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Abstract

Three component strain seismograph systems have not previously
been fully utilized for separation of SV and SH waves or for separa-
tion of spheroidal and toroidal modes of free vibrations. Two new
techniques have now been developed for such separation. They are
illustrated with an example of free oscillation separation from the 1964
Alaskan earthquake recorded at Nokogiriyvama and for separation of
plane SV and SH waves, a recent example of a deep earthquake in
the Japan Sea recorded at Yahiko is utilized. In the case of wave
separation, no prior knowledge of the epicentral location is required.
Comparison is made of this technique with that of the rotational strain
seismographs of Ozawa and Watanabe. In the case of free oscillation
separation, it is necessary to assume the approximate form of the
source mechanism in order that the azimuthal order number of the
surface harmonics can he specified. The noise level at the Nokogiri-
vama station was quite high during the Alaskan earthquake, and as
a result only a few modes are clearly identifiable. This data can be
presented only as an illustration of the technique of mode separation.

Introduction

Considerable effort has gone into data processing techniques and
instrument development for separation and identification of the various
modes of elastic vibration of the earth and the various types of elastic
waves. One of the most attractive means of separating toroidal vibra-
tions and SH waves from all other signals is to calculate the rigid-body
rotation associated with the elastic motion, since these types of waves
are the only ones for which this quantity is non-zero. Saito (1969) has
done this by means of a large array of long-period seismometers. Some
including Watanabe (1963), Ozawa (1967), Hagiwara (1958) and a number
of others whose work is unpublished have attempted to develop instru-
ments that respond directly to the rotational component of motion.
Substantial difficulties exist however, and as a result, such instruments
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have not gone beyond the experimental stage. In the present work,
an alternative approach is taken to enable the separation of wave and
mode types by means of a three-axis strain seismograph. ' Two techniques
are presented, one appropriate for short period plane waves and the other
for long period free oscillations. Neither of these techniques enables
one to determine the rigid body rotation, since this quantity ecannot be
determined by means of linear strain seismographs. The approach rather
is to postulate a model for the signal in terms of the unknown amplitudes
of the different constituents, and to use the observed strain field to solve
for these unknowns. The direction of arrival for the wave is not
required to carry out the process.

The purpose of the mode separation attempted here is to improve
the ability to identify modes of free oscillation of the earth in those
regions of the spectrum where there is confusion between higher mode
spheroidal oscillations and fundamental mode toroidal vibrations, and to
determine which modes have been excited in those regions where there
is virtual coincidence between spheroidal and toroidal modes. The purpose
of the plane wave technique is to aid in the picking of S wave arrival
times and to improve the ability to distinguish differing SH and SV
velocities which may be caused by anisotropy in the mantle.

Mode Separation

The elastic displacement of a sphere can be conveniently written in
terms of the vector spherical harmonies P, B and C as defined by Morse
and Feshbach (1953) :

for spheroidal modes,

Us=[U."P:n(0, $) + Vi(r) Bin (0, $)177°%,
and, for toroidal modes, (1)
U, =[W,(1)Cin(0, ¢)17 1"

Three arbitrary functions of depth U, (r), V, (r), and W, (r) are required,
and can be solved for if the elastic strueture is specified, and the exci-
tation function is known. We will use the abreviation U, (a)=U,. U,
and V, go to make up the spheroidal modes of vibration and W, repre-
sents the contribution of toroidal modes. The approach here will be to
formulate the problem such that the values of these three functions,
evaluated at the surface r=a, can be determined experimentally from a
single measurement of the strain tensor. As will be pointed out, this
cannot be done without some simplifying assumptions. Since the bulk
of data on long period oscillations appears to come from individual long-
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GREAT CIRCLE
PATH

Fig. 1. Geometry and definition of source coordinates. Note that
epicentral distance and direction of a nodal line of the source must be
known to define source coordinates.

period observatories, and there are not yet enough to make practical those
types of analysis that utilize world-wide networks of such data, the pre-
sent approach seems justified as an attempt to extract more information
from a single station than has been heretofor possible. To date, long
period pendulums, and 2 axis strain seismographs have been used for
analysis. Additional information exists in the third component of a
strain seismograph system, that cannot be obtained from a pendulum
instrument. Apparently this additional information has not yet been
fully utilized in the analysis of propagating waves or elastic vibrations.

The configuration assumed is the most common for strain seismographs,
two axes at right angles, and the third at 45°, and in which the refer-
ence axis makes an arbitrary angle 6 with geographic north. Reference
to Fig. (1) shows the definitions and conventions used in defining angles.
The first problem is to express the strain tensor in terms of the source co-
ordinates. When this is done, and a simple assumption about the source
excitation is made, considerable simplification occurs in the expressions
for U,, V,, and W, in terms of the observed extensions along the strain
seismograph axes. In what follows, we will assume that for very long
periods the earthquake can be viewed as a point source, and that its point
force equivalent is a double couple of one of two types. The first type
corresponds to a horizontal strike slip motion on a vertical fault plane and
only the harmcnies with m=2 are excited. The other type, corresponds
to pure dip slip motion on either a vertical or horizontal fault plane which
will excite only harmonics with m=1. Experimental evidence from
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measurement of amplitude patterns of long period surface waves indicates
that although this assumption is not strictly true (i. e. propagation effects
of the source, and dipping fault planes cause important asymmetries,
which call for a distribution of energy over various values of the parameter
m), most of the energy in the very long periods can be adequately repre-
sented by using only m=2, or m=1.

Note that all expressions are in terms of the source coordinates,
thus ¢ is the epicentral distance, and ¢ is the azimuth measured from
the nodal planes assumed for the source. For great earthquakes for
which this process is intended, there is usually ample evidence for such
assumptions.

Calculating the strain tensor in terms of the experimentally available
extensions El, E2, and E3, we obtain:

ess=[E1(cos 2y +sin 2y) +E2(cos 2y —sin 27) —2E3 cos 2r1D7,
90— €43 =[ —E1(cos 2y +sin 2y) + E2(cos 2y —sin 2y) +2E3 cos 271D, (2)

where,
D:cos327+%sin 27[1+cos 2y +sin 27].

Next, from equation (1), we differentiate to determine the strain tensor
in terms of the functions, U, V, and W,

» eoo=0au U+ a. Vi+a, W,
3¢¢:a12 Ul+a22 Vl+a/23 Wl; (3)
o= Ui+ a5 V,+as, W, ‘.ﬁ '

At this point we omit the commom exponential term and make the as-
sumption that in range of interest, that is | between 7 and 20, wf{=w’.
The coefficents a;; are given as follows:

a11=a21=0/31=X;n(0, ¢) =P§n(COS 0)im¢,

M= l_l_i/"f;'—l(—cos 0X7.41(0, ¢)+sin 0X74,(0, 6))

+l+l—m(cos 0Xi1(0, §) —sin X (0, 9)),

=M xp - —1)— r.(0, 9)],
axa—l(l+1)[Xl+1(‘9’¢)(l m~+1)(1—1)—(+2)(+m) X.(0, $)]

an= L {24,008 0X7(0, )+ Assin0X7'(0, 6) + AmX 2.0, )

—AmX7.(0, )}, (4)
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1
sin’0 ‘
+A4,sin 0X7,(0, ¢) — A;mX7(0, )},

aszzsi%{-_mmxr(a, @)+ A, cos 0XT,.(6, §) — A, cos 0XT,(6, 6)},

An=

{24, cos 0.X7,,(0, ¢)—2A, cos 6X1",(0, §) — A, sin 0.X71,(0, J)

___um VT — o1y T -
aas_l(l—l—l}sinzﬁ{ =1 {l—m+1) X700, ¢) +[1+2)([+m) X760, 8)},

_l=—m+1
l+1

—Llrm

i l

_ m(2l+1)

ST

The notation X7 (0, ¢) indicates differentiation with respect to 6.

Solving equations (3) and (4) for W,, we obtain the following ex-
pression :

and A1

’

b

W,= (axz—aaz)eags—azz(eaa —e44) (5)
- . ’
(Q12— Qo) Qg — 225 Gy

the experimentally determined values of strain expressed in equation (2)
may then be substituted for the final result. Note that it is not neces-

sary to solve independently for U, and V), since the combination e, e,
which is areal dilatation, already provides a function independent of [,

that contains only spheroidal type motion [Smith (1966)].

The above operation are desired for application to the spectrum,
however, they may also be used for a narrow band in the time domain.
If the signal to noise ratio is good, it is preferable to calculate the nu-
merical complex Fourier transform of the data, and then solve for W,
separately for each l. In case noise is a problem and the power spectrum
rather than the Fourier transform must be used, the time series must
be transformed using equation (5) before the spectrum is calculated.
Since the function W, is only slowly varying over [ in the range [>10,
this can be done for various bands, examining perhaps 4 or 5 modes at
a time. This approach seems adequate, since the objective of the tech-
nique is to resolve certain specific problems of mode identification in
specific frequency bands.

Example of Mode Separation

The authors tested their mode separation technique for the Alaskan
earthquake of . 1964, utilizing strain seismograms at the Nokogiriyama
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Fig. 2. Relation of direction of wave approach to orientation of
strain seismographs for the two examples discussed.

station of E. R. I.. As many other Japanese observatories for ecrustal
movements, the station was equipped with three components of ex-
tensometers since its establishment. After several improvements which
were applied to them later, the instruments were provided with a func-
tion as a three axis strain seismograph system. Fig. 2 shows the station’s
location and direction of the three axes of the instrument together with
the direction of arrival of the seismie signal.

Thus the three components of strains, E1, E2 and E3, due to the
earthquake were recorded on charts individually, although the quality of
the records was not very good for the present purpose. That is to say,
the recording system was designed for tides and secular movements.
basically, having low paper speed and no DC-cut filters. Relatively high
noise level at the station site and frequent adjustment of the recording
conditions by the observer during the Alaskan earthquake were another
obstacle for the present study. Due to these undesirable conditions,
the set of records available for analysis covered a period of 14.4 hours,
from 17h30m of May 28 to 07h54m of May 29 (JST).

Practically, the analysis was done in the following procedure :

a) band-pass filtering,
b) mode separation, and,
c) spectral analysis after auto-correlation.

Provided that the records have a good signal-to-noise ratio, an al-
ternative procedure of taking the numerical complex Fourier transform
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would be preferable. The power spectrum method was decided upon for
the present case because the noise level was quite high. As discussed
in the previous section, the present technique of mode separation is a
non-linear process, basically ; so that noise and unnecessary signals should
be eliminated at the initial stage in order to reduce contamination of the
final result due to these components. The filter was designed so that
it may have the pass-band of 8 to 16 min., as the previous analysis
[Smith (1966)] seems to promise a high signal-to-noise ratio here.

Next is the principal stage of the present technique, at which mode
separation was done on the bases of the foregoing theory. Several para-
meters were given for this purpose to specify the source conditions and
the station’s location in the source coordinates [see Fig. 1]. Among
them, specifying of ! and m would need short remarks. It is already
known that the function W in eq. (b) is only slowly varying over I,
permitting us to examine 4 or 5 modes in a narrow band simultaneously.
Therefore [ was fixed at 9 in the present test, which corresponds to the
order number at the center of the pass-band. Determination of m would
be an interesting problem on source mechanisms in itself. But, in the
following, let us simply assume m=1, refering to the work by Savage
and Hastie (1966). Strictly speaking, excitation by an actual earthquake
should be represented, probably, by a combination of several values of
m [cf. Ben Menahem (1964)], but the present data is not good enough to
permit a detailed discussion.

There is no special remark on the third stage of calculating power
spectra for the separated modes, as it refers to the well-established
method of spectral analysis. Fig. 3 illustrates the final results thus
obtained, in which the spectra of the spheroidal and toroidal components
are compared with those of the linear strains recorded in the NS-, EW-,
and NW-SE directions, respectively.

It is notable that the energy peaks of the spheroidal and toroidal
modes in the 0.08 c¢cpm band are shifted reasonably to one another, cor-
responding to S, and Ts, respectively. Good correlation of their peaks
to S, and T, is also evident around 0.095 cpm. Agreement of the peaks
with prediction is not so clear beyond 0.15 cpm both in the spheroidal
and toroidal channels. This region of the spectrum was selected for
study because a number of interesting problems in mode identification
exist here, as for example the identification of S, and T,,. In Fig. 4
we see that S, seems clearly recorded, however T, is not easily dis-
cernible. As mentioned earlier, the data for such analysis was not ideal,
and it is presented here more as an illustration of the technique. How-
ever, it is interesting to note the periods of the modes determined
in this way. They are listed below, and compared with values from
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Smith (1966).
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Fig. 3. Spectrum of Alaskan earthquake recorded at Nokogiriyama
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Nokogiriyama Isabella
Ts 12.02mi 12.28min
Ty 10.28 10.33
T 8.845 8.963
Se 11.74 11.80
Se 10.38 10.56
S . 9.500 9.895

The toroidal modes in Fig. 3 have a pronounced difference between
even and odd order numbers, with the even order peaks being much
more predominant. This effect cannot be a result of the source geometry,
or the position of the station. A detailed study has not been made,

however it is possible that it is an effect of a propagating or distributed
source.

Plane Wave Separation

Data from two horizontal seismometers, or a 2 axis strain seis-
mometer will enable one to determine the ground particle motion associ-
ated with a passing seismic wave. From such particle motion, it is often
possible to identify wave types and direction of arrival, and also improve
the determination of arrival time for various wave types. It is proposed
here that a third horizontal component of strain adds new information
regarding the direction of approach and mode of propagation of seismic
waves, and that this information can further aid in the interpretation
of seismograms. »

The approach used will be to postulate the form of a wave arrival
in terms of unkown amplitudes of longitudinal and transverse wave
motion, and direction of approach. In its simplest form, we assume an
incident wave consisting of a P or SV wave with amplitude A, and an
SH wave with amplitude B incident from an angle 8, which is unspecified.
The formulation is for steady state plane harmonic waves, but the intent is
to use it on narrow-band filtered seismograms. The strain ellipse pro-
duced by this wave will consist of the sum of two strain fields. The
contribution of the P or SV wave will have its principal axis at an angle
6 to the y axis, and an areal dilation proportional to A, the strain due
to the SH contribution will have its principal axis at an angle 0+45°,
and an areal dilatation of zero. The technique to be described below
is essentially one of trying to determine what possible combinations of
such strain fields could give rise to the actual deformation at each in-
stant of time. One cannot do this with conventional pendulum seismo-
graphs, or with conventional 2 axis strain seismographs. The third
component of strain is essential in defining the instantaneous strain
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ellipse.
The components of displacement associated with the above wave are

u=[A sin 0 — B cos §]e** @i Itveod (6)
v=[A4 cos 0+ B sin ¢’ sin0+veost)

and the strains are
¢.,=A sin*6— B sin § cos 0,
e,,=A cos’ 0+ B sin g cos 0, {7)
e,,=Asin20—Bcos20,
omitting the common exponential factor. The amount of areal dilatation,
which is the amplitude of the P or SV component is immediately de-

termined from the sum e,.+e,,=A.
We can thus write

A=e,, sin 20+ (¢,,—e,.)cos 20, (8)
B— A sin 20-—6“,7‘ (9)
cos 26

Since A is know, we may solve eq. (8) for siné and substitute it in
the expression for B. Thus from the three independent components of
the strain tensor we are able to solve for the three unknowns, that is,
the proportions of SV and SH waves, and the direction of approach.
In solving for sin@ it was necessary to square both sides of the
equation and thus introduce an ambiguity in the sign of the radical in
the resulting expression for sin #. That this is a physical ambiguity as
well as a mathematical one can be seen by considering the response of
a strain seismograph to SV and SH wave individually. The response
funections for a linear strain seismograph given by Benioff (1935) show
a two-lobe pattern (cos?d) for P or SV waves and a four-lobe pattern
(sin @ cos @) for SH waves. Thus in the case of an SV wave there is
an ambiguity of 180° in determining the direction of arrival, but for an
SH wave there is an ambiguity of 90°. As a result, when such wave
types are combined, it is not surprising that the resulting ambiguity in
direction of airrival is a variable depending on the relative amplitudes
of the SV and SH contributions. The behavior of this ambiguity can be
investigated quantitatively by plotting both sides of equation (8) as is
shown in Fig. 4. In this figure we see that if A=0, the case of a pure
SH wave, the straight line along the 6 axis intersects the curve at two
points thus giving two possible solutions for the direction of arrival. In
the case of a pure SV wave when B=0, we see that A’=e,*+ (¢,,—¢..)®
and the straight line intersects the curve at its maximum value thus
giving solutions that will be separated by 180°. For combinations of SV
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“Combined SV and SH
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Fig. 4. Solutions to Equation 12 showing possible angles of approach
6;. Note that in case of a pure SV wave the ambiguity in direction
of approach ;- 6; is 180°, and in the case of an SH wave the ambiguity
is 90°. Intermediate values are also possible for a combined wave.

and SH waves, as can be seen in Fig. 4, there are in general two
possible directions of arrival separated by an amount that is a function
of the relative amplitudes A and B. Since the ambiguity cannot be
removed without additional information, it is intended to use the process.
to produce separate SV and SH strain seismograms, as an aid in dis-
tinguishing wave arrivals. The ambiguity in direction of arrival can then
be removed by looking for consistancy in the directions of arrivals of
the stronger phases. In particular, if the P phase can be identified, for
which by definition B=0, then the direction ¢ is unambiguously deter-
mined from the above process.

Example of Wave Separation

To test the process, a synthetic signal was constructed that corre-
sponded with the direction of approach of an actual earthquake signal
to be discussed later. Two cycles of an SV wave were combined with
two cycles of an SH wave with an overlap of one cycle as shown in the
upper part of Fig. 5. Using this assumed displacement field, the appropri-
ate strains were synthesized for the three component strain seismograph
and this data was then sujected to the analysis previously described.
The result, shown in the lower two traces of Fig. 5 illustrates that good
separation of wave types is possible under these ideal conditions.

A limited amount of data recorded in appropriate form was available
from three component strain seismographs. A recent example of a deep
earthquake in the Japan Sea recorded at Yahiko Observatory 4=440km
was chosen to demonstrate the process on actual data. The direction of
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Fig. 5. Synthetic data for test of plane wave separation process.
Direction parameters are assumed the same as for actual data shown
in Fig. 6. :

arrival of this signal with respect to the Yahiko Observatory is illustrated
in Fig. 2. The earthquake occurred at 0426 JST, Apr. 1, 1969. The
location was approximately 184.0° E., 39.1° N. and the depth was 300 km.
‘The recordings were made through a bandpass filter covering the period
range 10 to 3600 seconds. The paper speed was 1.0mm per second.
'Time synchronization between channels was approximately=+ 1 second.
‘The original seismograms are shown in the upper traces of Fig. 6. The
long-period S phase is indicated on the original traces. On the processed
traces we see a fairly clear separation of SV and SH types with the SH
arrival approximately 4 seconds earlier than the SV. Considerably more
data would have to be collected before commenting on the possible
-anisotropy for this path, however it is suggestive that the process de-
seribed here will be appropriate for studies of this type. It is important
to note that properties of the wave form other than its time of arrival
-cannot be obtained from the processed SH seismogram since, because of
the nonlinearities involved, the spectrum of the signal is seriously dis-
torted. As in the case of rotational seismographs, the ultimate test of
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Fig. 6. Seismograms of deep earthquake in Japan Sea recorded at
Yahiko. Upper traces are original strain seismograms and lower traces
are separated SV and SH seismograms.

the process is to see if the P wave is annihilated on the SH output..
Unfortunately, in the only example with which we have been able to-
work at this time, there is some difficulty in the interpretation of the-
P wave section of seismograph and it is unsuitable for analysis. On the
longitudinal component, the P wave amplitude was unaccountably small..
At present we have no adequate explanation of this fact although the:
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difficulty may possibly have been an instrumental or site problem. Subse-
quent examples for which the entire seismogram can be analyzed will
be necessary for a complete evaluation of the proposed process.

Comparison with Rigid Rotation

It is of interest to compare the approach here with the direct
measurement of rotation. SH waves or toroidal vibrations are the only
wave types that have a non-zero vertical component of the curl of
elastic displacement, so that, if this quantity could be measured it
‘would provide a complete separation of these wave types from all others.
Furthermore, since rotation is independent of the azimuth of approach
of any wave, an instrument that sensed it would have an isotropic re-
sponse. This would be a great advantage in identifying the onset of the
S phase on a seismograms in the presence of the various converted waves
and reverberations arriving from different azimuths that often obscure this
part of the seismogram. There has been considerable confusion regarding
the measurement of rotation associated with SH waves, as a short de-
seription of the problem and the approaches used will be given here.

If we consider some finite elastic body, its most general motion

Uo-12L

%Ua + Lg—;’
0]

«a) ROTATIONAL
STRAIN GAGE

C) INERTIAL ROTATION METER

Vo? Lf*v
2
% vesgt oot [1- Gt —1)

Uav‘L%
'b) LINEAR
STRAIN GAGE
&
L
Uo Uo+ L2Y.
24
@
2V
A Va%LW

Fig. 7. a) Rotational strain gage. Sum of outputs at transducers (1) and (2) is propor-
‘tional to rotation Q at all frequencies.

b) Linear strain gage. Outputs of all transducers are indedendent of rotation 0.

¢) Inertial rotation meter with free period of angular rotation=w, and damping=h.
For frequencies higher than w, output is proportional to 2. For frequencies much lower
‘than @, output becomes zero.
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consists of a translation, T, a rigid rotation about its center of mass,
P, and an elastic distortion S. Therefore,

D, vy, 2)=T+P(, y, 2)+S, vy, 2).

For the moment, consider both the translation and the rigid rotation to
be zero. The elastic distortion S can be represented by a symmetric strain
tensor e; and an antisymmetric rotation £,;. The antisymmetric part
may also be viewed as a local rigid rotation. To define the distortion
of the body, both these components are necessary. Thus, although de-
seribed as a local rigid rotation, 2,; corresponds to the twisting defor-
mation of the body, and it can be measured with strain gages such as
those described by Watanabe (1963) or Ozawa (1967) as can be seen in
Fig. 7a. In this figure which shows the simplest geometry of a rotational
strain gage, the sum of the outputs of the transducers at 1 and 2 gives
the rotation directly. This is true if the angle between the rigid arms
remains 90° and the transducers are perfectly matched. We will return
to the question of the angle between the arms later. Looking at Fig. 7b,
in which only extensions are measured by the conventional type of strain
seismograph that is used in the present study, we see that the output
of the three transducers are !

E1=0%,  E2=0%,
0y ox
Eg:i[_a_u_ﬁi_(a_v_a_u }
2L0x 0y ox 0y

.. 0 . ..
Here the derivatives % and g—; occur only in the combination that we

recognize as shear strain. Thus, such an instrument can completely define
the elastic strain field, but it cannot give any information about that
part of the distortion which we have called local rotation.

Next we consider an inertial rotation meter such as described by
Smith et al. (1966) or Hagiwara (1958). In this case, as is shown
schematically in Fig. 7c the inertial mass is in the form of an angular
ring suspended from a point at the center of a rigid pier. With respect
to an inertial reference system. In practice, some type of angular
restoring force is provided to give the device stability. It is important
to note here that this device differs from the rotational strain gage
described above in that it responds to the sum of the loeal rigid rotation
£,;; and the average rotation P about the center of mass that we initially
let be zero, whereas the strain gage sees only the local rotation. Asin
the case of the rotational strain gage there is also a question about the
internal deformation of the instrument itself.
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 Fig. 8. Deformation in vicinity of rigid instrument base. Lines represent
X-Y grid prior to deformation. Angle of shear ¥'=(gu/oy+dv/ox). Instrument.
base rotates an amount 2=1/2(3u/ay—av/ox).

Finally, it is possible to determine the velocity of rotation, which is
as effective as rotation itself, from a two dimensional array of horizontal
pendulum seismographs as was demontrated by Saito (1969). With this
approach one needs to determine numerically the values of the derivatives
of the elastic displacement function sampled at discrete points by seismic
array. Here there is no concern about internal deformation of the instru-
ments, instead one is faced with the problems of precise matching of
seismometer characteristics and homogeneity of the earth’s erust beneath
the array of seismometers. Both these problems seem to be minimized
at long periods [Saito (1969)], whereas a similar approach at short periods
was unsuccessful [Smith (1966)].

Returning to the question of the internal deformation of instruments
used for measuring rotation we can see by considering Fig. 8 that the
base of the instrument with respect to which rotation is referred must
be attached to the elastic medium, the earth in our case, in at least
three points which are not colinear, and that either the instrument base
or the earth must be deformed during passage of an elastic wave. If
the base deforms, the angle between the arms of either the rotational
strainmeter or the inertial rotationmeter will change by an amount pro-
portional to the shear strain. Thus the output of these instruments will
become some function of both rotation and shear that depends on the
geometry of the instrument and the amount of deformation of the base.
For this reason the rigidity of the base and its coupling to the earth
become critical considerations for such instruments.
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From the above discussion it is clear that substantial problems exist
in the realization of seismic instruments for the measurement of rotation.
These problems as well as others not mentioned here have so far pre-
vented any widespread use of such instruments, and it is for this reason
that we consider in the present paper an alternative procedure for sepa-
ration of wave types. If there were no noise or other extraneous signals
from sources other that the one under consideration, the approach here
would give the identical result as the instrumental technique of measuring
rotation directly. The result being the amplitude of the SH wave without
contamination from P or SV waves. The difference between the tech-
niques becomes apparent if one considers simultaneous arrivals from
different directions as is the case with scattered or laterally refracted
arrivals. These would not affect the rotation unless they had an SH
component, however they may seriously affect the present process. Be-
cause it is basically nonlinear, its performance with multiple signals from
various azimuths is dependent on the amplitudes of these waves. For
this reason, the processes presented here are not intended for the de-
tection of small phases in the presence of much noise. Rather they are
intended for phase identification when signal to noise ratios are large and
where, as is generally the case for large arrivals, the energy has propa-
gated along a least-time path. Because of these limitations we do not
necessarily believe these processes are better for SH separation than the
direct instrumental approach, however they do show the possibility of
extracting more information from the conventional strain seismograph
systems that now exist in may parts of the world.
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