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Abstract

Observational results of the ground deformations obtained by means
of tiltmeters and extensometers at two stations in Wakayama City in
Kinki District, Japan, are presented and discussed with particular
emphasis on the relation to meteorological and oceanic phenomena. The
ground at the Oura station inclines gradually to the north-westward and
a similar tendency is also discernible at the Akibasan station. It is
shown that the annual changes observed are due to the thermal deformation
of the ground by the temperature change on the ground surface and that their
wave lengths and mode are nearly equal to those of the daily changes,
depending mainly on the local topography near the stations. Drift, that
might be caused by initial disturbances on the instruments and their
surroundings, lasted for several years on a record at Akibasan, which
suggests that every discretion is recuired as to the interpretation of
secular changes from conventional tiltmetric or extensometric results.
From a concurrent observation by two pairs of tiltmeters of the horizontal
pendulum type, it is ascertained that tiltmeters of this type may be used
for observations of secular tilting motions with certain qualifications,
The diurnal and semidiurnsl changes observed by each pair of the two
tiltmeters are affected by the atmospheric pressure and air temperature,
and each behaves in a different manner, from which it is concluded that
these effects have very local characteristics detectable even when the
tiltmeters are placed so close to esch other. This should be given due
consideration in an observation of minute ground deformatione and in
the evaluation of tidal constituents, especially in that of the S, con-
stituent.An estimation of the effect of the 2tmospheric pressure rradient
on the pround tilt is attempted as to the atmospheric tidal waves, the obtained
value being about 7"perlmb/km,butthedirectnn1ofthegunundtilt is oppose

to that of the loading influence due to the barometric pressure. Fror
: I m

-1 -



the spectral structures of the tiltgram at Akibasan it js shown that the
chenge in the periodic renge from 1 to 33 days in the ground tilﬁfﬁﬁ,thg
station is seam&y influenced by the changes of the air tmpwa%mg"
atmospheric pressure, its time derivative and loading of the water‘i#;iﬁﬁk
neighboring sea, It is also shown that the effect of preclpitatﬁﬂn in,

on the contrary, very remarkable and that the ground tilt aaumed by am
impulsive precipitation is tentatively represented by ot - axfi;fatﬁ

with egqual values of F for the E~W and N-=S components of the grannd
tilt. Corrected spectra for the disturbances are given, which ﬂuggea%
predominance of several oscillatory tilting motions. Gempariscnacaf‘tﬁaﬁ4
spectral structures of the tiltmetrie and extensometric records ﬁith<$§%§®
ofdthe barograms show that the amplitude ratio of the ground tilt or
sirain to the pressure increases’and the phase difference between them
also varies slightly with the frequency. This frequency &epen&@a@e‘éf‘

the spectral ratios can be appafently expressed as the sum of thavﬁwﬁ
parts prbportional directly to the change of the pressure and proparﬁinnal
to the time derivative of the pressure change, respectively. A tentative |
method for elimination of the disturbances due to the oceanie and meteoro-
logical changes from the tiltgrams is introduced. Digital filterings

of the tiltgrams by several types of filters are also attempted to detect
small anomalous ground tilts. There ocan be seen in these results thai

e

peenli&r gr@und tilts of the magnltu&e of about 0.0 2n or amailﬁrﬁVw

existed at the two stations shortly before and after the three local
earthquakes occurred on Nov. 14, 1960, in this distriect. Although
thege phenomena may be related to the occurrence of these earthquakes,

further investigations are needed to verify the relation between them.
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Intreduetion

. It is a well known fact that characteristic ground deformations
are often foun? after the ocrurrence of destrretive eurthduakas near
their epicentral racions, TIn Janan, since reodetic snrveys such =as J
levelline rnd trianenletion were crpried out shovrtly aftar the great
NEhi Farthrmake in 1401, much work hrs been done in order tn 5nv@$¥i§§¥;g
the relation betwern earth-uave occenrrences znd pround deformotions,
Particularly, recent observational resulis on the Niigata Barthquake onJmlﬁ,
1964 and the Matsushiro BEarthquake Swarmwhich began in August 1965 are
morthv of snecial mention hv wir+ee that a characteristic crustal mévei
mept befare and after the earthrmake has been vrevealed by rabetitionabf :
level snrvevinea ~t the enicentral reecion in +he case of the Niieata

M

Fearth nave. =nd +hat the crmatal tilts »~d straing ohserved bv levellins

&
"

anpyeve snd Alantvwaiant 00 mapovmamnnts hesra aan wal p‘.‘@d +o the spi"mic’itv
nf the awnrm rnd ivternreted to elnnidate the menhzniasm of earthquekes
2)
in +he aase of the Yot~ughi»n Farthgnuake Swarm. Reridac. tha elrsticity
thecrr nf diglne~*iong hepa hern anplied 4o the 2nalveig of the disrlaece-
menta, etroine and ~treeser acmpniated with fanltine, and mich work has
. i 3 s
heen dame +n make rle-r +h~ Farsl mechani~m Af esrthruaken, Tn 2dditiom,
hishlr sencitive +iltmeteve of the hoamivrntal noandulnm +ne =snd linasy
atrainmeteorn wore Aaviead ~nd emnlnred zq etstjan Ingtrumonts in atndey
#3
nf eartheat+idac onl erigisl defarmmatinpne. Tn 10623 ¥ Mnepn ~nd W, Nichimipg
Antanted a naermlinw +i1+iwmo mation Af +he ewanind thot anpe-red =2bhayut
8ix honre hefare tha neenrrence of the Pottori Earthecle =+ Thuna veing
tiltmetera Af thie +wne, Thereafter ~imilar phernmens hrwe haan frerpentlw
_ ' £
oheervred  aunnocediv pornected with Acetrictive pa-thrankes, and warth
of rote g the fact +rat the cepde*ic mepa-urem-nt nf the eructz2l movements
by triznmlatinn snd Tavyelline and enptinnone nhaervyntinn of them hy
tiltmetarg ~nd evtennomatare a2t come fFived gt~tiore sve came of the

nromicing wava to elucidnte the mechaniam nf eapthri~ke ncemrrencaa and



further to predict +their ocourrences.

Go?"ntiunm observations of tha crustal deformations by tiltmw’%pr@
and extensometers gpe #enarplly carried out in deep tunnels to avoid the
effect due to meteornlosical distnurbrrees. FHowevar, it is not aderuste
to carry out observations in verv deeply sitnated rooms below the surface,:
becemse the rooms sre deformed by the ereat rock-pressure and the observa=
tions of real eround deformstions of the area concerned are distunped.

. ©
With observational resnlts from manv ohserving stations, XK. Wosoyama
ronclnded that the denth nf the ohservatian room aderuate to the present .
purnase is about 100 - 200 m below the surface. However, such an ideal
room is not alwevs obtsinable for such observations in certain recions,
and moreover. it is thonrht tn be 2lmost imnomsible that the observations
of crmgtal deformations are nerfectlv free from the meteorclogical and
locally restrieted Aistnrbances. Consemnently, diseriminatinon of real
rwiatal movamertas from othe~ Aseturbances is indisnansable fer the
inveatiootions b tiltmeters 2and evtensematers, amd many napers,have?beeﬁv
mhlighad as to the relation between the eround deformations and meteoro-
Tacieal Aisturbances, Treptments 2hout removal of annual variation= of
the pground defrrmetions dvns tn zir temveratnre chanre and precinitation
have heen shown by T, Ozaya, M, Tekada and V. Porov e* al. and crustal
deformationns due *0 the ntmosnpheric preogsure heva been treated by R,

I’D) /) /2)
Tomaschek, M, Simnn et 2l. =»nd others.
In Wekoyama Nis+riect. lncal earthemaes h-ve orsurred verv freguently
cince =hout 102N, and the seiemolnrinal and gende**ecal st1d:r hes been
/13 _ 4) /5

made by *. Tmammra ot al,, %, Mivamwa -nd T, “ikumo, At nresent, routine
geiemrlorinal rhasevationa are bheine ncarried nut v the Wakrvame Mipornaa
errthmale Nhgerwatory heloneine 1 the Farthminsle Receapreh Tnatitute of
University of Takyo. In 1965,the third co-operative observation of ultra-

microearthquakes was practiced by the Research Group for Ultra Microearth-

quakes in this district for the purpose of clarifying the nature of the

76y
local earthquakes and seismicity.
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Jince -1 Mﬁ ‘e e‘fﬁhmx gleg raral v-«’c'smv';,? in ca rta in reaj‘%w«i mteda&'néﬁ

in =uech an act‘ve reﬂlan nf local earthmirkes as ”akpvwma st*r"ct wou]d/

Five ug a s"fficient amount of data in a re]ativelv'ahort period nf tﬂﬁi;
”,}’:u{ :

in ‘the case +thet 10071 enrthrmakes are also accompbnned by vorresoon&igﬁi;

smpll deformations of the Fronnd nesr tha enic@ntars. For tha nurnodﬁﬂ

ﬁfated above, ohservationﬂ'of the aroun defrrme tiong hv f‘ltmnterc and

evtensometers have beﬂ" knn+ P 2t Ours 'nd AkthSAn 3n Wa*avama “1t§.f,

Wowever. since the ‘Both nbservation rooms are shallowly qeatpdfandj"

the aea. the grnwnd def~rmrtions ohsevvéd ~re noneidernbivyéf?e&tgdi
nnt nmlv meteornlocicel chovpas but al®o by ogesnir *iﬁeélv Aééﬁf&{hé
#liminetion of these disturbfng factors frnam observed recoxrds ié‘n&?””
tr ohtnin enhatantial gmwetsl Adeformrtions whierh mirht he ralétﬁéVfg‘i
neenrrence of 1ocnf arrthrunlreq,

Tn the paper we digemis~ me2inly the errund deformatione abﬁérféf

n+ +he twa etatinng ip Yekavama poused bv matenraloricsl ghomoae Qn&‘%
rothnlg of PliMi"n;inﬂ af +hare ahatwintive 4°P°¥matinn°, A=A nfﬁs;nﬁkfﬁﬁi
resultant Aef~r~matisne in weletinn 0 +h~ necrurrenca o€ Jornl e;fthd;nkﬁgi
Tn Mrontar T, ahearvotinrel eettinee and +he ~cenlar deformatiore innlvding
anvinp]l rhowmrer ape nresented,  Thontew TT 15 anveevmed with +he ﬁefnfmi;;
re+inn of epch Aistrrhine fartar sugh =2e the ~+maenherinsr rreaemire, =iy
temnanatere ~nd areavie +idea, hrped om the eneectral atmrtore ~f t+he

A rrasr +n pediine matao~»~lo~i pa"

tiltmetrie rnid extencometric vweararde,
snd Aneanie +id-1 diaturhonrag spd the Adeital fjltarine of +a parnpdsg

Fap +tha mpnane of detantinn af apancloue ewagond de ™ rma+inne syve rraganted

in MPhanter TTT,



Ghapter I. Seculcr Changes of Ground Tilts end Streins
l. Observation stations and instruments

The observation of the ground deformsotion wos commenced en March 27,
1960 at Oura in Wakayama City. It is shown by S, sflyamura{zc)ha‘ﬂ the foci.
of local earthquakes are distributed meinly from 3 to several km under
the surface near Wekaysma City, where the depth of the foci is sha}Lowea?‘;
in this district. The Oura station is on the northern slope of Mt. Taka—
tsushi znd loceted at 34 11.3,N letitude and 135 09.5 E lo ?1tudea, The
observation room is about 50 m above sea level and 5 m below the ground
surfoce, and the bed rock is weathered crystalline schist. The instruments
with which the Cura station'is equipped are shown in Tezble 1,

The Akibasan station was set up at the western foot of a small hiii
called Akibesen on July 14, 1260, being about 1 km distant from Ouré,
in order to comnlete =2nd verify the recults observed =t Oura, and the
observetion was continued until April 2, 1965. The location was 34011.% ¥
latitude and 13501054 E longitude, and the depth of the room was =zbout
.
10 m. The ved roclt was a2lso cryvstelline schist. As will be discussed
loter, this ststion was concidered to be iore suiteble for observation
of grouni deformztions than Oure, probebly becruse of its deerer situstion.
Trble 2 shows the instruments used ¢t Akibsazcn., Two sets of tiltmeters
of horizontal pendulum type were opercted in order to exasmine the instrumental
error. The geogrephicel citurtion of the ststions ¢nd confisurstions of
ingtruments are sunown in Figs. 1 ond 2. To extencometers with double
, 187
bow-string orticrl moagnifiers devised by II. Boenioff heve been used ot
both stotions., S5 m gumer-inver rods of 1 om dirmeter were used as the
length stranderd. Thermometers and brrorsraphs cre of the bimetal ond
, :

rneroid trres resrectively, rnd their deflections hrve been recorded
optically on »hetorrernic vepersto~ther vith those of tiltmeters and
extennoneters.
"

2. Geeculrr cround tilts cnd strains

o



large deformftlons of the rooms beccuse of their shallowness. Aaqoﬁé%ﬁ

we shall discuss only the ennual changes snd general tendencies of the

3

seculer deformotions in the following so far ns circumstences permit.g'

(a) Case of Oura ” ‘w‘~:y;; -

ke

Ground tilts,

e

trring -nd room temperature observed at the Qura
stotion are shown in Fif. 3. The symbols Ao ond 3o mean the B-W and WSl .

comronents of the ground tilt end Feo ond Eno the E-W and N~3J compbnaﬁ%s Rk

of the strsin, respectively.. The room tempcresture is represented by Té..:

Upward traces of Ao «nd Bo correspond to the east- :nd southward

inclinctions of the ground, end those of Jeo ~nd Eno correspond 1o tﬁé?ﬁ
extension. Large snnual chenges are epperent in the N-5 component*nffiittﬁ
cnd both components of strain, the double amplitudes of which are éstimﬁied
| -6 | . L
to be zbout 6" e¢nd 5X10 , resrectively. While, the annual cnhnge is
obscure on the E-W conponeni tilt. Short-period fluctuctiions that appéuxed
in both the tiltwmetric snd extensometric records are meinly due to heavy “;
precivititions., As to the érouni tilts, the secular changecs are compar§— 
tively small contrarv to the lorce annusl chenees, and this agrees with g
P
the fencrol tendency vointed out by oroyrme. thet annual chenges and
meteoroloriczl influences are lorge #nd seculer chenpges smell in shallow
obccrvetions rooms, uhile the former is cmall end the letter larce in
deep rooms. The room temperature snows a refulcr annual change, the
amplitude of which are estinated to be ebout 1°C =nd the maximum znd
minimum occur in Hovember :nd June, respectively. The neon room tempera—
ture is cbout 15°C end monthly msan o7 the wir temmerature passes over
thiz velue o1 the end of October #nl fromn Airil to Kay in this district.
Pherefore, it can be scid thot the maximum ~ad mininun volues of the

room temperature cppear rbout one month ~Iter the outdoor temnerature



has przsed over the room %emperature. 3ince the phace of the large
ennuel cnange on the N-3 component tilt coincides fairly well with that
of the room temperature chrnpre, tue annual change of this component/ﬁilt,
is concluded to be ceused by the thermal deformation due to the room
tempercture change. lMeanwhile, on the X-U component strein the maximum
and minimum extension seem to appear at February and August
respectively, the mode of which agrees with thet of the air temperature!
end the U-S comronent stroin shows a phase lag of ebout three months
compered with thé - component. Accordingly, it may be concluded that
these annual ch;nges of the streins ere not directly due to the thermai.
deformation by the room ﬁemperature but due to the ennuel chrnge of thé
cir temperszture ~nd generrted by thermzl effect near the ground surface.
Lt Cura, flucturtions of the room temmerature of the period of eeverél
hours wvhich are suprosedly dus to the temperature chense of the undef;
cround weter are sometimes ohscrved, when the tiltmetric and extensometric
recorls ere discturbed. In such coses, the tiltmeters show west- and
southwerl inelinctions respectivelwr, cndl both extencometers show contractions
¢ the tempersture rises. This response of the extensometers to the

room temperature is opposite to thast of the rnnucl changes of the room
temperature, and from this it is zlzo sscertrined tnat the annusl change
of the strein is independent of the room tempersture. On the contrary,
the response of the N=3 componcnt tilt is in accord with that of the
ennul chance. These fects certily the cbove conclucions to be velid.

In Fig. 4, yvearly vectorial dirgrams of the ground tilt st Oura
erc shown incluling the ennual chesnge. In thic firure, 2 slou monotonic
gsecculrr chenre of coout O,T" per year is sean 1o the northwestword direction.
This seculazr chance of the prouvnd tilt shows rmzlit»tive apreement with

20)

the recent results of the reodetic survey made by A. Okada et al.

(r) Case of Alibesan
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Observationzl results from July 1960 to April 1965 are shown in Fig.
5 In this fipure, the symbols A2 and Aa', and Bs ¢nd Bz' mezn the E~W
ind I'~3 component tilts, +the upward traces of which oorve'qpon;d,btwyﬁtd‘
the ecsnt- snd southward inclinetions, respectively- DSimilarly, Eea and
Ena mesn the E-W and N-3 comronents of the rround sirein, and the upwamd{
traces show the extension. At Axibassen, the two scts of tiltmeters
fn, Ba, Ac' and Ba' were installed in porellel but onposite directionﬂ,'
25 seen in *ir~, 2bon one concrete hase, the width, length end heightxdf
which sre obout 50, 150 =znd 10 cn, respectively. One pair of tiltmeteré
vos eruipped with oil-dampers to cuppress the free oscillations of pendqf
lums by tr~ffic vibretions from the road neor the observetion station.

Now, in Fir. 5, gradurl rise of the room temperature continuing for
several yerrs is very charzcteristic, It seems to be almost impossible
thrt such a long term rise of the room temperature urs real, and the
rhenomenon misnt be coused by tae drift of the bimetaels or strings which
cuspended the mirror of the thermometer. iovrever, o very similar drift
to it is enparently scen on %na, the N-5 component of strsin, and there-
fore it mcy be rash to conplude thet the rhenomenon is nothings but
instrumentsl drift of the tnermometer. In Fekruaory 1065, the double
doore et the entreance of the ohservetion rocom were hroken by someone
rosuish, ~nd thereupon the room tempercture fell conciderab.y, when the
tiltmeter:s Ae cnd Aa', 2nd Bz and 3a' shored apporently east- and south-~
werd inclinestions recnectively, =nd the both extconsometers controctions.
Howevcr. the emounts of inclinctions obsarved by the tiltmeters Aa' end
B2 wthich were pleced on beth corners ol the concrete bese reached sbout
ten times of thoce observed by Ao cnd Za pinced on the centrsl pert of
the base, ~nd this meerns thot the inclinr-tions observed ¢t sudden fall
of the room temperature might hove 2 very rhort wove longth -nd verhaps

meinly due to the deformstion of the concrete bese, Siniler tendencies



were observed when men enﬁéred‘the‘room to change the recording paper&f
At aﬁy rate, because’the exponential contraction appeared on Ena isl»;:
reversge to the changes on the small fluctuations of the room temperg#ﬁ?@,
it cannot be explained simply as the effect due to the rise of thqerSml
tempereture. IHitherto, it is said that initiel drift of the expo#enfial:a
Torm supposedly due to the instrumental and environmental disturﬁaﬁcéﬁ‘i;
usuonlly seen, which continues about one yesr or less long after tﬁe |
commencement of observations. For example, such drift is observable on’
the Bz comvonent of tilt and Neea compéneﬁt of streoin in Pig. 5. Although
we cannot drew any definite conclusion zbout the origin of the long-term
drift in the Ene component strain and the room temperature in the presen*‘
strge, it is to be notgﬁ thet observationel results of the ground tilts
or strains by tiltmeters or extensometers must be interpreted taking

the possibility into the considerstion thot there mey exist long~term
initial drift continuing for several years, especiclly when we are con??‘
cerning ourselves with seculer ground deformations.

Now we shall discuss briefly the annual chanres appéaring on the{
tiltmetric and‘extcnsometric reéults.

The amplitude of the annnal chenge of the room tempersture is
about 1"C or less and its maximum end minimum oppecr in November end May,
whichcoincﬁdeséairly well with the tendency at Ourc. The ennuzl changes
that appeared on the tWo tiltmeters in the sa;ne direction are in good accord
with each other. By the reesons thrt the amplitudes of Aa end Ba are
nearly equal to those of Aa' rnd Be' respcctively, thet the directions
of the ground tilts to £he bhange of the room temversture sre reverse to
those in the czge of shert-period cheonges, and thet the phases of ‘the
tilte ere thoneht to sgrce with thet of the cir tempereture, the snnual

chenee of the ground tilt ot Akibasen is concluded to be causcd by the

temperature chaonre 2t the ground surfoce. Purthernore, the phese of Aal
seems to be chead of thet of Aa, and the former zmplitude is slightly



»Jarger»thanjthé latte?. This tendency is identical with that for the
'diurnal:ch@nge as to the Aa- and Aa'components as will be shown later,
and thgrefore it is concluded thrt both the annual and diurnszl chenges
of the ground tilt are caused by the air tempergture and generzted by the
Bame meohanismvdepending on the surface topography and geological circum-
stence near the station and also depending on the shepe of the observatidn
room.
\As to the ground stroin, there can be seen a large annuesl change
on the 5-W component in spite of the considerable data lacking, while
it is not so remarkable on the N-3 component. Becsuse the relation
between theo annuzl changes 2nd room temperature is reverse to that regarding
to the short-period changes, and beceuse the phese difference of rbout
three months is seen betwecen the two perpendicular components zs well as
in the case of Oure, the annual change of the ground strain at Akibesan
is considered to be ceused by the tempercture change =t the ground surface.
It hes often been pointed out before now thet secular changes
observed by tiltmeters of the horizont-l pendulum tyve are not generally
in accord with those observed by weter-tube tiltmeters or those expected
from the results of level surveyings, and one of the reasons for the
discrepancy between them is assigned to the shift of zero lines due to
the instrumental drift of {iiltmeters of the horizontal pendulum type.
Comparing the secular chenge appeered on the tiltmeter Aa with that on
Az' which was instelled in parsllel direction to Aa, sood resemblance
between them can be observed on the whole, althourh slicht discrenency
is seen in the beginning of 1%63. Similarly, the chenge of Br is in
accord with that of Ba' except 1963. If there exist inctrumcntrl effects
on seculer chenges, it ic hardly possible thnt cuch & good resemblance
can be obtcined by the two parrllel tiltmeters. Therefore it i3 deduced
that the discwﬂumciesbetwgensecularchangeéobservedbytiltmetersoffhe

horizontal pendulum type 2nd those obscrved by voter-tune tilta-ters or



geodetid methods are not due to the zero shift of the instrumente but
due to very locel tilting motions supposedly connected to the deformatiomd
of tunnels theﬁseivﬁi;likewise in the case of the diurnal snd acnnual
chenges. It is also poscible as pointed out by T. Hagiwaré’%hat the
dincrepancies are due to the difference of the dimensions of the spénﬁ;
ecross ‘shich the obscervations of the rround inclinotions are meaéuredmv
Lecordingly it cen be seid that tilitneters of the horizontal pendulum
tyre record true inclinatione of the tripods of the instruments at_least,
which ere attributable to the crustal inclinstion extending over a wide

sres, its trensformed inclinction of the ground depending on locel con-

ditions =2nd entirely locel inclination charncteristic to the observing

Vectorirl dirgrems of the ground tilt composed from the tiltmeters
Az ond Bz ot Akibesen are shoun in Fi~, 6. As seen in the firure, the
cnmucl chrnge at Aliibasan is far smeller then thet et Oura, ~nd not oﬁly
the direction but the rete of the seculsr inclinestion at Akibesen agrees -
grtisfoctorily with thoze rt, Oura.

Minally, monthly numbers of locel earth uzkes reported on the
Jeinmolosics]l Bulletins of the Jeoren MHeteorolosic-l lirency as events
oceurred neer Wakevema City are siven in Fig. 7 5. Fiyemure et al.,
heve reiorted thet §he seismiciiy in thic recion tended to dsindle since
1963, Vicissitudes of the seismicity, however, seem not to be remarkable

on bhis Tisure, snd 're wvill not trlzz up the diccussion about the relation

hetreen the cecular ground inclinrtions ¢nd ssigmicity of locl certh-uckes

n Lthise resion.

3., bumneary

Some results from the tiltnetric rnd cittenconetric observetions

~% tho two strtiong in Yrkew-me City hove heen described snl discuscad

ecvecirlly repserding to the cnnanl nid ceculer chrn~es in this charter.

Moy =re cummerized in the follorine.
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1) Since the ﬁwo Gbservatlon rooms ar@ ‘not so deep bélow the gr@nh&

uurface, annu*l chanpes are obgerved on both tiltmetric end’ axtenmometria

records., It ig deduced from hhe gimilarity of the mode of 1he annuel
chenmes with that 6f the diurnal ochenges that they are malnly due ta theg
changre of the outdoorvtemnerature and that tn81r mechanism of appearanae‘
is identiezl depending vossibly on the shapes of the tunnels and su?f&cé
topography near the observotion rooms. .
2) Gradusl northwestward tilting of the ground czn be seen atﬁbofhrsfé¥iééﬁ?
, .which does not seem to contrsdict the result from the levelling'suryﬁ§l1
in the neighboring region. Shellowly seated observation rooms mny be/
cdvontageous Tor observations of seeular chenges, althouzh annuallaﬁd

other meteorologicel disturbances sre large, because they ore eiiﬁimated:“
without difficulty. | ﬁ

3) Lonr—term drift which was probebly caused by initial disturbances an&%
continued several years after the commcncement of observations is obéerVablé
on en extensometric record et Akibzsen. This sugrests that it is dangefdﬂﬁ*
to presume that the initisrl drift mey settle down within one oi

e. helf-yecr as ic now generally accepted.

4) From comparison of the records by the four tiltmetcrs installed oﬁ

one concrete beose, it is concluded that tiltmeters of the horizontal pendu-
lum type record correctly the tilting motions ot the sites without instrg-
mentel drift even in lon~ term observetions, ~nd they =2re able to be usedk

for observetions of secuslr chrnges under some gualificetiona,



Chapter II. OJpectral Structures of Tiltmetric and Extensometric Records
1. Continuous observations of the ground deformations

:The ground deformstions obucrved by tilitmeters or extensometers
renerally consist of very complicated fectors. They are, for instance,
deformstions by the ecrth tides, meteorolorical changes such as rainfall,
etmospheric pressure and zir temperature, insolation, and underground water,
locnrl ground deformations near observation sites ( including artificial
disturbences ), instrumentel errors and substantial crustal deformations,
some of which might be related to the occurrence of ezrthquzkes. A sche~
matic representation is proposed in Wig., 8, showing a view about the
ground deformations and their observations.

The grevitationsl attraction from celestial bodies, mainly from the
3un ond Moon, ects on the Earth 2nd gives rise to the earth tides, the
#lobrl deformation of tne Earth., At the seme time, the attrection might
zct on some kinds of observing instruments swch as those of tiltmeters of
the lLorizontel pendulum type. lNoreover, the attraction acting on the
esrth's z2ir mass and ocean water generates the atmospheric and oceanic
tides which deform the ezrth's crust end change the potential field of
croavity. In addition, instruments of some types may be directly affected
by the rir ond weter moss.

The ezrth's cmst msy be deformed extensively or rerionally by
the stress originsting from the ecrth's interior, ~nd naturelly the ground
in the vicinity of the observing instruments i olso deformed. However,
the mode of the two deformetions ere not 2lwoys thousrht to coincide with
ecch otuer, and the sirein peticrn obscerved at onc fixcd point by the
continnous observetions would not rerrescent the strain pattern of a
lerre orec vhich might be releted more dircctly to the internal eiress
of the crust. Thus it mcy be interprcted thit the extensive or regional
deform~tiong sre trensformedl into nsome lifferent locel defermetions by

the surfece toporravhy of tne ground, ccoloricel cirvcumstance neer the



observatiohal‘sites; and positions and shapes of the observing rdom§; 

Similarly, the ground deformations due to the origins of thefﬂérfy'gj
exterior may not oniy be extensive or regional ones but can also be expected
to be very local. . In this case, there may zlso be some transformatibns
in mode 'en the extensive or rerionnl stress causes tﬂé local<deformatibnsq
at the observationel sites. Additionally insiruments are direcfly inflﬁi
enced by the external origins such as room temperature, pressure, humidity
and so forth.

Characteristic deformations indigenous +to each observational aite::
are usually observed, which are mainly generated by the rock pressure
near the underground rooms, and they become larger as the depth of t@g
rooms ig greater.

Finally, instrumental drift mey also be inevitable under highl&
sensitive operation.

Thus the tilimetric or extensometric records are thought to consist
of ground deformatigns and instrumentzl deflections by the many factors
mentioned above. However, beccuse it is not ascertsined whether these
factorc effect independently on the obtzined results and their influences
sre recorded as a simple superpocition of them or not, it is an imporfant
problem to elucidate the interasction between the influences due to each
factor.

Conversely, if we went to get the extensive or regionzl crustal
defTormotions caused by the earth's internal origins from tiltmetric or -
extensometric observations, it is necessary to know not only the trans-
formation formulee from the substsntial deformations to the deflections
of tiltmeters or extensomecters, but z2lso to know how other deflections
are corused by the earih's external origins such as meteorological chenges,
cnd pursuit of the inverse trensformition end elimination of these
obstructive deformations end deflections are remuired. Lccordingly,

it is essenticsl to practice the procedure mentioned above rnd to direct
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our efforts to this purpose. However, we cannot know directly the atregs
pattern withih the earth's orust which causes the crustal deformations,
and so.characteristics of the input sirnals of the substantial crustalu‘
deformations can harély be obtained; this mzkes processing of the obtaiﬁed
date difficult.,

As to the investigation of the deformztions due to the extern31 f
origins, we cannot help taking some approximate methods under simp%i{}ﬁd,
assumptions in the present stage, since it is difficult to collect ; fi$
larre quantity of information about the disturbing factors such as met§$¥04
logical chenges and éceanic level and to carry out the observations of
the crustal deformations of different spatial extents from narrow to
vide ones.

Now, we may aﬂplogize the 2bove mentioned relations as follbwé;“
There is a black box, input of which is the substantial crustal defor-
metions origineted from the internal stress of the esrth and output is=
tiltmetric or extensometric records. If we want to know the subatantiallf
crustal deformations from the records, it is necessazry to clarify the
neture. of the transformation in the bleck box., For example, in order
to investigate its spatial characteristic, concurrent observotions such
a5 srrey observations, smell and large scale measurements by the geodetic
methods are necessary. for the purpose of identification of the signals
corresponding to the substential deformations, check of the reproducible
noture of the phenomene by continuous observations, study of the spectral
structures, use of the instruments with some appropriate frequency
responses and so forth are a~lso needed eccording to the viewpoint of time.
Becruse the proper instrumentcl drift mey =lso be contoined in the output,
ve mist use different kinde of instruments in order to “istinguish them
from real deformations neer the observation sites. 4s to tae disturbances
from the externcl origins, we may obtein the output corresponding to
the disturbing deformctions from the box or the instrument:zl response

by epplying the external factors such as meteorolorical chenges as input.
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In this case, we must observe the pﬁehomena which are considered to be
the factors crusing the ground ﬂeférmations-and regerded as the input .
to the black box a8 far as possible, and investigate the relation
between the input factors and outpuf records.

According to the reasons mentioned sbove, it is important to
investigate the ground deformations caused by the external origins of
the earth. Among them, the meteorological influences are the largest
and most important for the analysis and interpretation of the data. In
tinis chapter, the relationg between them are discussed as to the tilt-
metric deta obtained at the two stations in Wekaysma City, mainly based
on the Fourier spectra of them.

2. Data

The atmospheric pressure, air tempereture and precipitation are
concidered as the most important factors amons the meteorological dis- |
turbances on the tiltmetric ond extensometric recoris. In addition,
gince the two stations are situated at points about 0.7 rnd 1.5 km from
the necrest sea coast of Walkaura Bay, the tidzl changes of the ground
tilts snd strains Qbserved are lerpge and chiefly caused by the bending
cction of the loazdins mass of the neer sea wztcr upcn the ground.
Accordigyly, in the present study we rssume thet the ori-inal factors
which disturb the tiltmetric =nd extensometric records sre the stmospherie
pressure, cir temperature, vprecipitetion and oceanic tides. In this
case, the elffecus ol the primery eesrth tides tnd ocesnic tides are lumped
tozmether, becruse the mommitnde of the leticr is far larger than that of
the former. The tiltmetric data dbserved £t tne two
stetions, Oure cnd :ikibescn, have been used in the present study, and
the duration of the rnelysis is the one yerr from July 31, 15h00m, 1960
to July 31, 14h00m, 1661 (UT). The recdinge were mrde up to 0.1 mm on
the records et intervels of ons hour. The tidsl recorl ol tne Iuess

type tide geuse obscrved at the Hcokeyema Horbor Widrl Stetion ( 34°13 N,



135°09" E ) were used as the deta of the oceanic water height. 'Tﬁe &éﬁ&‘

of the air temperature and precipitation are those observed at the Waka—

yema Meteorological Observatory ( 34°13l6 W, 135° 10J0 E ). The barogram

used in the present study is thot observed by en zsneroid type baromet&r;

&t Akibasan, The duration and reading intervals of the tidai recofds,;f.h

thermogram and barogram are of course the same ns those of the tiltmetric

record, namely from'July 31, 15b00m, 1660 to July 231, 14hOOm, 1961 (ur ),

cnd every hour, respectively. In the present study we have provisiona;iy~

sdorted the intensi%y of preciritetion, mm per one hour, to represent iis

pcttern, which is considered as the time derivative of the precipitation.

It is to be noted thot since the distcnces from Alibssen cnd Ouré to the_ 

Wakayama Meteorological Observatory ere about 3 and 4 km'respectively,

the cir temperature and preciritation observed there would not be, strictly

spealiing, egual to those ¢t Akibasen and Oura. However, we have not

cerried out meteorological observations at these stations esnd could noﬁ

use these dsata, a1ihough it is desireble to use datz observed zt the

seme place where observations or thn ground deformations are carried out.
The tiltmetric observations heve been sometimes interrupted by

heavy precipitations, fsilure of the electric power supply and instrumental

troubles. The monthly numbersz of dnys, Tor which the deta are lacking,

are given in Teable 3 for cach tilting component. Interpolating methods

for missing deta hove been devismed fTor nrocessing the gravimetric records,
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for example, by I. i, Longmen end R. Lecolazet. In the case of gravimetric

records, the instrumentel drift is enerslly lincar or of simple form,

ond the missing curves can be interpolated through comparatively easy

procedures. However, estimetion of the lreck of dzta is very 2difficult

to make when the drift is lrfge snd cannot be expressed by sny Simple

functions. As t0 tiltmetric and extensometric records, meteorologicel

disturbances zre generclly obcerved on them rthen the obzervaetion room

igs shpllowly seated like the cases ot Akibecon end Oure, ond the drift



are mainly due o’ there disturbances. Accordingly, it is necessary for
ideal estimatiana of the missing date to know the response of the'grnuﬁd
to the meteorélogicél disturbanees. This forms a vicious circle 1n‘thelf
present case, apd at the first step we have interpolated the short
periods without data under the assumption that the drift was linear’aﬁ%v
the tidal oscillations proportional to those of the sea level at4*akayama
Herbor were sgperimposed on the linear drift to the first approximation
in the present study.
3. Fourier épectra

Let £(t) be an arbitrary time function, and then its Fourier

tronsform P(®W) is given by

m ._‘ -
F= [Tpe at=ac- i b, .
where , - |
acwy= | fetrcas wtdt (2>
blw) = f”-f'(é)smwt dt (3)
~00

On the other hand, when the smplitude and phase spectra, F(w) and @Prw),

are given, then f(t) is expressed by the formula,

$eor= L (7 Fye WE gy
.,

3% j;‘””:(w)lcas' fwt+¢(¢u)]o/a) 4

The amplitude and vphase spectra, {F(w)|ond Hrw), should be obtained by
| F ] =/Tam 1™ + € pewr 3 ¢$)
$ew) = tan”! [ =bew)/acw], )

Because the duration of records to be analysed 'is not infinite, the
prectically obtained spectrum is not equal exactly to F(w), but the

Fourier transform of a trunceted function f(t) which is zero outside the
A)-\T(w—-‘C)

Do
finite interval 1‘;_;t[ y is defined by the convolution J’F?w),m(w_m)
Loo

However, when thie duretion of the observation, 2T, is long enough for the
snrular frequency considered, nomely wT ¥ 1 , the convolution mey well
be approximeted as F(w). Numericel integretions to obtein a(w) and b(W)

in the present study were performed following the trepeszoidal rule,

26



frequency window has been applied to get the amplitude and phase speotraf
becruse it is one of the présent purposes to determine the absolute
amplitudes for specific frequencieé; It is to be remarked that F(w) wes
multiplied by the coefficients inversely proportionzl to the period, 1/T,
for its normalizstion in order;to estimate the amplitu&es of tidal consti-
tuents end diurnal changes of the meteorologiccl factors.
4. Amplitudes s~nd phases of principal tidal constituents obtained from
one yeer's date

Following the procedure me:\{tioned cbove, the amplitudes and phaaes‘of
8 principal constituents of the tidal changes of the E-W ~nd N-$ componenf
tilts at Akibasan have been calculated from the one year's dota. The
extensometric results at Akibosan and both extensometric and tiltmetric
results ot Oura have not been calculoted because of the lacking data of long
periods.The results obtained zre tabulated in Table 4. Simultaneously,
the tidazl record at Wakayama Harbor WT, atmospheric rressure Pa, air
temperaturc Y end the intensity of precipitation P have been analysed and
the recsults are also given in the table. As is expected, only the ampli-
tudes of the rressure and temperature of the S, constituent, the period
of which is 12.000 hours =nd equal {0 half of the mean solar d&y, are
remargégly large conpared with other constituents. It is to be noted
that the I, constituent of the pressure is smzll as about 5 7 of that
of Gy and we can regard the 82 conntituent -ae the only one among the
atmospheric tidal constituents to be taken into consideration.
,Co;paiiag‘thg amplitudes ond phases of the tiltmetric consti-
tvents irith those of tne oceanic tidel height, it is clear that the two
$ilting components are heavily affected by the tidel height of the neerly sea,
Wakaura Bay. This may be meen in Teble 5,in which the amplitude fatios of .
Nthe é-w and N-S component tilts to the water height and phase differences
between them are given for each constituent. Regarding the comparison of the

E-W component with the water height,the ratio and phase difference may be

estimated as about 0.00030~0,00040"/em and 166@1862 respectively,although
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the amplitude ratio of %gshows fairly large value which is possibly due

to the errors from the smallness of the amplitude.The small ratio and large
.phase difference of 3,may be caused by the meteorological disturbances

which we shall discuss later. On the amplitude ratios and phase differences
of the N-S component to the water height,slight discrepancy can be seen
between the diurnal and semidiurnal tidal constituents,which might be caused
by the difference of the disiribution pattern of the loading of water between
the two. A similar tendency may also be inferred from the large amplitude
ratio of the O; constituent regarding to the E-{ component. As a matter of
course,no appesrent large values in amplitude can be seen for the frequencies
corresponding to the 8 principal constituents in the case of the intensity

of precipitation. The effect of the precipitation on the tidal ground tilts
can be estimated to be of the magnitude of the order of 0.,0001",at most,

by multiplying the above-mentioned amplitudes of the precipitation by spectral
values of the impulse response of the ground tilts to precipitation which
will be shown later, taking wW=052 and 0,246 for semidiurnal and diurnal
constituents respectively. And thus the effect of precipitation may be
considered to be sufficiently small to be neglected regarding the tidal
constituents.

5. Effects of diurnal and semidiurnal fluctuations of the atmospherio
pressure and air temperature on the ground tilts

Next, the amplitudes and phases of the three major tidal consti-
tuents M,, S, and 0., and the meteornlogical constituent S, were calculated
on the basis of monthly data of the ground tilts at Akibasan and Oura,
oceanic tides, atmospheric pressure and air temperature by the Fourier
transform, in order to estimate the relations between the diurnal and
semidiurnal terms of these disturbing factors and their effects on the
ground tilts. We can get informations as to the tidal phenomena from

the amplitudes and phases of M,, S; and O; constituents, and as to the
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meteorological effects -temperature and pressure- from S, and Sy, since

S, is entirely due to meteorological changes and 3, is also disturbed by
them. However, since the rgsolution of a spectrum is limited by the
analysed duration of the data, adjacent constituents within the resolving
power are not separable. When one month's dataare analysed by this method,
the minimum separable frequency difference is estimated as about 0.0028 c/h.
Hence the components corresvonding to the frequencies of My, S,, 0, and

S, are affected mainly by ( Mo, L, o, N, J.( L A, Ty, Ra, K,

( Q@ ,Mz, P ) and ( My, J,, Pe, Ky ), respectively, although the
amplitudes of these adjacent constituents are generally small compared

with those of My, Sgor 0y in Japan except in the c=se of S;. The effects
of this contamination may be reduced to some degree by a comparison between
the results obtained from the same data interval by the same procedure.

If there are no effects from meteorological disturbances, the calculated
amplitude and phase for the period of 24.000 hours are mainly influenced

by the K; constituent owing to the nearness of the angular frequency.

Obtzined amplitudes and phases of the four constituents for
monthly Qata are shown in Fig. 9, where the positive trace: of the
tiltmetric records means the east- or southward tilting, and the phases
of My, 8, and O0; in this case mean the lag of the maximum values behind
the theoretical maximum at Wakayama at the beginning of each month.

We shall discuss their features in some detail in the following.
(1) Oceanic tides at Wakayama Harbor (WT)

The amplitude and phase of the M, constituent are almost constant
and show no remarkable changes. The fluctuations of the amplitude and
phase are about 8 % and 87, respectively, this may be due to not only
the real fluctuation of them but also to the errors from the effect of
the adjacent constituents and numerical integration. Considerable
fluctuations are seen as to the amplitudes of S,, O, ~nd Sz which may be

mainly attributable to the mixing of other constituents. A notable phase
shift is that of 5, which shifts 27 during one year, signifying that
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the calculated amplitude is that corresponding to K,, and that S, itself,
namely the diurnal meteorological disturbance, is very small compared with
the amolitude of K; . The amnlitude and phase at July 31, 15h00m, 1960

of K{ obtained from the one year's data, which are shown in Table 4,
coincide with the mean amnlitude »nd the phase of S, of the August in the
present result, resvectively. The vhase of M,is nearly equal to those of
S; and 0,, this means that the three constituents have nearly eaqual lag
from the theoretic»1 phases.

(2) Air temoverature at the Wakayama Meteorolosicel Observatory (Y)

The amplitude of S8, is the largest, as expected. Amplitude changes
of the 6 month veriod are observed in both S; and Sy, the maxima of which
aopear in autumn ( September or October ) and spring ( March or Apnril ),
although it ie a question whether this nhenomenon is an annual event.

The amplitudes having periods of 25.819 (0, ) and 12.421 hours ( My) are very
small compared with those of S, and S,, and their phases also show random
gcatterings arm a matter of course. It may be safely deduced from this
fact that we can disregard the effect of the temperature fluctuation in
respect of these lunar tidal oscillations.

(3) Atmospheric pressure at Akibasan (Pa)

As is well known, diurnal »nd semidiurnal solar oscillations ( atmos-
pheric tides ) are predominant, and their phases are almost constant on
the whole. An abnormally large amplitude of Sy is noticeable for March
1961, Becnuse the amplitudes corresponding to M, and 0, are very small
and because their phases are not constant, they may be intervreted as
merely apparent oscillations with periods of 12.421 and 25.819 hours.

(4) E-W component tilt at Akibasan ( Aa and Aa‘ )

It is obvious in FPig. 9d that there exists a periodic oscillation
corresponding to S, which mayv be attributable to the temperature change,
gsince the phase of S¢ did not vary during the one year period. Its

amplitude, however, fluctuates remarkably and the phase shifts slightly



during the year. Although the amplitude of M, of the Aa component was
extraordinarily small in June 1961, a similar tendency cannot be seen

in Aa', from this it is concluded that the diminution is not real but

may be due to errors in the interpolation for the missing data.

(5) N-S component tilt at Akibasan ( Ba and Ba' )

The pattern of the result of the Ba component is the most satis-
factory among all the tilting components including those of Oura. The
meteorological constituent S; is small compared with K;, unlike the E-W
component. All the spectral features bear a resemblance to that of the
oceanic tides (WT), and we can conclude that the N-~S component tilt at
Akibasan consists mostly of the direct effect of the oceanic tidal changes.
It is to be noted that although the amplitude fluctuation of S; of the
Ba' component has a similar tendency as that of Ba, the minimum value in
October is smaller, and the maximum in July larger than those of Ba,
respectively. Therefore contamination of some existing constituent with
K, in regard to the Ba' component may be deduced.

(6) E-W component $ilt at Oura (Ao)

Since the vhase of 8; shows the shift relating to K,;, the diurnal
effect of meteorological changes is not so large compared with the tidal
phenomena. A noticeable decrease of the amnlitude of S, is meen in June
1961.

(7) N-S component tilt at Oura (Bo)

The feature of the amplitude and phase changes of this component
are remarkably different from the above mentioned comvponents of the
ground tilts. The amplitude of M, is smaller than S, and Sy, and at
times smaller than 0;. It is chnracteristic that the amplitudes of all

constituents show a remarkzble increase in March »nd decrease in June

1961.

In Pig. 10, comparisons of the amplitude changes are given in
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regard to each constituent. In respect of M, and O;, no clear correlations
are seen beiween the ground tilts and oceanic tides, air temperature or
atmospheric pressure. The amplitudes of My and 0, =re not always equal

to each other for the two parallel vairs of tiltmeters at Akibasan, Aa

and Aa', and Ba and Ba', respectively ( Figs. 10a and 10c ). It appears
clearly in Pig. 10b that the change of the preasure has more or less
influence upon all the tilting components of S,. The amplitude change

of 8, of the oceanic tides is very similar to that of the pressure which
suggests that the oceanic tides are affected by the pressure prevailingly
as to the 32 constituent. The corelation between the Bo component and
pressure is remarkable for 8y, from which it is concluded that the abnormally
large smplitude in March 1961 is ~ttributable to the effect of the pressure
change. Besides, the amplitude of Aa' is always larger than that of Aa,

as seen in Pig. 10d.

Weighted mean amplitudes and phases of the one year period have
been calculated for each tilting comvponent, for ocesnic tides, temperature
and pressure, the results of which are given in Table 6. The weights
anplied are inversely provortional to the numbers of the days shown in
Table 3. In Table 6 the mean values of the amplitudes and phases of the
oceanic tides, Ba, Ba' and Ao comvoonents for S5, , and the nhases of the
temperature and pressure for M, and 0; are not given bec~use they are
meaningless. The results agree fairly well with those obtained from the
one year's data analysis, excent apparent constituents such as M, and
0y for the temverature and pressure.

How, let's compare the two pairs of the tiltmetric results observed
on the same concrete base at Akibasan. The amvlitude ratios =nd phase
differences obteined by the two tiltmeters in the same direction are given
in Table 7 for each constituent. It is avparent that the ratios are
nearly equal to 1 for My and O;, but considerably larger than 1 for S,

and S; . Similarly the phase differences are small for the former and
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larger for the latter. As seen in Figs. 9b and 9c, periodic changes in
the temperature and nressure corresvonding to S, and 8, are very predominant
compared with those corresponding to ﬁz and Oy . Therefore it is comcluded
that the concrete base is not deformed but uniformly inclines owing to
the loading effect of the oceanic tides, while it is deformed by the effect
of the temnerature and pressure changes. This means that the wave length
of the deformation due to the temperature and vressure changes is so
short that the concrete base is deformed according to the deformation of
the observation room. Thus, such a deformation csnnot be ignored when
scales of topographical features or irregularities in heating and cooling
at the ground surface are so small and the depth of observation rooms are
not so large as at Akibasan, as shown theoretically ~nd observationally
by many researchersz
6. Spectral structure of the tiltgrams at Akibasan

In order to investigate the spectral structure as to the periodic
range within sbout one day, amplitule and phase spectra of the tiltgrams
at Akibasan heve been calculated according to (2), (3), (5) and (6). The
duration of the analynis is fifty days from May 5, 15h00m to June 24,
14h00m, 1961 (UT). The results are shown in Figs. 11 ~nd 12. As seen
in the figures, not only the amplitudes of tidal changes of M,, 0,, N,
and Sy, but those of the diurnal changes of the neriod of 24.000 hours
are predominant, although the contaminations are unavoidable between
adjacent constituents because of the shortness of the analysed data
interval., It can be seen in the figures that the amplitudes corresponding
to tidal terms in the ®-W component are larger than those in the N-S
component, a2nd that the noise level of the former is also higher than
that of the l=tter. This may be expleined by the influence of the meteoro-
logical ch=nges and oceanic tid=sl chenges which appear more noticeably
in the ®-W component then in the F-S.

The svectral fertures of the tilting motions ar to the veriodic
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ranges from 1 to 11 daysjand from 11 to 34 days are shown in Figs.13 and 14.
The duration of the analysis is one year from July 31, 15n00m,1960 to July 31,
14h00m, 1961 (UT), In these figures the angular frequency and périod are given in
cycle per 21 hours and day, respectively. The absolute values of the amplitude
spectrum of the E-W component are generally larger than those of the N~S as
well as the case of the shorter periodic range mentioned above. The amplitudes
and periods for apparent peaks are summarized in Table 8. The fortnightly
constituents Mf (13.66 days) and MSf (14.77 days) cannot be observed on the
spectra, this may be due to the smallness of the amplitudes of the oceanic
constituents and the highness of the background noise level,
7. Mean diurnal changes of the ground tilts and effects of the afﬁbéﬁﬁeric
prensure and air temperature upon them

Since the diurnal (24.000 hours) =nd semidiurnal changes (12.000
hours) are vnredominant in the case of the atmospheric vressure and air
temperature as seen in Pigs. 9b and Gc, it may be effective to investigate
their influence upon the ground deformetion in regerd to the characteristic
changes. I'or this purvose monthly mean diurnal) changes ( as to the solar
time ) of the ground tilts, ocernic tides, mtmospheric pressure and air
temperature have been obtained from one month's data, after eliminating
the drift by the Pertzev's method. On the other hand, the amnlitude
ratios of M, of each tilting component to that of the oceanic tides have
been calculated from the results given in Table 6. Multivlying each
ratio by the hourly v~lues of the mean diurmal changes of the oceanic
tides, we subtracted the nroducts from the corresponding commonents of
the ground tilt;?) As the ohase of the Bo comvonent dAiffers by about
one hour from that of the oce=nic tides, the product has been slid one
hour against the Bo component for vhrse adjustment and subtracted from it.
Although small phase discrepsncies can be seen =among the diurnal and semi-

diurnal groups »s seen in Table 5, it mry be permissible to use the vh~se
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of My as a revresentstive phase of the constituents as an aporoximation.
Froperly speaking, it is the right course of procedure to eliminate the
tidal effects by the subtraction of theoretical curves synthesized accord-
ing to the results obtained from the long term analyeis, for example
according to the results in Table 4. However, it is difficult in this
case to distinguish the changes due to the tidal components from those

due to the meteorological disturbances in the case of the S; constituent.
Moreover, the sea level is influenced irregularly under the meteorological
changes and currents, according to which the ground is deformed, and
adoption of the above mentioned procedure is not necessarily meaningless
as an approximation.

As expected from the results of the Fourier analysis, diurnel
changes are clearly seen in the residuals of Aa and Aa' components which
may be mainly caused by the temperature change. On the contrary, residuals
of the Ba component show no regular changes except very small deviations
in September, October in 1960, and April and May in 1961. The residuals
of the Ba' component are somewhat larger than those of Ba. Because the
oceanic tidal effect is very small in the Bo component, the features of
ites residuals are scarcely different from the originals, and are wvery
similar to the mean diurnal changes of the pressure%8

Assuming that these residuals are represented by linear combinations
of the air temperature, atmospheric pressure and its time derivative,
each coefficient for these disturbances has been determined by the method
of least scuares, where we defined the time derivative of the pressure as
d@/&f::(y@).[ﬁ£f+1)_f¥f_l)])pm@%0w0,and calculated it from the curves of
the mean diurnal changes of the pressure. The monthly coefficients obtained
are summarized in Table 9 and 10. The curves of the mean diurnal change
for the temperature have been delayed one hour in the process of determining
coefficients of the Aa component because the mean square errors are

smaller in this case than when there is no delay. However, such a tendency
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could not be found in respect of the Aa'.component, and its coefficients
‘have been determined under the circumstance that there is no phase delay
between the temperature change and the consequent tilting motion.

Some considerations will be given for the coefficients of each
disturbing factor in the following.
(a) Effects of the air temperature

Effects of the temperature change on tiltgrams are very clear in

Aa and Aa' components, and the coefficients as to Aa' are larger than
those as to Aa. The effect may also be found in Ba and Ba' components,
where the coefficients of the former tend to be vpositive in the winter
and negative in the summer, and those of the latter to be negative
throughout the analysed period, although there remains some uncertainty
due to the approximate method used to eliminate the oceanic tidal effects
and the period is too short to permit one to ascertain such an annual
change. However it is suggested that the annual tendency is not due to
the remnants of the tidal disturbances, for example K; constituent, but
due to the temperature change, because the annual tendency can also be
observed in the changes of the S; constituent and the fluctuation of Ba'
is larger than that of Ba, as seen in Fig. 104, while such a tendency cannot
be seen in the result of the oceanic tides.

We could not recognize the phase delay betﬁeen the temperature
and thermal tilts except the one hour delay in the case of the Aa component.
Since the change of the temperature at the ground surface is hardly
propagated into the tunnel by heat conduction within such a short time
interval, these tilting motions are not caused by heat conduction from
the surface, but by the propagation of the thermal deformation. HAccord-
ing to results obtained by 5. Nakan§1>the amount of the thermal tilt at
Akibasan is satisfactorily explained by the change of the surface tempera-
ture having a wave length nearly equal to a topographical scale of about
one hundred meters and amplitude of several tenth of the mean diurnal

change of the temperature, neglecting the term of heat conduction.
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Fig. 15 shows a schematic diagram of the tilting motion due to
diurnal charige of the temperature, which was obtained by averaging the
coefficients of respective three months as to the two central tiltmeters
Aa and Ba. It is apparent in the figure that the diurnal tilting motion
has the largest amplitude in the summer, and the smallest in the winter,
although the diurnal amplitude of the temperature is larger in the spring
and autumn. This phenomenon is considered as a general tendency in the
thermal deformations of the groungt) It is interesting that the features
of the thermal tilts are very similar to those of buckling motions observed
in a building of simple desigz? which may be caused by the simple topo~
graphical form of the hill in which the observation room was situated.

Thermal tilting at Oura is not so remarkable as at Akibasan
owing possibly to the situation of the observation room and topographical
conditions. Although we have been obliged to use only the air temperature
as a provisional parameter of the thermal deformation, it is necessary
for further precise investigations to get more exact information about
thermal boundary conditions through measurements of temperature on, near
s, and beneath the surface of the ground.
(b) Effects of the atmospheric pressure

As the direct effect of the atmospheric pressure on the ground
is not likely to show seasonal changes, the consistency of the obtained
coefficients through the one year period may be considered as a clue in
rroving their validity. PFrom this point of view, the Aa and Ba components
at Akibasan are recognized to have positive coefficients, and this means
east-~ and southward inclination for high pressure. The coefficients of
Aa' and Ba' are larger about three times than those of Aa and Ba, and
from this it is inferred that the direct effect of the pressure has sirong
local characteristic similar to that of the air temperature. It is clear

that the Bo component at Oura is heavily influenced by the pressure

Cha.nge .
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(c) Effects of the time derivative of the atmospheric pressure

It is, in general, impossible to get spatial informations
about the distribution pattern of the atmospheric pressure by the time
derivative of the barometric record observed at some fixed point. However
y We may substitute it for information sbout the pressure gradient, provided
that the velocity and direction of propagation of the pressure waves are
constant. Moreover, it may be possible that the time derivgtive of the
pressure itself is related to the tiltgrams through the instrumental dis-
turbances, for example. As seen in the result of the Fourier analysis,
the semidiurnal oscillation is most predominant among atmospheric components,
the main term of which consists of a westward migrating semidiurnal solar
Wav;?) The diurnal solar wave which is considered to have originated from
the solar radiation also migrates westiwards with the sun, and the mean
diurnal change of the pressure is allowed to consist of westward propagating
waves of constant velocity. Therefore, the time derivative dp/dt calcu-
lated from the mean diurnal change may be substituted for the pressure
gradient in the present case. As seen in the tables, the signs of the
coefficients for terms dp/dt seem to be consistent and the values also
do not differ so much for corresponding components of both stations.
Thus it is possible that the ground in the Wakayama region inclines uni-
formly north-westwards according to increasing pressure. The amount of
the ground tilt is roughly estimated as about 7" per lmb/km of the pressure
gradient in the E-W direction, assuming the velocity to be 1400 km/hour.
However, this seems to be contradictory to the theoretical results given
by G. H. Darwijjgnd V. V. Khoroshev;f;hat the ground will inlcine toward
the barometric maximum, since the diurnzl and semidiurnal pressure waves
migrate westwards. In the procedure of determining the coefficients, we
have used the mean diurnal changes calculated from one month's data.

©
Angular velocities of almost tidal constituents being not equal to 15.000

or its multiples except S, and Sy, their phases at the beginning of each
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month should shift gradually through one year. Therefore, the constituents
which give consistent coefficients over one year are considered to be Sj
and S; in the present case, and there is a possibility of. entering the
errors by the process of eliminating the tidal effects and adopting the
temperature observed at the Wakayama Meteorological Observatory as a
parameter. R, Tomaschek has reportéd similar phenomena in respect of

the effects of the barometric pressure gradient at Winsford in England,
and explained their behavior in connection with tectonic structureft)It

is very interesting that not only qualitatively but quantitatively as well
y the present result is not so different from his, although the wave
length which we have used for the analysis is longer than that in his

investigation. This suggests that such behavior of the ground tilt may be

intrinsic in the effect of the barometric pressure gradient.

In Table 11, coefficients of disturbing factors to the ground
tilts Aa and Ba at Akibasan obtained by averaging the monthly values are
given together with those of the oceanic height.

8. Another consideration about the effect of the atmospheric pressure
upon the ground tilts and strains

On the tiltmetric and extensometric records at both stations,small fluctuations
which correspond fairly well with the change of the atmospheric pressure
are observed. Plotting the amplitudes of deflection on the tiltmetric
and extensomeiric records versus those on the barogram, and assuming the
relations between them to be linear, the ratios of the ground tilts or
strains to the pressure change are obtained, the results of which are
summarigzed in Table 12?‘)In order to find the relations between them in
more detail, the Fourier transforms of the tiltmetric and barometric
data have been obtained and compared with each other. Several data

intervals in which the change of the atmospheric pressure was especially

large have been picked out and the Fourier transforms have been calculated
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according to (2), (3), (5) and (6). Under the assumption thet the
pressure disturbance is represented by a transformation through a linear
system and expressed as the convolution of the pressure and proper weight
functions, amplitude ratios and phase differences have been calculated for
each tilt and strain components. It iz needless to say, however, that

the disturbances caused by the pressure on the tiltmetric and extensometric
data cannot be fully represented by the convolution of the pressure change
at one fixed point and weight function but spatial information about

the pressure distribution is necessary to depict the response to the
pressure change. Although we have been obliged to use only the barometric
data at Oura and Akibasan in the present case, the above assumption will

require some modifieation when moré extensive materials are available.

Since meteorological effects other than those due to the pressure
and earth tides also distort the spectra obtained, the amplitude ratios
and phase differences have been calculated only in regard to the amplitude
spectral peaks for which good correspondence is seen between the spectra
of the tiltmetric or extensometric records and barograms. The amplitude
ratios and phase differences thus obtained are shown in Figs. 16 and 17.
As seen in the figures, all components of tilts and strains at Oura and
the E-W component tilt at Akibasan show fairly systematical aspects.

In the cases of the LE-~W component tilt and N-S component strain at Oura,
the amplitude ratios are almost constant and independent of the frequency
in the present periodic range, and the phase differences are also constant
and nearly equal to 7L , Therefore it is concluded that the disturbances
due to the atmosPheric pressure which appeared on the records of these
components are almost proportional to the barometric change at Oura

and can be expressed as the curves multiplied by some constants to the
barogram at Oura within the present periodic range. On the other hand,

the spectral ratios of the N-3 component tilt end the E-d component strain
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at Oura and E-W component tilt at Akibasan show some different aspects
from those mentioned above, namely that in these components the amplitude
ratios increases gradually as the frequency increases, and the phase
differences deviate 8lightly from 7. A similar tendency is also seen
in the N-5 component tilt at Akibasan, although the calculated values of the
phase difference show considerable scattering. By introducing the tilt-
metric or eXtensometric change proportional to the time derivative of
the atmospheric preesure, the frequency dependence of the spectral ratio=m
can apparently be interpreted; namely by assuming the atmospheric disturbance
gﬂt) on the tiltmetric or extensometric records to be given as
{P(f) = d-ﬂ(f} +p dpct> /4t ,

where gft) is the sequence of the observed atmospheric pressure, and
o and @ are constants. By the values of « and £ given in Table 13,
we can obtain the amplitude ratios and phase differences shown by gashed
lines in Figs. 16 and 17. As seen in the figures, the curves favorably
satisfy the calculated values, and from this it is concluded that the atmospheric
disturbances appeared on the records of tiltmeters or extensometers have
a common property of the frequency dependence that the spectral ratios
of the disturbances on the itiltmetric or extensometric records to the
atmospheric pressure change increase as the frequency increases within
the periodic range from several minutes to about one hour, and that this
can be apparently explained by considering the sum of the direct effect
of the pressure proportional to the change and the indirect effect pro-
portional to the time derivative of it as the first approximationf7)
9. Some considerations about the spectral structures of the ground tilts

In the sixth section of this chapter, Fourier spectra of the
tiltgrams at Akibasan have been calculated from the one year's data.
However, these spectra are thought to be distorted by various disturbing
factors such as loading by sea water, atmospheric pressure, air temperature,

precipitation and so forth. Hence, en attempt has been made to estimate
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the distortion of the spectrs by some known disturbing factors.

Thereupon, in order to examine the loading effect of sea water on
the spectra of the tiltmetric records, we have calculated the Fourier
spectra of the tidal record observed at the Wakayama Harbor Tidal Station.
Similarly Fourier spectra of the atmospheric pressure, air temperature,
time derivative of the pressure and the intensity of the precipitation
have also been obtained. The analysis is of course identical in the length
to that of the tiltgrams, namely being from July 31, 15h00m, 1960 to
July 31, 14h00Om, 1961 (UP). Comparing the precipitation spectrum with
that of the ground tilt, it is obvious that they bear a striking
resemblance to each other, not only as to the coincidence of the spectral
peaks but also as to whole aspects of the amplitude and phase spect:é??
Prom this we can deduce that the deformation of the ground due to the
precipitation has an important influence on the tiltmetric results at
Akibasan in the present frequency range.

Now, let f(t) be a sequence of observed values which relates to
the ground deformation , for example, an observed ground strain or tilt
in an arbitrary direction by an extensometer or tiltmeter.
Since f£(t) is usually disturbed by meteorological and oceanic influences,
it is reasonable to consider f(t) as a function including these disturbances
as parameters. Thus f(%) is represented as

jr=f{t, aw®, betr, ccty -}
where a(t), b(t), c(t), eeess are sequences of the disturbing factors
which bring about the ground deformation. It may be assumed that they
affect it independently of one another, so that we can then express the
deformation f(t) as the sum of the respective deformation caused by
each factor. Accordingly, the zbove equation may be rewritten as follows;
f(f): g({)+-EQ(t)J+-fb(¥XJ+ Lect>] +

where g(t) represents the segquence of the ground deformation due only

t0 intermal origins within the earth, and the bracket means the secuence
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oorresponding to the deformation caused by each disturbing factor. When
the deformations Cactry, C b(f)J, CCcty1, - are proportional to
the amount of changes of the disturbing factors a(t), b(t), c(t)yeeeeey
respectively, we geot

{‘<t)=3(f)+ C,-acty + Carb()+ €3I+t )
Strictly speaking, this is not always the case but the coefficients ¢, ,
Qz)Cs,u-- are regarded as variables with time and frequency of the changes
of the factors. For example, the pressure disturbances on the ground
tilts at Oura snd Akibasan seem to depend on the frequency as shown in
the preceding section, in which we have tried to express the pressure
disturbance as the sum of the two terms proportional to p and dp/dt,
respectively, in order to represent the disturbence as a linear combination
of the known factors. However, we assume that the equation (7) holds
as an approximation for simplification in the present stage. Then,

according to the results shown in Table 11, the ground tilts to be

observed at Akibzsan may be written as

fe (t)z-Co00385w(t) —0.0037 Y4(€)+0,00/%-Palt) ~0, 0038 Pa O+ I r(€)Ig + Je (),
fN(t Y = Q00020 1wy (t) *o.ooﬂZ?j(t‘) +oe0001] P (1)-0, 002«1’?;(1‘) + LI + 3y t),

where [ r¢t)>]) 1is the ground tilt caused by the precipitation, and g(t)
the residual term including the substantial tilting motion of the ground.
The suffix E or N means the tilting component of the east-west or north-
south, respectively. The reason we particularly discriminate only the
ground tilt due to the precipitation from the other disturbances is that
the relation between the precipitation and the ground tilt due to it is
not so simple as to be represented by a proportional exprescion, which
will be discussed later in some detail.

In order to evaluate the influences due to the changes in the
sea level w(t), air temperature y(t), atmospheric pressure ggt) and its
time derivative p;(t), we have calculated the Fourier transforms F;ﬁq)and;;fw)

2

Foltwrz Rpwr+ e (w)=f;(w)+a.ﬂoojfw{w)+o.oa3?Y/(w> = 0.00 /4 Folw) + 00038 P, (w)
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/ - . v
Fi'(w) 2 B ) + Guw) = Fuw)-0.00030 W(w)+0.00027Y (w)~0.000047 [ (w) +0.0028 Pp'cw),

using the respeotive Fourier transform of each factor, where Few), Wlw), T(W),
Fatw), Pqi(w)jﬂ,(w) and G (w) are the Fourier transforms of f£(t), w(t), y(t),
Pq(t), pi(%), Crct)l and g(t), respectively. The results obtained are
shown in Figs. 13 and 14 by the crosses. As seen in these figures, the
corrected spectra F!(w) and F!() show only slight differences in comparison
with the original ones. Even though they must contain errors due to the
approximations, it is unlikely that the magnitudes of the

distortions of the spectra exceed two or three times those of the present
results, and from this it is concluded that the observed ground tilts

in the periodic range from from 1 to 33 days are scarcely influenced by

the loading effect of the nearby sea, air temperature, atmospheric pressure
and its time derivative, if the relation between these disturbing factors
and consequent ground tilts determined from the periodic range within

one day is assumed to be extrapolated to the phenomena of the present

range with which we are concerned,

It is well known that heavy rainfalls bring about ground defor-
mations near the surface, and Akibasan is no exception. The disturbances
remain even after the rainfalls have ceased, and it generally needs two
or three weeks before the disturbances fade away. At Ide Observatory,
M.,Takad:beserved that the effects of rainfalls on the ground tilt and
strain generally appeared when the amount exceeded 15 mm, reached their
peaks two days after the rainfalls commenced and lasted two or three weeks.
He thereupon adopted triangles with their vertices at two days after
rainfalls and the bases of 15 or 20 days long as an zpproximation of the
effects., S. Takemotgv)showed that the ground tilt snd strain due to
rainfall were given by the sum of the two exponential functions, namely
by ot -exp (-,Bf) + rt.exlb (-ot) at Iwakura Observatory, Kyoto. As
to the extensometric record at Osakayama Observatory, I. Ozawza)calculated

the weighting function of precipitation according to the method proposed
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4.2
by C, Tsuboi, under the assumption that the rate of the change of the

strain F(t) caused by precipitation is expressed as

Ft) = fnf(ﬂo();b(d)dd,
where £(t) and gct) are the daily precipitation and weighting function,
respectively, and that F(t) and £(t) are both expandible into the Fourier
series within the interval 0<% £ 27X . Taking these instances into
account, it is conceivable that the phenomenon is equivalent to that of
a transformation through a transducer, where its input and output are
time series corresponding to precipitation and ground deformation, respectiveﬁ
ly. Therefore, we put the relation between the intensity of the precipi-

tation r(t) and consequent ground tilt Cr¢#)J as

(teb2= ( ret—2) Reryde,

-~ 0O

where h(t) is an impulse response of the ground tilt to the precipitation.
In this case, the Fourier transform Rcw) of [ rct>l) is given by
Hw)= Riwy-H(w),
where. R(w) and #H (w) are the Fourier transforms of r(t) and h(t),
respectively. Henoce in order to estimate the impulse response, we divide
Fl(w) and FJ(w) by R(w), although they consist not only of the effect of
the precipitation but also of the substantial crustel tilting and errors
due to approximation. The results are shown in Fig. 18, where the

apectral amplitudes were smoothed.

Now, if we assume that the response of the ground tilt to an

impulsive rainfall is expressed by
dt- exp(-gt) , (tz2o)

ﬁ(‘t) =
0 5 (t<0)
then its amplitude and phase spectra, A(w) and ¢(w), are given as
ol

/4((4)): S, &)
ﬁl.,*_ wz_
_ 2Bw

(wy=Tan [— L2 (%)
¢ ) /f/jz— ‘Uz ) )

respectively. It is observed from the fipgure that the frequency corre-

sponding to #=7/2 or 3%/2 is 0.021,and we get P 1/48 by (9),considering the
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spectral phase shift of 7 4n the case of Ba. Therefore,it is concluded that the
ground t11t attains {ts maximum about 48 hours after an impulsive rainfall.

With ozgpp034 and p ooos3 for the E-W and N-3 components, respectively,

we obtain 4
o, 000 3 0, 00073
Ae(w) = — Ap(w)=
(C.027) w ’ (0.02/)% ™ ,
?(M) = tan™" c.o¥2 W ?5 -t ~ 0042w
£ (6.02/)*- w* 1+ 'V " (0.021)~w? )

These are shown by solid curves in Fig. 18, from which it is deduced
that the impulse responses of the ground tilts to precipitation, hE(t)
and h, (t), are given as

hg=~0.000 3¢’z‘-ex/o(-o.02/t)

hy = —0.0060/3 C- exp (- 0.02/¢)
respectively. In Fig. 19, the curves of hf(t) and hm(t) are shown
schematically. From this we can see that the ground inclines north-east-
wards after precipitation. Since the observation site was in the tunnel
a2t the foot of the west side on the hill, the tilting motion contradicts
apparently the tendency pointed out by K. Hosoyamﬁgihat mountains and
hills bulge due to precinitations. It must be noticed that hE(t) and
hN(t)-obtained above may be put as average through the year and vary to
some degree on each event, according to such conditions as the temperature
of the rain and surface of the ground, humidity of the air, the moisture
content of the ground and so forth.

Finally, using these impulse responses, namely by subtracting the
products  f, (wy R(w) and H, (@) R(w) from Fg'(w) and F!(w) respectively,
we eliminate the effects of the precipitation on the Fourier spectra.

The results are shown in Figs. 20 and 21. e can see several peaks in
these amplitude spectra; they are for the periods of 29.8, 25.2, 20.3,
17.7, 15.2 and 9.4 days in the E-W component and 32.1, 29.8, 25.2, 21.4,
19,8, 15.2, 11.1, 9.4 and 7.5 days in the N-S component. Those for the

periods of 15.2, 11.1 and 9.4 days in the latter component are especially
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conspicuous. However, some ambiguity remains due to the simplified
assumptions in the results, and not only should the method used be further
investigated but more observational data must also be employed to clarify
general aspects of the long periodic deformations of the ground and

bring their origins to light.

In the above procedure, we have substituted the time derivative of
the pressure for the spatial gradient of it. In order to reconsider the
effect of the spatial gradient of the pressure, we have calculated the
Fourier transforms of the spacé differences of the atmospheric pressure.
Barometric data at intervals of six hours at Tokushima, Owase, Kyoto and
Shionomisaki Meteorological Observatories were used for the present
analysis. The locations of the Observatories are shown in Fig. 22.

For the E-W component of the pressure gradient, the difference of the
barometric values at Owase and Tokushima was taken. Similarly the differ-
ence between Kyoto and Shionomisaki was taken for the N-S5 component.
Obtained results are shown in Figs. 23 and 24. There can be seen no parity
between the spectra of the spatisl difference of the pressure and original
or reduced spectra of the ground tilt at Akibasan shown in Figs. 13, 14,

20 and 21, from which it is concluded that the ground tilt at Akibasan,
Wakayama City, is scarcely influenced by the spatial gradient of the
pressure of the extent of several tens kilometers in the present frequency
range.

It is to be noted that the disturbing ground tilt due to precipi-
tation can be eliminated by convolving the impulse response with the intensi-
ty of precipitation. As an example, the calculated resulis and observed
ground tilts are compared in Fig. 25, where a 1linear drift of the
ground tilt observed in the E-W component has been removed for convenience
of comparison. Fair coincidence is seen between the two for both components,
and from this it is concluded that we can approximately eliminate the

disturbances caused by precipitation by this procedure, which is thought
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to be of good use for identifying small anomalous ground deformations.
10, Summary
In this chapter, meteorological influences and tidal phenomenon

that appeared on the tiltmetric and extensometric records at Wakayama
have been investigated mainly on the basis of their spectral structures.
Amplitudes and phases of the 8 principal tidal constituents at Akibasan
have been obtained from the one year's data and compared with those of
the oceanic tides. To establish quantitative relations between the
observed ground tilt and oceanic tides, atmospheric pressure and air
temperature, the amplitudes and phases of the fourmajor constituents were
determined from monthly tiltmetric data, and compared with those for the
oceanic tides, temperature and pressure. Obtzined results suggest that
the temperature and pressure affect on the ground tilt with comparatively
short wave length which causes deformations of the floor of the observation
room., A trial was made to determine the effect of the barometric pressure
gradient. The coefficient was estimated as 7" per 1 mb/km under the
assumption that mean diurnal changes of the pressure consist of westward
migrating waves with a constant velocity.

The spectral structures of the ground tilt in the periodic range
from 1 to 33 days are mainly distorted by the precipitation near the
observational site, and the changes in meteorological factors other than
precipitation and in the height of the nearby sea have not so much ;nfluence
on the ground tilt. The disturbance by precipitetion has been determined
under the assumption that it is expressed as a function of the intensity of precipi~-
tation. The results show that at Akibasan the eground inclines towards the north-~
east by impulsive rainfell and reaches the meximum two days afterwards,
Corrected gpectrz of the -rround tilt for the disturbing factors above-
mentioned are also given, in which some prominent oscillating motions of
the ground tilt are observed, the origins of which, however, remained

unknown.
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Comparison of the speetra of the ground tilts withthe atmospheric
pressure shows that the amplitude ratio of them increases as the frequency
inoreases and that the phase difference between them also varies slightly
with the frequency. This phenomenon may be apparently explained by the
sum of the direct change of the pressure and its time derivative, which
suggests that. this expression can be used for the elimination of the
presgsure disturbance from tiltmetric or extensometric records for first
approximation, when the spatial distribution of the pressure are not
known.

Since the data used are not suffidient , we have only introduced some
tentative treatments about the disturbances on the tiltmetric and extenso-
metric records at the present stage, and there are many points which are
uncertain and more extensive investigatiocns of this problem are required

in the future.
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Chapter III, Detection of Anomalous Deformations of the Ground and
an Application of the Digital Filtering
1. Detection of anomalous deformations of the ground by tiltmeters and
extensometers
As is discussed in the preceding ochapters, records of the ground
deformations observed by tiltmeters or extensometers consist of meny
factors such as earth tides including effects of the oceanic tides, changes
caused by meteorological disturbances, deformations peculiar to the
obsefyation stations, instrumental drift and so forth. W&en observations
are carried out for the purpose of detecting anomalous ground deformations
relating to the occurrence of earthquakes, they would be successfully accomplished
if th; magnitudes of the anomalous deformations are sufficiently larger
than those of the disturbances. On the contrary, it would bedifficult to
identify these deformations if they are of the same magnitudes comparable with:those
of the disturbances or smaller. Of course it is necessary to use highly
sensitive instruments in order to observe small deformations of the ground.
However, the above mentioned disturbances are alsoc magnified simultaneously
so far as these instruments have flat responses with - frequency of the
phenomena, Accordingly it is necessary to eliminate these disturbances
from our observational results in some adequate way.
Two methods can be considered for this purpose; one is by
determiqing quantitatively the magnitude of the deformation caused by
each disturbing factor, eliminating the disturbances from the observational
results, and the other is by extracting aimed deformations relating only to
the occurrence of earthquakég alone by suppressing the disturbing noise
using appropriate filters, which may be attainable by either data-processing
or some technical devices at the stage of observations such as the intro-
duction of instruments having some specific responseg, grouping of
many instruments, selection of the observetion sites and so forth.

In the first half of this chapter an =ttempt is made to reduce
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the distuxbanges, using relations between major meteorological

ones and oceanic tides and the consequent ground tilts,which were obtained
in the preceding chapters , In the latter half, an application

of digital band-pass and high~pass filters is shown in order to detect
small anomalous tilts.

2. A way to reduce the effects of oceanic tides and meteorological changes

In the preceding chapter, we have discussed the major disturbing
factors and consequent ground deformations at the two stations in Wakayama,
and obtained some approximate relations between them. We use these
relations for the reduction of their effects on the tiltmetric records
in order to investigate whether there exist anomalous ground tilts before
and after the ocourrence of local earthquakes or not.

On November 14, 1960, four local earthquakes occurred at O7h47Tm,
11h08m, 13h3lm and 23h28m in this district, the last one being smaller
than the others ( Intensity in JMA Scale at Wakayama was II ). The
epicenters and depths of these earthquakes except the last were reported
as ( 341 N, 135.0 B, 0 - 10 km ),{ 34.25 N, 135.1 £, O - 10 km ) and
34?25 N, 135?1 E, 10 km ), respectively, on the Seismological Bulletin
of the Japan Meteorological Agency- The S5-P duration times and intensities
at the Wakayama Meteorological Observatory were 0.8 sec, II, 1.0 sec, 1I
and 1.2 sec, III, respectively. The locations of the epicenters of the
three earthquakes determined graphically from the S-P times at the network
stations of the Earthquake Research Institute, University of Tokyo, are
shown in Fig. 22. PFrom this figure these epicenters are estimated to be
situated very near the two stations, and their magnitudes, especially
of the third, were of the greatest class in this district. Therefore,
we have made a trial to reduce disturbances from the original records with
respect to the occurrence of these earthjuakes under the assumption that
ithe ecuation (7) holds. The coefficients used are summarized in Table

14. In this example we have aimed at detéctfng veculiar.changes of a
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comparatively short interval within several hours, and left the effect
due to the precipitation out of consideration because it did not rain
within the three days interval. The result is shown in Fig. 26. The
Jjumps appearing on the records of the Ao and Bo components at Oura at the
occurrence of earthquakes have been adjusted to be lines because they
might be attributable to instrumental errors. As seen in the figure,

the tidal and thermal disturbances have been fairly well reduced on the
corrected curves. Small fluctuations which might be caused mainly by

the atmospheric pressure have not been eliminated sufficiently and become
conspicuous on the corrected curves of the Aa component at Akibasan,

and Ao and Bo at Oura, according to the reduction of changes with long
periods., On the corrected curve of Aa there can be seen a rapid westward
inclination in the interval from the occurrence of the second earthquake
to that of the third. Althoggh there remains some uncertainty due to

the procgssing of the jumps of the data, it may be right to consider

that the direction of the tilting motion reversed about five hours

before the occurrence of the first earthquake on the corrected curve

of the E-W component tilt at Oura, and that the direction in the N-S
component also reversed about three hours before the first earthguake and
thereafter the tendency of the northward tilting continued until about
three hours after the occurrence of the third, then the direction reversing
again. On the other hand, any marked anomalous tilting motions cannot

be observed on the corrected curve of the N-S component at Akibasan.
Since meteorological disturbances on this component are smallest compared
with the other components in the figure, there may he a suspicion that
the above mentioned peculiar tiltings before and after the occurrence

of the earthquakes were accidental events and might be caused by meteoro-
logical origins, notwithstanding the tentative reduction of the major
disturbances. Further, in the present correction for the atmospheric

pressure we have used the coefficients obtained from the spectral ratios
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of the pressure and the consequent ground tilts in the periodic range
within a few hours, and there remains a question whether these coefficients
may ormust not be used directly for the reduction of the disturbances of
such a long period as one day or more. Actually the coefficients to the
pressure changes in Table 9 and 10 are, generally speaking,
smaller than those in Table 13 regarding the respective components, and
the frequency dependence of the pressure disturbances should be investigated
in more detail for the present purpose. However, since the epicentral
distances of the local earthquakes from Oura station are smaller than
those from Akibasan as seen in Fig. 22, it is not irrational that the
magnitude of the anomalous tilting motion at Oura which might be related
to these earthquakes was larger than that at Akibasan. Consequently,
it is not concluded immediately in the present stage whether there have
been any peculiar ground deformations connected with these local earth-
quakes 6r not, and this means, conversely speaking, that the ground
deformations connected with the local earthquakes, if existing, are too
small to be detected apparently by the present measurements, namely of
the magnitude less than 0.02" for the ground tilt. In order to proceed
to more precise discussions, not only the investigations of the disturbances
upon the ground deformations and the methods of reduction of them must
be improved as well as using more sensitive instruments, but also the
crustal deformations due to the stress release by local earthquakes
must be investigated quantitatively under the consideration about their
focal mechanism.
3, Digital filtering for detection of minute anomalous changes of the
ground tilts

A sequence of quantitative data of the ground deformation, assigned
to a specific moment in {time - for example, the tilting motion of the
ground in some direction - is a time series. '‘hen we consider the defor-

mation relating only to the occurrence of an earthqueke as a signal,
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anq the disturbing deformations due to the meteorological changes, earth
tides and so forth as noise, then the detection of anomalous deformations
of the ground concerning earthquakes is identical with the procedure of
pioking out signals from a time series including noise. In general, it
is thought that the disturbances to be considered as noise are periodic
and amomalous deformat;ons as signals are transient, unless the occurrence
of earthquakes is periodic. If we know the characteristic of the signal,
namely the spectral structure of the signal, it might be possidble to
take out the signal by using some suitable filters which are able to
pass the signal only. However, unfortunately, we have not the knowledge
about the characteristics of the signal of the deformations related to small
earthquakes,and ,moreover,it is uncertainat the present stage whether such minute
deformations can be observed. Therefore we cannot avoid adopting the
procedure whereby, making digital filters of many kinds and applying
them to the time series,and we identify the signal by examining the correlation
between the output and the occurrence of earthquakes by trial and error.
In other words, it means that we must look for a filter that makes S/N
of the output larger than that of the original time series., Thus we
must decide which filter is most effective for this purpose.
Hitherto, such filters of weight functions as the 25 hours

running mesn and the Pertzev's method and so forth, have been used for
the analysis of tidal phenomena, and these low-pass filters and simple
band-pass filters have been used for detection of secular changes of the
crustal deformation;?¢>

We have designed some types of band-pass filters on the basis of
the Fourier spectra shown in the preceding chapter, and applied them to
the tiltgrams. When the center frequency and the band-width of a

rectangular filter is denoted by &), and 2«, , respectively, and its

amplitude characteristic A(w) is

o . ( wla, - we)
Alwy= ) A(w>, (Wo= Wy S ¢ Wy + We )
0

, ( Wo + W < w ),
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then the impulse response of this filter h(t) is given as
At =24 wo> /Y { Sim[we( ¢ —ts) J/(t—t,) ) Cosant.
We can get the output g(t) for the band-pass filtering of f£(t) by taking
the convolution between h(t) and f£(t), namely
0
Fct= £m4rr){(t—- ) T.
In order to calculate the impulse response of an arbitrary filter, we
divide it into n rectangular sections. Then the impulse response of the
filter is given 2s the summation

n
h(t)= ;: fj({) , (wp»aw @, »w;, Wiey~W) = Ay +4“7’)

J / J + 1
where hf(t) is the impulse response of each small rectangular filter,
w #59

J lies in the band of the filter and 4wy is the width of it.

Examples of comparison of the amplitude characteristics of the
digital filters used with those of designed are shown in Fig. 27, where
the former and the latter are illustrated by dashed and solid lines
respectively. The difference of their shapes is probably due mainly to
the errors in the integration caused by thelimited time length of h(t).

We limited the time interval of calculation of the convotution within

360 hours and there is an indication that the more complex the shape

of the filter is, the more the response is distorted. However, these

digital filters are considered to be satisfactory for our present purpose.
The examples of the practicel filtering are now described.

From the Fourier spectra of the tiltmetric records, it is obvious_that

the amplitudes near the diurnal and semidiurnal terms are especially

predominant, we designed one high-pass and three band-pass filters, and

applied them to the tiltgrams in order to investigate the changes in the

periodic ranges shorter than one day. Examples of obtained results

from November 11 to 19, 1960 are shown in Figs. 28 to 31. In order to

examine the effect of the atmospheric pressure and air temperature, the

barogram at Akibasan and thermometric record at the dakayama Meteorological

Observatory have been filtered by the same filters incidentally. The
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high-pass filtering of the thermometric record was omitted. We shall
discuss the results in the following.

Generally speaking, the correspondence is not so remarkable between
the outputs of the filtered barograms or thermometric records and those
of the ground tilts in the present frequency ranges shown in the examples.
Fair correspondence is not found even on the Bo component, although it
is confirmed in the previous chapter that this component of tilt was
heavily affected by the atmospheric pressure change. However, the phase
of the high-pass filtered pressure corresponds with that of the high-pass
filtered of the Bo component when the amplitude of the pressure change was
large as seen in Fig. 28. Accordingly it is deduced that the relation
between the pressure change and the consequent ground tilt camnot be fully
represented by the barometric data at one fixed station without adding
spatial information about the pressure distribution, although approximate
relations averaged in rather long time intervals can apparently be expressed
by the summation of the direct and indirect eflfect proportional to the
pressure and to its time derivative respectively, as discussed in the
preceding chapter.

As ig expected from the fact that the disturbances due to the
pressure znd temperature on the two tiltmeters Aa' and Ba' situated near
the corner of the concrete base at Akibasan are larger than those on Aa
and Ba situatied near the central part of the base, the amplitudes of the
outputs of Aa' and Ba' are generally larger than those of Aa a2nd Ba,
respectively. It is to be noted, however, thet any distinct correlations
can hardly be seen between the amplitude changes of the two pairs of the
tiltmeters, in other words one is not a simple magnification or reduction
of the other, and this suggests an extremely local nature of the disturbances
in the present frequency range.

Another example of filtering is shown in Fig. 32, in which the

filtered barogram and thermometric record are also shown. Correspondence

- 51 -



between the ground tilt{ and the temperature change can be partly seen in
this case, in contrast to the poor correspondence to the pressure.
Comparing this result with the former it may be concluded that rectangular
band-pass filters with narrow band-width are more adequate than complex
filters with broad band-width for the present purpose.

A peculiar tilting motion which seems to be related to the occurrence
of the earthquake on November 14 is seen only on the high-pass filtered
tiltgram of the N-3 component at Akibesan ( Fig. 28 ), probably because
of the low noise level. This peculiar change is connected to the oceourrence
of the esrthaueske a‘t:,llhOém,and a question arises whether it is due to the true
ground tilting or the shift of the equilibrium position of the tiltmeter by the.
shock of the seismic waves as is often seen on the tiltgrams of this type of
instrument. In order to ascertain this, we have shifted artificially the zero line
of the tiltgram at the time of the earthquake occurrence,and filtered these modified
records, the results of which are shown in Fig. 33. As seen in the figure, the
peculiar change is not reduced by the steps of the record. Since a
similar tilting is also detectable on the Ba' component corresponding to
that of Ba,it may be inferred that this phenomenon is not due to the instrumental
effeot but to the true creep-like ground tilting at the time of the event,

It ies expected from these results that although it is not conoluded direotly
that this tilting motion is undoubtedly connected to the crustal defor-
mation at the occurrence of the earthruake, high-pass filtering of the

Ba component may be effective to detect this kind of tilting motions
continuing over several hours, and the tiltgrams of Az and Ba at Akibasan
before and after the occurrence of other earthquakes have been filtered

by using the same high-pass filter. The obtzined examples are shown in
Figs. 34 to 36. On the filtered Ba componens of these examples there

can be observed some peculiar tiiting motions at the occurrence of local
earthquakes. In common with the previous result, the background noise

of the Aa component due to the metsorologiczl origins are too large to
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disclose characteristic tilting motions of this component. Although it
is not concluded immediately that these tilting motions are connected
to the occurrence of local earthquakes, these results give an upper limit
of the magnitude of the tilting motions so long as we consider such rapid
changes of the tilting motions lasting several hours.
4. Summary

Two methods for thereduction of disturbances due to the oceanic
tides and meteorological changes have been introduced in this chapter.
In the former half we have tried to eliminate the disturbances by a
tentative procedure from the tiltgrams at the two stations., On the B-W
and N-S components at Oura and E-W component at Akibasan, peculiar tilting
motions amounting to about 0.02" are observable before and after three
local earthquakes occurred in November 14, 1960, although they cannot
be immediately related to the drustal deformation at the occurrence of
these earthquakes. In the latter half some examples of digital
filtering have been shown as an attempt to detect minute ground deformations
hidden behind the disturbances, and it is concluded that the high-pass
and band-pass filters of simple shapes suitably designed may serve the
present purpose and especially those of the narrow frequency band are
more effective. Accordingly, as well as digital filterings of the
records, observations of the ground deformations by instruments with some
appropriate frequency responses are also thought to be effective and
the observation systems should be improved under this point of view.

Peculiar tilting motions of the ground of the amount of about

0.002" are seen on the high-pass filtered tiltgram of the N-S component
at Akibasan in connection with the occurrence of some local earthquakes.
Although these phenomena cannot be directly related to the occurrence of
the earthquakes, it is suggested from this that the crustal tiltings
connected with the lopal earthquakes in this district may not exceed C,002"

, granted that these tilting motions exist and continue a few hours.
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Takble

1

List of instruments at Qura

Instrument Tyre Azimath} Sensitivity Mark Recording speed
Tedtmeter Horizontald | E-W 0. 007, /mm Ao /80 mm [hour ; Mar.2¢
pendulum | N =S 0. 00t /mm| Bo ~ Aug. 12, 7760
Extensometer | Beniojf E-w |2 ?%/0;/4"" Eeo Jomm/hour ; Aug. ;2. ,7.40 i
(Bow-string) | N =S | fox s/ mm| Eno ~ Sept. /8, 196/
Barometer Aneroid 0.18 mb/mm| Py 7mm [hour ; Sepl. 15,796/
Thermometer | Bimetal o_ofvc /mm T, ~ Aprs, 1948
Table 2.
List of cmstruments at Akcbasan
. ! -
| Instrument Type Azimth| Sensitivity | Mark l Recording speed
Tiltmeter [Horizontal | E-W 0.004"/mm | /80mm [hour ; July 15
- pendulum w—E | p.007/mm | ~Aua. 12, 1940
N-S | c.oo¢”/mm 7 :
S—N | pgpeq7fmm|. | 30”""/’“’“")' Au?./.?., ) P60
Extenometer Benioif E-W | 3.0X 0" Ymm Eea, ~ Sept. 1%, 196/
_ l(Bow-string)| N =S |23x/6/mm| Ena | gumm fpour ; Sept. 1%, 1961
Barometer Aneroid | 0.1 mb/mm' Pa ~Apr 2, 1965
T/uemnmeter i B; metql 0 01 //m‘m | Ta
Tadle 3.
Monthly numbers of the days Jor which the data are lacking
Month _ Instruments
Aa Az Ba Bo, Ao 8o
1960
Aug. 0 / o o 3 £
Sep. 4 / o) 0 o 2
Oct. 2 1’4 / s o /
Nov. o 2 o a 4 /
Dec. /e 77/ ’0 (/ & /3
i 196/
Jan, / 9 / Y > 7
Fei. 0 7 / é % 7
Mar. 0 " o J / 5
Apr. % /o ¢ % £ 7
May o 0 / 4 4
June £ ¢ 3 ¢ 2
Tuly /4 2 /3 £
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Table 4
Aupliiudes and phases of 8 principal 1tide] constituents

. - ; ~N-S Tilt eanic tides| Temperature Precipitation
Constituent ._E (WAI‘)” (Ba) Or( wT) ";PYr)a Pre(sspu:g | ) (PP)
| Feorl| 0. 0r662° | 0.009332" | «7.07 <™ | o.ousu2’C | 0.038/ mb [ 0.0Soxg mm/hour
M2 4w /90°28 2033 20° 48 /87707 2/¢°03 283°3¢ :
S |Ftadt| o.008573¢ 0.00398/ 2/.%6 0792/ 0.656 oor5$2
2 ¢w %./3 207. 86 207-42 25.52 283. 98 24834
|Few || o0.003523 0.00/843 9. 643 0.025u8 0.00/8« 0.0¢¥2F
Na g | 432.86 | 32089 | aw 3 | 5094 | 25807 | zedx2
K IFe? )| oce02/ug 0.0009872 .ol 0.08898 00738 0.07/0¢%
2 Pwn s70. 98 328.36 | 30f.08 | ,48.%3 £7.9¢ 247.39 .
JFeadl ! 0 00688F 0.00576/ 22./9 0.7 %«y 0.0%03 0.08099
Ki  ¢w /36.40 | 33k.23 | 23473 2973 | 42 1 sk Sd
0 (Fen | p.007/9/ 0.003982 /568 002633 0.0 74 & | 0.o52/6
L e 3634 | 22eeé | asBep | 492.73 | ss604 . 3k7.33
| Fenjl o0.00/2¢5 0.000 7;}‘8 3. 3856 Do so¢o 0.0 858 1 0.03787
@, Pcw) Jfo.a ¢ 736.34 14048 | 26810 20838 | u¢.08
| Fu)]| o.00r9¢s 0.002¢07 7 o3¢ | 0.7107 0.080/ 0.0348¢
P1»__7¢\il£) 23028 «3.0¥ «w®. 23 l r09. ¥« 2:7.74 ] /26,28

Remarks: The phases of each constituest are roferred to the ovigin time of the amalysis
P 1 ¥ ysts,

namely Jul.}/ 3/, /6%0"™, 1960 (TUT).

Table &,

Amplitude ratios and phase differences of the tiltmetric constituents

to the oceanic tidal height

Congtituent Amplnc"“t;de ratio B Phase difference | Amplitude razio Phase difference
|| R/ Fwr) | (Paa = Pur) | (Fea/Fwr) | (Poa~ Pwr)
Ma 0.000 35 ¥ SE7. b v.000/%% 0.65
Sa 0.000 262 SELTT 0.000/30 0. ¢¥
Nz 0.000 365 65 17 0.000/93 - 2. %0
Ka 0.000£38 1Er 87 0.000 220 /9.28 |
K, 0.0003/0 16127 0.00026¢C 0. 80 l
O 0.000 4S$7 /77,27 0.000242 /.99 |
Q 0.00037)2 157 87 0.0002/% ~/%.32 .
| P | et mest | eoceser 507
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Ta(ﬂe

6.

We(gl\ted mean a.mlol’ttudes and  phases

M, 52 O1 S
Amplitude  Phase | Amplitude Phase | Amplitude | Phase | Amplitude | Phase
wWT 470 | 842 | 223" | 2087 (5.8 | 170t - -
T 0./2°¢ - 0.827¢ 1 224 0257 — 3.20¢ 22372
[ 0,088 mb - 0.669 ™" sp4p 0./18 P 04817 | 708 |
Aa 0.00672" | 3558 | po00d30" 4 0007617\ 346.1 0015187 | 782
a 0.0/738 3$2.3 0.00723 3300 |\ 000773 | 3494 | 0.02008 | S04
Ba 0.0093¢ | /845 0.00429 2073 0.00356 EW — -
Ba 0.00891 1904 0.00475 2229 0.003%0 | 1787 — —
Ao 0.0//88 | 343.0 0.0057]  32.4 voou8! | 3524 - —
Bo 0.00493 /4.1 0.009c9 | /071 0 po59s 1§14 v0.0o0834¢ | 239.9
Table 7
Amplitude ratios amt phase differences of Aa & Aa ,and Bd t Ba
‘[ Amplitude ratio | Prase difference| Amplitude ratio | Phase difference
(Ad / Aa) ( Ad - Aa) C Ba/ Ba) ( Bd - Ba)
M, /. 0% - 3.,5‘ 0.9 28
| Sa /.18 -34.6 /0] s
|i o /.0/ 3.£ 0.78 S0
S 132 248 | et L A

Si comstituents of Ba and

Bd Co'm/:onerzts

Corr‘egpond e K,



Table 8.

Pertods and ampfitudes of ap)oarcn.t )oealrs on the tiltmetkic

spectra at  Akibasan

Aa  ( E-W compoment ) I Ba ( N-S Component)
Percod Amplitude Pe riod ! Ampl.tude
(day) (Second of a::_) _“n(day) E ( Secend of arc)
28.7 0.0833 27 8§ ; 0.0 222
26.0 0.078) i 243 E 0.0228
2¢.5 0.06%7 23 x 0.0222
1 9.7 0.0777 /8.9 | 0.0243
/8.8 0. 0750 177 002488
/7.7 C-0742 L 767 0.02/17
/6.7 0.0780 ! 73.7 0. 0/86
/3.2 0.0854 732 0.0/8f
7o.7 0. 034f 10.7 0.0/42 i

71 0. 0264 71 0.00 8F |
7.8 0.0/53 6.7 0.0070
6.7 0.0/40 £8 0.0084
%4 0.0081 4.4 0.004]
2.3 00023




Table

9.

Coefficcents of disturbing factors to the qround tilts at Akibasan (Unit: 0.001%)

}

!

7rou'm:l tilt a} the Ag Cam'nonent.
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The phase of the temperalure advances ome hour compared with that of the

Aq_(E-W compenent) Ba_(N-5 comporent ) |
Tempe mtur: Pressure |Time dercvative] Temperature| Pressure Time derivative
rer | camby | P o] Cited | imbd | i)
1960 I
Aug. ~$ 5851027 4441088 ~281t/8 -093/10088 | 0./21027 |[-3021 068
! Sep.  =3.09to023| 2./8r07%| -471/4 0.2401004/ | 0.16 1020 | ~7.67% 040
| Oct. -3551 024 /31 /o ~48t/.8 |0"’Ht”~9‘“LE 086102t | ~/ 021t 047
Nov. —-4.141t01/3 0.7210.447% ~2.27t07/ | 020t 0./8 ; /.27t 048 | 431 /2
Dec. | ~2.09t043 22173 | 0.7 L4 1-0.271 020 | - /8t e8| ~/ 23084
178l Jan. -423t034| -07110 - 442 7.6 0.4 1 024 13020728 1.4 214
i Feb. ~440t 043 ~£1 278 73124 | 020t 0.7 | 033t08585 | ~474t098
! Mar. ‘ -3331082| 32t.8 —£2127 |-0.#48t00f2| 044t o030 | ~2.44%06°
Apr. 1 ~3.00202( 307107 | ~08t /.4 |-0383r000| 0441027 ~2.422043
May ~4.151029] o0& *r0 -2 7120 |(~038204t | ~0322037| o08/%07]
June | -4.72to046| 32 1.8 24238 1 -/36%0.20 | —07820785| ~801).8
July | -$08t04/| 47+22 | -/1/242 |~,0020./1 | ~20f203¢4| o0/3%080
 Ad ( E-W compoment) Ba (N-5 compoment )
Temperature | Pressure |Time derivative| Temperature | Pressure | Time dervative
. (r7e) Cimb) "i’i',i‘f}‘;fw) Cr7e) <1 mb) ?/:fiuhr:ur)
/1960
Aug. | ~7:4851 028 10.9/20,87 1-58+ 2.2 | -2./9t0./8 | 046 047 | -7.9+42
Sep. i ~3,3?ia.4~$‘1 44 1, & | /3 3.0 |-02210/4|2.061t 044 | -1/4108¢
Oct. | —3.4%1 o.%; 7.41/4 | -4412.46 | -0 80t0./2|2.47%042 | 027t0.8/
Nov.  —£$02%047 $4%1§5 | -£313.2 |~04f10/4|2.37t084 | odotofs
; Dec I
196/
Jan. | 035t o0./? [2.(030.84 | —0. 431094 i
! Feb. ~0087%0083 |7 791028 | —4.77¢ afo:
‘ Mar. ~0)5810084| /721 0.27 I ~1.20t0.5% |
Apr. e{-0483t006b| 70/t 0.23 ! 0.3410.44 |
May 4.75t0./7| T40t0 b/ ITt1F |-l t o2l 10209/ ! 0.0t 2.0 |
June |
July



Table 1o.

r_-—'—-"“'——'_ T T ey e ———

B Ao (E-W Component) Bo (N-S component)

/o = o S0 , ]
Temperature | Pressure |Time derivative| Temperture| Pressure  |Time derivative

" of pressire of pressure
. e 1 mb) (1mb/hour)| (1°C) CtmbDo | (/1 mb/hour)
'——-/ ?60 LRI S B e = . B e - e et
Aug. | ~0.03t0/3| 0544038 ~oft109s 2914 | ~%71%4 | -9t 71 |
Sep, 0.37t0.1] | -/6/2036 | -178L0.7/ 0471 0.21 |~/ bkt 0. df 1 —6.1 ¢ 1.4 ;

Oct. 0.16%0.02 1| -2.741042 | ~0.2610.8/ | =/.3/£0/6 | —/0.2820.40| —6.6% 1.2

, Nov. | =o05210/2] -.89t04k| o 77tose 040t 0./7 | -8 122070 —4¢02% 7.3

’ ec 1.07t029| s 96108/ | -201/.2

1 9es

Jan. 041t0.79 | o0.11t0.854 | —2.45100% | —1.561088 | ~11.0% 2.5 |~ 70 144
Feb | —024410079) -0.422027 | —0.871 0.4
Mar 0.15t0.07 | 048t 043 2.3t/
Apr. 1.040t0.078 | -2.241027 | 3.32%0.44
May 0891022 | - 2.49410.98 | ~0.31 /.7 |-0.f2t0./7 [ -/3.231047} -3.21/%
|
June /46024 | 021100 ;1.4121 | —0/2t0.24 | —8.6%t0.96 | -7.212.2
‘ i
July | 0277t00#| 0.42%0./8 |-2.822034 | ~0291022 -/3.561073]| ~2.621.8 |
Table 11
Coelficients of disturbing {factors to the ground tilt at Akibasan.
Dcsturba‘nj factor Ground  tolt
L o - Aa ( E-W component ) Ba ( N-S component )
Sea Level at the Wakayama Harbor; wrct) |- 0.000 34 (second /cm) 0. 00020
Air temperature ot the Wakayama ;

Meteorological Observatory ; ) 1 -0.003F (Ssecond/*C) ~0.00029
Altmosphekic pressure at Akibasan ; Pa(t) 0.0014 (Secand /mb) 0.0000 %47
Time derivalive of the pressure :

at AKibasan v Pa &) | -0.003% ( second/mb/hout) | -0.002%

. LT OV




Table 12.
Ground tilts and strains by the almospheric pressure
Statcon Instrument Tilt and strain per ome mb
change of the pressure
Ao ( E-W component tilt) - 0.00858"
Bo (AN-S component 1ilt) - 0.0/8"
Oura .
Leo ( E-W component stracn) 4.4 x10
Eno ( N-S compament strain ) - 1.8 x /0-3
Akibasan Aa ( E-w component tilt) - 000%4"
Ena (N-§ Aamp?ﬁ(?l“t-ws_tLalt) 4.6 x 70“’7
Table 13.
Values of & and B at Qura and Akibasan
Statiom Instrument oA B
Ao ( E-W component tilt) ~oo0074 /mb J.0000407mb/ﬁour
N-S compoment tilt) -
Oura Bo (N-S comps o.0/f 0. 00033
EFeo ( E-W component strain) - 7.4_),,0'?/,,,,5 0.2 Wo‘f/,,,,b//“w
E/)u; (N—S c:mponcnt Strain) -24 X /0-9 0.23 X/a‘p
Akcbasan " Aa (E-W com,oonen,f tilt) -0 0080 '/Mb 0. ggp/j'/"/,mb/},w,-
| Ba_ (KN-Scompoment tilt) | 0.00!1 ~0.000027
Table 14
Coefficients used 4or the reduction of disturbances
Zkilbastxn o Oura
Disturb(ﬂg factor Aa (E-Ww | Ba(N-§S Ao ( E-W Bo (N-S

component ti (t)icomponent tut){component tilt)

Camponent ti )

Oceanic tides 00038 " " &

- 0. v.ooo20 | ~000028” | 0.000 11"
(Wakayama Harbor, cm ) o (t20 min ) (+20 min)| (+ 8o min.)
Air  temperature R seoo% /¢ 0.00020 | ~0 00052 o.o000 40
( Wakayama Meteorological Obs.,’¢) (6o min)
Atwmosphercc pressure
( Akcbasan , b ) "0.005‘0 o oot} ~0.00 74 -0.0/9
Time derivative of Pressure
( AKibasan, mb/ hour) 0.000/5 | =0.000027 | 0.000040 | 0.00033

The time in the parentheses is the phase (ag conscdered for the reduction.

Positive sign means the advancemenl of a disturbing factor.
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Wakeyama ¥
City.,

Fig, 2a, Configuration of instruments at the Oura station

Ao 3§
Bo 3
Eeo,
Eno,

Fig,1,

Geographioal situation of the
stations, Oura snd Akibasen,

E-W component ti]tmeter
N-S component tiltmeter
B-W component extensometer

N-S component extensometer
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Fig, 2b,
Aa § E-W
Aa'; W-E
Ba ;
Ba'; S-N

N-S
Bea; E-W

Enaj N-S

AKIBAS AN

Configuration of instruments at the Akibasan station,

component
component
component
component
component

component

tiltmeter ( with damper)
tiltme ter
tiltmeter ( with damperT)
tiltmeter

extensome ter Pa 3 Barometer

extensometer Ta ; Thermometer
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Fig, 3. Secular changes of the ground tilts and strains at Oura,

Ao 3 E-W component tilt Eeo 3 E-W component strain

Bo 3 N-S component tilt Eno § N-S component strain

To ;3 room temperature
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Fig, 4, Yearly vectorial diasgrams of
the ground tilt at Qura,



Fig. 5.
Akibasan,
Aa § Aa'
Ba ; Ba!

E down

extension

!

y E-W component tilt Eea
y N=S component tilt

Ta § room temperature

Fig. 6,

; v
t l
|
\/V/\‘/\*-’\/
///ﬁ\‘/f )
[I°C/ ]
1961 | 196211963 11964

Secular changes of the ground tilts and strains at

E-W component strain

-e

Ena § N-S component strain

. N_.
/7L t ‘R‘eaf1L S
| EERE Shadsl 62 ) 5-‘—j
e )
}- T6'1_+_ 65 | -

Yearly vectorial diagrams of

the ground tilt at Akibasan,
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40 —

1966 ]

Fig. 7. Monthly numbers of earthquakes occurred near Wakayama
City reported on the Seismological Bulletins of the JMA,
L], unfelt , felt B , small felt area

CELESTIAL BODY
(SUN, MOON)

RADIATION ATRACTION

EARTH'S INTERIOR|{ EARTH'S EXTERIOR |
| ATMOSPHER 1
3|5 | (LITHOSPHERE) YDOROSPHERE |
Rle
-3
5\0
Z2Z

| EXTENSIVE CRUSTAL DEFORMATION]

-~ --->REGIONAL DE7ORMATION |
L  LOCAL DEFORMATION fb—

b
o INSTRUMENT

e

B_EéORb |

Fig, 8, A schematic representation about ground

deformations and their observations,
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Fig. 9a, Monthly amplitudes and
phases of the oceanic tides ob-

served at Wakayama Harbor,

Fig, 9b, Amplitudes and phases

of the alr temperature observed at
the Wakayama Meteorological Obser-

vatory,

T
JAN. JuLy

1961

AUG.
1960

Fig, 9c, Amplitudes and phases

of the atmospheric pressure ob-

served at Akibasan,

Fig, 9d. Amplitudes and phases

of the E-W component tilt at Aki-

basan,
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Fig. 13. Spectral amplitude A(w) and phase g(w) of the E-W
component tilt at Akibasan, The cross represents the corrected
values for the oceanic tides, alr temperature, atmospheric pres-

sure and 1its time derivative,
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Fig., 14. Spectral amplitude and phase of the N-S component
tilt at Akibasan. The cross represents the corrected values
for the oceanic tides, air temperature, atmospheric pressure

and its time derivative,
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Fig. 15. Influence of the air temperature on the ground
tilt at Akibasan,

A § Spring ( March-May ) B § Summer ( June-August )

¢ 3 Autumn ( September-November )

D ; Winter ( December-February )
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i F | ] Oura to the atmospheric pressure, Unit
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'“f“’“"' N difference of the N-S component tilt at
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) S ] Cura to the atmospheric pressure, Unit
om0 _*do?ﬁ of the ordinate of the ratio is second
|
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Fig, 16¢c, Amplitude ratio and phase
difference of the E-W component strain
at Oura to the atmospheric pressure,
Unit of the ordinate of the ratio is

.
x 10/mb,

Fig, 16d, Amplitude ratio and phase
difference of the N-S component strain
at Qura to the atmospheric pressure,
Unit of the ordinate of the ratio is

x10"7/mb,

Fig, 17a, Amplitude ratio and phase
difference of the E-W component tilt

at Akibasan to the atmospheric pressure,
Unit of the ordinate is second of arc/

mb,

Fig., 17b, Amplitude ratio and phase
difference of the N-S component tilt

at Akibasan to the atmospheric pressure,
Unit of the ordinate of the ratio is

second of arc/mb,
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Fig. 18. Ratios of the corrected spectra of the ground tilts
to that of the intensity of precipitation, Solid and open circles
are the results for the E-W and N-S component tilts respectively,

Solid curves denote the amplitude and phase spectra of the lmpulse

response h,(t) and hy(t),
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Fig, 19. Response of the ground tilts at Akibasan by an

impulsive precipitation,
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Fig. 20. Corrected amplitude and phase spectra of the E-W

component tilt at Akibasan,
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Fig, 21, Corrected amplitude and phase spectra of the N-S

component tilt at Akibasan,
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Fig, 22, Location of the Tokushima, Owase, Kyoto
and Shionomisaki Meteoroclogical Observatories for
which the spatial pressure gradients were calculated
( open circles), and epicenters of local earthquakes
occurred on Nov, 1k, 1960 ( solid circles ),

1, Epicenter of the earthquake at O7hk7m, Nov.1ll,
2, Epicenter of the earthquake at 11h08m, Nov, 1k,
3. Epicenter of the earthquake at 13h3lm, Nov,1k,
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Fig" 25. An example of
comparison of the observed
ground tilts caused by pre-
cipitationé\' with calculated
values ( dotted lines ) by
convolving the impulse

response obtained from

Asril, 1961 Moy Fourier spectra and inten~
sity of precipitation,
In this figure a linear change has been removed in Aa for the con-

venience of comparison,
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Fig, 26, Tilting motions before and after the remarkable
local earthquakes on Nov, 14, 1960, ( * § corrected
curves, { 3 local earthquake )
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Fig, 27. Comparison of responses of

designed ( solid line ) and digital

filters ( dashed line ),
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Fig. 2B8. Filtered records of the atmospheric pressure Pa and

ground tilts by 0,200 c/h high-pass filter,
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Fig, 29. Filtered records of the air temperature Y,
atmospheric pressure Pa and ground tilts by 0,200-0,143
¢/h band-pass filter,
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Fig. 30, Filtered records by 0,143-0,0910 ¢/h band-
pass tfilter,
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Fig, 31. Filtered records by 0,0770-0,0430 c¢/h band-
pass filter,
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Fig., 32. Comparison of the filtered result of the E-W component
tilt at Akibasan ( Aa ) with those of the alr temperature ( Y, dashed
line ) and atmospheric pressure Pa, The response of the used filter
is 1 in the periodic r:hges from 1 to 11,5 hours and from 13,6 to

22,9 hours,
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Fig, 33. Stepped tiltgrams
at the time of the earth-

quake occurrence at 11h0Bm
on Nov, 1k, 1960, and their
filtered results,
on the left are the ariginal

Curves

L ovee N\ ~ t t t11t-
i 0\-‘,/\/\ \ J Sy \/W /V\"’VA | ( center ) and stepped
‘ 74 | rams, and curves on the
;IQM”E/ N ’WAANW4NWA* s .
N A ‘ J”V\J oy ' right are filtered tilt-
E \.‘ ‘b b \ ./“’\/-’\
&/ \//\\ v [aooz Z\ i . grams, The dashed line in-
E \\ //v IV\ L/w,\/”\v\/'\/\ ;
J\ P 5 dicates the time of the
: \ A TWAA A A ,
j/\\\\//\ ~ ‘ \J/\/\ I - earthquake occurrence and
: A A S AAMAS . )
AV \ A ;V‘M i ! accordingly the time when the
| Novia | e boNevia |oas step was given,
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Fig, 3%, Examples o1 [iltered ti.ngrams belore and after the local

earthquake at 08hL3m cr Nov,K 30, 1v50,
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Fig. 35, Examples of filtered tiltgrams before and after the local
earthquake at 20h32m on Dec, 14, 1960,
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Fig. 36. Examples of filtered tiitgrams before and after the local
earthquakes at O%h32m and luwn92m on June 8, 19561,
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