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SYMPOSIUM 1. MICROSEISMS AND GROUND
NOISE '

POWER SPECTRA IN STORM MICROSEISM RESEARCH
AT OULU
BY
HEIKKI KORHONEN!

This investigation develops my earlier spectral analysis of microseisms
at Oulu (Korhonen, 1971). In this study power spectra computed
from selected samples of LP-Z recordings by the method of South-
word (1960) are transformed into two different forms : sonograms and
cumulative power spectra. The sample Jenght is mostly 6 minutes, sampling
interval one second and maximum lag number 40. This corresponds to
ca 17 degrees of freedom (Blackman, Tukey, 1958). The sonograms
are constructed from succesive power spectra using selected power dis-
tribution ranges, which are presented in figure 1. The cumulative power
curves are obtained by summing up the power density values for frequency
band 40 —310 mHz. In each spectrum the sum of all these values is called
cumulative power Pc¢. Correspondingly the half power point is notated
(Pe[fm), where fm presents the median of the power distribution in question.

Figure 1 shows two sonograms from different types of microseism
storms. The source area of the storm 1967, Jan. 22 —23 is assumed to be
over the North Atlantic, where a 970 mb cyclone center is situated SW
of Iceland. During this storm winds of up to 40 —50 knots are blowing
on the ocean and wave heights of up to 10 meters are reported from the
North Atlantic weather ships. The power maximum of microseisms ocecurs
at relatively low level in frequency band 75 —130 mHz during this storm.
Quite different is the situation during the storm 1965, Nov. 29 —30,
when the source area probably lies over the North Sea. The maximum
power level is remarkably higher occuring in frequency band 160 —200
mHz. As the storm grows the power shifts towards lower frequencies.
Similarly, as the storm weakens an opposite shift can be observed.

1 Department of Geophysics, University of Oulu. Oulu, Finland.
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10 o H. KORHONEN * Wt 5% 4

Two more sonograms from different types of microseism storms
are presented in figure 2. On 1965, Dec. 17 a cyclone is moving from SW
of Iceland towards the Norwegian Sea, which it enters the next day.
Correspondingly the microseism power increases and shifts towards higher
frequencies. On Dec. 19 the center of this cyclone still lies over the Nor-

T T T T T
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1963 DEC 7, 12h12

411967 FEB7,06h 22

-

00

1967FEB13,16h 15

411966 NOV 30, 03h 11
41966 JAN 20,04h00

11965 DEC 19,03 h54

41965 DEC 31,13h 42

Cumulative power /um"’le

3

1

50 100 150 . 200 250 300 mHz

Fig. 3. — Cumulative power spectra of microseisms computed from
selected storms.

TABLE 1
Case Pcf2
No. Date (i | fm (mE)
1 | 1963 Dec. 7 12 h 158.0 183
2 | 1966 Jan. 20 04 h 14.2 205
3 | 1967 Feb. 7 06 h 104.6 150
4 | 1967 Feb. 13 16 h 31.4 162
5 | 1965 Dec. 19 04 h 10.7 173
6 | 1966 Nov.30 03 h 17.2 205
7 | 1965 Dec. 31 14 h 7.0 122

wegian Sea (fig. 4, position 5) and the microse’sm storm reaches its maxi-
mum. On the next day when the center of the cyclone moves over the land
the power decreases remarkably and shifts towards higher frequencies.
During the storm 1966, Sep. 21 —24 a depression covers the whole Fenno-
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scandia with its center over the Barents Sea. Winds of up to 30 knots
are blowing nearly orthogonally towards the Norwegian west and NW
coasts. During the storm maximum the power shifts towards lower fre-
quencies and then back again.

mHz QUL 1966 SEP 5-10
3001

250 '

100+

50+

00O 12 00 12 00 12 00 12 0O {2 OO
SEP 6 7 8 9 10 ik

Fig. 6. — Sonogram and cumulative power curve obtained from succes-
sive microseism spectra during the storm 1966, Sep. 5 — 10.

In figure 3 some cumulative power spectra are presented from selec-
ted microseism storms. Corresponding weather conditions are characte-
rized in figure 4. The half power points of these cumulative spectra are
listed in table 1.
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In cases 3, 4 and 5 the source areas lie on the Norwegian Sea. In
these cases the half power points occur systematically at lower frequencies
with increasing power. In cases 1, 2 and 6 the centers of the cyclones
lie over the Barents Sea or over the North Sea. Half power points occur
at relatively higher frequencies than in the cases when the cyclone centers
lie over the Noiwegian Sea. The most remarkable exception in figure 3
is case 7, when the storm center lies on the North Atlantic. In this case
the power occurs at lower frequencies than inthe cases of Fennoscandian
miecroseisms. Thus the differences in the spectral composition of micro-
seisms reflect different source conditions as well as various paths of wave
propagation and they can be used in source identification.

Figure 5 shows the trace of .a tropical cyclone moving with a speed -
of ca 15°/day across the North towards Scandinavia 1966, Sep. 5--8.
Corresponding development of microseisms at Oulu is presented in figure
6. The sonogram in the upper part of this tigure shows the shift of power
towards higher frequencies until the storm maximum is reached in the
afternoon Sep. 7. The cumulative power curve in the lower part of figure 6
shows clearly how the microseismic energy increases one pcwer of ten, when
the storm center enters the Norwegian Sea. Probably the geological discon-
tinuities reaching from the British Isles to Iceland screen out the major
part of microseismic energy propagating from North Atlantic to Fennoscan-
dia. On Sep. 8 the center of the storm moves from the Norwegian Sea to
land and weakens. Correspondingly the cumulative power decreases remar-
kably. The minimum oz this cumulative power curve on Sep. 6 afternoon
presumably associates to the source approach on the geoloorlcally dlS-
turbed areas between the British Isles and Iceland.
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A TWO-YEAR VARIATION OF MICROSEISM INTENSITY
AT APATITY STATION AND ITS CORRELATION WITH
SIMILAR FLUCTUATIONS IN TEMPERATURE REGIME

BY
G. D. PANASENKO?

Abstract

A two-year periodicity with about a four-month delay relative to the similar tempera-
ture variation is observed in the microseism intensity fluctuations recorded at Apatity seismic
station for 1960—1970. :

Numerical relation between the amplitudes of the two-year variations of microseism
intensity and the lowest atmospheric layer temperature is approximately equal to

Ams =~ 0.1 A;.

A two-year periodicity manifests itself in the course of numerous
planetary and locally developing meteorological processes and a number
of nature phenomena directly or indirectly dependent on meteorological
factors. The alternation of cold and warm winters (Boeiiros,, 1891)
and the two-year variation of Gulf Stream temperature (JIecradm,
1899) have long been observed; the two-year rhythm in the W-E air
flows of the lower stratosphere in tropical and sub-tropical latitu-
des (Ebdomn, 1960; Ebdon, Varyard, 1961; Ebdon, 1963;
JNybennos, 1964; 3aitnena, Ycmanos, 1964; Dartt, Belmont,
1964) and in typhoon activity (Paguuena, 1966) have been proved to
exist. Botanists note the two-year periodicity of climatic changes by
annual rings of perennials and geologists by interlayers in the varved clays.

The two-year cycle in also traced in certain geophysical phenomena,
for example, in secular variations of geomagnetic field (Haaumuum,
1952 ; MarcypoBs, 1960). The two-year variation of velocity of de-
velopment of secular tilts of Earth surface at Apatity station (the Kola
Peninsula) is found ((lamacernko, 1972).

As is known, microseism intensity in Europe is mainly determined
by meteorological processes and primarily by cyclonical activity in North

1 Polar Geophysical Institute, Apatity, Murmansk district, USSR.
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Atlantic. Since the above meteorological processes display the two-year
cyclic recurrence, it is likely to be available in the microsei-m intensity
fluctuations. To reveal the two-year recurrence standard observationa
data on the microseisms obtained at Apatity station were properly analy-
sed. Average fortnightly vertical component amplitudes were computed

1

\ \

f\} Fig. 1. — The two-year variations (ave-
! rage for 1960 — 1970) of microseism in-
tensity are in micron/yr (top) and the
lowest atmospheric layer temperature in
deg. C/yr (bottom) at Apatity station
(the Kola Peninsula) and sinusoids ap-

Y
‘ %
! |
' 1
i i

. |

A \ proximating them.
1] i,

from the station bulletins. (When estimating microseism intensity it
would be more correct to take the ratio of amplitudes to periods —A4/T.
Since the comparison of estimate results from the amplitudes and the
ratios A/T showed their absolute qualitative identity, the amplitude
alternative was chosen as less labour consuming in performing calculations).

Seasonal effect was eliminated by considering annual microseisms
intensity increments, i.e. by subtracting the like (in a calendar sense)
amplitude of the preceding year from each average fortnightly amplitude.
The obtained succession of the annual microseism amplitude increment
was broken down into 5 two-year intervals the averaging of which gave
the values of annual increments for the average two-year interval illus-
trated in figure 1.

An empirical curve is adequately approximated by a sinusoid.
The most probable values of its parameters determined by using ACM
are asfollows :

Aps = 0.139 micron/yr;
Pms = —38.3°;
e = + 0.133,
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where 4,, and ¢,, — the amplitude and the phase of the two-year varia-
tion of annual inciement value of microseism intensity (amplitude) res-
pectively ; ¢ — the square dispersion of empirical values relative to the
approximating sinusoid.

Since the microseisms recorded at Apatity seismic station and the
meteorological regime of the Kola Peninsula are mainly consequent to
the same meteorological processes in North Atlantic, it can be expected
that the two-year variations of the microseism intensity and the tempe-
rature regime in the area of the station will prove to be similar. To accom-
Pplish this the data of one-hour measurements of the lowest atmospheric
layer temperature at Apatity station for the same period of time (1960 —
1970) were treated in a similar way.

Obtained empirical curve (fig.) of the two-year temperature varia-
tion is approximated by a sinusoid with parameters

4; = 1.55 deg.C/yr;
o = 18.7°;
e = £ 1.98.

The parameters of approximating sinusoids indicate their likencss:
the ratios /4 defining to some extent accuracy and reliability of appro-
ximation are close to 0.96 for the microseisms and 1.28 for the tempera-
tures ; the phase difference is comparatively small and makes up 57°, the
temperatures being followed by the microseisms with a shift of about 4
months.

In both cases the ratios /4 proved to be rather large and this
bears witness to the deficient reliability of periodic approximation. Their
large value can partly be accounted for by the presence of variations
with periods differing from two years in controlling meteorological fac-
tors and by random fluctuations. This seems to a great extent to result
from. distorting affects of physico-geographical peculiarities : genera-
tion area and propagation line up to the recording station —for microseisms;
relation between water plane and land and the latter’s orography on the
main ways of air mass transfer — for temperature of the lowest atmospheric
layer.

The genetic unity and the likeness of the two-year microseism and
temperature variations appear to serve as a sufficient basis for their direct
numerical correlation. Then we have

Aps =~ 0.1 Ay

i.e. the annual air temperature increment per 1°C is followed by (whith
a2 four-month delay) an adequate increase in microseism amplitudes
approximately by 0.1 p.

2 — ¢ 871
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THE APPLICATION OF THE FSSS FOR THE MICROSEISMS
INVESTIGATION

BY
O. V. PAVLOV, L. I . ALEKSEEVA?

The station FSSS (frequency-selected-seismic-station) as an equip-
ment for getting of seismic oscillations spectra was considered in the papers
of K. K. Zapolsky, M. A. Gostev, V.I. Khalturin. Never-
theless, the working conditions of the FSSS as a seismic canal were not
considered, although to get the objective characteristics it was necessary
to have the exact calculation of working conditions for the seismometric
canal in this or that range of frequencies. Tt is more important for the
FSSS canal which includes the amplifier, filters and in some cases the
integrating and differentiating cells.

The possibility of such analysis and the exact calculation of working
conditions is available if to take into consideration the followings :

A back coupling between seismometer and galvanometer is absent
because of the presence of the amplifier in the FSSS canal. That is why
the motion and working conditions of the seismometer in the FSSS canal
will correspond to the motion equation and working conditions of pendulum
without galvanometer. Solving the equation of forced motion of pendu-
lum we shall get the decision in the adopted form but with the additional
term in the damping coefficient. Depending upon the constants of galva-
nometer and ratio between the periods of galvanometer and seismic wave
the displacements of seismometer coil are proportional to displacements
velocity and acceleration of ground.

With the investigation of the FSSS canal containing additionally
functional cells the galvanometer motion equation is reduced to the form
in order to leave the term proportional to the forced current in the right
part of equation. The forced current in case of differentiating, intergra-
ting cells is proportional accordingly to the derivative and double integral
from the displacement of oscillations centre of pendulum (with the recor-
ding conditions of ground displacement by seismometer).

1The Earth’s crust Institute, Academy of Sciences of the USSR, Lermontova 128, Irkutsk,
USSR.
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The F'SSS station canal consisting of seismometer, amplifier, and box
of filters and galvanometers over filters outlets was considered. Besides,
the cases of including in the FSSS canal of differentiating, integrating
and double cells were considered. The different working conditions of the
FSSS station were investigated. The exact calculation of the FSSS wor-
king conditions to record displacements, velocities, accelerations in motion
-of the ground for different frequencies was carried out. The constants of
seismometers and galvanometers for the woiking condition of velocity
of the ground motion were calculated. With these constants the operational
frequency ranges have errors in amplitude and phase-amplitude charac-
teristics which do not exceed 2 —129, according to amplitudes and
5 —13 9%, according to phase.

For the velocity recording condition we may use the following
systems for the station work : a) seismometer records displacements of
the ,,ground”, galvanometers record the velocity of oscillations centre of
pendulum. It is necessary to include the differentiating cell into the canal
provided that galvanometer is included in the recording condition of
the displacement of the oscillations centre of pendulum ; b) seismometer
records acceleration in the ground motion, the double integrating cell is
included into the canal after the preliminary amplifier, galvanometers
records oscillations centre of pendulum velocity.

Thus, if each time with putting forward the seismological or engine-
ering-seismological problem, which is solved with the help of the FSSS
and if to calculate exactly the F'SSS seismometer canal then it becomes
possible according to cited above to get the spectra of velocities, displa-
cements or acceleration in seismic oscillations.

The FSSS theory of the random functions is put forward to define
the microseisms. The microseismic oscillations totality is identified with
the random functions.

Briefly the FSSS theory of the random function analysis is reduced
to define the amalytical connection beiween the FSSS recordings (the
canals of which produce over the outlets the weighted compcsing the reali-
zations of the current spectrum) and the statistical spectra of random
process, which more completely defines this process. To simplify the cal-
culations we consider the random process as stationary and ergodic
one, but as a final result we shall take in account non-steadness by addi-
tional averaging in time. We obtain the sought for connection if to equate
the full instantaneous power of the stationary ergodic process (this process
is determined accordingto Wiener—Chinchin formula as a auto-
correlation function with ¢=0)and the full power of the random function
realization accumulated during the realization (it is determined through
the current spectrum of realization accordingto Railey gh formula). In
this case the square of the random function realization is replaced by the
square of rounding of fluctuating oscillations over the outlets of the narrow
banded systems (the FSSS filters) since the process over the outlet of
the FSSS filters may be regarded as the narrowbanded process.
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In such a way the formulas for the instantaneous spectrum of this
random process power for the energetic current spectrum and the sta-
tistical spectrum during the realization were got.

In field testing of the F'SSS station collected in the engineering
seismological laboratory in the Institute of the Earth-’s crust in the canal
of station worked : the seismometer S5S in the recording condition of
displacements, octave filters with pass bands in 0.16 —31 cps, 0.23 —0.46
eps, 0.47 —0.95 ¢ps, 1 —2 ¢ps, 2 —3 ¢ps, 4 —8 cps, T—14.5 cps, 15 —32 cps,
galvanometers GB —IV worked in the recording conditions of velocities.
‘Wide-banded canals in 1 —40 and 0.16 —1 cps were included in the canal
of station to facilitate identification of the wave pattern and to compare
with the recordings of standard seismic stations. The wide-banded ampli-
fier using for strengthening of seismic signals and deviding seismometer
from galvanometers had strictly uniform frequency characteristics.

For the through electron-dynamic graduation the generators MGPA
(in field conditions) and NGPXK (in stationary conditions) were used. An
increase in canals ranged from 5000 to 30000.

The principle characteristic speetra of microseism and Fourier
machine spectra for the same places of recordings at the same observation
point were calculated for comparison. For the statistical FSSS spectra
a good agreement for different places of the recordings at their sufficient
lenght and at the same observation point was obtained, this fact proves
more complete characteristics of microseisms in comparison with the
standard spectra.

The differences between the spectra of microseisms for different
points of observations are due to the difference in ground conditions,
the level of microseisms being the same; this corresponds to the seimic
features of grounds of these places for the positive temperature conditions.

Thus, the FSSS stations enable us to get sufficiently complete charac-
teristics of microseisms in the form of the statistical spectra. And these

spectra may give the information which may be used for the seismic
microzoning.




>
\es/

Institutul Geologic al Roméniei




SOME DATA ON RESEARCH OF LONG-PERIOD MICROSEISMS

BY
T. A. PROSKURYAKOVA, VASILY ALKAS?!

Over the last years the world seismic network gets more and more
systems which are capable of recording the long-period signals. Therefore,
the interest of studying of long-period Earth’s shakes rises.

In this work the attempt to investigate the microseisms in the range
from 10 to 130 s recorded by long-period instruments in Baldone (Riga)
and Pulkovo was made.

The used data. The microseismic storm (September 28—30, 1969)
was sorted. The parameters of instruments for Pulkovo (a) and Baldone
(b) are shown in table 1.

TABLE 1
The paramelers of insiruments for Pulkovo (a) and Baldone (b).
(a) (b)
| Z |[N-S|E-W Z |N-SE-W
Ts 30 30 30 Ts | 25 25 25
Tg 26.1 | 23.2 | 25.3 Tg | 79 824 | 823
Ds 0.6 0.6 0.6 Ds 1 1 1
Dg 0.7 0.7 | 0.7 Dg | 0.479] 0.468 0.487
o? 0.2 0.21| 0.21 o% | 0.236{ 0.218] 0.250
v 1980 |. 1710 | 1730 | V 421 | 430 | 458

The 38 parts of records of microseisms and seismograms (19 parts
for every station) were selected at the time when long-period signals
may be sorted well. The example of records is shown in figure 1.

The frequeney analysis, We have done the spectral analysis of micro-
seisms storms referred to it. Calculations of spectra were made by electronic
computer using the F ourier method. The amplitude and phase

1 Physical department, Moscow State University, Leninskie gory, Moscow V—234, USSR,
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Fig. 1. — a, example of seismogram at Pulkovo station;
b, example of seismogram at Baldone station.
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Fig. 2. — a, the amplitude spectrum of z-component o3
recording of Baldone and Pulkovo stations;
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spectra in the range of period from 10 to 130 s were examined. The exam-
ple of amplitude spectra obtained for 3 components is shown in figure 2
(a, b, ¢). From the figures one can see that maximums in spectra coincide
for appointed values of source of microseisms of these periods and they

A

2 L : L

0. 0 X 40, 50 .80 70 80 % 108 119 120

B0 T(s)

Fig. 2 — b, the amplitude of NS-component of recording of Baldone and Pulkovo-
stations;

] L 1 L 1
1&) 2 D 4 - 50 60 70 80 90 100 10 7 130 :I'(s)

Fig. 2 — ¢, the amplitude spectrum of EW-component of recording of’
Baldone and Pulkovo stations.

1, Baldone; 2, Pulkovo.
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distinctly expressed maxima for periods 8 —10 s, 24 —26 s, 45 —475s, 120 —
130 5. All these periods may be seen on seismograms directly except the
periods from 120 —130 s, which became visible only by using the spectral
analysis.

The second class microseisms (2 and 3 maxima) have the ampli-
tude 5 —8 times smaller than the first class microseisms (4 —10 s). The
maxima of microseisms with periods 70 —75 s have the same order that
microseisms of the first class, the maxima of periods of 120 —130 s reach
the greatest value. Moreover, there are maxima only of Jocal origin in
spectra, particularly on Baldone station (55 —58 s and 100 s and so on).

Determination of the direction of mieroseism propagation. The
analysis of amplitude-frequency spectra made it possible to (draw conclu-
sion about existence of the only source of studying microseism records
in Baldone and Pulkovo. The method of determinating microseism origin
offered by Jensen (1958) was used. The histograms obtained on

28.03.69

S0

Fig. 3. — Sinoptic maps of the Northern hemisphere of 28. I1X.69.18h.

the directions of the shakes origin of microseisms observed directly
with periods of 10 —80 s shown that the source is situated in the Atlan-
tic Ocean. .



Fig. 4. — The atmospheric pressure map of the Northern hemisphere of 30. IX.69.

Fig. 5. — a, the trajectory of motion of
soil particles in the vertical plane accor-
ding to Pulkovo station recording.
b, the trajectory of motion of soil parti-
cles in the vertical plane according to
Pulkovo station recording.
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The 809, of the received valuesof the azimuth directions cross in
the rear part of the deep cyclon the coordinates of the centre of the cyclon
being A=0°20'E, ¢ = 61°07'N on the 28 of September, 1969.

The synoptic situation is shown in figure 3. The development of
the cyclon could be observed in azimuthal direction during the three
days of the storm. The microseisms with periods of 120 —130 s could not

3
(km/s)
5 3 i L
int
3'0 1 1 - T 1 L 1 ] i 1 1 1 1 ™
g 20 0 40 50 60 70 & 0 - 0 120 BT

Fig. 6. — The experimental data (dots) of phase velocity (z-component) and theoretical dis-
persion curve (line) of phase velocity.

be observed visually and so the direction of the origin of these were not
determined. Such microseisms may be supported to be due to the fluctua-
tions of the atmospheric pressure in result of the passing of air fronts
including great areas of space. Figure 4 shows the baric map of 30.09.69.

Polarization of long-period microseisms As is well known polariza-
tion is one of the most important characteristics of wave processes. The
investigation of the short period microseisms in this aspect have shown that
the microseisms consist of the surface Rayleigh and Love waves and
body waves (Rykumnov, 1967; Vinnik, 1968), while there exist no
data on the wave characteristics of the long-period microseisms.

This paper deals with the investigation of the wave characteristics
of microseisms, without any analysis of quantitative relationship between
the components of this oscillations.

Figure 5 (a, b) shows some examples of trajectory curves of the soil
particles movement in Pulkovo and Baldone, which approaching ellipses.

The plane of oscillation in all cases proved to be deviating from
vertical, which may be due to the fact that the wave is propagated in
the inhomogeneous medium (Boath, 1962).

Thus, the long-period microseisms include both R and L waves,

Phase veloeities. The velocity of wave propagation is also a very
important feature. Using the data of phase spectra an attempt was
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made to determine the phase velocities as microseisms according to the
following well known formula :

2x A
C(T) =
T 1) =9 T)] + [yo(T) — vo(D)]+2r m
where ¢,; ¢, — phase spectra
Ya; Y1 — phase shifts, caused by the apparatus
A —distance between the stations
m  — number of wavelenghts, that can be propagated bet-

ween the stations.

The observed values of the microseisms phase velocities for z-—compo-
nent are represented by points (fig. 6). The numerical values of velocity
prove the analysed long wave microseisms to include the suiface R waves.

The relative error in the calculation of velocities is 4 %. On basis of
the experimental curve of phase velocities of microseisms an attempt
‘was made to find a theoretical model which would fit tor corelating the
experimental data with the theoretical curve. Table 2 shows the parameters
of the model of the Earth structure up the depth of 400 km.

TABLE 2
The parameters of the Earth structure model up the depth of 400 km.

h km a kmy/s b km/s ¢ glem? i
1 1.8 3.1 1.2 2.35 l
2 17.5 5.65 3.35 2.65
3 18.5 7.0 4.1 2.93
4 76 8.1 4.6 3.15
5 100 8.2 4,55 3.49
6 100 8.3 4.5 3.53 |
74 80 8.7 4.76 3.6
9.3 5.12 3.76

Note :h — thickness of the layer
a — velocity of longitudinal wave propagation in i layer
b — velocity of transverse wave in i layer
p — the density of i layer.

The theoretical dipersion curve, corresponding to the chosen model
is given in figure 6 (solid line). The chosen model implies the thickness
.«of the Earth’s crust equal to 37.8 km and in the mantle at the depth of
the order of 115 km a slight decrease of velocity of the transverse waves
may be observed.

e et b el s Ao s e
Institutul Geologic al Romaniei
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COMPARISON OF SOME THEORETICAL NOISE MODELS WITH
THE NORSAR MICROSEISMIC NOISE FIELD

BY
EIVIND RYGG?

Abstraet

The effectiveness of large arrays in mapping the noise field is well known. This paper
describes an attempt to estimate the noise field by using a small number of sensors. The noise
fields are defined by their power densities in the frequency-wavenumber space, and their
validity will be judged by comparing coherence estimates of real data with coherence compu- .
tations on the basis of the models. The real data base has been recordings from Oyer array
— the first large installation in the NORSAR area.

INTRODUCTION

During the last few years methods for mapping the noise fields
have been presented in literature and results from different. sites have
been presented in numerous reports.

A commonly used and excellent way of presenting the results-is
by displaying the power density as a function of the frequency and the
wavenumber, thus giving the distribution in azimuth and velocity of
the noise fields. However, to map the noise field this way, one must have
access to data from large and properly spaced arrays, and of course the
results are valid only at or near the array sites.

Now, the number of large aperture arrays is not very large, and
usually the number of sample points in space is very limited. The normal
case will be recordings from one or a few (2 —3) sensors at each site. In
this paper we have investigated the possibility of estimating the noise
field in frequency-wavenumber space by using the experimental data
from only a small number of sensors. The procedure has been to design
noise models with specific power distributions and to check the models
by coherence computations.

1 Seismological Observatory. University of Bergen, Villavei 9. N—500 Bergen, Norway.
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THE NOISE MODEL

Before defining the noise mode', let us point out a fewrequirements
that must be met : First of all the model must be simple enough to be
mathematically formulated and to allow the caleculation of the parameter
-of interest. Secondly it should not deviate too much from the noise fields as
mapped by using arrays in the samearea, and thirdly it must explain certain

Jex Azimuthal
N- power distribution

Power distribution .
as a function of velocity

Fig. 1. — The theoretical Noise Model.

peculiar observations such as variation of coherence with direction (Ry g g
et al,)2, With these restrictions in mind we define the model as follows :
The theoretical noise field consists of a number of plane, uncorrelated
wavetrains approaching from all azimuths and distributed over a certain
velocity range (fig. 1). Each wavetrain is assumed to have a flat spectrum
inside the frequency band of interest for our computations (white noise),
and the power density is distributed with varying strenght along the
periphery.

The reason for chosing this model instead of disc noise sources or a
combination of disc noise and fixed velocity arc noise is that we have
experienced that this model is a good approximation to the experimentally
-estimated noise field (Bungum et al.,, 1971). In the model we have
also allowed for some power variation associated with varying velocity,
thus taking into account energy connected with different modes of propa-
gation. On evaluating the theoretical coherence function for this model
we follow the lines of Murdock and Pfluke (1970): The periphery
is divided into K discrete directions. From each direction we assume that
L discrete wavetraing propagate with different velocities, carrying diffe-

2Rygg E., Bungum H, Bruland L. Spectral Analysis and Statistical
Properties of Microseisms at NORSAR. 1969, Sci. Rep., No.1, University of Bergen, Norway.
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rent amounts of power. The total number of wavetrains reaching a sensor
is then K, L. The output in the transform domain is :

K L !
5() = kZ‘.I 12‘{ Agi () Hey (D

Here A,;, is the Fourier transform at a spatial reference point of
the wavetrain with direction index % and velocity index I. H,; (f) is a
transfer function expressing the effect of the medium from the reference
point to the sensor. (We assume the instruments to be identical).

The cross-spectrum between two sensors (1 and 2) is then :

. —— E L E L
Py (f) = S,()-S () = Z Y Y YA Ann () Hipg (D Hymin (N

k=1 I=1 m=1 n=l

The bars represent complex conjugates. Now, since the wavetrains are
mutually uncorrelated :

E{Ag 1 (f) - Apa(f)} = PWiy(f), whenm =k andn =1
= 0 otherwise.

Here, PW,, (f) is the (auto)-power spectrum of the wavetrain coming
from the k'th direction and propagating with the velocity whick is tied
1, to velocity index .

If we neglect attenuation and dispersion across the site, the transfer
functions H,, (f) represent merely phase delays. Thus, if ¢, ,; is the time
required for a specific wavetrain to pass from the reference point to sensor
the associated trapsfer function can be written :

—‘imtl.k‘]

Hygi(f)=ce (w=2xf)

Then we have:

Hopd () - Hyjeg () = ™kl - o=tk = o= f0 0kt =t

Py(f) = Z Z PWi,(f) e —iodtk

k=1 l=1

K L

Puth =Y Y PWy(f) o0k

=1 l=1

Here At,;=1t,;,—t.,; isthe time required for the wavefront with
the direction index & and velocity index ! to pass from sensor 1 to sensor 2
The expression for the coherence is

= (Pn(f) Pyy(f)

172
) » and according to this for mula and the foregoing
Py(f) Py(f)

3 -¢ 871
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the coherence estimate will be
L 1/2

3

k=11

PWii(f) PWy,n (f) coso (Alg; — Aty z)
8

E

K L
Y Y PWei() PWaa ()

m=1 n=1
DATA AND RESULTS

In the following we shall compare some of the theoretically computed
coherence curves with coherence estimates of real data collected at Oyer
subarray (fig. 2). The theoretical, continuous noise field has been approxi-

A3 u

1A2

1Al

*1F1

A0Y
iF4

11

*1C2

*1C3

Fig. 2. — Oyer Subarray.

-101
«1D2

-1D3

S5km

mated by 35 discrete azimuth directions and 7 individual wavetrains
associated with each direction. The power densities of the wavetrains
decrease exponentially from a maximum value at a velocity of 3.3. km/2s.
The total velocity span is 3.0 —3.6 km/s (fig. 1). The cross and auto spec-
tral power estimates of the real data have been obtained by averaging
over 50 nonoverlapping blocks, each of 51.2 s. Thus each estimate covers
42 2/3 min of recording starting at the times given on the figures. The
sampling interval was 0.05 s.

Figure 3 shows a weather map for May 18, 1968. Meteorologically
this is a very quiet day, and by experience we do not expect a very aniso-
tropic noise field due to Atlantic or coastal sources under such conditions.
An assumed power distribution at Oyer is shown on top of figure 4. Even
if we assume that the noise field has a maximum in one direction, there



20°

Jor MAY. 18,1968, 1800 \200

Fig. 3. — Weather Map May 18, 1968.

Fig. 4. — Comparison between theoreti-
cal coherence curves (solid lines) and a
real coherence estimate (dotted line).
The theoretical curves have been calcu-
lated using the azimuthal power distri-
bution shown on top. 0 refers to the
curve calculated for a sensor combina-
tion pointing towards the maximum
noise power, while 90 refers to a sensor
combination at 90 degrees to this direc-
tion. In both cases the sensor separations
was 3 km.
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Fig. 5. — Weather Map March, 28,
1968.

Fig. 6. — A real coherence esti-
mate (1A1—1F4), and a theore-
tical curve (solid line). The the-
oretical curve gives the coherence
between two sensors 2.8 km apart
and whose connection line is in-
clined 25 degrees relative to the
maximum noise power direction.
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LS |

is no reason to believe that there is a minimum in the opposite direction.
Therefore we propose isotropic condition around the opposite half peri-
phery. As we see there is a very good fit between the experimental data
for 1A1 — 10Y and the theoretical curve calculated for a sensor combina-
tion pointing towards the maximum noise power. The result is a support

Y
0]

1F1-1F4
MARCH 28, 09.05

Fig. 7. — The coherence estimate
between 1F1 an 1F4 compared |
with a theoretical curve for two 064
sensors 2.8 km apart and making
an angle of 80 degrees with the
direction of maximum noise po-
wer, The power distributionis the
same as in figure 6.

0.2

HE
-

T - R e T =

o) 05 T T

for the noise model proposed, and if we use this model it should be located
with its maximum in a north-west direction.

In the following ws present examples of a more anisotropic model,
and for comparison we have selected coherence estimates made on a day
with dominating Atlantic and coastal noise sources (fig. 5). In the upper
part of figure 6 is given a proposed power distribution for the weather
situation shown in figure 5. The coherence curves of figures 6 and 7 demon-
strate the general increase in coherence compared to the more isotropic
situation. This is particularly pronounced when the sensor pair is oriented
towards the maximum noise power. If we look at a sensor combination
abreast of the maximum noise concentration (fig. 7), the coherence drops
rapidly from a high start value.

One may object that the fit between the real estimates and the
theoretical curves in figure 6 and 7 is not very good. We feel therefore
it should be pointed out that there has been made no attempt to get a
better fit by for instance varying details in the parameters. This has seve-
ral reasons : The noise fields are estimated the indirect way — through
the coherence, and for computational reasons the power fields were defined
using assumptions which are not valid in general (e.g. whiteness). Further-
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more, finer details in the noise field stiucture can not be explored when
one is using only two or three space sampling points.

CONCLUSION

In this paper we have used a most commonly measured parameter —
the coherence — to estimate the noise power distribution. The procedure
applied only allowed the corroboration of noise models which were crude
approximations to the actual noise fields.

In the way suggested the noise field can be roughly estimated even
if the number of space sampling points is small (2 —3), and one gets a
direct measure of the noise anisotropy.
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GEOTHERMAL FIELD INFLUENCE @N MICROSEISMS
* PARAMETERS

BY
A.P. SINITSYN'!

STATEMENT OF PROBLEM

Microseisms propagation conditions were studied in detail in scien-
tific works by Savarensky (1959), Tabule vich (1960),
Proskuriakova (1970), Bernard (1971), Tillotson (1971)
and others. There was pointed out, that the mechanism of microseisms
propagation is very sensitive to the change of physical conditions of the
upper layers of the Earth crust including the change of geothermal field.
Let us study the influence of temperature field of the parameters of longi-
tudinal waves in conditions of one-dimensional problem. In this case the
differential equations of motion for the displacements should be as fol-
lowing (Sinitsyn, 1971): .

1 d%u o%u oT
e = — (i = )
cz o 0x? ox
oT J%u 0T
e [1 42 (1 — v)] — 4 o T,E =N ¥
ek | i % Bz ot 9z o

There are :

u — displacements of the particles in wave P; T (=,t) — temperature
function; « — ceefficient of expansion; ¢ — waves’ velocity ; ¢ — den-
sity ; e. —specific heat rate ; F—elasticity modul ; A—heat transfer rate ;
v—DPoissen rate; T,—initial temperature. In formula (2} there is para-
meter ¢ by which the coherency between equations (1) and (2) is ¢stabli
shed. The value of parameter .c is calculated by formula :

a Ty

= e 3
p% Ce K502 @)

1 Council for Seismology and Earthquake Engineering, B. Grouzinskaya 10, Moscow
123810, USSR.
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K2 =3(1—2v)(E (4)

D%=£_$_V)__ (5)
p A+v) Q-2

To solve the equations (1) and (2) we shall make thefollowing substitution :
u=ug+u 6)

u — total displacement ; u; — displacement due to inertia forces ; U, —- dis-
placement due to temperature. To determine u, the equation (1) is used ;
it should be simplified and then we have :

0% u, " oT

dx2 oz

=0 )

Now we integrate the equation (7) by ,,z’’ and obtain :
‘ du,
ox

Then we differentiate the equation (8) in respect with ,,i”” and substitute
the result in equation (2):

=aT (8)

oT orT . 02T
ce[14+2:(1— — 4+ aTgEa— = A
pee [ e ( V)] ot & iy ot 922

©

The equations (1) and (2) are separated now for U, we obtain the usual
solution from the equation (7).

DEERMINATION OF LONGITUDINAL WAVES'VELOCITY

To determine the dynamic part of the displacement which corres-
ponds to the waves propagation process we shall study thelinear alteration

of the temperature field in coordinate ,,z#”’ domain, now the second deri-
2

vative

For =0 and the equation (2) should be homogeneous. The inte-
&r
gration of this equation by ,,1° gives :

" pce [1 42 (1— )] T+uToE%=O
x

The differentiation of this equation by ,,x» gives:

d%u

x2

oT
pee [1+ 26 (1 = V)] — [+ & TE il (10)
x

From the equation (10) Eis obtained and substituting it in equation (1)

ox
after transformation we have:

1 0%y 0% uy

() 82 a2

(11)
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¢’ is the modificated velocity of longitudinal seismic wave in the presence
of temperature field. This velocity is connected with the usual velocity
,,C”? of longitudinal waves by the following formula :

1—9v)(1 —2y) .
er=|14+ = C* =y C? (12)
[ 1+v) [1+2E(1—v)]]

From formula (12) it is clear that in the preéence of temperature
field the velocity of longitudinal waves changes its value, and depends.

7
120
Fig. 1. — The diagram of velocity coe- B
fficient. 1.00 st

on the value = which is proportional to the initial temperature according
to the formula (4). The alteration of coefficient v as a function of T is
shown in figure 1.

AMPLITUDE DETERMINATION

The estimation of the influence of temperature field on the alte-
ration of amplitudes of longitudinal waves let us study the case when :

T(x, {) = T,te—bz (13)

Now the solution of equation (11) is :

ug = Ae~b@=0' | peblm+elh) 14
But previding t =0; 4, =0, 4 = — B and
11 e A [e—b(x—c't)_ e—b(:c—c't) 1 (15)

using the second initial condition : providing { =0; % =0 we obtain

the amplitude :

_ o,
22 ¢

@16y
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From this formula it is clear that the displacements’ amplitude due to
temperature field is inversely proportional to the waves’ velocity. If the
velocity increases the amplitude should decrease and the amplitude rate

is equal to:
Ay e € L Vi an
¢ N

To determine a total displacement of particles in a seismic wave it is
necessary to evaluate the displacements due to the temperature. Using
the equation (8) we shall substitute the value T (,?) from formula (13)
and beccme :

O uT (5 0) = & Tyt e~ (18)
ox

After integration of this equation by ‘2" we obtain :

~bx
u;, = — o Tyl

(19)

The value A from formula (16) is substituted in formula (15) and adding
%, from formula (19) we obtain when z >c¢’t

U=oa Type I:_sﬁ;(zbc'_t) ——%] (20)
¢

‘The following conclusion may be made : in the presence of the temperature

field there is a decrease of displacements. The stresses in the wave with
consideration of the temperature field should be calculated by formula :

c=E[%—uT(x,t)] (21)

X

Making necessary substitutions we obtain :

R ET’oa e %" snpx)| T < @)
be e shpet)y ) > ¢t
‘The amplitude of stresses should be calculated when z = ¢'t
E o«T, b
Omar = — £ ( 1 - “;m) (23)

‘The stress waves have a characteristic configuration as it is clear from the
-equations (22) and (23), this is due to the influence of temperature field.
‘The scheme of stress wave propagation from the free surface is shown
in figure 2.
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DISCUSSION OF RESULTS

The investigations carried out in recent years, as it is shown by
professor Bernard (1971), pointed out that in microseisms there are
P-waves too, and that the microseisms scmetimes have small amplitudes
‘when according to syroptic map these amplitudes should be high ( T il-

£t
5 bx M
4 ML
3 1M e Fig. 2. — The diagram of slress wave propagation.
2
1 A
¥ o v s ///71,_1;

9 12345678

lotson, 1971) and vice versa. These contiadictions indicate that the
study of those physical conditions under which the recording of micro-
seisms are fulfilled must be done mole accutate. The formulae obtained in
this paper shcw that the geothermal state and the temperature of the
envirorment may considerably effect the velocily of wave propagation
and the amplitudes of microseisms. As it is known, the study of geothermal
field influence on longitudinal waves propagation velocities in lower layer
of the upp«r mantle attract the attention of the seismologists long ago.
The results obtained in this domain (J a ¢ o b, 1971) show that it is neces-
saly to evaluate the influence of the geothermal field. While the investiga-
tion of microseisms this problem must be studied more piecisely, particular-
ly; while dete:mining the microseisms parameters the attention should
be payed to the state of temperature field under condition of which the
microseisms propagate. It is essential to point out that the temperature
field may effect also the veitical component of the surface waves although
this problem requires further investigations. It is noteworthy, the theo-
1etical results should be checked by experimental data.
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ON THE POWER AND ENERGY OF SOURCES OF EXCITATION
OF MICROSEISMS

BY
V.N. TABULEVICH!

Due to the experience of modern seismology the urgent need for
a parameter has arosen, which would permit the comparison of the inten-
sities of various seismic processes (earthquakes, explosions, microseisms)
eliminating such variable quantities as, for instance, distance, dispersion
and others. As an adequate parameter the energy of elastic vibrations in
the source was proposed. Originally it was introduced 1911 (1960) by B. B.
Golytsyn in an analysis of the Sarez earthquake.

A transfer of the procedures of determination of seismic energy
into the field of microseismic vibration would be rather promising, as it
would permit a comparison of the intensities of the sources of excitation
of microseisms, atmospheric disturbances (cyclones, typhoons), wave
patterns, infrasound, which would develop under conditions given on
various aquatories (lakes, seas, oceans), on various latitudes, in various
seasons etc. However, the basic differences between earthquakes, explo-
sions and sources of microseismic excitation are to be kept in mind. Earth-
quakes are impulsive phenomena and the introduction of the term ,,energy”’
occurs for them quite naturally, whereas the term ,,power’’ is meaning-
less.

Microseisms are quasistationary or semiperiodic phenomena. Here
the concept of ‘“‘power” is easily applicable. As microseismic storms last
sometimes for a several days, the conversion factor between power and
energy may sometimes reach 108. For stationary periodic processes the
therm ‘‘energy’’ can not characterize the intensity of the source of excita-
tion of microseisms at a time instant given. A comparison of microseismic
sources by their energies can provide one and the same values for quite
different processes, for instance, for a weak long acting source, and a
short one, but with great intensities.

Procedures of determination of absolute energy values developed
during earthquakes at present encounter some difficulties, as for instance,
the account of residual deformations, which are impossible or difficult to

1 Politehniceskii Institut, Irkutsk, USSR.
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eliminate. On the other hand, the energy of elastic body and surface:
waves of earthquakes can bz principally determined separately.

In the case of microseisms we have a simpler process of energy
transfer than the stress relaxation during earthquakes. It can be shown
that microseismic vibrations in the source cause elastic waves only. The
maximum values of bottom pressure may be estimated as 5 -105 mkbar
or 500 g/cm3, These values are substantially below the thresholds of elas-
ticity for all substances forming the sea bottom. On the other hand, in
the case of microseisms the summary vibration is recorded, the conception.
of a radiation angle becomes meaningless. Therefore, the deduction of the
correspondent relation has to be begun from basic principles.

The Umov-Poynting vector p characterizes the energy transmitted
though a unit surface in a time unit (density of power). To obtain the
whole energy developed inside a close volume during the time interval.
t we must summarize with respect to surface and time :

E=S§5dsdl.
tJs

As we shall assume the microseisms to be a stationary process, the time:
integration can be omitted and the power will be :

W= _‘?_E_‘ = S pds.
¥y,

Generally p = p (2, y, 2). Vibrations measured at the surface are not.
representative for a certain wave front. For example, processes of refrac-
tion inside the surface from hidden obstacles can lead to the fact that it
becomes impossible to draw a wave front i.e. a surface through which a
similar vibration sequence should follow. This is accounted for by C ar-
der et al. (1962) by means of a factor @, giving, as the authors believe,
account of energy dissipation during refraction. It is known, however,
that during refraction no energy dissipation takes place and @, is to be
regarded as an empyric factor, correcting computed values.

In our work (1964) is was shown, that microseisms, similar to elastic

earthquake waves, are composed of body and surface waves. The law of
the amplitude decrease is given by

A=ar-2 4 br- 12,

It was shown that a/b = (1-5 4 3-0)-10* provides an optimal fit to
observe values.

The isoamplitude surface (wave front) for surface waves is a cylinder.
If for body waves the dependence 1/r could be accepted, the wave front
would be spherical. In the case of the amplitude decrease of the body
waves proportionalto1/r2 (Savarensky, 1955)the shape of the isoam-
plitude surface should vary in time, because there does not exist a simple
geometric image, the surface of which varies as 1/%. For an approximate
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approach to the problem consider that if at the Earth surface (the boun-
dary) the amplitude varies as 1/r2, then the rate of variation in the direc-
tions perpendicular to the horizontal plane should belower. The shape
of the isoamplitude surface is schematically shown on figure la. We
represent this surface by means of an equivalent cylinder of equal surface

e

Fig. 1. — Isoamplitude surface of body
waves.

@, schematic shape of the isoamplitudine surface;
b, equivalent jsoamplitudine surface.

|
|
I
|
|
i

a b
(fig. 1b). Computing the sizes of the equivalent cylinder from considera-

tions of the constance of the power flow of the body waves :

" A%
W= B|S =2n?ppCp(nr® + 2nrx) —
T3
Assuming 2> 7,
WBT%

B ———a— 0

4 78 pBCBA%r
(we neglect the radiation through the bottom of the cylinder). At r = 0

the amplitude should become infinite. To eliminate this alogism we assume
that the amplitude in {he source of microseismic excitation is determi-

it ’ . Wy 2
ned by a definite dimension of the source rg. Then =2 = ——:—r‘
P s

r3
It follows z = —

P
Generally

A% A%
WB=2TEZF ppCp 2mrz =y 1t
, 4m®

Here = PsCs

[

On the other hand for the surface waves the relation is valid :
Ag

Wg = 47— p,Cohr=¢

7 Rl Ty

4

/o

Here =4 nspsc§

| o5 =4 | = |y
institutul 'r':-.';".;:{'_;:w_;{
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The bulk power of the source will be equal to the sum of the powers of
body and surface waves :

A2 A2
W=Wp+ Wg=y —2ptqe,
T2 T

we e+ (42 o] e (31 ]

Here a/b are taken from our initial relation

or

’ 473p.Cs Y 4wippCp -

e P wnd =il & O,
T 4 3 T2 2Tt

Hence the expression in the brackets depends on the period only and
does not depend on distance.

The value of Ag is unknown from seismograms, since the summary
amplitude of all kinds of seismic waves is recorded, which can not be
subdivided without complementary theoretic constructions.

The bulk amplitude of microseisms equals to the sum of amplitudes
of body and surface waves:

A=AB+A'S=AS 1+é§-
Ag

and
e AA % A
1+ __B_. 1 +i r-Ls
s b

Substituting we obtain :
P 2 2
v (—2\[+(]
14 a; r-1s K

In our developments we have not accounted for damping of microseismic
vibrations (the waste of energy for irreversible processes). Our wave
front is in a strict sense not exactly a locus of equidistant points from the
source, nevertheless we shall ascribe the value ¢** conventionally to the
parameter r to obtain finally :

N2 2
T
1+%r‘l-5 e
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In estimates of energies of earthquakes it is convenient to use not
absolute values, but rather to relate them to a reference value, arbitrally
chosen. The dependence of the amplitude of the vibration of such a source
from distance at a definite period is referred to as a calibration curve.

2
Fig. 2. — Calibration curves for a source of microse- 0% p
ismic vibrations with a power 101% erg.s~1 and periods
of vibration from 2 to 10 s.

0%

0% T Km

We introduce a similar conception. Taking a minimuwm reference
power level 10!% erg/s~! and the source radius 7y = 100 km, we obtain
the calibration curves given in figure 2. In introducing the calculation
formulae we involve the same considerations as in the deduction of the
relations for the energies and amplitudes of earthquakes, namely

log W == log W, + 2 (log a — log a,)
log W = 12 + 2(log a — log a,),

here a is the amplitude of the microseisms, measured at a distance r and
a, is the amplitude of microseisms obtained from the calibration curve
(fig. 2).

Analogous to earthquakes the conception of the magnitudes of micro-
seisms can be introduced :

2M =log W— 12,

Now consider some examples of microseismic storms. We have selec-
ted cases of microseismic storms stipulated by powerful oceanic cyclones,
less powerful events on aquatories of limited dimensions (Okhotskoye
and Caspian seas) and finally have considered microseisms on smaller
aquatories, as the lake Baikal. In table 1 the results of the determination
of the power on various stations.

It should be noted that the power of the vibrations in the source,
as computed on hand of the records of various stations, located at diffe-
rent distance nearly does not vary. Hence the power is actually invariant
from absolute values of amplitudes and distances, which is in full concor-
dance to the physical meaning of the physical parameter introduced.

4 —c. 3N
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TABLE 1
Power of sources of excilalion of microseisms

| Power erg/s—!
. Distance Amplitude Period
Stat. P
ation ki AL ST Ts £ mdtlvtl.dual average
| station
Atlantic ocean
Pik 1 890 3500 8.6 4 10174
Apt 1 940 2 800 8.0 1017-3
Kshn 2 800 1400 9.0 1026.9 10172
Sv 3 550 2000 9.0 10173
And 5 400 500 9.0 l 1017.0
. Caspian Sea
Mk 100 9 000 3.5 10t?
Bk 320 2 000 3.4 10157 10155
K—A 600 600 32 1018-8
Okhotskoye Sea
P—-K 650 2000 4.5 I 10163
Megd 200 2 000 5.0 10146 10154
Tx 2 000 200 5.0 | 10154
Indian ocean
Perth 3000 5 500 8 10172
Irk 11 000 700 8 101%® 10
Baikal lake
Kb 50 3000 2.8 1013 |
Zak 200 40 2.8 10118 1012-5
Arsh 150 100 2.5 1012
Kyakhta 200 110 2.5 1018

The introduction of the magnitudes allows to draw a parallel bet-
ween earthquakes characterized by energies and microseisms, characterized
by power.

From comparison of our data it follows that oceamnic microseisms
phenomena are characterized by a power 1017 — 108 erg/s and a magni-
tude 3. Sea microseisms — by a power 10% and M = 2 and lake micro-
seisms have W = 102° and M = 0 — 0.5. We determine the energy
transmitted to the Earth during the duration of the microseismic storm.
So the energy transmitted to the Earth by a cyclone in the Indian ocean
from 12.00 h 20.IX ¢ill 00 h 23.IX equals 2-10%® erg. In the Okhotskian
sea from 00 h. 29.X till 00 h. 30.X E = 10%° erg. On the Baikal lake
E = 107 erg.

The introduced conception of power of microseisms closely correlates
with alternative hydrometeorological and atmospheric estimates of the
energy and destructive power of spontanous processes.

I 3 vl P el Py e R s
Institutul Geologic al Romaniei
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ON THE SIMILARITY OF GENERALIZED AMPLITUDES OF
MICROSEISMS
BY
ALOIS ZATOPEK!

INTRODUCTION

It is well known that in many cases of microseismic storms the course
of the amplitudes has a similar shape at many stations. The present
contribution is not concerned with such individual similarities; it is
devoted to the striking similarities found in the course of smoothed genera-
Jized amplitudes, derived by an adjustment described below, from the
long-term observation of meteorological microseisms. in the period range
3—10 seconds. The observations are related to 18 selected European and
7 Japanese stations and have been made through the period of the Inter-
national Geophysical Year (IGY) 1957—1958 (Zatopek, 1961; Nat.
Comm. IGY, Japan, 1959 ; 1960). The similarity we are interested in,
regards the general march of the smoothed amplitude curves, representing
the general tendencies of variations of the microseismic “‘activity*‘ with
the time during the period considered. As the term “period** has a double
meaning here, we will use expressions like “active period‘, *“period of
activity®, “active interval‘‘ etc. in order to avoid the misinterpretation
with regard to the period of vibrations of the ground. For the European
microseisms the long-term similarities of smoothed amplitude curves,
i.e. statistically simultaneous occurrence of increasing and decreasing
amplitudes with equal variation tendencies in time, the in general similar
shape of the smoothed amplitude curves with the relative extrema, ap-
pearing, in the limits of the accuracy of the method, at the same time,
have been dealt with in several previous papers, and so the relationship
between the smoothed amplitude curves and the smoothed curve of a
meteorological index (Zatopek, Zikmunda, 1960), derived for
the north-atlantic frontal zone and roughly proportional to the W—E
component of the geostrophic wind in the 500-millibar level. A similar
procedure was applied to the microseisms recorded during the IGY in

1 Institute of Geophysics, Charles University, Ke Karlovu 3, Praha 2, Czechoslovakia.
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7 selected stations situated in various parts throughout Japan (Z4to -
p ek, 1970, fig. 1). Apart from the mutual similarity of the smoothed
amplitude curves which has been found down to the latitudes less than
35°N, it was stated that the shape of these curves was fairly comparable
with that of the curves derived earlier for the European IGY microse-
isms (Z 4 topek, 1963). This seems to be a confirmation of the idea of

= =1
SELECTED
STATIONS 4
! N
| \
4 404
; o
A B | ‘ Fig. 1. — Map of sclected stations in
\ { Japan. A-B line of deep-focus earthqua-
\\\ % kes crossing Japan.
2 ﬂ
i =
< 35
1 < 7P %
\
| A
130 B85 740 of

the existence of a uniform large-scale mechanism, operating at the nor-
thern polar front; this mechanism is considered responsible for the lar-
ge-scale phenomena of atmospheric circulation, including the microseisms.

GENERALIZED AMPLITUDES

To obtain the generalized amplitudes a suitable smoothing procedure
or adjustment is necessary so that in the numerical or graphical represen-
tation the individual storms disappear, but characteristic variations of,
say, one-month, duration or longer are made recognizable within the whole
time interval studied (Zatopek, Zikmunda, 1960), which, may
be one year, several years, one cycle of solar activity etc. (Zatopek,
1963). In our case it is the time interval of the IGY, i.e. from July 1st,
1957, until December 31, 1958.

The curves of generalized amplitudes may be obtained in several
ways. The observed values of the microseismic amplitudes represent a
set of numbers equidistant in time as they are associated with, the main
meteorological terms at Oh, 6h, 12h and 18h UT, respectively.
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The most suitable methods giving comparably equivalent results are
as follows :

a) Ditferentiation of idealized (= suitably smoothed) cumulative
{ = summation) curves of amplitudes throughout the whole time interval
T in consideration (expressed in days the number of amplitude values
involved N = 47T). A sequence of values

Sy = Z Ap, k=1,2, .., N (1)

defines a non-continuous function S,(f) of time ¢ in the range (0, 7 >.
The adjustment consists in replacing (numerically or graphically) the
function §.(f) by a simple, continuous and smooth ? function (curve).

¢
N0 =S 1) ar @)
)
satisfying in (0, 7> the conditions
ISW) — Sel = g £~ 0, (3a)
and
v
Sity) =}, An (3b)
n=1

for a suitable choice of the small values .

This mathematically rather intricate problem may be practically
replaced, as it is usually done by physicists, by an interpolation “by eye,
i.e. in tracing a continuous and smooth curve through the set of discrete
points S,(t).

Differentiating numerically or graphically the function S(t) after
1, ene gets a curve of smoothed ‘‘generalized* amplitudes A(?):

ds()

Al = . 4
Q) . 1)

This procedure depends, of course, on the choice of S8(t), which
represents a kind of filtration of the primary set of A4,. This should bea
subject of a special study, but is not necessary for our purpose. According
to the experience, the arbitrariness is strongly reduced by the require-
ment of simplicity, concerning the shape of the curve A(#); in fact,
only small differences occur among A(¢) — curves if derived by trained
specialists. The element of subjectivity could be also reduced by dividing
the time interval (0, T > into suitable sub-intervals, where e.g. a qua-
dratic or cubic interpolarion would be introduced on a basis of the method

2 In differential geometry a curve is called ‘“smooth”, if it has a tangent at all points,
and the angle of inclination of the tangent is a continuous (and in our case also differentiable)
function of the arc of the curve.
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of least squares with the additional condition that the derivative at the
end of each sub-interval be equalto the derivative at the beginning of

the following one.

Several variants of the procedure just described have been used
with comparatively equal results using the data of the European stations
mentioned, as illustrated in figure 2 for five stations situated along a
N—S profile through the European continent.
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Fig. 2. — Generalized ampli-
tades of 5 European stations
situated along a N—S profile
through Europe :
K, vertical componeny Kiruna; Up
vertical component Uppsala; Cp ver-
tical component Copenhagen; Py, ho-
rizontel component Prague; Tp hori-

zontal component Trieste; i, smoothed
curve of a meteorological index, rou-
ghly proportional to W —E component
of geostrophic wind in 500—mb—level
for north-atlantic frontal zone (after
Z4topek, 1963),
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b) Gliding means of the amplitude values, calculated for a statisti-
cally suitable sub-interval t, and gliding along the time axis from @
to T. The average value 4 of the amplitudes 4, over .+ is always attributed
to the central point of the actual position of the interval =. The most
appropriate length of + could be assessed on a theoretical way; in this
study it was found empirically, and applied both to the European and
Japanese sets of initial values. It is useful to have T = n-t, where n
is an integer, following from the choice of t, which, itself, contains, say,
s values of the amplitudes 4,.

Then, a displacement of the interval = to the nelghbourmg point

causes a variation S4 of the mean values 4,,, and 4, respectively

r48+1 ris
A= A =2 T 44— Y av|=
k=r+2 k=r+1
1 1
= — | Aptg41 — Ar+1| = |AAnmaxlls £ — Amax, )
S S

where AAn,: denotes the maximum difference of amplitudes in (0, T,
and Adqn.x the maximum amplitude. If we use, for comparison, the reduced
amplitudes for each of the stations considered, i.e. A,/Am.x, We get

SArd = 1/s (5)

as a reduced amplitude variation. For a day this reduced variation is
less than 4/s. Empirically, we have found = —— 20 days. Thus, 344 0.0125,.
and, for a day, < 5%.

The basic data of Japan (Nat. Committee IGY, Japan, 1959 ; 1960)
were given in a form of graphs the size of which made the determination
of amplitudes at the main meteorological terms very difficult. Therefore,
the average amplitudes 4, were digitized for all successive time intervals
T, = 2 days, and, with v = 20 days, the method just described was.
somewhat s1mp11f.1ed Gradual sums S,(f) of A" were formed for every
successive 20 days ; the sums have been attrlbuted to the respective times
of 10, 20, ..., 10s, ..., i.e. (s7)/2 days. Consequently, a sequence of
points S,(t) was obtained

Sy() = i an (6)

for ¢t = 10s days, s =1, 2,
Then, an adjustment followed, taking the average
5o = [Sy-1() + 2 5o(0) + Sy42(01/4; @y
§ = 2, 3, ey
or, with nearly the same result,

S = [Se1() + 5,() + Sg+,0U3. 7y
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The result for the seven selected stations in Japan as plotted in
figure 1 is represented in figure 3 ; use is made of the amplitudes reduced
to a unit maximum for all selected stations.

COMPARISON OF RESULTS FOR EUROPE AND JAPAN

In figure 2 the curves of generalized amplitudes are represented
for five of 18 European stations considered. These five stations are situated
along a N —S profile, passing in a length of about 2.500 kms through the
European continent. The shape of all 18 generalized amplitude curves
was similar: in figure 2 one sees that the curves for Kiruna, Uppsala,
Copenhagen, Prague and Trieste exhibit two respective maxima, one
in November and another one in December-January. The course of the
smoothed curve of the meteorological index “i** mentioned above is
similar to that of the amplitudes; the absence of a marked maximum
on the amplitude curves in April may be explained by a smaller turbu-
lent interaction between the warmer atmosphere and the oceanic sur-
face, especially in lower latitudes. The decay of amplitudes southwards
indicates that the source region was situated in the North.

The summer season activity is negligible in comparison with that
occuring during the active period from September to May. But the latter
may have, as we have seen, a characteristic structure connected with the
character of general circulation in the 500 -mb-level as indicated by the
index ¢i‘ in figure 2. This structure is remarkable over an area of at least
continental dimensions. For Europe all this is related to the circulation in
the north-atlantic frontal zone. The effects of minor sources of microseisms
are incomparably smaller.

The shape of generalized amplitudes obtained for seven selected
Japanese stations the situation of which is plotted in figure 1 (1 = Naga-
saki, 2= Tokyo, 3 = Matsushiro, 4 = Sapporo, 5 = Akita, 6 = Abuyama,
7 = Nagoya) is more complicated than that of the European stations.
We may divide them into two groups showing a different behaviour :
the stations 2,3,4 and 5 are closely related to those of Europe, especially
to the northern ones, while 1, 7 and 6 differ greatly from this form. The
curves 1 and 7 with high amplitude values due to the typhoons in thelate
summer 1957, show the winter maximum in agreement with the other
curves, but the summer minimum 1958 is relatively higher than. that
in Europe. The actual amplitudes of microseisms due to typhoons may
reach 100 microns and more. That is a multiple of the amplitudes of micro-
seisms of Europe, except Reykjavik in Iceland, where amplitudes of the
order of hundreds of microns occur during the stormy winter period. The
maxima of generalized amplitudes are much smaller than those actually
observed ; they are surprisingly small at 3 (Matsushiro, 4 microns), 6
(Abuyama, 6 microns), 1 (Nagasaki, 7 microns), and 4 (Sapporo, 7 microns),
respectively, but if compared with the amplitudes as given in figure 2
they still remain much higher than in Europe, in agreement with a higher
intensity of the atmospheric circulation in the region of Japan. The coa-



7 THE SIMILARITY OF GEWERALLZED AMPLITUDES OF NMICROSEISMS

stal stations are characterized by higher amplitudes than the inland ones.
This effect seems to prove a considerable attenuation of microseismic
energy when propagated through the geological structures. No relation-
ship between the distribution of sources and the size of amplitudes was
found. This may be a consequence of quite different conditions of gene-
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ration of microseisms in the Japan region and due to a more complica-
ted pattern of atmospheric circulation (Santo6, 1959; 1960).

On the whole, one can conclude that down to the latitudes of about
35°N the.similarity in the course of generalized amplitudes exists in spite
of different conditions of the atmospheric circulation. The agreement
is better in higher latitudes and for the cold season of the year. In the lati-
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Fig. 4. — Reduced average generalized amplitude curves.



9 THE SIMILARITY OF GENERALIZED AMPLITUDES OF MICROSEISMS 61

tudes less than 35°N the shape of the curves changes. In South Japan
the relative changes of the amplitudes are considerably larger during
the warm season than in winter. An important role in the generation of
summer or early autumn microseisms belongs to the tropical cyclons coming
as typhoons from the southern directions. Occasionally, a typhoon may
cause a considerable increase in the generalized amplitudes even at a
station situated as far in the North as 5 (Akita), if the centre passes near
the station.

In figure 3 we have plotted also the smoothed curve of the meteoro-
logical index ‘“¢*‘. One sees its shape fitting well into that of the set of
the generalized amplitude curves in spite of the fact that it was derived
for the north-atlantic frontal zone and the compared amplitude curves
have been obtained from the data of Japanese stations. This suggests
the idea that there must exist a common factor dominating the micro-
seismic activity both in the region connected.with the circulation in the
north-atlantic frontal zone and in the region of Japan down to 35°N. Such
a mechanism should then represent a determining factor of the global
regime of the polar cell as a whole, working for a certain interval of time
mosgtly in & range of a few weeks, and changing in a way that affects glo-
bally the activity of the pattern of troughs and ridges radiated toward
lower latitudes.

In order to see the relationships more clearly we averaged the Euro-
pean curves of generalized amplitudes as plotted in figure 2, and so the
Japanese curves as given in figure 3, and put them together with the
curve of the index ‘4”’. As a result figure 4 was obtained showing a fairly
good similarity of the three curves. This relation would have been even
better if we had used only the curves 2—5 of figure 3, where the agreement
with the European curves was so good, and had omitted the curves 1, 6
and 7. It is interesting to note that the curves last named are situated west
or close to the axis of the belt of deep-focus earthquakes crossing Japan
as indicated in figure 1 (line A—B). This may well be seen as a proof that
apart from specific conditions of the atmospheric circulation, also the
tectonic structure may be involved in the creation and propagation of
microgeisms in this region.

CONCLUSION

The fact that both the European and Japanese curves of generalized
amplitudes of IGY microseisms exhibit a similar shape and a clear rela-
tionship to each other down to the latitude of 35°N, and to the generalized
course of a meteorological index, which is roughly proportional to the
W—E component of geostrophic wind at the 500-mb-level in the north-
atlantic frontal zone, suggests the idea of the existence of a uniform large-
scale mechanism operating at the northern polar front. This ‘‘great polar
vortex’ may be considered responsible, among other phenomena associa- .
ted with the circumpolar atmospheric circulation, also for the similar
course of the generalized long-term amplitude curves of microseisms in
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polar, and partly also in moderate zones of microseismic activity in the
northern hemisphere.

A similar study for other regions and epochs, and especially for the
southern hemisphere would be of considerable interest also because of
possible structural effects. It would provide a promising supplementary
information as regards the general character of the atmospheric circulation
and, indirectly, the solar activity.
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SYMPOSIUM 2. STRUCTURE OF THE LITHO-
SPHERE AND ASTHENOSPHERE

THEORY

THE ESTIMATES OF THE Q, VALUES IN THE EARTH'S
MANTLE

BY
1. S. BERZON, 1. P, PASSECHNIK, A. M. POLIKARPOV?

The study of the waves absorption in the Earth’s mantle is of a
great interest as to determine its properties so to solve other geophysical
problems, including the determination of the fine structure of the Earth’s.
core. The literature data about the values of the absorption coefficient
a, and quality factor @, in the different parts of the mantle varies sig-
nificantly (Andersonet al,1964; Knopoff,1964; Kanamori,
1966). Probably, it is connected on one hand with variability of the
absorption parameters in the upper mantle in different regions (Takano,
1970) and on the another hand with the application for their evaluation
the methods of the different accuracy. In the number of published papers.
the accuracy of the parameters evaluation is not mentioned at all.

Undoubtedly the use of the additional experimental data, their
careful choice and analyses are necessary for further corrections of our
knowledges about the waves absorption in the mantle.

In this report the results are presented dealing with the determina-
tion of the longitudinal waves absorption in the mantle on the basis of
the large enough amount of data obtained in the wide range of the epicen-
tral distancies A=1100—11 000 km.

THE METHOD OF THE DETERMINATION AND THE USED DATA

The determination of the longitudinal waves absorption in the
mantle was conducted by the change of the form of the amplitude spectra

1 0. Yu. Schmidt Institute of Physics of the Earth, Academy of Sciences of the USSR,
Moscow, USSR.
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of P waves registered at the different epicentral distances. This method
described in detail in different books and articles (Ber zon et al., 1962,
Passechnik, 1970) permits determining the difference of the absor-
ption coefficients Aa, =a, (f;)— «,(fi) for different frequences f; and a
fixed frequency f.. Then using the condition of the equality to zero of
the absorption coefficient at the zero frequency, it is possible to find the
absolute values of the absorption coefficients and their frequency depen-
dence.

To exclude the influence of the source mechanism of P wave ampli-
tude we used only the records -of the waves, excited by the surface axi-
symmetrical sources. The records are obtained with the network stations
of the USSR, situated in Asia and Europe by the seismometers of the
SVEM type (Passechnik, 1970) with the amplitude-frequency res-
ponse curves having the maximal magnification at the frequency f =1
c.p.s. The amplitude spectra were calculated with the computer, using the
digitized P wave records. The spectra were corrected due to the apparatus
amplitude-frequency response curve,

THE AMPLITUDE CURVES FOR THE DIFFERENT SPECTRAL COMPONENTS

In figure 1 there are plots of the logarithm of the ratio of the spectral
components amplitudes for different periods 7T, to those with the fixed
period T,=1.6 s versus the length L of the seismic ray, calculated for the
different epicentral distances A. Plots are built in the range of periods
T, =0.6—5.0s (or frequency range f; =0.2—1.67 c¢.p.s.)

It is seen from the figure 1 that the large scattering of the experi-
mental data is present due to some factors which are difficult to take into
consideration —the influence of the different horizontal inhomogeneities
on the path ray propagation, the different stations conditions and ete.
Naturally in this case the determination of the averaged law of attenuation
is possible without taking into consideration the regional peculiarities
of the media structure. Despite of the data scattering one sees the marked
tendency of the more strong absorption with the distance of the highfre-
quency components in compare to the lowfrequency ones. The slope of
the regression line, averaging the experimental points characterized the
difference Aa,= a,(f;)— a,(fx) of the absorption coefficients at the frequen-
cies f; and f;. To find Aa«, we tried average the complete amount of the
data as a whole and the different variants of its dividing to the intervals
AL with the different values of A«, The least scattering was obtained,
when all data were divided into the following two intervals AL with the

A

Fig. 1, The dependence of the logarithms of the ratio

of the spectral components
1.6
;mplitudes A; for different periods T; to those at the period 1.6 s versus the P wave ray length L

1, the experimental values of the ratios; 2, regression lines, the slopes of which are averaged values Awp = A ap(L), for
the inlerval of the P wave penetration depth from 100 to 7;0]kmla.nd from 760 to 2900 km; 3, confidence ranges at
90% level.

5 — ¢ 371
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different values Aa,=Aa,(f) : a) AL=1140—3510Kkm that corresponds to
the depths of the rays penetration H=100—760 km (a number of the
points n=43) and

b) AL=3510—10244 km that corresponds to H=760—2900 km
(the number of the points n=245). The value H=T760 km is relatively
close to depth of the boundary between the upper and the lower mantle.
At the figure 1 these straight regression lines for both intervals are shown
with the 909, confidence ranges.

The «, irequency dependence Using obtained values of A«, for every
of the above mentioned distances intervals we obtained the linear depen-
dence of the «, on the frequency f with the confidence ranges at 909, level
(fig. 2,3). Approximately these dependencies can be attributed to the
intervals of the rays penetration depths.

W WL 10 15

f.Hz

g0

Fig. 2. The dependence on frequency f of the absorption coefficient o, of the P wave in
the upper mantle in the range of depths from 100 to 760 km :
1, the experimental values with the 90% confidence region; 2, averaging regression line ap (f); 3, 90% confidence ranges
for the regression line.
i] . 0.5 10

—_—
e
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Fig. 3. The frequency dependence of the absorption coefficient «, for the P wave in the

lower mantle (solid line) in the interval of depth from 760 to 2900 km :

1, the experimental values with the 90Y% confidence region ; 2, averaging regression line ap (f); 3. 90% confidence ranges
for the regression line,
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The equations of the obtained regression lines are :
for H =100 — 760 km, «, = (4.88 & 1,31),10~4 km—1 )
for H = 760 — 2900 km, &, = (1.82 & 0.63).10—% km-1! 2)

The averaged dependence of «, upon f for the whole investigated
interval of the depths, calculated using (1) and (2) is:

for H =100 — 2900 km, a, = (2.54 & 0.79).10~4 km~-1 3)

The factor Q, mean values. In the case of the linear dependence
a=Ukf upon the frequency the mean value of the quality factor @, in the
examined interval of the depths becomes

Qp = l\—*{;; (C))
where V, — the mean value of the velocity in the depth interval under
consideration. To calculate the mean velocities along the vertical line in
the range of the depth under consideration the standard dependence of
the longitudinal waves velocities is admitted.

g Iq00 200& %
—
AR :
i | i
N . i
! [l 2
L1 '/1 |
1000 . Il |
Fig. 4. The average Q, values in the l I
depth interval from 100 to 760 km and ll g
from 760 to 2900 km and the mean value l l
in the depth interval 100 —2900 km. The H
dotted thin line shows the boundaries of l | ]
the 90 % confidence ranges. . l I
2000 : { | |
} |
2900 g |
H, km

Using the obtained dependencies (1—3) «, versus frequency f we
get the @, values at the different depths with the corresponding confidence
ranges at 909, level. Oalculated @, values are shown at the figure 4. It
is seen there that the absorption in the upper part of the mantle is more
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than in the lower one. The confidence ranges for @, values in the upper
and the lower parts of the mantle do not cross.

At the figure 4 it is shown also the mean value ¢, =1080 in the whole
range of the depth 100—2900 km calculated from the data obtained for
the upper and lower mantle.

THE COMPARISON WITH THE DATA IN LITERATURE

In the table 1 the comparison is made between the obtained @,
values and the data received by the different authors which had used
the other methods.

There are tabulated the data by Mikumo and Kurita (1968),
Kanamori (1966) and averaged @, values for the different depth
intervals, calculated by us for the model MM8’ by Anderson (1965)
and from another paper by Kanamori (1967), put in the paper by
Ibrahim (1971). '

To calculate the absorption in the whole upper mantle including
the Earth’s crust it is necessary taking into account the absorption in the
depth interval H=0—100 km. We in correspondence with the experimen-
tal data of Passechnik (1969) approved the value of @, = 220
that is like one calculated for the Anderson’s model

TABLE 1

The comparison of the Qp values in the upper and lower mantle

(p according to:

Used !

=1
Depth Vi}oci- 3A R ol M1kumo(lgggl) Kurita
interval km va1l1e1:s Authors E§ ’
km/s °Z 1(1967) | (1966) | M—5 [M—10 |M—11 [M—14
<
100— 760 | 9,04 7104150 | 380 | 165
760—2 900 | 12,48 133:&;2?, 3210 [1210 1690 {2310 14060 | 4900
100—2900 | 11,45 1080j:§§g 990 | 420
0— 100 7,62 320 | 230'| 100 .
0— 760 | 891 5304150 | 345 | 150 120 | 166 | 195 | 274
0—2900 | 11,20 8454050 | 850 | 375 | 410— 630 | 202 | 417 | 508 | 702
0 — 900 180— 240
900—2 900 16006000

One can see from the table that the difference of the values in the
upper and the lower mantle according our calculations being less than in
the models of the other authors. The probable cause of difference is that
the @, values in the mantle in the Anderson’s and Kanamori’s
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models are obtained on the ground of ¢, values for shear waves using

different chosen rations = = 2] (Anderson— n=2-25 Kana-
mori— n =1.0).

According to our data the @, value in the upper mantle is more than
in the other models and the @, value in thelower mantle is less than in
Anderson’s model and the part of the models of Mikumo and
Kurita and is close to the minimal value in Kanamori’s model.
The @, value in the upper mantle, determined by us, is most like the
Anderson’s data and the value ¢, = 480—800 obtained by Vinnik
et al. (1970) on the base of the amplitude ratio of the waves PP and P
along the P ray penetrating up to a somewhat greater depth H=1100 km.

In conclusion we’d like to point out that our data did not allow us
to make more detailed ¢, dividing of the mantle because of their large
scattering. However the used method can principally solve this task,
It iz necessary to make the further accumulation of the experimental
data and also to increase the accuracy of the @, determination in the
different parts of the mantle. It is ratherimportant to extend the range
of frequencies where the dependence «,=a,(f) is determined. In order
to make it one should use the P wave records, obtained with the broad-
band seismometers.
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SEISMIC WAVES IN INHOMOGENEOUS MEDIA—A REVIEW

BY
VLASTISLAV CERVENY, KAREL PE(!

INTRODUCTION

The purpose of this paper is to give a short outline of theoretical
methods used in the investigation of the propagation of seismic body
and surface waves in inhomogeneous media. The main attention is
devoted to the seismic wave propagation in the Earth’s crust and the
uppermost mantle. In restricting this survey the authors have focused
on elastic waves in perfectly elastic media. The scattering problems and
the theory of seismic sources are not included.

The four main theoretical approaches to the investigation of seis-
mic wave propagation are as follows : a) The ray series method and its
modifications, b) The exact ray theory, ¢) The wave method, d) Direct
numerical methods, such as the finite-difference and finite-element methods.
The ray theory and its modifications can be used for the investigation of
seismic wave propagation in very general, laterally inhomogeneous media
with, curved interfaces. Unfortunately, the method is only approximate
and has a number of serious restrictions. The other two methods — the
exact ray method and the wave method-— can be used only for relatively
simple models of media, such as the medium composed of homogeneous
parallel layers. The wave method has played a basic role in the investi-
gation of surface waves. In the investigation of body waves, its great
value consists in the possibility to give an exact solution to certain specific
problems, such as the reflections from a strictly horizontal transition layer.
The finite-difference method has been applied to seismological problems
only lately. Since it is based on a direct numerical integration of partial
differential equations of motion, it can be applied, in general to rather
complicated media. The same applies to the finite-element method.Howe-
ver, it will take some time to develop them for the solution of more complex
seismological problems.

In the following, the possibilities and limitations of mentioned met-
hods in the solution of various problems of seismological interest will be

1 Geophysical Institute, Charles University, Prague 2, Ke Karlovu 3, Czechoslovakia
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discussed in some detail. The bibliography given at the end of the paper
is far from being exhaustive. For more extensive bibliography on the
theory of seismic body waves? see Cerveny (1972 b). Note that
certain parts of this paper depend heavily on C er veny (1972 b).

RAY METHOD

Most interpretation methods in seismology which use seismic body
waves as a background have been based on the ray concepts. The basic
principles of the ray theory have been known for a long time. While previ-
ously the ray theory was used particularly for the media with one-dimen-
sional velocity distribution, at the present time methods have been ela-
borated for constructing rays, wavefronts and travel times and computing
ray amplitudes of body waves propagating in media where the velocity
depends on two or three coordinates and in which non-plane interfaces
of first order may exist. Computational methods are based mostly on the
numerical solution of systems of ordinary differential equations. These
systems can be solved by standard numerical techniques. (Belonosova
et al, 1967; Marcinkovskaia, Krasavin, 1968; Wesson,
1970;Cerveny,Ravindra, 1971; P §en &1k, 1972). The possibi-
lity to compute theoretical time-distance curves and ray amplitudes in
laterally inhomogeneous media canhelpus to check preliminary interpreta-
tions of seismic measurements of the structure of the Earth’s crust, which
are usually based on the assumption of horizontal layering. It is clear
that in simple media, where the layering is nearly horizontal, the discre-
pancies will be small. In regions, however, where the lateral changes of
velocity are large, e.g. in regions of block structure, the differences can
be rather expressive. These differences can help us to revise the model.
In the following, some examples from the international profile VI of deep
seismic sounding measurements in Czechoslovakia are presented. The
preliminary interpretations based on standard methods gave different
velocity-depth distributions in different parts of the seismic profile. Thus
the Earth’s crust was found to be laterally inhomogeneous (Béranek
et al, 1971). The ray diagrams and time-distance curves were computed
to check the interpretations. Examples of computations for two regions
of the profile VI are taken from P§endéik (1972), where more details
can be found.

a) Computations for the Moldanubicum (a part of the Bohemian
Massif). The structure of the Earth’s crust is not very complicated there.
Figure 1 shows the results of preliminary interpretations, the isolines of
velocity and the geometrical shape of Mohorovi¢i¢ discontinuity. Computed
ray diagrams of refracted waves propagating within the Earth’s crust are

2 erveny V. Theory of seismic body wave propagation. 1972. Upper Mantle Seis-
mological Investigation, Progress Report II, ESC, Soviet Geophysical Committee, Moscow
(in press).
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Fig. 1. — Preliminary interpretations, velocity-isolines and the geometrical shape of the
Mohorovi¢i¢ discontinuity in the Moldanubicum region.
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Fig. 2, — Computed ray diagrams of refracted waves, in the Moldanubicum region.
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Fig. 3. — Time-distance curves of refracted waves, in the Moldanubicum region.
1, experimental curves; 2, theoretical curves.
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Fig. 4. — Ray diagram of reflected waves from the Mohorovidi¢ discontinuity, in the
Moldanubicum region,
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Fig. 5. — Time-distance curves of reflected waves from the Mohorovidi¢ discontinuity,
in the Moldanubicum Region.
1, experimental curves; 2, theoretical curves.
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Fig. 6. — Velocity-isolines in the Earth’s crust, in the Bohemian-Carpathian transition zone.
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Fig. 7. — Ray diagram of refracted waves in the Bohemian-Carpathian transition zone,
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Fig. 8. — Ray diagram of the reflected waves from the Mohorovidié¢ discontinuity, in the
Bohemian-Carpathian transition zone,
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given in figure 2. The formation of a caustic caused by a strong gradient
of velocity at depths near 20 km can be clearly seen in the figure. Figure 3
shows time-distance curves of refracted waves. Dashed lines are experi-
mental, the full ones theoretical. In the region, where the experimental
time-distance curve exists, its aggreement with the theoretical one is
satisfactory. Figure 4 presents the ray diagram of waves reflected from
the Mohorovi¢i¢ discontinuity. No complieations. Figure 5 shows time
distance curves of these reflected waves. The differences between the
theoretical and experimental arrival times are about 1/2 s.

b) Computation for the transition region between Bohemian Massif
and Carpathians. The structure of the Earth’s crust is considerably more
complicated there. The isolines of velocity are given in figure 6. Large
velocity changes in horizontal direction cause that the ray diagram of
refracted wave is rather chaotic (fig. 7). The ray diagram of the wave
reflected from the Mohorovic¢ié discontinuity in the same region is comnsi-
derably simpler than that of the refracted wave (fig. 8). The time distance
curves for this region are not presented here. The differences between
theoretical and experimental arrival times in this region are, of course,
larger than in Moldanubicum.

No attempt will be made here to explain the observed differences.
This will be the object of further studies. However, it can be clearly seen
from the presented figures that the new approach to the construction of
time-distance curves in Jaterally inhomogeneous media can help to improve
the interpretations based on simpler methods. The kinematic inverse
problem is considerably more complicated than the direct ome. It is
well known that the broad range of seismic velocity depth models can be
found that are consistent with any given set of travel-time points.
Detailed investigation of the Wiechert-Her glotz method for
the one dimensional velocity distribution with possible low velocity
layers was performed by Gerverand Markushe vich (1966 ; 1967),
see also McMechan and Wiggins (1972). The investigation of
inverse kinematical problem for laterally inhomogeneous media has just
started. Certain methods for the velocity determiuation in laterally inho-
mogeneous media have been proposed by Alek s ey e vetal (1970 ;1971),
Fazylov (1971) and their colleagues in Novosibirsk. These methods
have been verified both on theoretical and real models of media. Results
have been obtained concerning the uniqueness and stability of these in-
version problems (Lavrentyev, Mukhometov, 1969). Note
that the Wiechert-Herglotz method was generalized for the
case of two-dimensional velocity distribution by Belonosova and
Alekseyev (1967). General procedures of the inversion of geophy-
sical data were proposed by Backus and Gilbert. For a detailed
description of the Backus-Gilbert method of inverting travel-
time data see Johnson and Gilbert (1972).

Greater attention has recently been paid also to the anisotropy of
seismic velocities and to its influence on time distance curves of seismic
waves. Today, the computation of seismic rays, wave fronts and time-
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distance curves of quasi-compressional and quasi-shear waves in inhomo-
geneous anisotropic media does not cause principal difficulties. Similarly
as in isotropic medium, a seismic ray is described by a system of ordinary
differential equations which can be solved by standard numerical methods.
(Cerveny, 1971 a). We have computed ray diagrams and travel-time
curves, for certain simple models of the inhomogeneous anisotropic Earth’s
crust. The results indicate that even slight anisotropy can cause remarkable
errors in the interpretation of the materials of deep seismic soundings of
the Barth’s crust, mainly in the determination of the depth of interfaces
(Gerveny,Pientik, 1972 a).

Up to now, only the computation of kinematic properties of indivi-
dual body waves, as rays, wave fronts and time-distance curves, has been
discussed. It should be noted that the computation of ray amplitudes of
body waves in laterally inhomogeneous, possibly anisotropic media, does
not cause principal difficulties, either. (Wesson, 1970; Cerveny,
1972 a). Thus, we can conclude that the time-distance and amplitude-dis-
stance curves of individual elementary seismic waves can be computed,
either for very general types of media.

Certain difficulties, however, can arise when we wish to construct
the ray theoretical seismograms. The methods for the construction of
theoretical (synthetic) seismograms in the case of normal incidence
are well known. At larger epicentral distances, the problem becomes
more complicated. In inhomogeneous media with curved interfaces an
infinite number of elementary waves can arrive at the receiver within
even 2 narrow time window. The problem of constructing ray theoretical
seismograms in inhomogeneous media with curved interfaces has not yet
been solved quite satisfactorily. The problem becomes considerably simpler
in the medium composed of plane parallel homogeneous layers, when we
do not take into account the PS8 and SP conversions. The number of
waves which arrive at the receiver within a finite time window is always
finite in this case. The situation is simplified by the fact that the individual
elementary waves can be grouped into the families of kinematically and
dynamically analogous waves. This considerably decreases the number of
waves Which must be taken into account (Petrashen, Vavilov a,
1968, Vavilova, Volodko, 1968; Hron, 1972). However, even
this case the number of groups remains very high, mainly when the epi-
central distance is Jarge and/or when thin layers are present in the medium
and/or when we are interested in a long interval of the theoretical seismo-
gram,

An example of theoretical ray seismograms is shown in figure 9.
Theoretical seismograms were constructed for a simple model of a five
layer Earth’s crust (submitted kindly by dr. Kosminskay a), shown
in figure 10. The theoretical seismograms are self-explanatory. (It should
be only noticed that the phase denoted by arrows at epicentral distances
of 40 and 50 km corresponds to the wave reflected from a sharp interface
at a depth of 1.5 km. To simplify the picture, this phase is plotted 10
times weaker with respect to reality). All possible types of compressional
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waves arriving within 15 s time interval are considered. Both the number
of elementary waves and of kinematic groups increase quickly with increa-
sing epicentral distance. For the epicentral distance of 40 km, the number
of kinematic groups is 215 and the number of elementary waves 1522.
For the epicentral distance of 200 km, however, the number of kinematic
groups is 2495 and the number of elementary waves 353706.

In the case of more complicated models, even the number of kine-
matic groups can be very high and the computations become lengthy. Then
we must use various amplitude criteria to exclude ,,a priori* certain types
of waves the intensity of which is very small. In spite of these difficulties,
we hope we shall be able to construct ray theoretical seismograms even
for rather complicated models of media (including inhomogeneous media)
in the near future.

The ray theory has certain serious restrictions. It is not applicable
in the case of rapid changes of velocity within short distances. The most
typical example is a transition zone. Further, it is not applicable when
the radii of curvature of an interface of the first order are of the same
order of magnitude or smaller than the wavelength. An example is the
corrugated interface. The ray theory can neither be used for the investi-
gation of waves in shadow zones, for the investigation of various types of
inhomogeneous and diffracted waves and in the neighbourhood of singular
points (such as caustics, critical region, grazing rays, a.s.o.). Very serious
difficulties also arize in the case of low velocity layers.

In some of the mentioned situations, certain modifications of ray
method can be used. The modified ray methods are again applicable to
inhomogeneous media with slightly curved interfaces and remove certain
difficulties of the ray theory. Forexample, the ray method can be modified
to include certain types of diffracted waves propagating within shadow
zones. The modification consists in introducing new rays, called diffrac-
ted rays, by extending the laws of ray theory. The numerical calculation of
diffracted rays and corresponding time-distance curves in laterally inho-
mogeneous media with curved interfaces does not cause difficulties
(Cerveny, PSendik ,1972 b). The modified ray methods can be
also used in the neighbourhood of singular points, such as caustics and cri-
tical points. (See details in an excellent bookof Babich, Buldyrev,
1972). Note that the singular points are of considerable importance in
seismology, as they are usually connected with strong maxima of ampli-
tude-distance curves. The position of these maxima is frequency dependent.

With frequency decreasing, the maximum of the amplitude curve
shifts to larger epicentral distances. The exception is the maximum cor-
responding to a caustic which is connected with the right reversal of the
time-distance curve. There the shift is opposite-to smaller epicentral
distances. More details and other references can be found in Cerveny
and Zahradnik (1972). Generally, the approximate computations
of amplitudes in the neighbourhood of singular points does not cause
serious dificulties today.
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Another, very powerful modification of the ray theory has been used
for the computation of theoretical seismograms in a thick-layered medium,
in which the layers are separated by transition zones. The transition zone
is simulated by a stack of homogeneous parallel layers. The thick layers are
attacked by the ray theory, the transition layers by wave methods, such
asThomson-Haskell matrices. See Berzonand Ratnikova
(1971), where are given other references. It is obvious that the combina-
tion of the ray method with other methods is very perspective.

Various modifications of the ray theory have been also for the
investigation of short-wavelength asymptotics of surface waves in com-
plicated media. For details see Babich and Molotkov (1970),
Babich and Buldyrev (1972). Molotkovand Ozer o v (1968)
have treated the problem of Love waves within a thin layer with a variable
thickness. The formulae for phase and group velocities have been derived.
Further, Babichand Molotkov (1966) have given asymptotic solu-
tion of the problem of Love waves in a halfspace inhomogeneous in two
coordinates. Another important problems of surface waves propagating
along curved interfaces in rather general laterally inhomogeneous media
have been studied by Babich (1967), Krauklis (1969), Ozerov
(1966) and others.

All the methods mentioned in the preceeding are only approximate.
In the frequency domain, they give the better results the higher is the
frequency. It is not simple to appreciate quantitatively the accuracy of
these methods. One approach is to compare the ray results with the exact
ones, obtained by different methods (for the situations where they are
known). In a medium composed of homogeneous planparallel layers the
exact ray theory can be used for this purpose. Also wave method and
finite-difference method can be used. Of course, these methods do not
serve only to checking the ray theory, but they are generally used to
obtain an answer to problems which can be hardly attacked by the ray
theory, mainly in situations where interference effects play a substantial
role (transition zones, corrugated interfaces, surface waves, a.s.0.).

EXACT RAY THEORY

The exact ray theory is based on the decomposition of the wave
field into contributions each of which can be attributed to a special ray from
the source to the receiver. Various models have been used to obtain the
exact expressions for individual contributions, suitable for numerical cal-
culations. The problem, however, has been solved succesfully only for
a medium composed of homogeneous plane parallel layers. Well known
arethe methodsof Cagniard-deHoop,SmirnovandSobolev,
Pekeris and other (Miiller, 1968; 1969; Helmberger, 1968 ;
Helmberger, Morris, 1969, 1970). Thus, we can compare the ray
theory and the exact ray theory as follows : &) The ray theory is an appro-
ximate, the exact ray theory an exact method. ) The ray theory may be
used in general inhomogeneous media with curved interfaces (except

6—c. 371
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of singular situations). The exact ray theory may be used only in 2 medium
consisting of homogeneous layers bounded by parallel interfaces. It should
be also added that the computations based on the ray theory are conside-
rably faster than those based on the exact ray theory. Nevertheless, the
computation of exact individual ray contributions — so called elemen-
tary seismograms —is also rather fast. The computations, however,

become lengthy when a large number of elementary waves must be con-
sidered. Miller (1970) has studied the possibilities of the exact ray
theory to the investigation of elastic wave propagation in vertically
inhomogeneous media. The medium is simulated by a stack of homoge-
neous thinlayers. Some approximations are necessary to save the computer
time as the number of elementary waves would be very high. Computa-
tion of theoretical seismograms have been restricted only to certain
low-order multiply reflected waves and the conversions have been deleted.

In spite of these approximations, the M iller’s method is very promis-
sing for the solution of certain problems of seismological interest.

Note that the exact ray theory has been also succesfully used for
the construction of theoretical seismograms in media with spherical
symmetry. The expressions for individual waves, however, are not quite
exact in this case (M iiller, 1971).

WAVE METHOD

~ Another important method to investigate the seismic wave propa-
gation is the wave method. It is based on a formal integral solution of
equation of motion, satisfying desired initial and boundary conditions
rélevant to the model under study. The analytical wave solution describes
compactly all the wave field, and automatically includes all P§ and SP
conversions and surface Waves. Unfortunately, these solutions are known
only for relatively simple models of media, such as the vertically inhomo-
geneous media. For the media separated by irregular interfaces and for
laterally inhomogeneous media the wdave solutions are known only excep-
tionaly. 'We shall consider here only the media in which the velocity is
a function of depth only.

The wave method has been broadly used for the investigation of
seismic surface waves. Therefore, a great.deal of this section is devoted
to the surface waves. Within the past period, surface wave studies have be-
come an important supplement to the body wave methods. Methods of using
surface waves depend mainly on the phenomenon of dispersion. The phase
velocity of surface waves is conditioned by the weighted average of shear
wave velocity, the depth of penetration depends on frequency. Then the
shear wave velocity variation with depth implies the phase velocity varia-
tion with frequency. The meaning of surface wave methods increased so
far by common use of -wide band seismographs and by substantial pro-
gress in methods of computation of dispersion curves.

For the computation of dispersion curves in a vertically inhomogene-
ous medium simulated by a stack of homogeneous planparallel layers,
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the well-known Thomson-Haskell formalism is in a common
use today. The method is exact and very systematic. The total effect of
the stack of homogeneous layers is expressed by a matrix multiplicaton,
so that the method is very suitable for machine computation and has
theoretically no limitations for any number of layers. Unfortunately,
the original Haskell matrix contains exponential terms which be-
come large at high frequencies and the accuracy of computation of the
short-period branches of dispersion curves rapidly decreases. The fact
that certain of these terms cancel one another during the process of com-
putation offers an alternative approach which avoids the mentioned in-
conveniencies. This work has been doneby Knopoff (1964), Dunkin
(1965) and Throver (1965). A detailed description of the application
of Knopoff’s formulationsisgiven, e.g., in Randall (1967) and in
Schwab and Knopoff (1972). Randall’s treatment includes
the factorization of the layer matrix into a matrix-vector product such
that all frequency dependent terms are excluded from the matrix and the
frequency is considered as a dependent variable. However this pro-
cedure involves additional matrix multiplication for each layer. Watson
(1970) and Sch wab (1970) modified the method to give faster machine
computation. The accuracy at high frequencies is also included.

For the solution of the inverse problems it is very helpful to know
not only the theoretical dispersion curve for an appropriate model but
also the partial derivatives of the phase and/or group veloeity with respect
to the layer parameters. For calculation of these partial derivatives three
approaches have been used. The initial work was carried out by Brune
and Dorman (1963) who have computed them numerically by slightly
varying layer parameters and making use of Thomson-Haskell
method. The accuracy of the numerical method has been appreciated by
Savarensky et al. (1967). However the numerical method is very
slow and even with the help of high speed computers the trial and eiror
method of modifying structure in order to fit the observed data is a te-
dious process. Consequently it is very desirable to get the computational
process as fast as possible. In applying Rayleigh’s principle, Ander-
son (1967) gives an exact method to determine the effect of changes of
velocity or density stiucture. Harkrider and Anders on (1966)
calculated by use of Rayleigh’s principle partial derivatives for the
fundamental mode Love wave velocities applying the correction to the
sphericity of the Earth. They used the same principle to compute group
velocity and amplitude partial derivatives. The results were given for
the fundamental and for three higher modes of Love waves for one oceanic
and one shield earth model in a form of tables. Another method, which
is very fast and quite exact, and which is based on the application of the .
theorem on implicit functions, has been proposed by Novotny (1970),
Schwaband Knopoff (1972).

It has been shown that partial derivatives may be succesfully used.
to investigate the properties of low velocity zones. The low velocity zones
are very important regions of the Earth, but the investigation of their
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detailed structure meets considerable difficulties sincebody wave methods
are indirect in this case. Supplementary methods for exploring this region
are needed. A good deal of the up to date knowledge of mantle low-
velocity zone has been obtained using surface wave dispersion studies.
Mainly the fundamental mode has been used of. Recent studies indicate
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increasing interest in the use of higher modes of surface waves as a tool
for obtaining information about the low-velocity zone in the crust and in
the upper mantle, about focal depth and the source mechanismus.
Several investigators—K ovach and Anderson (1964), Harkrider
(1970), Alterman (1969), P&¢ and Novotny (1971) —have shown
the possibility of utilizing them for several reasons to the low velocity
structure derermination. First, a considerable amount of surface emergy
propagates in a certain period range within the low velocity zone and under
suitable circumstances the share of higher modes energy on the whole
surface wave energy is considerable. Further, for the fundamental mode,
there is not a period range where the influence of the low velocity layer
would be predominant. The sensitivity of the dispersion curves tec the



15 SEISMIC WAVES IN INHOMOGENBOUS MEDIA 85

variation of layer parameters and consequently the possibility to utilize
them to the structure determination is expressed by partial derivatives
of the dispersion curve with respect to the layer parameters. As an example,
the partial derivatives of the fundamental mode of Love wave for a shield
model with one mantle low velocity zone (fig. 11), with respect to the shear
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Fig. 12. — The partial derivatives of the fundamental mode of Love wave for a shield
model with one mantle low velocity zone.

velocities of separate layers is shown in figure 12 (Pé¢, Novotny,
1972). The numbers at the curves denote the layer numbers (1, 2, 3 are
the crustal layers, 4 the high velocity layer and 5, 6 are low-velocity layers).
It is seen that the overburden of the low velocity zone has a screening
effect through the whole period range. Higher mode dispersion curves
behave in a quite different way. Figure 13 shows the partial derivatives
of the first higher mode of Love waves with respect to the shear wave
velocities. The period of 9 s divides the pattern into two separate ranges
in which the curves behave in a quite different way. Within the short
period range the highest value of partial derivatives is reached by the
curves associated with the crustal layers1, 2 and 3. In the long period range
two curves corresponding to the low velocity layers 5, 6 are predominant.
It follows that higher modes discriminate fairly between low velocity
zone and crustal layers. The fundamental mode has not that property.
The importance of higher modes among the other phases have been shown
by Alterman and Abramoviei (1967) who computed theoretical
seismograms for spherical models and a P-wave point source.
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In order to be able to explore succesfully the favourable properties
of higher modes, it is essential to know the amplitude ratios of the higher
modes to the fundamental one. In other words, to know the partition of
energy among surface wave modes. Harkrider and Anderson
(1966) studied the partition of energy among surface wave modes by means
of their amplitude spectra. A similar way to get an image about the ratio
of amplitudes of suiface waves is the computation of theoretical seismo-
grams. The computation of theoretical seismograms in a horizontally

layered miedium by wave method is not a simple problem, especially

when we are interested inbody wave phases. However, the part of theore-
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Tig. 14. — Theoretical seismograms of Love waves, computed for a shield model having
. a mantle low velocity zone. ’

tical seismogram which corresponds to surface waves can be computed
without difficulties. Figures 14 and 15 show theoretical seismograms of
Love waves computed for a shield model having mantle low velocity zone.
It is the same model which is shown in tigure I1. In the first row, the
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seismograms for the source situated at the top of the first layer are given,

the second row corresponds to the position of the source situated in the

second layer a.s.o. It is seen that the seismograms corresponding to sur-

face foci contain a negligible portion of higher mode energy, the mutual

separation of individual modes is practically excluded. If the seismic
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Fig. 15. — Theoretical seismograms of Love waves, computed for a shield model having a
mantle low velocity zone.

source is situated in the low velocity zone or below it, the higher modes
have the amplitudes comparable with the amplitudes of the fundamental
mode.

The pecularities of higher modes of surface waves have been studied
by Thatcher and Brumne (1969) and by Boore (1969), who have
also investigated the limitations in the application of higher modes to
the structure studies.

The systematic discrepancies between the structure determinations
made by use of Love and Rayleigh waves indicate that the theoretical
models are oversimplified. The nature of some of these discrepancies
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suggests that they may be due to the anisotropy of seismic velocities.
Omne of the earliest investigators dealing with the seismological implica-
tions of anisotropy was Jeffreys (1934). Theoretical studies of ani-
sotropy in a horizontally layered medium in relatien to the surface waves
and their dispersion curves have been carried out by a number of investi-
gators, e.g. by Stoneley (1949), Crampin (1967), Anderson
(1967), Joh n s on (1970). The problem of anisotropy is not so far solved
in an exhaustive way and keeps on to be in the center of attention of many
seismologists.

Considerable attention has been also devoted to surface waves in
vertically inhomogeneous media., The continuous variation of elastic para-
meters and density with depth has been represented by various laws,
namely by an exponential and power law.

The application of spectral theory to problems of surface waves has
made possible taking into consideration more general media and types of
source. 'evshin and Y anson (1971) have solved the case of medium
which is supposed to be subject to any law of variation of elastic constants
and density with depth. The expression of the displacement in terms of
eigenfunctions has been made use of.

The wave method has been used not only for the investigation of
surface waves, but also for the investigation of various problems of seismic
body waves in vertically inhomogeneous or in horizontally layered media
(Gilbert, Backus, 1966). The classical problem in this field is the
computation of reflection coefficients from transition layers. Various ap-
proaches can be used (Fuchs, 1968a; Ratnikova, Levshin,
1967; Richards, 1971; Gupta, 1966). The reflection coefficient
being found, an integration must be performed to evaluate the wave field
from a transition layer due to a point source. The numerical integration
meets a number of serious difficulties. Certain approaches to the computa-
tions of discussed integrals have been proposed by Fuch s (1968 b) and
Phinney (1965). Fuch s has investigated in detail the reflections from
trangitions and laminated layers and obtained a number of results of
considerable seismological interest. Also asymptotic methods can be used
to evaluate the integrals (Fuchs,1971;Nakamura,1968;Merzer,
1971). Note that the first quite exact solution of the point source — linear
transition layer problem has been obtained by Hirasawaand Berry
(1971). Exact solutions are derived by numerical evaluation of the contour
integral in the complex wave number plane.

The wave theory has been also used to solve the problem of reflec-
tions from irregular interface. The theory of reflection of seismic wave from
an irregular interface is very complicated. The difficulty is caused mainly
by the boundary conditions which must be applied on the irregular inter-
face. When the curvature of the interface is small, the ray theory can be
often applied (Gel’chinskiy et. al., 1968). The ray theory, however,
is not applicable when the curvature islarge. Various methods have been
used to investigate the mentioned problems (Abubakar, 1962 ; 1963 ;
Aki, Larner, 1970). Considerable progress has been acheived by the
application of direct numerical methods, see the next section.
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DIRECT NUMERICAL APPROACHES

~ During recent years substantial progress has been acheived in the
direct numerical solutions of equations of motion of elasticity by means
of finite difference method. A series of important papers has been published
by Alt er ma n. The method has been applied to study.the pulse propa-
gation in a heterogeneous sphere, in a layered halfspace, in a quarter and
three-quarter plane, a.s.0. (Alterman, 1968; Altterman-Aboudi,
1971; Alterman, Karal, 1968; Alterman, Loewenthal,
1970 ; 1972), A detailed review is given in Alterman and Loewen-
t h al(1972), Results of computations carried out by means of the method
of finite-difference fora point source in a layered halfspace were compared
to results of earlier computations carried out by means of the exact ray
theory by Alterman and Karal (1968), The agreement between
the theoretical seismograms obtained by two different methods was
very good. The finite-difference computations proved to be much faster
than the calculations based on the exact ray theory. The use of finite.
differences turned out to be advantageous not only for problems for which
analytic solutions have not been found but also for problems for which
analytic solutions are lengthy, Very promissing is the combinations of
finite-difference method with other methods, e.g., with the perturbation
method. This combination has been used for the investigation of certain
problems of wave propagation in laterally inhomogeneous media by
Landersand Claerbout (1972) and in a medium with the corru-
gated surface by Altermanand Aboudi (1972).

The finite-difference method and the finite-element method- are.
very convenient for the investigations of surface waves in inhomogeneous
media. with irregular boundaries. Detailed reviews are given in Boore
(1972), Lysmerand Drake (1971; 1972).
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SYNTHESE D’ONDES PL ET PL (§) A PARTIR DE
MODES NORMAUX1!

PAR
NELLY JOBERT?

Résumeé

On construit 4 'aide des premiers harmoniques sphéroidaux d’un modéle de Terre sphé-
rique a crolite continentale une onde PL & courte distance, et une onde S aux distances ol
peut apparaitre un couplage avec I’onde PL. Les caractéres de ’onde PL (son amortissement
en pamcuher) peuvent étre retrouvés sur une somme de modes normaux. L’aspect de I’onde S
au voisinage de la distance de couplage résulte de I’interférence entre différents harmomques,
des groupes a dispersion anormale caractéristiques de la présence de la crotte.

Les ondes PL, imparfaitement guidées dans la crofite, sont associées
& des racines complexes de I’équation de dispersion d’un modeéle plan.
Si on considére un modéle sphérique, toute phase d’un sismogramme pou-
vant alors étre obtenue par synthése de modes normaux, correspondant &
des racines réelles, on peut espérer faire apparaitre des ondes PL par un
choix convenable du domaine spectral.

Poupinet (1970) a montré que la dispersion des premiers har-
moniques spéroidaux d'un modéle sphérique & croiite continentale (mo-
dele de Gilbert, 1964) présentait des anomalies caractéristiques de la
présence de la crofite : on voit sur la figure 1b une famille de maxima et
minima de la vitesse du groupe, tendant vers un point d’inflexion avant
de disparaitre ; pour une sphere homogéne, la famille analogue tend rapi-
dement vers une vitesse de groupe plus grande (fig. 1a) et correspond
(Alterman, 1969) & des réflexions multiples en surfacedetype P,8,;
les périodes et vitesses de phase des groupes de la famille de la figure 1b
se placent (fig. 2) sur la courbe de dispersion de 1’onde PL dans la ,,zone
d’observations” & plus faible amortissement, les vitesses de phase sont alors
voisines de V,. Georges Poupinet a montré ’existence d’autres familles,
correspondant & des harmoniques de modes & perte.

En ce qui concerne la premiére famille, les calculs de Georges Pou-
pinet ont été effectués pour les quarante premiers harmoniques jusqu’a
un ordre n voisin de 300. Les sismogrammes théoriques sont batis & partir
des valeurs propres lp, correspondantes, en cherchant & faire apparaitre
des accords de phase entre harmoniques. On considére la composante lon-

1 Contribution I.P.G. N 60.
3 Institut de Physique du Globe. Université Paris VI.E.R.C.N.R.S. N 115. Paris, France.
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gitudinale du déplacement provoqué par une source brusque située a I’
origine en un point de la surface a la distance angulaire A .Pourchaque
harmonique de rang I, on calcule :

N B
Y, A, PL(cos A)cosIp,t
= S

ol P} est la dérivée par rapport &4 A du polyndéme de Legendre P, (cos A).
L’amplitude A,, arbitraire, est lentement variable avec ’indice n, comme

141
Sphére homogéne A=t
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Fig. 1. — a) Dispersion (vitesse de groupe en fonction de I'indice n de I’harmonique
sphérique ) des premiers harmoniques sphéroidaux de la sphére homogéne;
b) Dispersion des premiers harmoniques d’'un modele sphérique stratifi¢é ayant les pro-
priétés du modele continental de Gilbert (1964):

H =36 km; ¥, =5, km/s; Wy = 3,41 km/s; p;= 2,67¢ /cm®. demi-espace; V; = 8,1 km/s; Wy = 4,68 km/s;
p3 = 3,27 gfem?,
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c’est le cas pour une source voisine de la surface. Ensuite on somme la
contribution des différents harmoniques ; le résultat, dans ces conditions,
est influencé seulement par les déphasages entre harmoniques.

r 74
filK) :

3t ' Loss
Fig. 2. — Combaraison des anoma-
lies de dispersion des' harmoniques ; . o
sphéroidaux avec lemode de P 4+ — 2T i
de Gilbert (1964): F = H|/ V,T; .

K = H;A/A = longueur d’onde. i
JF g 003
/'/.
1 2 2 Rt K
ONDE PL

Aux courtes distances, la vitesse apparente de I’onde P este voisine
de V,. La limite N des sommes partielles a done été prise de facon &
assurer la synthése des groupes ayant cette vitesse de phase, qui sont
justement les groupes & anomalie de dispersion. Sur la figure 3, pour A =5°,
on voit que les harmoniques sont d’autant plus en phase que leur rang
augmente ; leur somme contribue 4 une onde P dont la période apparente
est de ’ordre de 50 secondes. Quand la distance augmente, le déphasage
entre les trains augmente et ils interférent de moins en moins. Dans la
somme, leur contribution, sous forme d’une petite ondelette de 40 secondes
de période environ, se détache de1’onde & grande période située au voisina-
ge du temps d’arrivée des P (la reconstitution de la phase P nécessiterait
la somme d’un trés grand nombre d’harmoniques). L’ondelette devient
de plus en plus faible, & A =25° les harmoniques ont des phases trop
différentes pour que ’interférence soit constructive.

On voit ainsi que ’amortissement de 1’onde PL au cours de sa pro-
pagation résulte de 'augmentation avec la distance du déphasage entre
les trains d’harmoniques.

La période apparente de ’ondelette résultant de l’interférence des
groupes & anomalie de dispersion est de I’ordre de 36 secondes, ce qui
correspond suivant les notations de Gilbert & des parties réelle et imaginaire
de la fréquence réduite : Fr =0,12 ; F; =0,003 (fig. 1) d’olt une vitesse de
groupe U, de 'ordre de 5 km/s et un facteur de qualité théorique @ =15 ;
d’aprés les amplitudes des sismogrammes calculés, on trouve @ de ’ordre
de 25, et une vitesse de groupe de 5,3 km/s.
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A=80° Somme
p
ok i —A
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Fig. 4. — Somme des premiers harmoniques.
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La théorie asymptotique des modes normaux permet de considérer
Ponde SH comme formée lors d’interférences entre harmoniques, pour les
groupes dont les vitesses de phase sont égales & la vitesse apparente de
Ponde de volume (Ben Menahem, 1964; Pekeris, 1965); ces
considérations sont applicables & d’autres phases (Brune, 1964). Pourle
modeéle considéré, la courbe de propagation des § est telle que la vitesse
apparente a A A{dT # W, (cos Af2)~! si le trajet -dans la croute est négli-
geable, devient voisine de V, pour A =A, =109°30’. On peut done s’attendre
iei & une contribution dans la phase § des groupes & dispersion anormale
au voisinage de la distance A,.

La figure 4 montre les résultats obtenus pour A = 90° 109°30’,
120°, 130°; pour chaque harmonique, la somme a été limitée de fagon & as-
surer la synthése du groupe dont la vitesse de phase est égale & celle de
I'onde 8, de facon & favoriser les interférences entre harmoniques. Du fait
du nombre limité d’harmoniques utilisé, 1‘onde § obtenue est incompléte
& toutes distances; aussi sa période augmente-t-elle apparemment avec
la distance. Les groupes & anomalie de dispersion sont bien synthétisés
pour A< A, ; mais & distances inferieures, ils sont en avant de la zone d’inter-
férence (fig. 4a) et, par suite de l’aplatissement & haute fréquence des
courbes de vitesse de groupe, ce sont les groupes en fin de chaque train
d’harmoniques qui sont prépondérants. Pour des distances supérieures &
A,, les groupes & anomalie de dispersion n’interférent plus, étant en arriére
de la zone d’interférence (fig. 4d); sur la figure 4b, pour A = A, on voit
Pinterférence des groupes anormaux des derniers harmoniques. Les
sommes ont été normalisées sur la figure 4, en réalité, ’amplitude maximum
de la somme est obtenue pour A = 120°.

On se propose d’améliorer la méthode en utilisant les amplitudes
spectrales associées au modéle, en augmentant le nombre d’harmoniques
et en cherchant Peffet de discontinuités plus profondes dans le manteau.
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FUNDAMENTAL AND HIGHER MODES OF LOVE WAVES FOR
DIFFERENT CRUST-MANTLE MODELS

BY

OLDRICH  NOVOTNY, KAREL PE®

Abstraet

The occurence of short per