrZ

VeZ

cal meanings, the terms ¢ "™ and e

correspond to heat and elastic
terms, which is recognized by the same consideration as above, while the

—VpZ
term e 7

is to be considered as a heat term rather than an elastic one
since its phase as well as amplitude becomes resemblant to that of the tem-
perature variation. This result coincides with the Biot’s'® statement that
shear waves are generally unaffected by the thermal phenomenon, although
in our approximate solution dilatational wave can be also separated into heat.
and elastic term. (This conciseness about dilatational wave perhaps results
from the restriction imposed upon the wave length.) Even in such long

waves as k is much smaller than, we admit also the prominent role of elastic
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terms at a deep interior point, since the minimal value is taken by ys~F,
among the three coefficients of attenuation.

According to the observational results by I. Ozawa'® at the Osakayama
Observatory, the wave length of strain may be evaluated about 1.7 km, by
use of a result from the amplitude ratio of dilatational components observed
at two points 200 m distant each other, under the supposition that the dila-
tation component varies as a sinusoidal stationary wave on a year cycle.
The amplitude of strain at the observatory being 2~3X10-6, and the ob-
servatory being situated about a depth of 100 m, we can obtain 9, conversely,
substituting the above values into /, % and z. ¢ is determined as 20~
40°C. Thus, the surface temperature should vary to this extent of values if
the annual change of crustal movement were regarded all as the result of
temperature variation on the earth’s surface.

We find this result to g may be valid, comparing it with the mean dif-
ference between the greatest and the least atmospheric temperatures through-
out a year in Kyoto district. (The mean difference of atmospheric tempera-
ture is about 24°C in this district.) It must be noted as stated in Chap. 6,
that the effects of rainfall and atmospheric pressure should be taken into ac-
count at the same time and yet, in our study those effects are taken off
from the start. We shall be able to conjecture that this is the reason why
Yo seems to take the larger value rather than that considered probable.

In regard to such a value of @y the heat terms in the strains attenuate
very rapidly and become unobservably small to 10-% extent, already at a
depth of a few meters, and hence, it is sure that the observational data will
describe only the elastic terms of each strain.

At the beginning of the preceding chapter we noticed that / signifies the
local irregularities or reliefs. Thus, 1.7 km as the value of / at the Osaka-
yama Observatory must indicate some local irregularities in the neighborhood
of this observatory ; it may display the existence of local reliefs, streams or
bushes and, indeed, the variation of local temperature on the surface will be
more changeable even in such a limited area as the atmospheric temperature
can be regarded almost uniform on it. But unfortunately we have no basis to
decide whether this value of / is appropriate or not to the neighborhood of
the Osakayama Observatory. Therefore, as also pointed out in the same pas-
sage of the preceding chapter, it would be rather comprehensible that we

think of / as the wave length of strain and that it happens to coincide with
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the wave length of temperature for the simplification of form giving the va-

riation of surface temperature.
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