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1. Introduction

The nature of surface waves has been investigated by many
seismologists from various points of view.’~®» Amongst others, the
dispersion of these waves has become one of the most interesting
problems in these days.® The reason for this current trend of study
lies in the fact that the clarification of regional variation in the crustal
structure of the earth has become a central problem of seismology and
the usual approach to this problem through the study of travel-time
curves of bodily seismic waves in respective parts of the world is
hindered by the paucity of adequate seismographic stations, while the
study of only a few relevant seismograms of surface waves, trans-
mitted through the region in question, enables us to gain a clue to the
problem, because the dispersion of these waves is strongly influenced by
the crustal structures concerned. The possibility of the latter approach
has hitherto been proved by theoretical calculations as well as actual
observations. But there is no method of obtaining a unique solution
of the crustal structure from observations of dispersion curves of Lr
and Lgq waves, since much difficulty . has been felt by each investigator
in finding even an approximate inference of the actual structure to
comply with the observations. Although some investigators have gone
so far as to calculate dispersion curves in the cases of complicated
crustal structures composed of tens of different layers in accordance

1) Y. SATO, “ On Elastic Surface Waves,” Zisin. [ii], 6 (1953), 13.

2) M. EWING, W. JARDETZKY, and F. PRESS, Elastic Waves in Layered Media, (New
York: McGraw-Hill, 1957). »

3) e.g. J. DORMAN, M. EWING, and J. OLIVER, ‘‘ Study of the Shear Velocity Distribu-
tion in the Upper Mantle by Mantle Rayleigh Waves,”” Bull. Seism. Soc. Amer., 50 (1960),
87.
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with the known earth’s structure to explain average dispersion curves.
But accurately speaking, there are no true average curves of dispersion
for the whole earth, and in addition, the regional variation of them is
so remarkable that we have first to derive regional dispersion curves
and then find corresponding crustal structures of the first approximation
before going into further details.

For such a purpose, we must find the general characteristics of
dispersion curves of respective waves of corresponding to particular
crustal structures, and then find the main factors whose variation can
cover wide variation in velocity, and the other particular features of
dispersion curves and the spectral characteristics of the amplitudes,
ete.

Recently, long period seismographs of high sensitivity have been
accomplished, and long surface waves with periods of hundreds or
a thousand seconds are being clearly observed, while remarkable
progress of with high speed electronic computers encourage us to proceed
into detailed studies involving complicated calculations which would be
almost impossible otherwise. In view of these circumstances, the writer
ventured to make some contribution to the above mentioned problem by
some study on the influence of low velocity layers in the earth’s erust
on surface waves, and by presenting a systematic calculation of disper-
sion curves of surface waves covering wide variations of conceivable
parameters of the physical constants of the layers along which these
waves are propagated.

This paper contains parts of the writer’s study touching on such line,
and is composed of two parts, the one dedicated to the study of the effect
of a low velocity layer on surface waves and some study on Lg and Rg
waves, and the other pertaining to the systematic calculation of the
dispersion curves of Lr and Lgq waves in various layered structures
below the ocean bottom.

2. Love waves propagated along the surface of a stratified
medium with a low velocity layer.

Our knowledge on the internal structure of the earth has recently
advanced from the hypothesis of continuous monotonous increase in
velocity v or v/r (r being the radius vector from the earth’s centre) up
to the core boundary which information was known in the early years
of this century. It has been revealed that the ecrustal structure is
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almost certainly subjected to regional variation while the more generally
prevalent structure of the mantle also includes some peculiarities other
than there hitherto recognized. Some seismologists proposed the
hypothesis of the existence of the first order discontinuity while others
suggested a minimum in the velocity distribution (a low velocity layer)
in the mantle. The existence of two other low velocity layers in the
crust has also been pointed out. But crucial tests have yet to be made
from points of view other than the time distance curves P and S waves.
Verification of the latter hypothesis has recently been made by a com-
parison of the dispersion curve of the mantle Rayleigh wave as calcu-
lated on the suggested earth’s structure and that actually observed,”
and the result seems to be very encouraging.

We have already obtained the velocity equation of Love waves prop-
agated along the surface of a multi-layered media.” We shall now
examine the effect of a low velocity layer on the dispersion of Love
waves and their amplitude distribution within the layers for a reference
to the above mentioned verification.

Here we shall study the case where three layers overlie on a semi-
infinite medium, and for simplicity, we will assume that the thicknesses
of these layers are equal (=H) to each other, while the rigidities in
the layers and the subjacent medium are in the ratios 1:3:2:4 re-
spectively and their densities are equal; that is, the third layer is a
low velocity layer.

The relevant velocity equation in this case is at once derived from
our general formula as follows :

{0102 - X12(‘§1/§2)SIS2} {Cs - 134(153/184)33}

— (Lo Bl B s8a+ 2us(Buf Bo)si03} {85+ al Bl Br)es}
=0

where €, =CO08 ,Z?,CH,C , S, =sin E,GHL ,
ﬁk:sz—p2/Vk2:i:Bk , Y= Pl P »
H,=thickness of & th layer,
V,.=shear volocity of kth layer,
p.=rigidity of kth layer,
f=wave number,
p={requency.

4) Y. SATO and R. YAMAGUCHI, “ Velocity Equation of Love Waves Propagated in
Multi-layered Media,” Zisin, [ii], 12 (1959), 61.
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The results of the calculation -are represented in Figs. 1 through
to 9. Dispersion curves in Fig. 1 show the existence of a very remark-
able new branch C other than those of the higher modes (II and III)
to the fundamental one (I). The phase velocity of this C branch
approaches the shear wave velocity in the low velocity layer as the
period decreases to zero. It is also remarkable that the group velocities
of the second mode (II) and the branch C, as indicated by the broken
lines in the same figure have almost stationary values nearly equal to the

VA,
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Fig. 1. Phase (solid line) and group (broken line) velocity
dispersion curves of Love waves for the case p;: pp: ps @
=1:3:2: 4, pl:p2=p3:p4, H1=H2=H3=H.
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low velocity in a considerable range of wave-lengths.

The next five figures from Fig. 2 to Fig. 6 indicate the amplitude
distribution within the layers of the above mentioned branches, corre-
sponding to the various phase velocities.

For branch II we see that the amplitude in the low velocity layer
becomes maximum for the wave-length range at which the group veloc-
ity is stationary and nearly equal to the low velocity. The influence
of the low velocity layer is most marked in the branch C as is seen
from Fig. 7 to Fig. 9. In these figures, the distributions of the
amplitudes of these branches, in the layers, are compared at certain
levels of phase velocity. In the range of phase velocity near the low
velocity, the amplitude of the C branch alone becomes very large in
the low velocity layer. This branch is to be interpreted as a channel
wave through the low velocity layer.

Although the present result is based on a simplified assumption
and cannot, as it stands be applied to the actual problem, the general
features revealed here will be of some value in the interpretation of
actual observations, and will also be profitably referred to in more con-
crete studies, whenever a low velocity layer is taken into consideration
at all. ‘

As an example, some comments on the results we have already
reported, will be made in the following.

3. Rayleigh waves propagated along the stratified medium
with an internal low velocity layer.

The writer calculated in collaboration with T. Kizawa some examples
of the present topic,”~® although the case treated is too specific for the
present purpose because the calculation were made with a view to
elucidating the characteristics of actually observed novel phases of
voleanic earthquakes, as observed on the path across a shallow bay. It
was thus assumed in the study, that the higher velocity surface layer is
composed of water, and a sedimentary low velocity layer intervenes be-
tween the water layer and the usual granitic layer. The depth of the bay
(100 m) is taken as the thickness of the water layer, and the thickness and
the velocity of the low velocity layer were changed as parameters. And

5) T. KizAWA, ‘“Some New Phases Observed in a Study of Earthquake Swarms Relat-
ing to Volcanic Activity (I),”” Geophys. Mag., 29 (1960), 477.

6) T. Kizawa and R. YAMAGUCHI, ‘‘ Some New Phases Observed in a Study of Earth-
quake Swarms Relating to Volcanic Activity (II),”” Geophs. Mag., 30 (1960), 93.
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the phase velocities and group velocities of Rayleigh waves in the media
were calculated and compared with the observations. We could thus
conclude that the observed novel third and fourth phases which accom-
panied the Usu volcanic earthquakes are to be explained by the funda-
mental and second modes of Rayleigh waves propagated along the
medium of hypothetical structure, with a low velocity layer of velocity
V,=1km/sec, V,=0.6 km/sec and with a thickness of about 300-400m.

The results of these calculations do not enable a direct comparison
with the results mentioned in section 2 of the present paper, but we
may almost certainly verify the last conclusion in section 2.

4. Lg and Rg waves

Of late years, the natures of the Lg and Rg phases have been
actively discussed,”* but no definite conclusion has yet been obtained.
It seems to the writer that the segments of the stationary group
velocity of the branches of II and C mentioned in section 2 may play
some part in the observed Lg phase if a low velocity layer actually
exists. There may also be a similar phenomenon in Rayleigh waves in
similar circumstances, which is relevant to the interpretation of the
Rg phase.

7) F. PREsS, M. EWING, “Two Slow-Surface Waves across North America,” Bull.
Seis. Soc. Amer., 42 (1952), 219.

8) I. LEHMANN, ‘ On the short period surface wave ¢ Lg’ and crustal structure,
d’ Information U.G.G.I., 2. annee, (1953), 248.

9) M. BATH, “ The Elastic Waves Lg and Rg along Euro-Asiatic Paths,” Arkiv for
Geofysik, 2 (1934), 295.

10) B. GUTENBERG, ¢‘Channel Waves in the Earth’s Crust,”” Geophysics, 20 (1955), 283.

11) J. OLIvER, M. EWING and F. PRESS, ‘“ Crustal Structure of the Arctic Regions from
the Lg Phase,” Bull. Geol. Soc. Amer., 66 (1953), 1063.

12) F. Press, M. EwWING and J. OLIVER, “ Crustal Structure and Surface Wave Disper-
sion in Africa,” Bull. Seism. Soc. Amer., 46 (1936), 97.

13) M. BATH, ““Some Consequences of the Existence of Low-Velocity Layers,” Estratto
da Annali di Geofisica, 9 (1956), 411,

14) M. BATH, ““ A Continental Channel Wave, guided by the Intermediate Layer in the
Crust,” Geofisica Pura e Applicata, 38 (1957), 19.

15) I. LEHMANN, “On Lg as Read in North America Records,” Amnnali di Geofisica,
10 (1957), No. 1-2, 1.

16) J. OLIVER and M. EWING, ¢ Higher Modes of Continental Rayleigh Waves,”” Bull.
Seism. Soc. Amer., 47 (1957), 187.

17) J. OLIVER and M. EWING, ‘ Normal Mode of Continental Surface Waves,”” Bull.
Seism. Soc. Amer., 48 (1958), 33.

18) T. Utsu, “ On the Lg Phase of Seismic Wave Observed in Japan (1), Quart. Jour-
Seism. Japan Meteor. Agency, 23 (1938), 61.

’’ Bull.
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Fig. 10. Phase (solid line) and group (broken line) velocity dispersion curves of
Love waves.

On the other hand, the Lg phase will be interpreted when the
intermediate layer, with shear wave velocities of 8.5-3.7 km/sec has a
thickness as great as five or more times of that of the upper layer.

As an example, we will introduce the model shown in Fig. 10.
That model is one of the five models which were tried by the Research
Group for Explosion Seismology in Japan, to decide the crustal structure
in the northern Kwanto district. From Fig. 10 we can see that a
maximum and a minimum group velocity of IInd mode appear in the
shorter period range (2 to 7sec.) and the group velocity of the funda-
mental mode has a stationary value (about 8.3 km/sec) at periods longer
than about 7 sec.

It seems to the writer that the Lg, phase corresponds to the maxi-
mum and the Lg, phase is in agreement with the minimum and the
stationary group velocity, since the amplitude at its phase, takes a
large value. Perhaps the observed Lg phase in various places will be
explained by the models conform to the example as mentioned above.

There may also be a similar phenomenon in the Rayleigh waves.
However the fundamental mode brings Rg waves into actual existence
in the following.

n
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The crustal structures shown in Fig. 11 and Fig. 12 are the models
tried also by the same group -mentioned above in searching for the
structure of the northern Kwanto area. We can see that the Rg phase
will be not interpreted from those dispersion curves, even if the sedi-
mentary layer is added as in Fig. 12. But the appearence of its phase
may be possible by a change in the thickness and the velocities of the
intermediate layer.

As mentioned above, it seems to the writer that the structure of
the intermediate layer is decided to some extent from the observed Lg
or Rg waves.

The existence or not of Lg waves with periods shorter than 2 sec.
at a distance, enable us to gain a clue as to the existence of a low
velocity layer.

We can see from Fig. 13 to Fig. 16 that a maximum and a minimum
group velocity appear in the shorter period ranges when the thickness
of the water layer is considerably shallower than that of the intermediate
layer.

But in reality the structure which gives rise to the above mentioned
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peculiarity is to be interpreted as typically continental rather than oceanic,
because the intermediate layer with a shear wave velocity of 3.5 km/sec
has a thickness as great as 10 or more times that of the water layer.
There may be some cognate reason for elucidating the observed Rg
phase by the Rayleigh wave with the above mentioned maximum or
minimum group velocity. It is therefore important to examine the
crustal structure, where the Rg phase was observed as to whether it is
in accordance with the theoretical requirement.

From the observations of Lg phases, it has been found that the
crustal structure is typically continental without an exception in any
large area where the water depth is less than about 2 km, whereas the
contrary is the case along the path across the seas with depths of more
than 3.5km, where typically oceanic structures are expected to pre-
dominate. These facts are in harmony with the above mentioned condition
for the appearance of Rg phase in our interpretation. Needless to say,
the appearence of Lg waves postulates the existence of a sedimentary
layer overlying the intermediate layer.
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