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    Some Problems on Time Change of Gravity 

   Part 5. On Free Oscillations of the Earth Observed at 

          the Time of the Chilean Earthquake 

                  on May 22, 1960 

                       By 

                        Ichiro NAKAGAWA 

                       Abstract 

   A theoretical investigation on free oscillations of the earth has been 

made for a long time. On the contrary, an observation of the free oscilla-

tions of the earth was carried out by H. Benioff alone at the time of the 

Kamchatka earthquake on November 4, 1952. But the free oscillations of 

the earth excited by the great Chilean earthquake on May 22, 1960, were 

mainly observed in America, and their existence was confirmed to such an 

extent as it admitted of no doubt. 

   In the present article, a trial to detect free oscillations of the earth 

from records obtained working with Askania gravimeter No. 111 at that time, 
for the purpose of observation of the tidal variation of gravity at Kyoto, is 

in detail described. Readings of the records are made at 2-minute intervals. 

1480 read values thus obtained are filtrated by a high-pass filter and analys-

ed by Fourier's method. Free spheroidal oscillations of the earth with azi-

muthal wave numbers  n=  2, 3, 4, 0 and 5, seem to be detectable by the 

present spectral analysis. The obtained periods corresponding to these earth's 
oscillations, are in good agreement with those observed in America and, fur-

thermore, with 'periods predicted by the theoretical investigations. The 

gravity variation with a period of 53.4 minutes is about 0.58 microgals in 
amplitude and attains its negative maximum at the origin time of the earth-

quake. The corresponding displacement amplitude is estimated to be about 
0.52 centimetres.
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                    1. Introduction 

   The history of a theoretical investigation on free oscillations of the earth 

could be traced back to the latter part of the nineteenth century.  An early 

investigation on this problem was discussed for a homogeneous earth  by P. 

Jaerisch (1), H. Lamb (2), T. J. Bromwich (3), J. H. Jeans (4), A. E. H. 

Love (5) and other theoreticians. 

    On the other  hand. the first commemorable observation of free oscillations 

of the earth was carried out by H. Benioff (6, 7). He found out  a, wave 

with 57-minute period recorded in fluctuation of the zero line on his strain 

records at the time of the Kamchatka earthquake on November 4, 1952 and 

regarded it as a representation of the free oscillations of the earth.  At the 

time of a deep focus earthquake occured on November 19, 1954 in the 

northwestern part of the Japan Sea, long period oscillations in a range of 40 

to 70 minutes were observed simultaneously with tiltmeters at two stations, 

about 90 kilometres apart, by E. Nishimura and others (8, 9). 

   With impetus of the Benioff's report and the latest remarkable progress 

of an electronic computing machine, a more thorough theoretical investigation 

on free oscillations of the earth has been made by many researchers (10-23) 

since 1958, and at present such an investigation is being made even for the 

moon (24, 25, 26). 

   Apace from the time when H. Benioff observed the Kamchatka earth-

quake, the accuracy of observation was largely increased recently by a re-
markable progress of instrument. Especially, instruments became of better 

equipment since a good opportunity afforded by instance of the "Internation-

al Geophysical Year" and continuous observations had been made with such 

instruments at many stations in the world. A great Chilean earthquake then 

occured. Needless to say that this earthquake was observed with many in-

struments at work and an existence of the free oscillations  .of the earth, was 

confirmed to such an extent as it admitted of no doubt. 

   Observations of free oscillations of the earth excited by the Chilean earth-

quake on May 22, 1960, were mainly been reported in America. Observation 
stations and instruments in them the free oscillations of the earth were ob-

served, were shown in Table 5.1 with epicentral data of the earthquake . 
The power spectra obtained by these  observations showed a splendid agree-

ment one another and their peaks were in marvellously good agreement with
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periods predicted by the theoretical investigations. 

                     2. Observations 

   At the time of the Chilean earthquake of May 22, 1960, two sets of 

Askania gravimeters were working for the purpose of observing the tidal 

variation of gravity at Kyoto (32). One was an Askania Gs-11 gravimeter 

No. 111 belonging to the Disaster Prevention Research Institute of Kyoto 

University and was working since July 1959. The other was an Askania 

Gs-11 gravimeter No. 105 belonging to the Geographical Survey Institute. 

The latter gravimeter was installed side by side in the same room as the 

former, and a simultaneous  observation of the tidal variation of gravity had 

been made by using these two gravimeters since January 1960. 

   The observation room was an underground special room of the  Geophysi-

cal Institute of Kyoto University where was the International Reference 

Station of Gravity in Japan, and the temperature and humidity in this room 

were maintained by means of a thermostatically controlling apparatus through-

out a year as 19.5°C±0.2°C and  55V+.1c4 respectively. Both gravimeters 

were installed at a distance of two metres. The position of the observation 

room was shown in Table 5.2. 

                Table 5.2. Description of the observation station 

    Observation  station  : Kyoto 
   Latitude 35° 01.8' N 

    Longitude 135° 47.2' E 
    Height 59.9 metres above mean sea level 

    Depth  2,4 metres below ground surface 
    Observation room International Reference Station of Gravity in Japan 

                            (Geophysical Institute of Kyoto University) 

   Records of gravity change at the time of  the. Chilean earthquake obtain-

ed by both gravimeters were shown in Fig. 5.1. The width of recording 

paper was 20 centimetres and its speed was 8 millimetres per hour. Time-
marks were recorded at every hour on the recording paper and their accuracy 

was always held within 30 seconds. The ratio of sensitivities of both gravi-

meters was about 4 : 3, but there was a considerable difference in their damp-

ing constants. Nevertheless, as could easily be seen from  Fig. 5.1, a movement
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of the recorded curves obtained by both gravimeters was perfectly similar over 

a period of a few days after occurrence of the earthquake. Oscillations so 

large as to scale out from the recording paper were recorded by the Askania 

gravimeter No. 111 over a period of a few hours from the arrival time of 
the seismic wave. 

                3. Method of analysis 

   Records obtained with the Askania gravimeter No. 111 were used for the 

present analysis to detect free oscillations of the earth. During several hours 
of the arrival time, the recorded curve scaled out from the recording paper, 

and it was therefore impossible to make readings. Except those durations, 

readings of the records were made at 2-minute intervals from 04h  00m of 

May 23, 1960 (UT) up to  0.1 mm corresponding to about 0.25  //gal in gravity 

 difference; obtaining values of 1480 in reading. In that case, since the speed 
of motion of the recording paper was 8 mm/hour, direct readings for the 

records were impossible. Therefore, they were made by enlarging the origi-

nal record to be 3 centimetres the distance between hour-marks. 
   In order to remove the gravity  variation due to earth tides and drift of 

the gravimeter, the high-pass filtering described by W. Munk and others 

(33) is applied to all the read values (34). 
   Now, let  xi and  yi be the read value and filtered result at the time of 

 ti respectively,  )4 is expressed by the following formula, 

                            r 

          yi=x, 1 (x1_,.+1+2xt_.+424-3xi_.+3+   (m  —  1)  xf  -1 

 +mxi  +  (m  —1),04-1+  +  . (5.1) 

The filter (5.1) has an ability to exclude fully the waves with frequencies 

lower than f, giving the following formula, 

 2finelt=  2  (5.2) 

where  41 is the time interval between two readings of  xt. In the present 

case  4t being 2 in the minute. Since the waves with periods lower than 2 

hours have to be removed,  f is given in minutes as 

                      1=  (5.3)                          2 x 60' 

so that 

 m  =  60 (5.4)
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   In practical calculation of  yi, it was simpler to apply the following itera-

tive scheme (5.5) derived from the formula (5.1) than to apply the formula 

(5.1) itself. 

 vi+i  =  Vi  —  Xt+n, 

                           1   y
t+l=yt+xt+1-xt+           m2 (5.5) 

But  y60, the initial value of y, was calculated from the formula (5.1) and 

v61, that of  v, by the following formula 

 v61=x1-1-x2-1-xs+  +  x60  (X61  +  X62  ±  X63+   x120)  • (5.6) 

   59 read values at each end of the time range disappeared in the filtering 

process and consequently total numbers of  yi amounted to 

 1480  —  59  x  2  =  1362  . (5.7) 

Then, rewritting 

 311=-31f-59 (5.8) 

 j being an integer greater than 1 and less than 1362.  yi thus obtained were 
used for a Fourier analysis successively made. Calculations in both filtering 

process and Fourier analysis were carried out by an electronic computing 
machine  `NEAC-2203' with the help of H. Takeuchi and M. Saito of Tokyo 

University. 

   Next, values of  An,  Bn,  C.2 and  On were calculated by the following 

formulae (5.9) using  yj, 

 nj   A
n=  yj  cos  27r 

                                                  =1 

                      yj sin 27r l 
 J=1(5.9) 
 C.2=An2-1-B.2, 

 Bn                                     = tan-1                                 A' 

                                             n 

        where J=1362 and —7-r--�0.�—27r(15n in radians).           2 

In practical calculation, the value of period T was also obtained by 

                   fa2J        T =-(5.10) 

   For lack of memory of the electronic computing machine used in the 

present analysis,  yj were divided into two parts and their Fourier analysis
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was made for each part. For the latter half of  y,,  An' and  Bn' were cal-

culated by the following formulae 

 A.'=  E ycos 27rn(j — j 0) 
 3=  io+1 

                                                (5.11) 
                  = E ysin 271-n( j — j 0)  

Multiplying  these values by a certain coefficient and combining the results 

with  A. and  Bn obtained from the former half of  yi, analytical results for 

all parts were obtained. 

   The formulae (5.11) gave Fourier coefficients at any fixed time  jo-1-1 

being its starting-point. As the causes for partition of the data, one was due 

to the lack of memory of the electronic computing machine as mentioned 

above, and the other so as to obtain a value of dissipation constant Q (27, 

30, 35) for any fixed frequency. 

             4. Results of spectral analysis 

   The first value of  yi obtained through the filtering process corresponded 

to 05h 58m of May 23, 1960 (UT) and their total numbers amounted to 1362. 

By using these values  3)), T in (5.10) and  A.,  B. and  Cn2 in (5.9), were 

calculated. The obtained results were shown in Table 5.3. Calculation was 

carried out from n=41 to n=80. In Table 5.3, one unit of  An,  Bn and  Cn 

corresponded to  2  mm on the registrogram and also to about 5.1  legal in 

gravity difference. Relation between power  Cn2 and wave number n, was 
shown in Fig. 5.2. The spectral analysis was also made for every six of n from 

 n=41 to n=155. The relation between  Cn2 and  n, for a range of n=71 to 

n=155, was shown in Fig. 5.3. Since there remained considerable influence 

of earth tides at a range where n being smaller than 40, and the error was 

large at a range where it exceeded 150, no significant result was presumably 

able to be obtained even if an analysis was made. Therefore, no calculation 

was made for those ranges. 

   Owing to rough time interval between two readings and lack of total 

numbers of the readings, real and visionary peaks were mingled in the spec-

tral peaks shown in Figs. 5.2 and 5.3. Tukey's filter (36) was then applied 

to the power spectra obtained above so as to distinguish increasingly the real 

peak and to eliminate the visionary one. It was a kind of moving means
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            Table 5.3. Values of  T,  ,46,  Bn and  CV 

n T (minute)  An  Bn  C.2 

41 66.44 - 87.01 17.52 7878 
42 64.86 73.82 75.83 11200 

43 63.35 - 70.84 87.60 12690 

44 61.91 5.178 39.74 1606 

45 60.53 76.83 57.23 9178 

46 59.22 - 12.01 100.4 10220 

47 57.96  -113.2 - 9.998 12920 

48 56.75 - 46.28 - 11.28 2269 

49 55.59 - 4.861 - 30.66 963.7 
50 54.48 53.95 53.61 5785 

51 53.41 - 54.18 56.27 6101 

52 52.38 50.93 7.670 2653 

53 51.40 12.66 - 24.06 739.1 

54 50.44 - 19.17 8.434 438.8 
55 49.53 12.32 7.481 207.8 

56 48.64 12.00 30.67 1085 

57 47.79 - 40.13 111.2 13980 

58 46.97 13.45 - 48.68 2550 

59 46.17 71.89 - 18.82 5523 
60 45.40 - 27.73 - 17.51 1075 

61 44.66 - 20.46 20.51 839.3 

62 43.94 - 4.220 50.40 2558 

63 43.24  - 39.34 81.45 8181 

64 42.56 18.70 52.76 3134 
65 41.91 30.03 56.66 4112 

66 41.27 -  60.57 31.43 4657 

67 40.66 49.71 13.69 2659 

68 40.06 - 23.29 4.760  j 565.2 
69 39.48 - 62.67  -118.6 17990 

70 38.91 8.442 - 21.50 533.4 

71 38.37 48.16 - 35.18 3557 

72 37.83 33.25 1.192 1107 

73 37.32 43.81 61.63 5717 

74 36.81 - 27.17 20.56 1161 

75 36.32 - 59.32 - 17.29 3818 

76 35.84 65.80 - 27.92 5109 

77 35.38 - 60.41 - 10.52 3760 

78 34.92 18.81 - 5.751 386.9 

79 34.48 45.67 11.68 2222 

80 34.05 34.25 32.64 2239
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and its process was expressed by the following formulae 

                  1  A
.* =-4(-An-1+2Am -A5+1) - 

                  1               .137,* =-4(-B.-1+2B.-B.+1)(5.12) 

 C.*2=A.*2+  Bn*2 

   Smoothed spectra  Cm*I1 corresponding to Figs. 5.2 and 5.3 thus obtained 

were shown in Figs. 5.4 and 5.5 respectively. In case of making out the 

Fig. 5.5, the  suffix n±1 was replaced by n±6 on the right-hand side of the 

expressions  A.* and Be* in (5.12). 

   Taking accuracy of readings from the original registrogram into con-

sideration, the following periods could be picked up from these figures as 

power spectral peaks in the present analysis  : 
       58.0, 53.4, 47.8, 43.2, 41.3, 39.5, 37.3, 35.8, 25.5, 20.8 

       and 19.9 minutes. 

    Table 5.4. Observed and theoretical periods of the earth's free oscillations 

        Theo- Period obtained in foreign countries  Mode
retical Observed               (a) (b) (c) (d) (e) 

 0S2 53.5 53.4  55.0, 52.8 54.7 , 53.1 53.4 54.4 
       47.8 46.2 46.7 

 oT2 43.4 43.2 42.3 44.8 
    41.3 41.3 
                 39.5 

    37.3 36.7 
  0S3 35.3 35.8  35.9  , 35.2 35.9 , 35.2 35.8 35.4 

 °Ts 28.1 28.6 28.5 28.8 
 054 25.5  25:5 25.9 25.8 25.8 25.5 25.8 

 1S2 24.7 24.7 24.5 24.8 24.0 
 0T4 21.5 21.8  21.9 21.5 21.6-  

oSo 20.7 20.8 20.5 20.4 
 oSo 19.8 19.9 19.8 19.8 20.0 19.6 

                                                     (unit in minutes) 
           (a) N. F. Ness, J. C. Harrison & L. B. Slichter (30) 

          (b) H. Benioff, F. Press & S. Smith (27) 
           (c) L. E. Alsop, G. H. Sutton & M. Ewing (28) 

          (d) B. P. Bogert (29) 
          (e)  W. Buchheim & S. W.  Smith. (31)



                                                      97 

                     5. Discussion 

 (1) Periods of the earth's free oscillations 

   Peaks of the power spectra obtained by the present spectral analysis are 

shown in Table 5.4. In this table, periods of the earth's free oscillations 

observed in America and Germany at the time of the same Chilean earth-

quake and those predicted by theoretical investigations, are also collectively 
shown. In Table 5.4, there is no description for spectral peaks with a period 

longer than 54 minutes, but there are two spectral peaks at that period as 

shown in Fig. 5.4. They are presumably appeared due to a fact that one 

time of operation of the high-pass filter, used to eliminate the earth tides 

and the instrumental drift, is not enough to remove those two peaks. 

   Spheroidal oscillations can only essentially be detected by a gravimetric 

observation. In fact, according to the results obtained with a LaCoste-

Romberg tidal gravimeter by N. F. Ness and others  (30)  , only the spheroidal 

mode has been detected. But, according to the observational results obtained 

by the author, periods corresponding to torsional modes T3 and T4 have not 

been observed, while a period corresponding to a torsional mode  7'2 has clear-

ly been observed. The magnitude of power corresponding to T2 is the small-

est in a range of n=40 to n=80. It is necessary to investigate in detail 

whether this peak, corresponding to T2, is real or a visionary one. 

   Among the spectral peaks obtained above, there exist several unassigned 

theoretically with periods of 47.8, 41.3, 39.5 and 37.3 minutes. Among them, 

the magnitude of power at 37.3-minute period is small, but that of the others 

is not always small in comparison with that of peaks corresponding to  sphe-

roidal modes. In particular, a peak at 47.8-minute period is the largest 

within a range of period spectrally analysed by the author. This peak may 

presumably appear under an influence of operation of a thermostatically con-
trolling apparatus in the observation room, because of its period being about 

48 minutes. As shown in Table 5.4, H. Benioff and others (27) have detect-

ed a peak with 46.2-minute period from strain seismograms obtained at two 

stations, Isabella and  Naha, and L. E. Alsop and others (28) also detected 

that of 46.7-minute period from seismograms obtained at Palisades. It is a 

problem to be solved in the future whether there exists actually an oscillation 
mode with a period of 46 to 48 minutes or it is an apparent one caused by 

changes of the meteorological and other disturbing elements.
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   There then exists a spectral peak at 20.8-minute period in the present 

analysis, but it is difficult to determine which of  So and  7.4 corresponds to 

it, because time interval between two readings is 2 minutes. Judging from 

accuracy of the Askania gravimeter, a radial mode  So must be observed suf-

ficiently by using the gravimeter as an altimeter, and it is therefore  suspect-

ed that the peak at that period corresponds to So. In fact, the earth's free 

oscillation of  So type is clearly recognized in results obtained with a LaCoste-

Romberg tidal gravimeter by N. F. Ness and others (30). 

   Although there leaves some room for further consideration in detail, the 

periods of peaks corresponding to So,  Sz, S3, S4 and  SB obtained by the 

present spectral analysis, are in good agreement with those obtained in 
America at the time of the same earthquake and are also in splendid agree-

ment with those predicted by the theoretical investigations. This means that 

knowledges concerning the internal constitutions of the earth obtained through 

a propagation of seismic waves and phenomenon of the earth tides, are ex-

ceedingly correct. 

   In the following, some detailed discussions concerning the fundamental 

spheroidal mode  S2 of the earth's free oscillations with a period of 53.4-mi-

nutes, are made. 

 (2) Magnitude of the power for 53.4-minute period 

   From Table 5.3, a magnitude of power at 53.4-minute period is 

 Cn2  =  6.1  X  103 (5 .13) 

Now, putting 

 J/2 nj   y  j=  E  (a.  cos  27r nj +10. sin 27r/ ,(5.14) 
 n=0 

                 where  an and  b. are Fourier coefficients to be determined , they are general-
ly expressed as follows  : 

                        2 ./o nj   a
n =—y cosG7r 

               j=1J ' 

         0nj()                                                          5.15                     bny, sinG7r
J—'                                 J J=1 

 Cn2  =  (462  ±  b.2 • 

Combining (5.15) with (5.9), the following relations are obtained.
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                             an =2A                                                    Zan 7 

                       bn 2ao          =—, , (5.16) 

 c.2=  Cn2 

Since one millimetre on the recording paper corresponds to 2.5489 pgal in 

gravity change (32), one unit in values of the reading corresponds to 

             2.5489  pgal/mm  X  2  mm  =  5.0978  pgal  . (5.17) 

Therefore, the magnitude of power corresponding to (5.13) is calculated in 

microgals as  follows  : 

                    Power =(--,2  X  5.0978)  •  C732 
               = 0.34  pgal2  . (5.18) 

   On the other hand, according to the results obtained by N. F. Ness and 

others (30), an energy density for the same oscillation with 54-minute period, 

is about 0.5 pgal2/cph. Multiplying this value by 1.1 cph, which is a fre-

quency corresponding to 54 minutes, the corresponding power after their re-
sults, is calculated as follows  : 

 PowerNess and  others  =  0.55  pga12 (5.19) 

   The value in (5.19) is one to be compared with that in (5.18). Except 

a special case of which either of the two stations is situated on a nodal line 

of the oscillation, both values must in principle be of the same order of 

magnitude. From both values (5.18) and (5.19), it is suspected that the 

spectral peak with 53.4-minute period obtained above, corresponds to the 

fundamental spheroidal mode of the earth's free oscillations. 

 (3) Generation mechanism of the earthquake 

   As already described in section 3, the initial time of readings from the 

records is 04h  00m of May 23. 1960 (UT). Since 59 read values at the be-

ginning of time range disappear in the high-pass filtering process, the time 
of origin of the spectral analysis is 05h 56m of May 23. As shown in Table 

5.3, coefficients of cosine and sine components of the gravity variation with 

53.4-minute period, are negative and positive respectively and their absolute 

values are almost  equal. This means that a time of zero gravity variation 

is about 7r/4 (that is. 6.7 minutes) behind the origin time 05h 56m of May
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23 in the present spectral analysis. A sign of the gravity variation changes 

from negative (decrease) to positive (increase) at the time of zero gravity 

variation 06h 02.7m of May 23 thus  determined. Searching the time of a 

similar phase near the origin time of the Chilean earthquake, 19h  llm of 

May 22 determined by  seismometrie observations, it is 19h  21.9m of May 22 

going back 12 periods  (53.4  x  12  =  640.8 minutes) from  06h  02.7m of May 23 
obtained above. The time of origin of this earthquake is 10.9 minutes pre-

ceding that time. At the origin time 19h llm of May 22, the gravity varia-

tion with 53.4-minute period, is negative (decrease) and its absolute amplitude 

is nearly maximum  ( —  0.58  pgal). 

   Taking into consideration the excitation of the earth's free oscillations, 

it seems natural that an amplitude of the gravity variation has its extreme 

at the origin time of the earthquake. The mode of 53.4-minute oscillation 

is of  S21 type as in the fault plane problem in seismology. Similar studies 

of the earth's free oscillations as in the present article, will throw light on 

study of earthquake generation mechanisms. 

 (4) Amplitude of vertical displacement 

   The next problem is to determine an amplitude of vertical displacement 

corresponding to the gravity variation of the 53.4-minute period. 

   Extracting a square root of (5.18), an absolute value of the gravity 

variation with the  53.4-minute period is 

 dg= 0.58  pgal  =  0.58  x  10-6  gal  . (5.20) 

In the present case, the gravimeter is always moved with the earth's surface. 

Then, assuming p(density at near surface of the earth)  =  2.67  gr/cm3 and  pm 

(mean density of the earth)  =5.53 gr/cm3, a gravity variation  dg originated 

from vertical displacement of the observation station, is approximately given 

by 

 dg=  (3.086  —  1.118)  x  0-6  r  gal 

 =  1  .968  X  10-6 r  gal , (5.21) 

where r is the vertical displacement of the observation station measured  in 

centimetres. Assuming that the gravimeter works as an altimeter, the am-

plitude of vertical displacement can simply be calculated by putting (5.20) 
equals to (5.21). Its result is
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 r  =  0.29  cm  . (5.22) 

The equation (5.21) is a relation to be acceptable when the vertical motion 
is quasi-statical. 

   Next, let one consider frequency characteristics of the gravimeter. Since 
the exact values of electric resistance of photocell and damping constant of 
the instrument are unknown, it is difficult to know details concerning the 

 frequency characteristics of the gravimeter. But, the following data are 
known to the first order by experience. 

    a. The period  T1 of the gravimeter's pendulum lies  between 12 and 15 
        seconds. 

    b. The period T2 of galvanometer for recording is 20 seconds. 
    c. The damping constant  h1 of the gravimeter is larger than 1.0 but 

       not extraordinarily large. 
    d. The damping constant h2 of the galvanometer is considerably large. 

Then the following period T and damping constant h for the gravimeter and 

galvanometer, are respectively adopted  : 
          Gravimeter :  T  1  =  12  --15 sec ,  h1=1.0  —10  ; 

 (5.23)  Galvanometer  :  T2  =  20 sec , h2=10^-120 . 

Relation between the relative magnification  a of the gravimeter and period 
of gravity variation is shown in Fig. 5.6, while that between magnification 

  of the gravimeter as a seismometer and period of gravity variation, is also 
shown in Fig. 5.7. 

   In Fig. 5.6, the response curve in case of  T1=12, is  in almost perfect 
agreement with that of  T  1  =  15, consequently only the former is shown in the 
figure. As can easily be seen from Figs. 5.6 and 5.7, there are considerable 
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     Fig. 5.6. Calculated response curve of the Askania gravimeter No. 111.



 102 

 

103 in 12 sec. 
                                      Ti :   15 sec

. 

 T2 : 20 sec. 

               102 

 '%
/ 

               Adak, 1010 

        s 10                 -AcCigialeti,\-0 
  o 

.
•// 
                                                                                         c••1        °' • 10 ,I20  0 

 MEM 

 

I 10 102  103  io4 

                             Period in seconds 

       Fig. 5.7. Calculated magnification curve of the  Askopia gravimeter 

                  No. 111 as a seismometer. 

differences between the cases of  h2  = 10 and  h2=120, while there is no dif-

ference between the cases of  h1  = 1 and  h1=10 for oscillations with a long 

period. Furthermore, there is no difference between the cases of  T1=12 and 
 Ti  =15 for those oscillations. Then the following case is also shown in Figs. 

5.6 and 5.7 as a mean response curve, and its curve is used in the succeed-

ing consideration. 

              Gravimeter  :  T1=12 sec , h1=1.0  ; 
                                               (5.24)               Galvanometer :7' 2=20  sec  ,  h2  = 60                                               Jp

From Figs. 5.6 and 5.7, values of a and  )3 for an oscillation of 53.4-minute 

period are obtained as follows  : 

 a=  0.80  , 1 
                               =0.12                                                (5.25)           13j 

When the values given in (5.25) are used in calculation , an error in their 
estimation is smaller than  20W). 

   Now, when the vertical motion is periodical , the equation (5.21) must
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be replaced by 

 dg= 1.968  X10-6 a  r  gal  , (5.26) 

and the gravity variation due to an action of the gravimeter as a seismometer 

is expressed for an oscillation with a period T by 

                    4g= )9( TI7r Y           7(5.27) 

Since the gravity variations (5.26) and (5.27) work in an opposite sense, one 

has 

               41g= 1.968 X 10-6 a  r 9( 7r-)2r (5.28) 
Inserting the values of (5.20), (5.25) and  T=53.4  X60 into (5.28), an am-

plitude of the vertical motion with 53.4-minute period is calculated as  fol-
lows : 

 =  0.52 cm (5.29) 

                     6. Summary 

   Oscillations excited by the great Chilean earthquake of May 22, 1960 were 

simultaneously recorded during a few days with two Askania gravimeters at 

Kyoto where they had been at work for the purpose of observing the tidal 

variation of gravity. In the present article, a trial to detect free oscillations 

of the earth from records obtained with the Askania gravimeter No. 111, was 

in detail described. Readings of the records were made at 2-minute inter-

vals from 04h  00m of May 23 (UT) up to about 0.25 pgal and  values of 

1480 readings were obtained. These read values thus obtained were filtrated 

by a high-pass filter and analysed by Fourier's method by using an electronic 

computing machine  `NEAC-2203'. After various considerations on the basis 

of results obtained by the spectral analysis, the following conclusions were 

obtained. 

  (1) The earth's free oscillations of spheroidal modes So,  S9, S3,  S4 and 

     S5 were clearly detected within ranges of period between 18 and 60 

     minutes. These observed periods were in good agreement with those 

    obtained in America and also with periods predicted by theoretical in-

     vestigations. 

  (2) The spectral peak at a period of 53.4 minutes was one correspond-
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     ing to the fundamental spheroidal oscillation of the earth, and  its 

     magnitude was about 0.34 pgal2 in power. This value was of the same 

     order of magnitude as that obtained by N. F. Ness and others at Los 

     Angeles. 

  (3) The gravity variation, due to the earth's free oscillation of  53.4-

     minute period, was  about  ,0.58 pgal in amplitude and attained its nega-

     tive maximum at the origin time of the Chilean earthquake, that is, 

 19h  llm of May 22, 1960 (UT). 

  (4) The amplitude of vertical displacement corresponding to the gravity 

     variation of  53.4-minute period was calculated as follows  : 

            When the motion was quasi-statical  : 0.29 cm 

                                                                                                                                                         - 

            When the motion was periodical0.52 cm  . 

   The results obtained by the present research were not so splendid as those 

obtained in America at the time of the same Chilean earthquake. In the 

present spectral analysis, some peaks theoretically unassigned were also de-
tected. It was presumably caused by a deficiency of number of read values. 

Since the speed of motion of the recording paper was 8 mm/hour, it was 

possible to read at every minute, by enlarging the original records, as in 
America. It was important to compare in detail the power spectrum, obtain-

ed by the same method as in the present analysis based on a recorded curve 

at quiet periods, with that obtained above. Since a vibration excited by the 

earthquake was continuously recorded during a  period• of several days at 

least, it was possible to investigate a damping mode of free oscillations of 

the earth and value of the dissipation constant Q, by extending a range of 

readings and by analysing its range dividing into some parts. Furthermore, 

it was necessary to analyse records obtained with the Askania gravimeter 

No. 105 by the same method as for the present ones, because only the records 

obtained with the Askania gravimeter No. •11, were analysed in the present 

case. 

   More data were available and their reading at every minute was possible, 

but a hire of the electronic computing machine to treat the data was limit-

ed. Under these circumstances, a further detailed discussion could not be 

made. A detailed investigation concerning these various problems would be 

made, when the circumstances permitted.



                                                 105 

                   Acknowledgements 

   The author wishes to express his heartfelt thanks to Prof. E. Nishimura 

of Kyoto University for his kind guidance throughout the present research. 

The author is also greatly indebted to Profs. C. Tsuboi and T. Hagiwara of 

Tokyo University for their generous and valuable advices throughout the 

present research. Much of this research were carried out by Dr. H. Take-
uchi, Dr. K. Aki and Mr. M. Saito of Tokyo University. The author wishes 

to express his sincere thanks to  Dr.. H. Takeuchi, Dr.  K. Aki and Mr. M. 

Saito for their generous permission for publication of the results by the author 

alone. The author  wishes also to  ' acknowledge to all members of the Geo-

graphical Survey Institute for their generous permission  to use their valuable 
record. 

                       References 

 1) Jaerisch, P. : Ueber die elastischen Schwingungen einer isotropen Kugel. 
  Crelle, Vol. 88, (1880), 131-145. 

 2) Lamb, H.  :  On the vibrations of an elastic sphere. Proceedings of the London 
   Mathematical Society, Vol. 13, (1882), 189-212. 

 3) Bromwich, T. J. : On the influence of gravity on elastic waves, and, in par-
   ticular, on the vibrations of an elastic globe. ibid., Vol. 30, (1898), 98-120. 

 4) Jeans, J. H. On the vibrations and stability of  a gravitational planet. Philo-
   sophical Transactions of the Royal Society of London, Vol. 201, (1903),  157-

   184. 
 5) Love, A. E. H. Vibrations of a gravitating compressible planet. Some Prob-

   lems of Geodynamics, Cambridge University Press, (1911), 126-143. 
 6) Benioff, H., Gutenberg, B. and Richter, C. F.  : Progress report, Seismological 

   Laboratory, California Institute of Technology, 1953. Transactions of the Ameri-
   can Geophysical Union, Vol. 35, (1954), 979-987. 

 7) Benioff, H.  : Long waves observed in the Kamchatka earthquake of November 
   4, 1952. Journal of Geophysical Research, Vol. 63, (1958), 589-593. 

 8) Nishimura, E., Hosoyama, K. and Ito,  Y.: Micro-tilting motion of the ground 
  +observed simultaneously at some stations in Western Japan. (in Japanese).  Jour- 

, 'nal of the Geodetic Society of Japan , Vol. 1, (1955), 49-51. 
 9) Nishimura, E., Hosoyama, K. and Ito,  Y.. Micro-tilting motion of the ground. 

   Transactions of the American Geophysical Union, Vol. 37, (1956),  645-646. 
10) Pekeris, C. L. and Jarosch, H. The free oscillations of the earth. Contribu-

  tions in Geophysics in Honor of Beno Gutenberg, Pergamon Press, (1958),  171-
   192. 

11) Takeuchi,  H.. On the torsional oscillation of the earth. (in Japanese). Journal 
  of the Seismological Society of Japan, Series 2, Vol. 11, (1958), 68-75. 

12) Ben-Menahem,  A.  : Free non-radial oscillations of the earth. Geofisica Pura e



 106 

  Applicata, Vol. 43,  (1959),  23-35. 
13) Takeuchi, H. Torsional oscillations of the earth and some related problems. 

   The Geophysical Journal of the Royal Astronomical Society, Vol. 2, (1959),  89-
  100. 

14) Alterman, Z., Jarosch, H. and Pekeris, C. L. Oscillations of the earth. Pro-
  ceedings of the Royal Society of London, Series A, Vol. 252, (1959), 80-95. 

15) Jobert, N. Calcul de la dispersion des ondes de Love de grande  periode a la 
   surface de la Terre. Comptes Rendus, Tome 249, (1959), 1014-1016. 

16) Takeuchi, H. and Saito,  M.: On the torsional oscillation of the earth (Part 
   2). (in Japanese). Journal of the Seismological Society of Japan, Series 2, Vol. 
  13, (1960), 141-149. 

17) Gilbert, F. and MacDonald, G. J. F.  : Free oscillations of the earth. I. Toroi-
   dal oscillations. Journal of Geophysical Research, Vol. 65, (1960), 675-693. 

18) Sato, Y., Landisman, M. and Ewing,  M. : Love waves in a heterogeneous, 
   spherical earth. Part 1. Theoretical periods for the fundamental and higher 

   torsional modes. ibid., Vol. 65, (1960), 2395-2398. 
19) Sato, Y., Landisman, M. and Ewing, M. : Love waves in a heterogeneous, 

   spherical earth. Part 2. Theoretical phase and group velocities. ibid., Vol. 65, 
  (1960), 2399-2404. 

20) Takeuchi,  H.  . Torsional oscillations of the earth. The Geophysical Journal of 
  the Royal Astronomical Society, Vol. 4, (1961), 259-264. 

21) Takeuchi, H. and Saito, M. : Free oscillations of the earth. Proceedings of 
  the Japan Academy, Vol. 37, (1961), 33-36. 

22) Takeuchi, H. and Kobayashi, N. Free spheroidal oscillations of the earth. 
  Bulletin of the Seismological Society of America, Vol. 51, (1961), 223-225. 

23) MacDonald, G. J. F. and Ness, N. F. : A study of the free oscillations of the 
  earth. Journal of Geophysical Research, Vol. 66, (1961), 1865-1911. 

24) Takeuchi, H. and Kobayashi,  N.  : Torsional oscillations of the earth (Part 3). 
  Appendix : Torsional oscillations of the moon. (in Japanese). Journal of the 
  Seismological Society of Japan, Series 2, Vol. 14, (1961), 89-93. 

25) Takeuchi, H., Saito, M. and Kobayashi, N. Free oscillations of the moon. 
  Journal of Geophysical Research, Vol. 66, (1961), 3895-3897. 

26) Bolt, B. A.  : Spheroidal oscillations of the moon. Nature, Vol. 188, (1961), 
  1176-1177. 

27) Benioff, H., Press, F. and Smith,  S. Excitation of the free oscillations of the 
  earth by earthquakes. Journal of Geophysical Research, Vol. 66, (1961),  605-

  619. 
28) Alsop, L. E., Sutton, G. H.  and Ewing, M.  .  Free oscillations of the earth 

  observed on strain and pendulum seismographs. ibid., Vol. 66, (1961), 631-641. 
29) Bogert, B. P. An observation of free oscillations of the earth. ibid., Vol. 66, 

  (1961), 643-646. 
30) Ness, N. F., Harrison, J. C. and Slichter, L. B. Observations of the free 

  oscillations of the earth. ibid., Vol. 66, (1961), 621-629. 
31) Buchheim, W. and Smith, S. W. The earth's free oscillations observed on 

  earth tide instruments at Tiefenort, East Germany. ibid., Vol. 66, (1961),  3608- 
  3610. 

32) Nakagawa, I.  : Some problems on time change of gravity. Part  3_ On precise 
  observation of the tidal variation of gravity at the Gravity Reference Station.



                                                    107 

  Bulletin, Disaster Prevention Research Institute, Kyoto University, No. 57, 
  (1962), 2-65. 

33) Munk, W., Snodgrass, F. and Tucker, M.  : Spectra of low frequency ocean 
  waves. Bulletin, Scripps Institution of Oceanography, University of California, 

  Vol. 7, (1959), 299-303. 
34) Nishimura, E., Nakagawa,  I., Hosoyama, K., Saito, M. and Takeuchi, H. 

  Free oscillations of the earth observed on gravimeters. (in Japanese). Journal 
  of the Seismological Society of Japan, Series 2, Vol. 14, (1961), 102-112. 

35) Alsop, L. E., Sutton, G. H. and Ewing,  M.. Measurement of Q for very long 

  period free oscillations. Journal of Geophysical Research, Vol. 66, (1961),  2911-
  2915. 

36) Lanczos, C. : Applied Analysis, Prentice-Hall, New York, (1956).




