BuLLETIN OF THE EARTHQUAKR
ReseparcH INSTITUTE

Vol. 38 (1960), pp. 241-254

14. The Observation of Microseisms at a Wave
Gauge Station.
—On the Origin of Microseisms (Part 11I).—

By Tetsuo A. SANTO,

Earthquake Research Institute.
(Read Nov. 24, 1959.—Received March 28, 1960)

1. Introduction

In Part IV, the writer made an investigation into the features of
microseismic occurrence due to the passing of a single cyclone, a typhoon
or a strong cold front, using many observational data at many stations
in Japan.

The most important feature was that when a cyclone or a typhoon
is travelling towards northeast over the ocean, the microseismic storm
shifts from one region to another as if running after the cyclonic center,
and further, the largest microseismic storm at a given station occurs
considerably later than the passing of a cyclonic center. This feature
was quite conspicuous for northern stations, when the travelling speed
of cyclonic center had become very high.

This phenomenon is quite similar to the arriving of the water wave
pattern caused by a single vibrating source which runs over the water
with a velocity higher than the group velocity of the water wave.

Not a few authors® found the fact that a microseismic storm at a
certain station becomes heaviest after the passing of a cyclonic center
offshore, but this feature was reported only as an observational fact,
and has never been explained. For the present author, however, this
fact seems to be very important in order to explain the origin of micro-
seisms. That is the problem of where the energy of the swell turns
to microseismic waves.

1) T. A. SANTO, “Investigations into Microseisms Using the Observational Data of
Many Stations in Japan (Part I),—On the Origin of Microseisms.—”, Bull. Earthq. Res.
Inst., 37 (1959), 307.

2) For instance, F. I. MONAKHOV, “ Development of Microseismic Method of Tracing
Storms at Sea,” Abstracts of the Reports at the XI General Assembly of the International
Union of Geodesy and Geophysics (1957), 76.




242 T. A. SANTO

In paper II?, this phenomenon was further investigated adding the
data of microseismic storms due to the passing of many typhoons. The
method was to check the relation between V and L/D measuring the
three values V (the travelling speed of a cyclonic center), D (the shortest
distance from a coast near a station to the travelling course of a cyclone),
and L (=Vt, in which ¢ means the “delayed time”) on a map. (See
Fig. 2a)

This was examined and the approximate linear relation between V
and L/D was observed.

b

43 . . -
2. The “eye of a microseismic storm ” around

the cyclonic center

The nature of the occurrence of microseismic storms due to the
passing of a cyclone or a typhoon can be explained more clearly as
follows, if we examine

o the relation between D
B ‘ and L/V instead of V and

L/D.
656“ —P @'(b) The relation between
6 @,// D and L/V is given in
s00f .-~ @) Fig. 1. From this figure
-7 ° f,-— we can recognize that
© ®@® o o ,.,"" the data for the cyclones
® 9‘,,«0 of 7p,>1000mb. (black
| ; T | | | circles) and for those of
-8 -4 0 4 8 12 16 2,< 985 mb. (double black
—== L/V circles) distribute around

Fig. 1. Observed relation for D—L/V. Black and the two straight lines,
double black circles correspond to the cyclones with which can be expressed as
Po > 1000 mb. and with p, <985 mb. respectively. White
and double white circles are for the cases when cyclonic D=v(p0)(L/V)+D0(po).
centers (po>1000mb. and po <985 mb. respectively) (1)

passed at the left side of the station. . .
In this figure, the white

circles (for p,>1000 mb.) and double white circles (for p,< 985 mb.)
show the data for the cases when cyclonic centers passed on the left side
of the station.

3) T. A. SANTS, “Investigations into Microseisms by the Observational Data of Many
Stations (Part II).—Further Considerations on the Origin of Microseisms.—”. Bull. Earthq.
Res. Inst., 37 (1959), 483.
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The above equation (1) can be explained as follows.

Suppose a region which is enveloped by a curve C around a cyclonic
center (Fig. 2b) and the highest swells which arrived at some coast
near the station had been sent out from this boundary. Then,

D'=D—D,=vt and L=Vt , (2)

in which ¢ mean the travel time of the swell which cover the distance
D', From these equations,

(D—DYv=L|V
From this, we can reduce the same equation as (1), namely,
D=v(L|V)+ D,

Therefore, D, on the right hand of the equation (1) means the radius
of the assumed region towards the station. Further, our observed re-
sults concerning the re-
lation between D and L/V
tell that the heaviest
microseismic storm occurs
at the time when the
highest swell which had
started from the boundary
C reaches some coast near
the station. For this
reason, this enveloped
region around a cyclonic
center can be called “the

eye of the microseismic Fig. 2a. Schematic figure which shows the relation
storm ”’. between L and D for the case of a single point source
The values of » esti- travelling over the water with the velocity V which is
o s ter than the group velocity of water waves v.
fr . T .
mated om the incli Fig. 2b. Assumed envelope curve C (dotted line)
around a cyclonic center.

nations of these lines are
approximately 20 km/hr
and 30 km/hr respectively, which are reasonable for the velocities of
swells belonging to the cyclones with these central pressure ranges.
The radius (D,) of the enveloped region can be read by the intercept
points of these straight lines at the D axis. They are read as ap-
proximately several tens kilometers from the line (a) (for p, >1000 mb.)
and as few hundreds kilometers from the line (b) (for p,< 985 mb.) re-
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spectively. It must be noticed in the same figure that D, was estimated
somewhat larger for the data represented by white and double white
circles. It means that the envelope curve swells to the right for travel-
ling directions of cyclones as is shown in the schematic figures of 2b.
This result is also quite reasonable. For, as is well known, the energy
of a cyclone is, in the northern Hemisphere, stronger on the right side
of its travelling direction.

In equation (1), when D=D,, L becomes 0, that is, when a cyclone
passed offshore so near as to contact the “eye of the microseismic
storm” C on the coast (Fig. 3a), the microseismic storm becomes largest
at the time when the cyclonic center passes offshore near the coast.

Further, when D< D,, L
becomes minus (See Fig. 3b).
It means that when a cyclone
passes much nearer the coast
as the “eye” enters into the
land, the heaviest microseismic
storm occurs earlier than the
passing of the cyclone offshore.
As was found before, D, is larger
for smaller values of p,. There-
fore, when p, is very small, the

a b circumstances which satisfy the

Fig. 3a. Schematic figure which shows the condition D< D, occur more fre-

position of a cyclone when it passes offshore qQuently. They were thecases

near the coast with the distance equal to Dy . for the southern stations in

Fig. 3b. Schematic figure which shows the Japan, around which typhoons
relation between D and L when a cyclonic center . .

passes offshore near the coast so near as D <Dy. are generally still qult,e Stror}g'

(All of the data of minus side

of L/V axis in Fig. 1 correspond to the data obtained at southern

stations.)

In this case, as is shown in Fig. 3b,

D=VD ¥+ L°. (3)

By this equation (when L < 0) and by the equation (1) (when L =0),
we can again estimate the values of D, by using the data of L, V and
D of each case. In these estimations, v were calculated by the equation
v=gT /4=, in which g and T mean the acceleration due to gravity and
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the period of swells respectively®. The results are shown in Fig. 4. In
this figure, the marks are all the same with those used in Fig. 1. The
expected tendency that D, will be a decreasing function of p, can be
seen in this figure although the points are scattered because of the
difference of the meteorological conditions around the cyclonic center.
The values of D, thus estimated are approximately equal to the previous
ones. Moreover, it can also be seen that the values of D, determined
by the white and double

white circles are larger mb
than by the others. It 020~ o
means, as we expected,
that the “eye” swells |010g o
to the right in the 0o’
course of its travel as IOOOT-‘O
is shown in the schema-
tic figure of 3. 990 Po ®
In any case, it be- ®@
came clear that the 980
largest microseismic ® ©
storm due to the pas-
sing of cyclones or 970I” ® ®
typhoons occurs at the ©
time when the highest 960~
swell reaches some part — Do
of the coast near the 950 K:O 2:)0 3130 450 SBOKm

stations.

In order to make
this conclusion clearer,
the direct method was
taken. Namely, the simultaneity between the occurrence of the largest
microseismic storm and the arriving of the highest swells at the same
station was examined.

Fig. 4. Values of D, estimated by the equation D,
=D—w(L/V) when L. =0, and by the equation Dy=+'D2+L?
when L <0 respectively.

3. The position and the method

Microseismic observation began from September, 1959 at one of the
wave gauge stations Naarai, approximately 100 km east of Tokyo and
situated nearly at the top of the Inub6 Promontory (Fig. 5). In Fig. 5,

4) S. UNOKI, “On the Speed, Travel Time and Direction of Ocean Waves due to
Tropical Cyclones,” Journ. Met. Soc. Japan, 34, 2, (1956), 354.
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the wave gauge and the seismograph station are shown respectively
by S and O.

&

Fig. 5. The map which shows the positions of microseismic observations (0}
and of wave gauge (S) respectively. The location of this wave gauge stations

Naarai is shown in the annexed small map.

7-5919, OCT. 21¢ 14"~17n

Fig. 6. An example of microseismic records obtained by slow speed

recording camera.

As the purpose of the present work is to find out the times when
microseismic amplitudes become largest, and to compare them with those
of swells, the running speed of the recording camera of the seismograph
was slowed down to as little as 1em/min. The recording mechanism
was so designed as to start at 00 minutes, continue to work 10 minutes
and then stop automatically. A sample of the records thus obtained is
shown in Fig. 6.
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4. The results

The results of time variations between M (the microseismic ampli-
tudes) and S (swell heights) due to the passing of five typhoons 5914,
5915, 5916, 5918 and 5919 are shown in Fig. 7. In this figure, other
~ data W (the wind velocity measured at the same station Naarai), D
(the distance of cyclonic center from Naarai) and p, (central pressure)
are also shown for reference. The vertical broken lines show the time
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Fig. 7. Variations of microseismic amplitudes (M), swell heights (S),
wind velocities (W) at Naarai due to the passing of typhoons. Variations
of distances (D) from the cyclonic centers to the station and of central
pressure (po) are also shown.

when M reached maximum. This figure shows the remarkable corre-
lation between the growth and decay of M and S. However, since the
difference between the times of M,,, and S,.. is not clear on too narrow
a times scale, another representation was taken in Fig. 8, in which the
times of M,,:, Sm.x and W,.., are shown by three kinds of arrows on
every travelling path of typhoon. Seeing this figure, the times of
M,.. and S..; seem to be slightly different. But we need not expect
them to coincide exactly. For, the standing wave of swells cannot be
caused just at the wave gauge station S. From the topographical features
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around Naarai (See Fig. 5), the coast along the steep cliff beyond “A”
may be one of the suitable region where a standing sea wave occurs
due to the interference between the incident and reflected waves. If this
assumption is the case and microseismic amplitudes were mainly ef-
fected by this origin, the times of M,,. will be measured about forty
or fifty minutes later than those of
<4+ T <+ T < v S.ax. (The swells were always
coming from the south).

Further, considering that the
observations of swells were made
for twenty minutes every two hours
(The two observation times before
and after the times of S,,. are
marked by small white circles in
Fig. 8.), we can conclude from these
results that the microseismic storm
became largest nearly at the time
when the highest swell reached some
part of the coast near the station
without regard to the position and
the movement of the cyclonic center.

On the case of the typhoon 5915,
6 20 400 600 Bookm we can see in Fig. 8 the second
— maximum of the swell heights which

Fig. '8. Travelling paths of typhoons. occurred at 27d 01 h. (Regrettable
The different arrows on each path show ¢ ) 416 recording of microseisms
the times of T, (when the maximum micro- ’ :
seismic amplitudes were recorded), Ts (when had already been stopped by this
the highest swells were recorded), and Ty time.) Examining the weather map
(when the largest wind velocity were re- garound that time’ it was found
Corded), Sl e man e 05 tht s cyclonic center(typhoon

5915 had already weakened and had
changed into a cyclone) was followed by a strong cold front (dotted lines
in Fig. 8) which was just entering into the Pacific Ocean. Remembering
here the feature that microseismic storms in Japan become heaviest due
to the same circumstances®, we can guess from this fact also that the
heaviest microseismic storm occurred at the same time.

There is another fact to be noticed. That is, even in such a case
as that of typhoon 5914 which travelled through the Japan Sea, the

5) loc. cit. (1).
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microseisms at Naarai were greatly influenced by the swells on the
Pacific Ocean. Since the microseismic storm region due to the passing
of a single cyclonic center is not large in Japan (See Fig. 3 or Fig. 5 in
Part I), we can conclude that the microseisms at a certain station are
mostly influenced by the swells near the station.

It was firstly noticed by B. Gutenberg that microseisms can propagate
for a great distance over the continental path with a uniform structure,
but they suffer marked attenuation in geologically disturbed areas. In
Japan, microseisms show, as is stated above, rather large attenuation,
which may be due to the disturbed structure of the Island.

5. On the periods of Microseisms

The relation between the periods of microseisms (Pm) and that of
swells (Ps) measured at the same time and nearly the same position
has often been studied by many authors, and it is well known that Pm
is approximately equal to
the half of Ps. The present
author also found the same
relation and it was reported
in the first paper. By these
facts and by the experi-
mental study done by R.I.B.
Cooper and M. S. Longuet- "
Higgins®, the standing wave
theory  theoretically es-
tablished by Higgins” has  °“ 7 AT L TR TS o
become the most powerful
one to explain the mechanism
of the generation of micro-
seisms.

However, before we adopt his theory to explain the period relation
above stated, we must clear up the doubt whether the swells contained
second harmonic waves and whether the instruments for microseisms
having a good respone from four to seven seconds predominantly recorded

o

Fig. 9. Wave form of swells recorded at Naarai
at the passing of the typhoon 5821 (above), and the
corresponding period spectrum (below).

6) M. S. LONGUET-HIGGINS and R. I. B. COOPER, “ An Experimental Study of the
Pressure Variations in Standing Water Waves,” Proc. Roy. Soc. A, 206 (1951), 424.

7) M. S. LONGUET-HIGGINS, “ A Theory of the Origin of Microseisms,” Phil. Trans.
Roy. Soc. London, A, 243 (1950), 1.
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such second harmonic waves.

Recently, a spectrum computor “ MERIAC-I-F  has been completed
at the Oceanographical Laboratory, Meteorological Research Institute,
Tokyo”. The period spectrum of swell at Naarai were obtained by this
computor. An example of the wave form of swells and the corresponding
spectrum are given in Fig. 9. As is well recognized in this example,
the spectrum of swells does not contain any noticeable second harmonics.
Therefore, in order to explain the relation of Pm=1Ps, we have to
adopt the standing wave theory.

6. Some experimental observations

Occasionally, running speed of the recording paper was increased
in order to see the fine structure of a wave. Fig. 10 shows some
examples thus obtained, in which the upper two records (A) are those
by two horizontal seismographs both installed in NS direction in order

J\fv‘\/vvw

\/
B) 90" f
\A/\,"\N\/\/-" N\w f /\ /\,WVN
W\/““Mf‘/\f ’\v\«f \
ot ™
Fig. 10. An examples of the wave form of microseisms at Naarai. A) is ob-

tained by two horizontal seismographs both installed in NS direction in order to
check the similarity of their characteristics. Several arrows mean the shock waves
due to the collisions of swells at the breakwater B which is approximately 200 m
apart from the observational position (see Fig. 5). In B), the lower wave form
was obtained by turning one of the seismographs in EW direction. Arrows show
the direction of ground motion estimated by the phase relation between the two
records.

to check the similarity of their characteristics, while in the lower two
(B), one of the seismograph was turned to EW direction.

As will be recognized in Fig. 5, observational point O is surrounded
by intricate cliffs or many small rocky islands near the coast. Beside

8) T. FURUHATA, Atarashii Zid6 Déta Syorikikai MERIAC-1-F ni Tsuite”, (in Japa-
nese), Kisyo to Tokei, 10 (1959), 23
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the two breakwaters, many concrete blocks which will be used to build
a new breakwater were piled up here and there in the water. It was
observed that many small standing waves took place among and behind
these complicated obstacles. For this reason, the recorded microseismic
waves were irregular and had rather short periods. In the record (A),
we can see small and very short period waves marked by arrows. They
are the waves caused by the direct collisions of high swells at the
southern side of the breakwater B which projects westward into the
Ocean (See Fig. 5). It must be remarked here that the elastic waves
due to such direct collisions of swells with the breakwater decrease
very rapidly, and do not seem to bring up any long period elastic waves
in the earth.

By two records in (B), the directions of ground vibrations due to
microseismic waves can be estimated from the phase relations. These
are represented by arrows at the corresponding waves. As has been
reported by many authors, the propagating directions of microseismic
waves are not constant but frequently change at random. In this figure,
this nature is also well recognized.

7. Conclusions of this paper and some discussions
on the origin of microseisms

1) A new relation was discovered between the position of a cyclonic
center, its travelling speed and its central pressure when it causes the
largest microseismic storm at a given station. This relation was well
explained by supposing an “eye of the microseismic storm” around the
cyclonic center from the boundary of which the highest swells for the
coast near the station were sent out. The dimensions of the radius of
this swelling region were roughly estimated as several tens kilometers
for the cyclones (p, >1000 mb.) and as few hundreds kilometers for the
typhoons (p,< 985 mb.) respectively.

2) Microseismic observations were made at a gauge station, and
it became clearer that the energy of swells changes into microseismic
waves at some steep coast. Further, the following facts could be rec-
ognized.

a) The direct collisions of swells at steep cliffs cause very short
period waves, but these waves show a rapid attenuation and
cannot bring up microseismic waves.

b) Sea waves much disturbed among and behind many complicated
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obstacles around the station produced rather short period (three
to five seconds) local microseisms. As has often been observed
usually, these microseismic waves seem to come from diverged
directions. The phenomenon observed at Naarai, therefore,
looks like a model of usual microseisms.
c¢) At least in Japan where geological structure is disturbed, the
microseismic amplitudes are mostly influenced by the swells
near the station.
3) Period spectrum of swells were computed and no noticeable
second harmoniecs were found. By this examination, the standing wave
theory was emphasized.

Through the studies from various aspects that have been described
in three papers, the writer have reached a final conclusion on the origin
of microseisms. Namely, the microseismic waves are generated some-
where at a steep coast where sea waves can be reflected.

By the above conclusion, most of the complicated results which
have been reached by observations at one or few stations in a limited
district and have made the character of microseisms quite obscure will
be clearly explained as follows:

Probably, such microseismic origins are distributed near the obser-
vational stations. Especially, stations on an Island are surrounded by
many such origins with various strengths according to such conditions
as the reflective coefficient of swell at these origins, the length of the
steep coast, or the elastic conditions beneath the sea at these origins.
(After the experimental study by R.I.B. Cooper and M.S. Longuet-
Higgins”, water waves were reflected by such gentle sloped plate as
20° with the reflective coefficient of 0.32). On the other hand, the
heights of swells coming into each origin are not constant but change
occasionally and independently. Therefore, when we observe micro-
seismic waves by, for instance, the tripartite method, they look as if
they come from various directions at random.

Further, when there is a strong origin somewhere, the microseismic
wave from that origin will always be predominant in spite of the shift
of energy source (cyclonic center) on the Ocean.

The velocity of microseismic waves cannot be measured unless we
can detect the waves which come from one origin. Otherwise, we are
apt to measure the apparent velocity which is uncertain.

9) loc. cit. (6).
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