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Abstract

The author has performed the observations of tidal strains of the
earth’s surface in some or several directions by means of extensometers
at Osakayama observatory Kishu mine, Suhara observatory and Matsushiro
observatory, and he has calculated the tide-constituents (M, O, etc.) of
the observed strains by means of harmonic analysis.

According to the results, the phase lags of M;-constituents except one
in Suhara are nearly zero, whose upper and lower limits are 43° and —29°,
respectively. That is the coefficients of cos 2f-terms of the strains are posi-
tive value in all the azimuths, and the ones of their sin 2t-terms are much
smaller than the ones of their cos2f-terms, where £ is an hour angle of
hypothetical heavenly body at the observatory. Therefore, it is most pro-
bable that the secondary effects (due to the oceanic tide) are smaller than
the primary effects (due to the tide generating force) in each observato-
ries, and also that the value of Love’s number % is about five times greater
than the value of Shida’s number .

Now, the precise observations of the linear strains in the prime verti-
cal component and in the meridional component have been performed ad-
ditionally with highly sensitive extensometers of which sensitivities are
0.37%10-%/mm and 0.57x10-%/mm, respectively at Osakayama.

From the present observations, the value of A—3/ relating to areal
strain is derived as follow

h—30=0.44840.03.

And the amplitude ratio of Oj-constituent to M:-constituent are ob-
tained as follows

0o . . .
<]Ml:_] >¢d)=0'85 in the prime vertical component,



0] .
and <]le )99 =0.48 in the meridional component,

If the secondary effects are as great as the primary effect, the am-
plitude ratio (O1/Mz)ss and (O1/Mz)ee will have been almost equal to
each other., But on the contrary, both ratios are widely different each
other. Hence we may neglect the secondary effect against the primary
effect in the following process to calculate the tidal constants. The pro-
priety of this results is shown by the comparison of the strain due to
Chili tide-wave at Kishu and ones of Osakayama, and by the comparison
of the strains due to the tide-wave and the semi-diurnal constituents of
the tidal strain due to the earth tide at both these observatories.

And the amplitude ratio of M;-constituent of the eps-component to

one of the es¢-component is obtained as follow

s o= 15

where e and €44 are the strain components in the meridional direction

and in the prime vertical direction, respectively.

From these results, the relations of % and [ are calculated as follows

h=11.11 from <TOW1°_)M:’
and £=10.6 from (::j ) e

Then, from the value of 2—3/ and the ratio (O,/M:)¢qe, the value of £
and / are calculated at 0.614 and 0.055, respectively.

1. The study of earth tide is populated from the oldtimes in the both
field of observation (1) and in that of theory (2], but the study in the obser-
vation of the tidal strains is not so prevalent as the ones of tilt, gravity
accleration and latitude. The observation of tidal strain of the earth was
succeeded first with the Sassa type extensometer under leadings of Dr.
Kenzo Sassa. Afterward, the many types of more sensitive extensometer
(3), (4) have been devised and several observatories equiped with ex-
tensometers have been instituted gradually. But the distributions of these
observatories are limited within a particular district.

Shida’s number ! of the earth tide is not able to obtained indepen-
dently by the observations of only one component in ordinary latitude,

and so the author has performed the observations of some or several com-



ponents of the tidal strains at Osakayama observatory, Kishu mine, Suhara
observatory and Matsushiro observatory in order to derive tidal constants
in earth tide and to examine the conditions of the strain in the crustal
movements.  According to his observations, the secondary effects (of the
earth tide) due to the oceanic tide are far smaller than the primary effects of
it due to the tide generating force in these observatories except Suhara
observatory where is located at seashore. Hence, he has devised the new
types (8] of highly sensitive extensometers and he has been performing
precise obervations of tidal strains in east to west and in north to south di-
rections at Osakayama observatory. From this observations, he has cal-
culated the value of A—3/ relating to areal strain and the ratios of O-
constituent to Me-constituent in the prime vertical direction and in me-
ridional direction. Then, the values of % and [ are obtained by use of
the value of 2—3! and the ratio (O,/Ms).

2. The tide-generating potential W. due te a heavenly body of which

mass is M is approximated by

W= %g %(.‘%)ﬂ(cosz 7 %) , eeeeeseseeccien €))

where g is the mean gravity-acceleration of the earth at a observatory, E is
the mass of the earth, @ is the mean radius of the earth, 7 is the distance
from the earth’s centre to the observing point, ¢ is the distance from the
earth’s centre to the centre of the heavenly body and Z is the zenith
distance of the heavenly body at the observing point.,

The value of Z is written as follow
c0s Z=cos @ sin §+sin  cos & cos(E4-¢), ororaerrereaeenn @

where § and ¢ are colatitude and eastern longitude of the observing point,
respectively, & is the declination of the heavenly body and f is the Gre-
enwich standard time of it, and so f+¢ is the angle between the meridi-
onal plane on which heavenly body is and one on which observing
point is.

From (1) and (2), it is written as

3 A
e () flenna= oo 1)
+sin 26 sin 20 cos(t+¢) +cos? & sin? cos 2(1+¢>} R 3

Let radial, colatitudinal and meridional components of displacement of
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an any point in the earth due to the tidal force be #,, #s and u, respecti-
vely, they are given as follows
H{r)
~
_L») oW,
g 06 N )
sy = L(.r) ow.
£sinf 0¢ °
h=H(a), !=L(a),
where % is Love’s number (5], / is Shida’s number (6).

The strain components respect to polar coordinate™(7, #, ¢) are'given

as follows,

P

T ey 0 YTy 66

e49= rs}nﬁ%‘;“’+ ot0+%, ...... .
e9¢-—-%(—aaﬂ¢ —ug cot 0)-{-%9 % ,

Chr= 7’511n0831:]5r+_6ui_z:/)’ er9=%_1’:’i %%%

From (3), (4) and (5), the strain components at the earth’s surface

(r=a) are obtained as follows,

strain- semi-diurnal . long period’s
component component diurnal component cobmlf))onent
3M/a\3 3 M I M
3 E(e) xggle)x (e )x
sin? d cos 2(¢+¢) sin 28 cos(t+¢) (Bsin?d—-1)
€go h sin? 8+21 cos 26 (h—4l)sin 2¢ h(cos®)—1/3)
— 21 cos 2¢
€39 hsin2@-21(0+sin2d) ((h—20)sin 20 h(cos?—1/3)
—2lcos?
g —4f cos ¢/ tan 2(t+¢) 4lsin ftan(t+¢) 0
dH(a) dH(a) ] I dH(a) )
err {a%2; +2h}sin®6 (a2 +2nlsin2g {a +2h)
(coszd 1/3)
areal strain - o _ . _ 29 _
—erote4s 2(h—31l)sin%f 2(h—3D)sin 20 2(h—30)(cos*0—1/3)
€09 — g 2I(1+cos®) —2/ sin 26 21 sin%f
ero 0 0 0

ers 0 0 0



cubical dilatation [ dH(a) | { dH(a) P! (€] 44h—6ll
=€p0 +e¢¢+€rr {477.4_4]1 - 6lJ {a dr +ah 61) 1 a dr + f
X sin%f X sin 26 X (cos?0—-1/3).

According to formulae (6), semi-diurnal and diurnal components of
eog and ego—e44, and long period’s component of es—egq are dependent on
only 7 and are independent on k. And the long period’s component of sy is
equal to zero. It seems that the tidal strains in the district near to the
coast are consist of the primary effect of it due directly to the tide gen-
erating force and the secondary effect of it due to the oceanic tide. The
absolute quantity of the secondary effect at a place where is located
from about 10 km. to score’s kilometers distant from the oceanic coast
has been indistinct. But as the effect of the gradient of the sea-bottom
in the district where is not close to the coast may be neglected, and as
the crust is not so much anisotropic in a same horizontal plane, the strain
components due to the variations of oceanic tidal load are contented each
other following conditions

epp= "eld’dn and  @lpp=0,  rreeseeereaeaciiian (7)

Hence, it may estimate that the tide-components of horizontal areal
strain, vertical strain and cubical dilatation at the earth’s surface don’t
been influenced by oceanic tide.

3. The observations of the linear strains on the ground in some or
several directions have been performed at Osakayama observatory (since
1947), Kishu mine (since 1955), Suhara observatory (since 1955) and
Matsushiro observatory (since 1953), and then the tidal constituents of the
observed strains at these observatories have been calculated by means of
harmonic analysis. Sassa-lype extensometers, H-53-type extensometer and
H-59-types extensometers have been made use for these observations at
Osakayama. H-53-type extensometers have been used for observation at
Kishu and Suhara, and Sassa-type-extensometers have been used at
Matsushiro. ~ The some parts of the analysed values were published in
some papers (4], [7) by present author. The analysed values of the
horizontal tidal strains that have been observed with highly sensitive ex-
tensometers on and after 1959 at Osakayama are shown in Table 1.

The amplitudes and phase lags of Me-constituent of the strains versus

azimuth at Osakayama, Kishu and Matsushiro are shown in Fig. 1.



Tdble 1. Ana’ysed values of tidal constituents of the ground strains.

Observatory: Osakayama

Location: Lorg. 135°51.5'E., 34°59.6'N.
Elevation: 100 m. abovc the sea-level

Depth: 100 m. under the ground

Instrument : H-59-type extensometer

Sensitivity of
instrument

Azimuth of

observation Period analysed

|
M;-constituent ] O;-constituent

Pha se|
lag

Amplitude }P]l':;se“ Amplitude

to 1959 Feb. 25i

east to west [from 1959 Mar. 28(0.53 ”
to 1959 Apr. 26!

east to west [from 1959 May 240.37 ”
to 1959 Aug. 23‘

north to south{from 1959 Apr. 230.57 ”
to 1959 Jul. 22

east to west [from 1959 Jan. 27;1.81XlO‘B/mm.?0.632><10"3 4.6°0.672 %1078 22.0°

0.880 » 357.8°0.760 ~» = 3.5°

o
0.758 » 359,7°0.735 # 1 16.3°

1.362 » 10.9°0.640 ~ 20. 8%

The horizontal linear strain in a
given direction of which direction-
cosines are 2 and g against to the meri-
dional and to the prime vertical direc-

tions, respectively is given as follow
e<)‘, ﬂ) =e”/.‘2+e¢¢/lz+eﬂ¢)‘[l. ...... (8)

The relative values of the coef-
ficients of cos-terms and sin-terms of
tidal strain of the primary effect for
some values of the parameter R/l versus
the azimuths are calculated by formulae
(6) and (8), and the coeflicients are
shown in Fig. 2 and Fig. 3. Fig. 2
shows the coefficients for the semi-
diurnal component of the strain, and
Fig. 3 shows the ones of diurnal com-
ponent of it. The unit of the coef-
ficient (ordinate) is 3 M(—q—>asin25

4 E \c

3
in Fig. 2 and is %%(%) sin 26 in
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Fig. 1. Relation of amplitudes and
phase lags of Mj-constituent of line-
ar strain vs. azimuth at Osakayama,
Kishu and Matsushiro. O, (P @
show the values, obtained from the
observations at Osakayama, X shows
ones at Kishu, and A shows ones
at Matsushiro.




Fig. 3. It is found from formulae (6) and (8), or in Fig. 2 and Fig. 3
that the ranges of the prameter k/l in which the coefficients of the cos-
terms at the latitude 34°59.6' should be positive quantities in all the
azimuths are given as follows,

h/1>4,98------ for semi-diurnal component,
and h/1>4.00---- for diurnal component.
But, the range of the prameter h/l for diurnal component is a same value

in all the latitude.

L p=1 cos-term -
T~ |
10 2=0 -
2=010
: 2=025
0 . ; 7=033
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, .
2=03 - g
@ 10 :
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28 sin-term ]
0
-asL 2%a5 0
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Fig. 2. The calculated coefficients of cos Fig. 3. The calculated coefficients of cos
2f-term and sin 2£-term of the tidal f-term and sin #-term of the tidal strain

strain (for semi-diurnal component) vs. (for diurnal-component) vs. the azi-
the azimuth, muth.

As the cos-terms of e4y and es components of the primary effect of
the tidal strains are positive quantities and the sin-terms of them are nil,
the cos-terms of €44 and ess components of the secondary effect of it
should be smaller than the both e4s and ess components of observed tidal
strains. And the sin-terms of the secondary effect are equal to the ones
of the observed values. According to Fig. 1, the observed values of the

cos-terms of M;-constituents are positive quantities in all the azimuths,



and they are not particularly small in some azimuths, therefore the cos-
terms of the secondary effects should be smaller than the ones of the
primary effects. And also the phase lags of observed values are very
small, hence the secondary effects are much smaller than the primary
effect in general at these observatories. The propriety of the supposition
is shown by the comparison of the strains due to Chili tide wave on May
24, 1960 at Kishu and Osakayama. This reason is that the strain amplitudes
of the effect due to the tide-wave (tsunami) are much smaller than ones
of the semi-diurnal component of it at these observatories in spite of that
the wave length of the tsunami is as long as the radius of the main
action sea-region for the secondary effect in these observatories and the
tide range of the tsunami is far greater than the one of the semi-diurnal
tidee. And also the strain amplitude due to tsunami at Osakayama is a
figure smaller than the ones at Kishu.
From the observed values on Table 1, the values of horizontal areal

strains are calculated as follows

2.15, %1078 cos(2{—6.6°) on M:z-constituent,

1.38: %1078 cos(2—18.3°) on Os-constituent.

From this obtained values and formula (6), we get as follows

(1D

h—31=0.45, on M;-constituent,
h—-31=0.44: on O-constituent.

The weighted mean value of k-3l is calculated by weighting 3 on M-

constituent and weighting 1 on Oi-constituent as follow
B—31=0.44g40.003,  ae-eeererersrerearenaas 11D
This value is nearly equal to the value that was obtained on 1954 (7] by

present author as follows
h—31=0.43:40.026.

The photographic records of es and egs components of linear strain during
twice weeks’ term observed with extensometers are shown in Photo 1. The
curves of reading values of the tidal strains on a crescent moon (from
Jun. 14 to Jun. 15, 1959) and on a full moon (from Jun. 20 to Jun. 21,
1959) are shown in Fig. 4. According to Photo 1 and and Fig. 4, it is
found that the apparent amplitude of the diurnal constituent in ege-
component of the strain changes with a period of about twice weeks, and

that the shape of the tidal strain curves on the full moon days and the
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Photo 1 (a) and (b). The photographic tidegrams of linear strains which are re-
corded with the extensometers at Osakayama. gy and 2¢g show the meridional
and the prime vertical components of the ground-sirains, respectively.
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Fig. 4. Observed tide curves of the linear strains which are eliminated the

secular changes, in the prime vertical component and in the meridional com-
ponent at Osakayama on June 1959,

new moon are like a W-letter (take extensional sense to upward). But the
ones in €g-component are always small.
The amplitude ratio of the analyzed values of Oi-constituent to M;-

constituent are as follows

<1?4lz)¢¢=0'85 i oucomponent, 1 ............ av

( ]OWIZ )M =0.48 in egp-component. [

On the other hand from formulae (6), the relations are obtained as

follows
( O,y _ _(h—4Dsin2§ sin24(0,)
M. '9p hsin?§+2l cos 260 sin? 6(Mz)’
(_01) . (h—-20)sin 20 .sin26(01)
M /gy hsin®§—2I(1+sin®f) sin? 6(Mz)°

where 6(0:) and d(Ms) are the declinations of the hypothetical heavenly
body of Oi-constituent and M:-constituent, respectively.

The values of (O1/Mz)es and (O1/M:)g¢ are equal to each other in the
case of /=0 and #/[=3, but this both cases’ relations don’t content with
the condition (I) obtained by the observations that is 4//>4.98. In order
that the ratio of (O1/M:)ss and (Oy/M:)gs may be 0.56, the value of 2/l
should be 14.3.  And the secondary effect of the strain should be far smaller
than the primary effects of it, hecause of the values of (O./Mz)e and

(0:/Mz)44 are very different each other. The accuracies of the numerical
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values of (Oi/M.) depend chiefly on the magnitude of the Oi-constitu-
ents in the components. And so the accuracy of (O1/Mz)gs is much
higher than one of (O1/M2)ss. In addition to this reason, irregular micro
variations appear remarkably in the egp-component. Hence, using the value
of (Ov/M:)gs, the ratio k/l is calculated as follow

h
l

This method has a strong merit that it need not know a sensitivity

T 1 PO %)

of the instrument.
From (V) and (III), the values of 4 and / are calculated as follows,
h=0.61,
[=0.05;.
By another method, the ratios of es to egy are obtained from the ob-
served values of Me-constituents and O;-constituent in the meridional

component and in the prime vertical component, respectively from formulae
(6) as follows,

€0 __ hsin?f+2lcos26 . . .
—a)MZ—-h sin® 6~ 211+ sin2 ) 1.68; in M,-constituent, 1
h—4l . .
(—Zi >01 =9 0.861 in  Oi-constituent. J

The value of (eag/ed,qs)ol is independent on longitude, but the amplitude
of Mo-constituent is much greater than that of Oi-constituent and the
weight of M.-constituent is about three times as gerater as O;-constituent.

So the ratio of A/l is calculated from the value of Ma-constituent on (VID)
as follow

h
1062, (VIID
From (III) and (VIID), the values of % and [ are obtained also as follows

h=0.62,

=005, | e aIx)

Now, it has the equation from the free surface condition as follow
dL(a)
=S A REBL=0. e, ©

From (9) and (VI), the value of adegaD is calculated as follow

dL
a d;(fa) = —(.78p.  ceererirereieiiiienenna. @.9)




13

And the observed value of the vertical component of the tidal strain which
was obtained with the extensometers in the vertical direction on 1957,

it is obtained as follow

dH
a dga)+2h=—0.280. ........................ (XD
From (VI) and (XI), it is calculated as
dH
a _d(7a_)= 1505, ceeeeeceerenneeieenninn. (XID

According to the result of (X) and (XII) the deeper the observational
point creep into the earth, the greater the values of L(») and H(») at
neighbouring the earth’s surface become. Namely, the deeper the point
goes down into the earth, the greater the tidal displacement becomes at
the neighbouring earth’s surface.

Dr. H. Takeuchi calculated the numerical values of F(&), G(&), F'(¢)
and G'(§) respect to the earth tide by use of K. E. Bullen and others’
models in respect to the distributions of elastic moduli and density within
the earth, (where ¢ is #/a). The values of adl;iga) and adgga) are cal-
culated by use of these values of F(£), G(&), F/(&) and G'(&) as follows

adfi(") = 0.69,
A S (XIID
and ad_}é_(a_)= —1.51.
Ve

These values agree approximately with the ones obtained by our obser-
vations of tidal strains.

These results by the observations of the tidal strains are in good
agreements with theoretical values which are calculated by use of the elastic
moduli which are obtained by the study of the transmissions of the seismic
waves within the earth, in spite of that the our observations have been
performed at Japan where is in a particular place of the eastern edge of
Eurasian continent.

In order to study an anomaly of the earth tide due to the anomalous
constructions of the crust, it need perform more precise observa-
tions. And also, it is one of the most important keys to resolve the pro-
blem that the secondary effects are able to be neglected against to the pri-
many effects or not at these observatories. This assumption is proved by

not only the observations of the tidal strains but also the ones due to Chili



14

tide wave. The author wants to study elaborately on the state of the
attenuation of the strains due to tidal load versus distance from the ocean.

4. Tn conclusion, the author wish to express his sincere thanks to Profs.
Kenzo Sassa and Eiichi Nishimura of Kyoto University for their valuable
suggestions in his investigations. And also he wish to express his thanks to
the members of Kishu mine who are performing the weekly observations
at Kishu mine, Mr. Kenjiro Shinya who has performed the weekly obser-
vations at Suhara and the members of Matsushiro observatory. This
investigation is parted by a Grant in Aid for Fundamental Scientific
Research from Ministry of Education and a Grand in Aid for Science of
Hattori-HOko-Kai. And this study has been performed chiefly at the insti-

tutions of Disaster Prevention Research Institute of Kyoto University,
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