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A method for rapid retrieval of earthquake-source parameters from long-period surface waves is developed. With this
method, the fault geometry and seismic moment can be determined immediately after the surface wave records have
been retrieved. Hence, it may be utilized for warning of tsunamis in real time. The surface wave spectra are inverted to
produce either a seismic moment tensor (linear) or a fault model (nonlinear). The method has been tested by using the
IDA (International Deployment of Accelerographs) records. With these records the method works well for the events
larger than M, =6, and is useful for investigating the nature of slow earthquakes.

For events deeper than 30 km, all of the five moment tensor elements can be determined. For very shallow events
(d<30 km) the inversion becomes ill-conditioned and two of the five source moment tensor elements become
unresolvable. This difficulty is circumvented by a two-step inversion. In the first step, the unresolvable elements are
constrained to be zero to yield a first approximation. In the second step, additional geological and geophysical data are

incorporated to improve the first approximation. The effect of the source finiteness is also included.

1. Introduction

The number of digital seismograph stations has
recently increased dramatically, and high-quality
 digital seismograms are now widely available. This
paper describes a method for the determination of
earthquake source parameters by using long-period
surface waves obtained from these digital stations,
particularly the IDA (International Deployment of
Accelerographs; Agnew et al., 1976) stations.
Various methods have been developed for dif-
ferent seismological investigations. Seismic body
waves, both the first motion and the wave forms,
have been extensively used for the determination
of the source geometry, the depth and the seismic
moment at relatively short periods. Seismic surface
waves and free oscillations have been used for the
determination of long-period source parameters.

Among the most recent works of this type are
those by Masters and Gilbert (1979) and Dziewon-
ski et al. (1981).

~ The primary objectives of the present study are
as follows:

(1) to develop a very quick method which can
be used for real-time tsunami warning purposes;

(2) to determine the long-period seismic mo-
ment (either scalar or tensor) of events as small as
M, =6.

Tsunamis are primarily caused by earthquake-
generated deformations of the sea bottom with
time scales up to several hundred seconds. There-
fore, to evaluate the tsunami potential of an earth-
quake, it is most important to determine accu-
rately the size and the mechanism of the earth-
quake at long periods. If these earthquake parame-
ters are to be used in real-time warning systems,
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the source mechanism has to be determined within
at least one hour of the earthquake origin time.
The method described here would meet this re-
quirement.

The source spectra of earthquakes vary signifi-
cantly from event to event. Some earthquakes have
a disproportionately large amount of energy at the
long-period end of the spectrum, whereas others
have enhanced short-period spectra. Certain earth-
quakes are often called tsunami earthquakes or
slow earthquakes because of their anomalously
large ratio of long-period to short-period radia-
tion. Whether or not these anomalous earthquakes
occur only at certain special plate boundaries has
an important bearing on the mechanical property
of the plate boundary and the nature of the plate
motion there. In the past this study could not be
made for small events because of the lack of
adequate long-period instruments. Therefore, the
sample size of the data was too limited to investi-
gate the possible regional variation. The availabil-
ity of high-quality long-period data would signifi-
cantly expand the data base if an appropriate
method were developed. Although the method de-
scribed in this paper has been developed to achieve
these specific goals, it can also be used for more
general purposes and would be complementary to
the various existing methods.

The theories of excitation (Satd et al, 1962;
Haskell, 1963, 1964; Harkrider, 1964; Ben-
Menahem and Harkrider; 1964; Saito, 1967; Ben-
Menahem et al, 1970; Gilbert, 1970) and of
inversion (Aki, 1966; Dziewonski and Gilbert,
1974; Gilbert and Dziewonski, 1975; Gilbert and
Buland, 1976; Patton, 1980; Aki and Richards,
1980) of surface waves and free oscillations have
been thoroughly developed. The present paper
makes use of the results of these developments and
is similar, in spirit, to the paper by Ben-Menahem
et al. (1970). The primary emphasis here is on
some practical problems in applying these theories
to real data.

2. Method

In this section we briefly describe the method
for spheroidal oscillations or Rayleigh waves by
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S
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Fig. 1. Definition of the coordinates.

using the notation of Kanamori and Cipar (1974)
and Kanamori and Stewart (1976). We use either a
seismic-moment tensor source (Gilbert, 1970) or a
double-couple (fault) source. First we describe the
method for a moment tensor source.

We take a spherical coordinate system (r,0,¢)
with the origin at the center of a spherically sym-
metric, non-rotating Farth model. A point source
defined by a moment tensor (M, ,, M,,, M, ., M_,

<z» M,,) is placed at r = r, on the polar axis. The
moment tensor is defined with respect to a Carte-
sian coordinate system (x, y,z) with the origin at
the source, and the x, y and z axes are in the
northern, western and upward vertical directions
(Fig. 1). Then, by the notation of Kanamori and
Cipar (1974), Okal (1978) and Okal and Geller
(1979), the vertical component of spheroidal oscil-
lations at point P (7,6,¢) due to a step-function
point source is given by

u(r,t)=3y,(r) cos w,t[ [—KZP,ZMxy sin 2¢
/

1
+ EKZP,z(Myy — M,,) cos 2¢]
+ (—KlP/'Myz sin ¢
—K,P!M,, cos ¢) + [%(K0 + N,)P’M,,

+%(2N0 '—K())PIO(Mxx +Myy)]} )

where the azimuthal angle ¢ is measured counter-
clockwise from the x axis. The excitation functions
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K,, K, and K, are given by Kanamori and Cipar
(1974) and N, is given by Okal (1978). By taking
the asymptotic expansion of (1), we obtain for the
vertical component of Rayleigh waves

1 +o0 , R
u,(r,t) :2—7;[ Cr(w)exp(iwt) dw

where
A 1 1 .
)= )7 exo{ )

( iwaH’) ( 1 )
exp| — C exp Emm
{ —Pg)[Mxy sin 2¢ — %(Myy —M,,) cos 2¢]

+ 3 (50 + N,

+ %(21\/,9) — SO M, +M,)

+igQ( M, sin ¢+ M, cos qb)} 2)

PP, SQ and QF’ are the excitation functions
given by Kanamori and Stewart (1976), and

N =(/21)"(a/U)N,

where / is the order number, a the radius of the
Earth, and U the group velocity; m is the number
of the polar and antipolar passages, and 6’(rad) is
the propagation distance

o' =2a[(m+1)/2] +(-1)"¢

where [ ] represents the largest integer equal to, or
less than, the argument. Expression 2 is equivalent
to that derived by McCowan (1976) and
Mendiguren (1977).

The first, second, third and fourth factors on
the right-hand side of (2) represent the geometrical
spreading, the source phase, the phase shift during
propagation and the polar phase shift respectively.
We can analyze the data either as modes (free
oscillations) by using (1), or as surface waves by
using (2). Dziewonski and Gilbert (1974), Gilbert
and Dziewonski (1975), Gilbert and Buland (1976)
and Masters and Gilbert (1979) describe a com-
plete procedure for retrieving source parameters

from modal data. Here we use propagating waves
and use (2) for the analysis.

As discussed by Mendiguren (1977), since the
data from the fundamental mode alone cannot
resolve the isotropic component, we assume that

M,+M,+M, =0 (3)

We also assume the earthquake to be a point
source that varies as a step function in time. This
assumption will be removed later. Let U(r,¢) be a
Rayleigh wave seismogram (vertical component)
recorded at station P(r), and Ur(r,w) its spectrum.
Then C’R(w) in (2) can be obtained from U,(r,w)
by correcting for the instrument response and the
attenuation along the path

Cr(w) = Ur,e) exp(wad’/20U) /H(w)  (4)

where [ is the complex instrument response and Q
is the effective Q along the path. Substituting (3)
and (4) into (2), we have

V(r,w)= {—PI({‘)[MU sin 2¢

(My), - Mxx) cos 2¢]

M= N

SI((I)( Myy + Mxx)

+i Q{{)(Myz sin ¢ + M, cos ¢)} (5)
where

7,(r.0) = (sin )" 0r0) exo o |

20U
exp( % exp( - %ﬂ'i)
exp(—%mwi)/f(w) (6)

If the phase velocity C(w) is known for the path,
I%(r,w) can be computed from the observed spec-
trum Ij,(r,w) by using (6).

From Rayleigh wave records at N stations P,
P,,...,P, we obtain V(r,w) (k=1,...,N), and
(5) can be written as

AM =V (7)
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\
—P{Psin2¢, PP cos2¢, —3SP 0 0
0 0 0 0V sing, QF cos ¢,
—PQsin2¢, 3PP cos2¢, —4SY 0 0
A= 0 0 0 0P sing, O cos ¢,
—PPsin2¢, 1PPcos2ey —3sP 0 0
0 0 0 QR sin ¢y O’ cos by |
r . ,
M,,
M, —M,, Since the isotropic component is assumed to be
M=|M,, +M,, zero, \; + A, +A; =0.
M The eigenvectors v,, v, and v, define the orien-
re tations of the principal stress axes. When the
Lsz intermediate stress is zero, the moment tensor
. g represents one double couple. When the inter-
Re V,(r),@) mediate stress is nonzero, it can be decomposed
Im V(r,,«) into one double couple and a compensated linear
r s

Re V,(r;, @)
V=|Im I7,(r2,w)

Re I}r(rzv"*’)
Im V,(ry,©)

Thus, if the records are obtained at three or
more stations, and if the matrix 474 is nonsingu-
lar, (5) can be solved for M by the method of least
squares.

Once the components M, ., M, , etc. are de-
termined, the eigenvalues A, A,, A; and the corre-
sponding eigenvectors, v,, v,, v; of the symmetric
matrix

Mxx ’Mx y sz
Mx)' M)’y Myz (8)
sz M yz Mzz

can be computed and the matrix diagonalized into
A, 0O

0 A, O )
0 0 A,

dipole (Knopoff and Randall, 1970), or a pair of
orthogonal double couples. Here, following Gil-
bert (1981), we decompose the moment tensor into
two double couples, the major and the minor. For
example, if |A;|=|A,]|=]A;], the major double
couple is defined by

Ay 0 0
0 —-A, O (10)
0 0 o0

and the minor double couple by
0 0 o0
0 —Xx; O (11)
0 0 A,

The standard fault parameters such as the strike,
dip and slip angle for the individual double cou-
ples can be computed from the direction cosines of
the eigenvectors. Useful relations for this transfor-
mation have been presented by Jarosch and Aboodi
(1970).

For a double-couple (fault) source, we use eq.
A-8 of Kanamori and Stewart (1976) and replace
(5) by

Vir0) = My(sx SQ +pr PR +i400)  (12)
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where sy, pr and gy are determined from the fault
parameters 8 (dip.angle), A (slip angle) and ¢
(strike) defined by Fig. A-1 of Kanamori and
Stewart (1976); M, is the scalar seismic moment.
(In this case, there are four unknowns (M,,8,A,¢;)
in contrast to the five unknowns for the moment
tensor source. Since (12) is nonlinear with respect
to the four unknowns, a first approximation is
required to invert (12) by the method of nonlinear
least squares.

Similar relations can be derived for torsional
oscillations and Love waves. Using the notation of
Kanamori and Cipar (1974), we obtain an expres-
sion for the transverse component of torsional
oscillations at point P (r,0,¢) due to a point
moment tensor source that varies as a step func-
tion in time

uy(r,1) =
1 .

Eyl(r)cosw,t( L2 10 (M M,,)sin 2¢
I
—L d? M 2

5 d0 , COS 2¢

dP, ‘ , dp}
+L,— d0 M, sing—L,~—pM, cosqb) (13)

By using the asymptotic expansion of the spherical

harmonics, for Love waves we have

V,(rw)= P“)[%(Mx —M,,) sin2¢ — M, cos 2¢]
+ 1Q(‘)[ . sin¢+ M, cos ¢~] (14)

where

V,(r,0) = (sin )"0 (r,0) exP( ;5(;])

exp( iwgﬂ’ ) exp(4i) exp(—mwi)/[(w) (15)

Here, 0¢(r,w) is the spectrum of the transverse
component of the observed seismogram of Love
waves. Equation 15 corresponds to (5) for Rayleigh
waves.

For a double-couple (fault) source, we use eq.
A-1 of Kanamori and Stewart (1976), and replace
(14) by
I;:p(r’w):Mo(PLPS) +i‘1LQS)) (16)

where p; and g, are determined by the fault
parameters.

3. Analysis

From the observed se1smograms of Rayleigh or
Love waves, we obtain V(r,w) for Rayleigh waves
or V, »(r,w) for Love waves. Then, the moment
tensor or the fault parameters can be determined
by inverting (6) or (12) for Rayleigh waves, and
(14) or (16) for Love waves.

We shall now describe the analysis method for
Rayleigh waves obtained from the IDA records.
However, essentially the same method would apply
to other kinds of records.

3.1. Period

Equation 6 or 12 can be solved at any period
T=2n/w. In our experience, it is relatively easy
to obtain Rayleigh wave data up to 350 s from the
IDA records of large earthquakes. Since the sam-
pling interval of the IDA data is 20s (i.e. the
Nyquist period is 40 s), it is probably not safe to
use periods shorter than about 100 s. Furthermore,
propagation of Rayleigh waves with periods less
than 100s is strongly affected by the lateral
heterogeneity of the Earth’s structure. We there-
fore use Rayleigh waves with periods between 180
and 350s.

There is one difficulty in using very long-period
waves for the inversion of source parameters of
shallow-focus earthquakes. The excitation function

(1) (1 27
Sg) PR Q cm-sec/i0 dyne-cm
~ N
N NN
e L \R NN .
3 \ \ ~
- \ | N
eSS \ / /
a 400 — s s 1
@ | -~ -
a ] // -
| I / 7/ -
/
/ / y
/ // / B
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eoor- J /o7 T-255.69 sec
~
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Fig. 2. The excitation functions S§’, O and P’ at the period
of 255.69 s. The dotted curves indicate negative values.



QY (or QY for Love waves) is derived from the
radial factor of the stress function of normal modes
(e.g. Kanamori and Stewart, 1976), which vanishes
at the Earth’s surface. For very long-period waves,
most shallow events have essentially a surface
focus, and Q) becomes very small. Since QY is
the coefficient of M,, and M, in (5), the small
values of Q{ make the determination of M,, and
M, very unstable. In the limit of zero depth, M,,
and M,, become indeterminate. Further discussion
on this point will be made later.

The excitation functions PY’, SQ, Of) for
fundamental-mode Rayleigh waves at 7=256s
are shown in Fig. 2. These are computed for the
Earth model 5.08 M (Press, 1970; Kanamori, 1970).
The Rayleigh and Love wave excitation functions
for various periods and depths are given in the
Appendix.

3.2. Finiteness

In the preceding discussion, a step-function
point source was assumed. If the Rayleigh waves
with a period of 150-350s are used, the wave-
length is about 1000 km, so this assumption is
reasonably good for most events smaller than M
= 7. However, it is not valid for very large events,
and corrections are necessary for the amplitude
and, in particular, the phase spectrum. A large
earthquake may be modeled by a propagating
dislocation. Strictly speaking, a finite source can-
not be represented by a first-order moment tensor
and higher-order moment tensors are required to
formulate the excitation problem. This difficulty
may be circumvented, at least partially, by using a
source finiteness function introduced by Ben-
Menahem (1961). If the time history of the dislo-
cation at a point on the fault (local dislocation
function) is given by s(t) with its Fourier trans-
form §(w), then uniform propagating source can
be approximated by a point source whose
frequency spectrum is-

$(w)f(w) (17)
where f(w) represents the effect of the source

finiteness. For a unilateral propagating source with
a fault length L '

13

A sin X .
) =225 exp(~ix) (18)
where
_wL( W
X= 2%(1 C ©os @) (19)

Here, V, is the rupture velocity, C the phase
velocity, and @ the azimuth of the station measured
from the rupture direction. For bilateral faulting
and two-dimensional rupture propagation (18)
needs to be modified.

Thus, for a finite source with a dislocation time
history s(¢), ¥, in (5), which is for a step-function
point source, should be replaced by I%iw&(w) ),
where (iw)”! represents the step-function point
source. Then two methods can be used to solve the
modified eq. 5. First, if the azimuthal variation of
f(w) can be ignored (it is probably small for a
bilateral or circular faulting) then we can absorb
the unknown term §(w)f(w) in the source moment
tensor by moving the iwd(w)f(w) term from the
left-hand to the right-hand side of (5). We then
define a complex moment tensor M’,,, etc. by
M, =M, (iw§(w)f(«))”", etc. In this case, the
inversion of (7) should be made for 10 unknowns
(the real part and the imaginary part of M, etc.)
instead of five. This procedure is similar to that
used by Dziewonski and Gilbert (1974). In the
second method, we compute §(w)f(w) for a rup-
ture model to correct V, for the source finiteness.

If a large number of stations are available, the
first method is more general. However, if the
azimuthal variation of the source finiteness is very
large, this method cannot be used. Since a rela-
tively small number of stations are used in the
present study, we use the second method to correct
for the source finiteness.

3.3. Phase velocity, Q, group velocity and instru-
ment response

To obtain ¥, from the observed spectrum U,
the values of the phase velocity C, Q, the group
velocity U and the instrument response are re-
quired. For C we used the average observed nor-
mal-mode periods compiled by Gilbert and
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TABLE 1

Normal-mode data (Gilbert and Dziewonski, 1975)
n 0S5, () YO
16 406.78 429.18
17 389.32 410.24
18 374.02 390.94
19 360.23 374.76
20 347.69 359.59
21 336.00 346.07
22 325.30 333.15
23 315.44 321.21
24 306.29 310.36
25 297.72 300.19
26 289.69 290.26
27 282.34 281.35
28 275.20 27291
29 268.45 264.93
30 262.15 257.29
31 256.07 250.29
32 250.34 244.26
33 244.95 237.37
34 239.70 231.29
35 234.69 224.93
36 229.86 220.70
37 225.22 213.89
38 220.75 209.83
39 216.48 204.27
40 212.41 199.96
41 208.39 195.88
42 204.58 191.26
43 200.93 187.40
44 197.40 183.78

Dziewonski (1975), after converting them into
phase velocities. The values are shown in TableI.
Since the regional variation of phase velocities is
relatively small at the period of about 250s, the
same phase velocity is used for all the paths.

TABLE II
Group velocity and @

T(s) Rayleigh Q Love Q.
wave velocity wave velocity
Ukms™") Ukms™")

175 3.62 147 4.39 122

200 3.59 171 4.39 111

225 3.58 179 4.39 113

250 3.59 189 4.40 112

275 3.64 185 441 116

300 3 183 4.41 110

325 3.78 182 441 108

However, it would be desirable to incorporate the
regional variation when more data become availa-
ble.

For the group velocity and Q, which are neces-
sary to compute the attenuation term
exp(wal’' /2QU), we used the values taken from
Kanamori (1970), which are given in Table I1. For
the instrument response we used the transfer func-
tions and the constants provided by the IDA
project team at the Institute of Geophysics and
Planetary Physics, University of California, San
Diego.

3.4. Group velocity window
The Rayleigh wave trains used for the analysis

were filtered through the following group velocity
windows:

R, 3.10-4.90km s !
R, 3.30-3.90 kms ™'
R,,n=3 335-380kms™"

Each filtered trace was tapered by cosine functions
at the beginning and the end. The length of record
that was tapered at each end was about 15% of the
total length. The three group velocity windows are
for the standard case; they were occasionally varied
slightly according to the distance of the stations
and the quality of the record.

3.5. Constraints

When the source is very shallow, Qf is very
small so that the determination of M,, and M,
becomes very difficult. In our experience, when the
depth is larger.than 30 km, M,, and M, can be
determined well. However, when the depth is shal-
lower than 30 km, they become practically inde-
terminate. In other words, we can determine only
three moment tensor elements out of five. Since at
least four parameters are necessary to determine a
fault model, the fault mechanism becomes inde-
terminate. We use two methods to overcome the
difficulty. In the first, we constrain one or more
fault parameters (e.g. dip angle, fault strike) on the
basis of other data, such as the P-wave first mo-
tions, or of geological considerations (the geome-



try of the surface break, strike of the trench, etc.),
and use (12) to determine other parameters. Al-
though the solution is not entirely objective, this
method often yields reasonable solutions.

In the second method, we constrain M, and
M, to be equal to zero, and solve (7) for the three
unknowns M,,, M, and M, . The constraints
M,, =M, =0 are equivalent to constraining the
fault mechanism to be either a pure-strike slip on a
vertical fault (vertical strike slip) or a pure-dip slip
on a fault dipping 45° (45°-dip slip) (eq.1 of
Mendiguren, 1977). In effect we look for the best
solution from a subset of fault models that consists
of vertical-strike slip faults or 45°-dip slip faults.
Although this solution may appear 100 restrictive,
it actually provides a very useful first approxima-
tion. If the actual mechanism is close to either one
of these mechanisms, the fault type, the strike
azimuth, the seismic moment and the sense of the
motion are very well determined. However, if the
mechanism has a large oblique slip component, the
solution is inevitably subject to considerable error.

The advantage of the second method is that a
good first approximation can usually be obtained
objectively without an initial guess. Once the first
approximation is obtained, further refinement
could be made on the basis of other geophysical or
geological considerations. For example, if a 45°
thrust mechanism is obtained for an event along a
subduction zone where the dip angle of other
events is consistently about 20°, as is usually the
case, then we may constrain one of the nodal
planes to have a dip angle of 20° and the same
strike azimuth as the first approximation, and
repeat the inversion by using (12).

Thus, the difficulties that arise form the inher-
ent indeterminacy of M, , and M, for very shallow
events can usually be overcome by introducing
additional constraints on the basis of other geo-
physical and geological data.

For deeper events, all of the five moment tensor
elements can be determined well. However, at
depths where P or S§ vanishes (e.g. at 170 km
and 120 km for the period of 255.69 s; Fig. 2), a
similar difficulty arises. This difficulty can be
overcome, however, by using different periods or
overtones, or both.

15
3.6. Depth

Since we use very long-period waves over a
relatively narrow period range (150-350 s at most),
the depth of the events cannot be determined very
well. Usually a point source or a distributed source
is assumed at a depth determined by other meth-
ods. '

Since we are primarily concerned with large
events with a linear dimension of 30 km or more, a
distributed source is probably more adequate than
a point source. We computed excitation functions
for several distributed sources that extend from
the surface to a depth dy,. We assumed that the
dislocation is uniform on the fault plane. In this
case the excitation function P{" for a distributed
source extending from 0 to d,, is given by

JRCOLOrY
[ w(n) dn

where u(h) and P{)(h) are the rigidity and the
excitation function as functions of depth. The
excitation functions for various dy, are computed
and tabulated in the Appendix.

n o —
P4y =

(20)

3.7. Other corrections

Since the values of phase velocities and Q for a
gross Earth model are used in the present method,
the regional variation in these parameters can in-
troduce errors in the source phase and the ampli-
tude. Although the errors in the amplitude would
not cause very serious error in the source parame-
ters, those in the phase can be very serious. At the
period of 250 s, the 0.05% variation of the phase
velocity, quoted as error by Gilbert and Dziewon-
ski (1975), could introduce errors of 0.025, 0.074,
0.12, 0.17 and 0.22 rad for travel distances of 90,
270, 450, 630 and 810°, typical distances for R,,
R;, R,;, R, and Rj respectively. Errors of this
magnitude would not cause serious errors in the
source parameters (Patton and Aki, 1979). How-
ever, the 0.05% variation is a gross average, and a
much larger variation (e.g. 0.2%) is possible for
very anomalous paths. In such a case a very large



16

error in the source phase is caused, particularly for
multiple surface waves with a large order number
(e.g. R, and R;).

The source finiteness and the finite source rise
time cause a finite phase shift. Uncertainties in
these parameters would cause errors in the source
phase. The correction for the source finiteness can
be made by using the method described earlier, if
the details of the rupture mode are known. If they
are unknown, we assume that the overall source
finiteness effect is given by

sin(r/T)
(ar/T)

where T is the period of the wave used, and 1 is
the time for the overall source process to be com-
pleted. The finiteness term is assumed to be nondi-
rectional. This is not true for a unilateral or bi-
lateral rupture, but is a reasonably good ap-
proximation for a fault length of up to 100 km.
The source process time + may be approximately
equal to the fault length divided by the rupture
velocity. Since the logarithm of the fault length is
approximately proportional to the earthquake
magnitude, we used an empirical relation shown
by Table III to estimate 7. A recent study by
Furumoto (1979) on the initial phase of Rayleigh
waves excited by great earthquakes confirms that
the source process times given in Table III are
appropriate. Additional errors in the source phase
arise from errors in the earthquake origin time and
in the timing of the record, although these are
relatively rare. An earthquake is sometimes pre-
ceded by a small ‘precursory’ event, and the origin
time refers to this event rather than the main
event. The time difference between the precursory

exp(—im7/T) (21)

TABLE III

Empirical relations between M,, and the source process time

M L (km) 7 (8)
9.5 1000 330
9.0 560 190
85 320 110
8.0 180 59
7.5 100 33

7.0 56 19
6.5 32 11

event and the main event is in effect the ‘error’ in
the origin time. The effect of these errors on the
estimation of source parameters is discussed in
detail by Patton and Aki (1979).

If Atz is the sum of timing errors resulting from
the regional variation of phase velocities, incom-

.plete knowledge of the source finiteness, the origin

time and the clock errors, the error in the source
phase at period T'is 2« At /T. Although there is no
direct way to estimate this error, it is often possi-
ble to estimate it from the phases of multiple
surface waves recorded at the same station, if the
errors do not depend on the azimuth. As shown by
(5), for a step-function point source the spectrum
V. of the R,, phase should be the complex con-
jugate of that of the R,,,, phase at the same
station. Therefore, if the phase of R,, is ¢, then
the phase of R,, , must be —¢, for a point
source. For a nondirectional finite source with a
possible error Az, the phase of R,, is ¢] = ¢, — (X
+27At/T) and that of R, is ¢; = —¢5 — (X
+27At/T). Adding these two, we have

(8 +¢3)/2= — (X+271/T)

Thus if we assume that the errors do not depend
on the azimuth, we can estimate the unknown
phase correction (X+27At/T) by taking the
average of ¢} and ¢5. To do this, we need both R,
and R,,,; (e.g. R, and R,). When the fault length
is much larger than 100 km, the azimuthal varia-
tion of the finiteness effect becomes significant so
that this method would introduce a bias in the
source phase, unless the directional finiteness ef-
fect is removed by the method described earlier.

Since the situation encountered varies consider-
ably from event to event, further details are dis-
cussed for actual examples in the following sec-
tions.

4. Examples
4.1. Miyagi-Oki, Japan, earthquake June 12, 1978

The source parameters of this earthquake given
by the National Earthquake Information Service
(NEIS) are:



Origin time: 8 h 14 min 26.4s

Latitude: 38.190°N; longitude: 142.028°E
Depth: 44 km

M. =177

Seno et al. (1980) made a detailed analysis of
this event, and showed that it consisted of two
distinct events 11 s apart. Since the period used in
our analysis is much longer than 11s, we treat
this earthquake as a single event.

The aftershock area of this earthquake was
determined very well (Tohoku University, 1979)
and suggests that the faulting extends to a depth
of about 50 km. We therefore use a depth of 43
km for the point source in our inversion. If the
depth is larger than 30 km, all of the five moment
tensor elements can be determined. For compari-
son, we first constrained M,, and M,, to be equal
to zero, and inverted the data at T'=256 s. The
stations and phases used are shown in Fig. 3, and
the results are shown in Table IV and Fig. 4a. This
solution essentially represents one double couple
(the moment of the minor double couple is 2% of
the major double couple). We then removed the
constraints M,, =M , =0, and obtained the re-
sults shown in Table IV and Fig. 4b. The mecha-
nism shown in Fig. 4b is in good agreement with
the result obtained by Seno et al. (1980). Since the
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S 2+ Two.r, Miyagi ~ Oki, 1978 _
T L/ HAL R3 TWO, Ry ® HAL, Rp _
= OB i 5 e T g
o - -
A ® ¢% OGAR,R CMO,Rz / ¢ GAR. R

-1 NNAR ' Re :R3
2 -l 3 NKIP Ry SUR, R} \\K,P, R -
o -2 SUR, Ry _1

! I | ] ]

|
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0 60 120 180 240 300 360
Azimuth, deg
Fig. 3. Phase and amplitude spectra of the Miyagi-Oki earth-
quake. Phase spectra have been corrected for the source finite-
ness by using 7=30s. The full curves were computed for
model 3 in Table IV. The time for the KIP data is corrected by
using the arrival time of the P-wave.
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dimension of the combined rupture zone of this
event is about 70 km (Seno et al., 1980), the effect
of the source finiteness is probably very small. For
comparison, we used a source process time 7 of
30 s for this earthquake. In effect, a constant phase
of 0.37 rad (i.e. w7 /T) is added to all the data. As
can be seen in Table IV, inclusion of this correc-
tion considerably reduces the standard errors of
the estimates of the moment tensor elements, sug-
gesting that the correction is appropriate. As shown
in Fig. 4c, the geometry of the mechanism remains
essentially the same. The overall fit of the phase
and the amplitude of this solution with the data is
shown in Fig. 3.

Comparing Figs. 4a and ¢, we find that the
constrained solution gives approximately the cor-
rect strike azimuth. The seismic moment is smaller
for this solution because the excitation of surface
waves by a dip-slip source is proportional to M,
sin 28; for a given observed amplitude the mo-
ment is proportional to 1/sin 23.

To check the overall consistency of this solu-
tion, synthetic seismograms are computed by the
method of Kanamori and Cipar (1974) and com-
pared with the observed seismograms in Fig. 5.

Only fundamental modes are included in the
synthesis, and a Gaussian bandpass filter with a
passband from 150 to 1500 s is applied to both the

TABLE IV

tensor (units of 10?° Nm=10?7 dyne-cm)

(1) Constrained solution (M,, =M, =0)
M, ,=-0319+0274
M, —M,, =—111%048
M, +M,, =—123+022

(2) Unconstrained
M,,=—0.319=0.268
M, —M,  =—111%047
M, +M,  =-123+02]

M, =—141+076
M, ,=—0223+0.892
(3) Unconstrained (phase corrected, 7=30s)
¥

M,,=—0340=0.168
M, —M,, =—153+030

M, +M, =—139=0.13
M, =—149=048
M, =—0.1330.560
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Miyagi - Oki, 1978

Constrained

Unconstrained

(Myy = My =0)
Mp= 1.25 Mp= 190
(2nd D-C, 2%) (0.9%)
Model | Model 2

Unconstrained
(Phase Corrected)

Mg=2.16

(6%)
Model 3

Fig. 4. The mechanisms of the major double couples obtained by moment tensor inversion (a, b, ¢) and (d) the solution obtained by
Seno et al. (1980). Equal area projection of the lower focal sphere is shown. Hatched areas and full circles represent compressional

quadrants.

synthetic and the observed records. As shown by
Fig. 5, the agreement is good in both the ampli-
tude and the phase. Although good agreement of
the waveform does not necessarily mean that the
mechanism is correct, this comparison is useful for
checking the overall quality of the data and the
solution.

4.2. Colombia—Ecuador earthquake, December 12,
1979

The source parameters given by NEIS are:

Origin time: 7h 59 min 3.30 s

Latitude: 1.598°N; longitude: 79.358°W
Depth: 24 km

M, =77

This was a large earthquake with a very large
rupture length; therefore the point source ap-
proximation is clearly inadequate. To compare the
effect of the various assumptions for the source
finiteness described earlier, we inverted the data
for four cases: (1) constrained (M,, =M, =0)
solution without correction for the source finite-

ness; (2) constrained (M,, =M, =0) solution
with a uniform source process time of 60 s (Table
I1I); (3) unconstrained solution with a uniform
source process time of 60s; (4) unconstrained
solution with source phase and amplitude correc-
tions derived from the inferred rupture model. The
depth of the point source used is 33 km. The
source process time 1 of 60 s corresponds to M, = 8
(Table III). The corresponding source models are
shown by Fig. 6 and Table V.

This analysis was made to investigate the appli-
cability of the method to a real-time tsunami
warning system. Since the size of the earthquake is
not known in the beginning, the first inversion was
made without any corrections for the source finite-
ness. In this case, the fit is expected to be poor and
the inversion would be very unstable unless M,,
and M, are constrained. As model 1 in Table V
and Fig. 6(a) shows, a 45° thrust mechanism with
a seismic moment of 1.01 X 1028 dyne-cm (M, =
7.9) was obtained. Although the finiteness parame-
ters are unknown at this stage, the value of M,
suggests a source process time of about 60 s (Table
IIT). The second and third inversions were then
made using this constant source process time with
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Fig. 5. Comparison of the observed seismograms (full curves) with the
is the starting time of the synthetic measured from the origin time; 7, i
the synthetics. M, is the seismic moment used for the synthetics.

and without the constraints M,, =M, =0, re-
spectively. As model2 in Table V and Fig. 6(b)
shows, the mechanism is essentially identical to
that of model 1. However, the standard errors and
root mean square errors are substantially reduced.
As model 3 in Table V shows, the standard errors
for the unconstrained solution are small. The
mechanism obtained is a low-angle thrust fault
dipping east (or a high-angle fault dipping west)
and is consistent with the geometry of subduction

synthetic (dotted) curves computed for model 3 in Table IV. 7,
s the group delay time for the observed seismograms relative to

of the Nazca plate beneath South America (Fig.
6(c)). In fact, this solution is consistent with the
first-motion data obtained from the WWSSN sta-
tions (Fig. 7), and is essentially identical to model 4
in Table V and Fig. 6(d), which is obtained by a
more detailed analysis to be described below. It is
encouraging that model 3, which can be obtained
without any detailed knowledge of the rupture
length, direction and mode, gives a very good,
solution. Since the analysis up to model 3 can be
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TABLE V

Colombia-Ecuador Earthquake, 1979: moment tensor (units of 102 Nm=10%7 dyne-cm) (4=33 km). §; is the dip angle and ¢, the

dip direction

Model 1 2 3 4
T(8) 0 60 60 Variable
M, —2.26+2.98 —3.62=2.19 —3.62+2.00 ~4.37=x1.99
MV:V—M” —-12.7+8.6 —152+63 —~15.2=58 —15.7=57
M, +M,, —6.80=2.44 —11.4=18 —114=*1.6 —15.1=1.6
M,, 0 0 282104 244+104
M, 0 0 —1.01%10.29 ~2.42+10.23
Major double couple
M, 10.1 14.1 319 29.2
8, (™ 45 45 16 20
¥, (°) 100 103 121 121
8, (%) 45 45 78 74
¥ (9) 280 283 269 268
Minor

double couple (%) 33 19 5.6 0.2
Root

mean square error 10.7 7.90 7.21 7.17

completed almost instantly after the seismograms
have been retrieved, this method holds good prom-
ise for real-time tsunami warning applications.
We made a further analysis of this event to
determine the rupture mode. For a very large
event whose rupture length is larger than 300 km,
the rupture mode can be determined by using the
directivity function introduced by Ben-Menahem
(1961). However, this earthquake is not large
enough to yield the spectral holes of the directivity
function at periods where the signal-to-noise ratio

Colombia —Ecuador Earthquake, 1979

Mg =101 x 1087 Mg =14.1 Mo =31.9 Mg =29.2
dyne ~cm
Minor D-C T=60sec T=60sec T =T
33% 19% 56% 0.2%
Model | Model 2 Model 3 Model 4

Fig. 6. Mechanisms of the major double couple determined by
the moment tensor inversion. Hatched areas represent the
compressional quadrant. Stereographic projection of the lower
hemisphere is shown.

is large. We therefore used a different method.
First we computed synthetic seismograms by using
a step-function point source with the fault geome-
try given by model 3. The synthetic and observed
seismograms were bandpass-filtered with a pass-

o Dilatation

® Compression

Fig. 7. Comparison of the first-motion data (full circle: com-
pression; open circle: dilatation) and model 4 shown in Fig,. 6.
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Fig. 8. Comparison of the observed seismograms (full curves) with the synthetics (dotted curves) computed for model 3 shown in
Fig. 6. 1, is the group delay of the observed seismograms relative to the synthetics. Observed and synthetic seismograms are aligned at
the point indicated by a downward arrow. Ar, is the group delay time of the Rayleigh waves propagated in the south-west azimuth
with respect to those in the north-east azimuth. The largest delay for ESK R, propagated in S 34°W. The asterisk indicates the station

plotted in the azimuth opposite to the station azimuth.

band from 150 to 1500s and are compared in
Fig. 8. As shown, the observed Rayleigh waves are
always delayed with respect to the corresponding
synthetics. The delays are larger at stations in the
southwest azimuth from the source and smaller in
the northeast azimuth. In other directions the de-
lays are, on the average, intermediate. This ob-

servation can be interpreted in terms of the source
group delay caused by a unilateral rupture propa-
gation in the north-east direction. Using (19) we -
can express the source group delay by

_dx L( )

_ Vo
_E;_ZV;,] Ucos@ (22)

T
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For a station with azimuth @, ©® =& — &, where
®, is the rupture direction. Therefore, from (22)

A, Zr(®+m) =7, (®) =T cos(@— )  (23)

and

L

R=3la@+ ) +a(@)] =5

A (24)
Figure 9 shows A7, and 7, for the stations of Fig. 8.
The group delay times are measured for the wave
train with the period of about 225 s (Airy phase).
From Fig. 9(b), ®, and L/U are estimated to be
40° and 65 s respectively. Since U= 3.56 km s,
the estimhate of L /U gives L =230 km. From Fig.
9(a), L/2V, is estimated to be 57 s, from which the
rupture velocity V; is estimated to be 2km s~ .
We have assumed that the group velocity does not
depend on the path. The systematic pattern shown
by Fig. 9 suggests that this assumption is reasona-
ble in the present case. We can now use these
parameters to correct for the source finiteness by
using (18) and (19). Model 4 of Table V and Fig.
6(d)) is obtained in this manner. The overall fit of
the amplitude and phase is shown in Fig. 10.
Comparison of the four models shown in Fig. 6
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Fig. 9. Variation of group delay times as a function of azimuth
(a). The group delay times are measured from Fig. 8, and
corrected for the ellipticity of the Earth. The full curve in (b) is
a half-cycle of cosine wave fitted to the data. The asterisk
indicates the station plottgd if the azimuth opposite to the
station azimuth.
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Fig. 10. Phase and amplitude spectra of the Colombia— Ecuador
earthquake. Phase spectra are corrected for the finiteness with
L=230 km, ¥,=2km s~', ©,=40°. The full curves are
computed for model 4 in Table V. The time for the SUR data
is calibrated by using the arrival time of the P-wave.

demonstrates that the constrained solution gives
approximately correct fault geometry and fault
strike. Hence, if the source is very shallow and the
unconstrained inversion is not possible, we can use
the constrained solution as a useful first approxi-
mation.

4.3. Monte Negro, Yugoslavia, earthquake, April 15,
1979

The source parameters given by NEIS are:

Origin time: 6 h 19 min 44.1 s

Latitude: 42.096°N; longitude: 19.209°E
Depth: 10 km

M, =69

The depth of this event is somewhat uncertain.
To obtain the first approximation we first con-
strained M,, and M, to be 0, and inverted the
data shown in Fig. 11. We assumed a distributed
source extending to a depth of 24.5 km and used
7=10s. The results are shown in Table VI and
Fig. 12(a). The first-motion data for this event
(Boore et al., 1981) cannot constrain the mecha-
nism unambiguously, but they determine one of
the nodal planes. The plane dips 75° in the direc-
tion of S31°W (or a strike of 301°); this is in close
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Fig. 11. Phase and amplitude spectra of the Monte Negro
earthquake. Phase spectra are corrected for the source finite-
ness with =10 s. The full curves are computed for model 2 in
Table VL.

agreement with the strike of the nodal planes
determined by the moment tensor inversion.

If we assume that the sources for the body
waves and long-period surface waves are the same,
we can invert the surface wave data by constrain-
ing the plane determined by the first-motion data.
The results of this inversion are shown in Table VI

Monte Negro, 1979

Model | Model 2
Moment Tensor Fault Model
(Constrained, M,, =M, =0) 8,=75% V,=211° Constrained
dy = 24.5 km dy =24.5 km

M= 2.6 X 1028 dyne.cm

Minor D-C (13%)
Fig. 12. The mechanism diagrams of the Monte Negro earth-
quake. Model 1 is the constrained (M,,=M,,=0) moment
tensor solution and model 2 is the fault plane solution with one
nodal plane consirained by the first-motion data. Stereographic
projection of the lower focal sphere is shown. Hatched areas
represent compressional quadrant.

Mg = 4.6 x 1028 dyne -cm
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TABLE VI

Monte Negro, Yugoslavia, earthqnake, 1979: moment tensor
(units of 10%° Nm=10%7 dyne-cm) &, is the dip angle and , is
the dip direction

(1) Constrained solution (M, , = Myz =0)
dy=245km, 7=10s
M,,=0.138+0.022
M,, —M,,=0.106+0.028
M, +M,, =—0228+0.013

Equivalent double couple
Major double couple
M,=26
8,=45.0°, ¢, =34.5°
8, =45.0°, Y, =215°
Minor double couple (13%)

(2) Fault model
dy=245km,7=10s
M,=(4.6=0.3)
§,=15°¢,=38°
8, =75° ¢, =211° (constrained)

and Fig. 12(b). The mechanism is essentially a
pure dip-slip fault. Figure 13 compares the syn-
thetics computed for the mechanism shown in Fig.
13(b) and the observed seismograms.

Monte Negro Earthquake, 1979 Mo
R Rz (xi0®®

dyne-cm)
Obs.
TWO 5.1
Syn. ————-———W'\/\/V\/*———“*’\'\/‘/\{\/\P——‘

R, R,
Obs. M’L}\/WMM*W\/\*’*
BOF 4.2
Syn. WW Mv‘v\/\/\/\A——
R, Rz

_Obs. V\/WM\/V\WW—\/\M/\/\]V\/\/M
NNA 4.6
Syn. ‘————\wJ\/Vw—MW/V\/‘/—'

0 1000 sec R, Ry
Lol

Obs. —___—.——«'vawwv\[\{\J\/W\/\/V\/\/h
RAR 4.7
Syn. “*AMWM/\/\/\/V&

Fig. 13. Comparison of the observed (upper lines) and synthetic
seismograms (lower lines) computed for model2 shown in
Table VL




24

4.4. Izu-Oshima, Japan earthquake, January 14,
1978

The source parameters of this earthquake given
by NEIS are:

Origin time: 3h 24 min 39.0s

Latitude: 34.809°N; longitude: 139.259°E
Depth: 14 km

M, =6.6

Shimazaki and Somerville (1979) determined
the source parameters of this earthquake by using
far-field SH waves, near-field strong-motion re-
cords, surface waves and static data. Since this
event is relatively small, the signal-to-noise ratio of
long-period Rayleigh waves recorded at IDA sta-
tions is relatively low. Furthermore, the vertical
extent of the fault is about 10 km so that M, and
M, are almost indeterminate. Hence, the inversion
was attempted only for the constrained solution. A
depth of 16 km is used for the point source. The
results are presented in Figs. 14 and 15 and Table
VII. As shown by Fig. 14, the constrained solution
gives a 90° strike slip solution, which is in close
agreement with the result obtained by Shimazaki
and Somerville (1979). The relatively large minor
double couple obtained for this event may be due
to the complex fault geometry as delineated by the

Izu~Oshima, 1978

{a) N {b)

Constrained

Mgy = M,y = 0)
Mg = 9.51 x 1025
(2nd D-C, 22%)

Fig. 14. The mechanism diagram of the Izu-Oshima earth-

quake. The major double couple of the moment tensor (a) and
the mechanism determined by Shimazaki and Somerville (1979)

are shown. Hatched areas represent the compressional quadrant.
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Fig. 15. Phase and amplitude spectra of the Izu-Oshima earth-
quake. The full curves are computed for the model shown in
Table VII and Fig. 14.

foreshock and the aftershocks. However, in view of
the fairly large standard errors, the minor double
couple should not be given much significance.

5. Conclusion

As we have. demonstrated in the previous sec;
tion, the method developed here can be used for
rapid retrieval of earthquake source parameters.
Although the source moment tensor cannot be
determined completely for very shallow events, a
good first approximation can usually be obtained
by constraining two of the five moment tensor
elements. Further improvement of the solution can
be made by incorporating other geological and
geophysical data, such as the strike of the surface
break, the first-motion data, and the regional trend
of the fault plane geometry. For events deeper
than 30 km, all five moment tensor elements can

TABLE VII

Izu-Oshima, Japan, earthquake, 1978: moment tensor (units of
10%° Nm=10?%" dyne-cm) (d=16 km)

Constrained solution (M, =M,, =0)
M, ,=0.0845+0.0125

M,,—M,,=00120+0.0238

M, +M,, =0.0208+0.0099




be determined. Whether the method works well or
not depends largely on the quality of the data (e.g.
signal-to-noise ratio, calibration, timing accuracy).
The IDA records used here are very well calibrated
and proved to be extremely useful for mechanism
studies.

The method can be implemented on a very
small computer. When the IDA data are used
(sampling interval of 20s), the record to be
analysed usually consists of only 128-256 data
points. Once the spectra are obtained, the remain-
ing computations can be made by using the tables
of the excitation functions given in the Appendix
and the standard least-squares and eigenvalue
routines.

Although the solution obtained by the con-
strained inversion (M,, =M,, =0) may be too
restrictive (either 45° dip slip or vertical strike
slip) for detailed studies, it is useful for real-time
tsunami warning purposes. For these purposes, the
fault type (dip slip or strike slip) and the seismic
moment are most important. The constrained solu-
tion provides sufficiently accurate information on
both of these as shown by Figs. 4, 6 and 12.

As discussed earlier, the dip angle cannot be
determined very accurately for a shallow dip slip
earthquake. Since the observed amplitude is ap-
proximately proportional to M, sin 28, the uncer-
tainty in § results in uncertainty in M. However,
the product M, sin 28 can be constrained better by
the data. Since the vertical component of the fault

TABLE Al
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displacement is primarily responsible for tsunami
generation, this product is probably more useful
than the seismic moment itself for tsunami warn-
ing purposes.
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Appendix. Rayleigh and Love wave excitation func-
tions for various periods and depths

The excitation functions are S, PP, QQ, PV
and Q{". The depth d indicates the depth (see
Table Al) of the point source and dy; the depth of
the lower edge of the extended source (see Table
A2). The units are cm s/10%’dyne - cm.

Rayleigh and Love wave excitation functions for various periods and depths

N T(s) d=9.75 km d=16.0 km N T (s)
P M of 5P R of

19 360.00 1.94775 0.96820 —0.01220 1.83101 0.93984 —0.01324 19 360.00
22 324.93 2.31963 1.17628 —0.01121 2.16276 1.13502 —0.01790 22 324.93
25 297.39 2.64175 1.36819 —0.02571 2.44634 1.31255 —0.03551 25 297.39
28 274.80 2.93390 1.54517 —0.03664 2.69799 1.47402 —0.05205 28 274.80
31 255.69 3.18913 1.70406 —0.04469 291318 1.61696 —0.06755 31 255.69
34 239.22 3.40400 1.84315 —0.06274 3.08980 1.73990 —0.09120 34 239.22
37 224.78 3.60054 1.97071 —0.07584 - 3.24748 1.85107 —0.11202 37 224.78
40 211.99 3.76740 2.08318 —0.09220 3.37722 1.94721 —0.13567 40 211.99
43 200.56 3.73941 2.08016 —0.12637 3.32004 1.92750 —0.17929 43 200.56
46 190.29 3.87858 2.17668 —0.14498 3.42444 2.00819 —0.20526 46 190.29
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TABLE Al (continued)

N T(s) d=33.0km d=43.0km N T(s)
'Y Py oR SR PR o
19 360.00 1.61222 0.86309 --0.07069 1.51666 0.81922 —0.10430 19 360.00
22 324,93, 1.85969 1.02400 —0.10472 1.72209 0.96105 —0.15415 22 324.93
25 297.39 2.05526 1.16315 —0.15331 1.87236 1.07909 —0.22033 25 297.39
28 274.80 2.21568 1.28381 —0.20505 1.98627 1.17770 —0.29104 28 274.80
31 255.69 2.34041 1.38512 —0.25832 2.06534 1.25684 —0.36375 3i 255.79
34 239.22 2.42835 1.46605 —0.31913 2.10857 1.31580 —0.44391 34 239.22
37 224.78 249767 1.53495 —0.37927 2.13435 1.36300 —~0.52344 37 224.78
40 211.99 2.54222 1.58943 —0.44178 2.13730 1.39648 —~0.60474 40 211.99
43 200.56 2.40340 1.52273 —0.51926 1.94047 1.30028 —0.71180 43 200.56
46 190.29 242679 1.56265 —0.58351 1.92324 1.31929 —0.79571 46 190.29
N T (s) d=53.0 km d=62.0 km N T (s)
s® . op 5y 0P
19 360.00 1.40785 0.77521 —0.13805 1.30063 0.73686 —-0.16952 19 360.00
22 324.93 1.56859 0.89787 —0.20380 1.42113 0.84327 —0.24910 22 324.93
25 297.39 1.67114 0.99477 —0.28780 1.48149 0.92244 —0.34810 25 297.39
28 274.80 1.73630 1.07123 —0.37771 1.50486 0.98062 —0.45357 28 274.80
31 255.69 1.76772 1.12817 —0.47010 1.49639 1.01952 —0.56130 31 255.69
34 239.22 1.76455 1.16507 —0.56996 1.45534 1.03885 —0.67587 34 239.22
37 224,78 1.74521 1.19054 —0.66922 1.40020 1.04729 —0.78923 37 224.78
40 211.99 1.70525 1.20291 —0.76969 1.32702 1.04345 —0.90276 40 211.99
43 200.56 1.47529 1.08884 —0.89030 1.05596 0.90770 —1.04323 43 200.56
46 190.29 1.42109 1.08910 —0.99056 0.97160 0.89275 —1.15591 46 190.29
N T(s) d=71.0 km d=108.5 km N T (s)
EY . op &Y P op
19 360.00 1.29044 0.69840 —0.21424 0.86252 0.55038 —0.35934 19 360.00
22 324,93 1.38254 0.78850 —0.31379 0.79577 0.58177 —0.52081 22 324.93
25 297.39 1.40929 0.84991 —0.43533 0.66113 0.58162 —0.70837 25 297.39
28 274.80 1.39632 0.88979 —0.56433 0.49373 0.56052 —0.90308 28 274.80
31 255.69 1.35106 0.91060 —0.69549 0.30764 0.52379 —1.09600 31 255.69
34 239.22 1.27296 0.91228 —0.83329 0.10233 0.47216 —1.29081 34 239.22
37 224.78 1.18147 0.90363 —0.96917 —0.10323 0.41434 —1.47833 37 224.78
40 211.99 1.07321 0.88355 —1.10408 —0.31052 0.35040 —1.65846 40 211.99
43 200.56 0.76560 0.73499 —1.25918 —0.73442 0.14917 —1.87947 43 200.56
46 190.29 0.65153 0.70617 —1.38941 —0.92451 0.08480 —~2.04415 46 190.29
N T(s) d=71.0 km 4=108.5 km N 7 (s)
SS] Pl(l” g{l) Sg) p&l) g)
19 360.00 0.36521 0.41262 —0.48826 0.10597 0.29105 —0.61650 19 360.00
22 324.93 0.14745 0.39310 —0.69905 —0.20963 0.23188 —0.86994 22 324.93
25 297.39 —0.13097 0.34159 —0.93499 —0.57872 0.14317 —1.14369 25 297.39
28 274.80 —0.42705 0.27172 —1.17363 —0.95255 0.04077 —~1.41222 28 274.80
31 255.69 —0.72180 0.19112 —1.40326 —1.30824 —0.06615 —1.66198 31 255.69
34 23922 —1.01684 0.10109 —1.62704 —1.64787 —0.17617 —1.89609 34 239.22
37 224.78 —1.29542 0.00992 —1.83624 —1.95673 —0.28185 —2.10692 37 224.78
40 211.99 —1.55820 —0.08160 —2.02979 —2.23551 —0.38228 —2.29361 40 211.99
43 200.56 —1.99515 —0.29730 —2.26110 —2.70056 —0.60286 —~2.52414 43 200.56
46 190.29 —2.21034 —0.37802 —2.42338 —2.90990 —0.68375 —2.66560 46 190.29
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N T(s) d=271.0 km d=371.0 km N T(s)
P P 0P P Y g
19 360.00 —0.57751 0.06305 —0.85212 —~—1.20334 —0.11086 —1.06039 19 360.00
22 324.93 —1.04092 —0.05311 —1.15884 —1.70877 —0.24543 —1.37646 22 324.93
25 297.39 —1.51413 —0.18627 —1.46421 —2.16130 —0.37895 —1.65956 25 297.39
28 274.80 —1.94515 —0.31827 ~1.74081 —2.51872 —0.49524 —1.88616 28 274.80
31 255.69 —2.31213 —0.43941 —1.97516 —2.77192 —0.58768 —2.04914 31 255.69
34 239.22 —2.62298 —0.54925 —2.17268 —2.94084 —0.65883 —2.15980 34 239.22
37 224.78 —2.87349 —0.64381 —2.33065 —3.03570 —0.70907 —2.22233 37 224.78
40 211.99 —3.06834 —0.72319 —2.45077 —3.06852 —0.74096 —2.24283 40 211.99
43 200.56 —3.36258 —0.88010 —2.59973 —3.12571 —0.81389 -~2.27645 43 200.56
46 190.29 —3.45524 —0.92547 —2.65429 —3.06653 —0.81246 —2.23316 46 190.29
N T(s) d=471.0 km d=571.0 km N T (s)
P 7P o P 70 D
19 360.00 —1.18376 —0.22561 —0.99596 —1.28216 —0.27932 —1.05295 19 360.00
22 324.93 —1.60017 —0.35386 —1.22660 —1.61393 —0.38407 —1.23132 22 324.93
25 297.39 —1.93388 —0.46573 —1.40429 —1.83977 —0.46370 —1.33765 25 297.39
28 274.80 —2.15876 —0.54943 —1.51924 —1.95144 —0.51214 —1.37411 28 274.80
31 255.69 —2.27783 —0.60273 —1.57467 —1.96467 —0.53141 —1.35374 31 255.69
34 239.22 —2.31660 —0.63139 —1.58552 —1.91037 —0.52925 —1.29658 34 23922
37 22478 —2.29265 —0.63943 —1.56121 —1.81031 —0.51133 —1.21579 37 224.78
40 211.99 —2.22136 —0.63119 —1.50979 —1.68088 —0.48247 —1.12059 40 211.99
43 200.56 —2.15653 —0.64194 —1.46018 —1.55150 —0.46291 —1.02809 43 200.56
46 190.29 —2.02815 —0.60970 —1.37550 —1.40018 —0.42166 —0.92489 46 190.29
N T(s) d=671.0 km N T(s)
S0 Py o
19 360.00 —1.13036 —0.27869 —0.95596 19 360.00
22 324.93 —1.33978 —0.34659 —1.06863 22 324.93
25 297.39 —1.44578 —0.38685 — 1.10865 25 297.39
28 274.80 —1.45729 —0.39977 —1.08754 28 274.80
31 255.69 —1.39763 —0.39087 —1.02314 31 255.69
34 239.22 —1.29654 —0.36833 —0.93572 34 239.22
37 224.78 — 117367 —0.33778 —0.83799 37 224.78
40 211.99 —1.04188 —0.30315 —0.73781 40 211.99
43 200.56 —0.91539 —0.27483 —0.64366 43 200.56
46 190.29 —0.79095 —0.23893 —0.55344 46 190.29
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TABLE Al (continued)

N T (s) 4=9.75km d=16.0km d=33.0km N 7(s)
P {0 P o P o’
19 373.95 —2.65478 ~0.06101 —2.65306 —0.08781 ~2.64840 —0.11643 19 373.95
22 332.24 —2.84729 ~0.06839 —2.84505 —0.09843 ~2.83919 —0.12458 22 33224
25 299.16 —2.99909 ~0.07508 —2.99633 —0.10803 ~2.98920 —0.13070 25 299.16
28 272.21 —3.10921 —0.08096 —3.10584 —0.11649 ~3.09743 —0.13490 28 272.21
31 249.77 —3.19577 ~0.08644 —3.19182 —0.12436 ~3.18215 —0.13809 31 249.77
34 230.78 —3.26105 ~0.09154 —3.25645 —-0.13167 ~3.24551 —0.14042 34 230.78
37 214.48 —3.31028 —0.09633 —3.30506 —0.13855 ~3.29278 —0.14215 37 214.48
40 200.35 —3.34721 ~0.10089 —3.34i34' —0.14510 —3.32763 —0.14345 40 200.35
43 187.96 —3.37433 ~0.10527 —3.36763 —0.15137 —3.35268 —0.14443 43 187.96
46 177.01 —-3.3934] ~0.10948 —3.38602 —0.15740 ~3.36966 —0.14518 46 177.01
N T(s) d=43.0 km d=53.0 km d=62.0 km N T (s)
P> op P P P op '
19 373.95 —2.64451 ~0.14412 —2.63976 —0.17280 —2.63470 —0.20004 19 373.95
2 332.24 —2.83441 —0.15220 —2.82863 —0.18084 —~2.82252 —0.20805 22 332.24
25 299.16 —2.98356 ~0.15752 —2.97677 —0.18538 —2.96970 —0.21189 25 299.16
28 272.21 —3.09101 —0.16034 —3.08329 —0.18683 —~3.07533 —0.21206 28 272.21
31 249.77 —3.17484 ~0.16182 —3.16625 —0.18661 —3.15747 —0.21025 31 249.77
34 230.78 —3.21743 ~0.16221 —3.22810 —0.18504 —3.21865 —0.20687 34 230.78
37 214.48 —3.28402 ~0.16184 —3.27389 —0.18256 —~3.26376 —0.20241 37 214.48
40 200.35 —3.31812 —0.16095 —3.30731 —0.17945 —~3.29668 —0.19725 40 200.35
43 187.96 —3.34241 —~0.15968 —3.33103 —0.17591 —~3.31964 —0.19158 43 187.96
46 177.01 —3.35884 —0.15814 —3.34669 —0.17207 —~3.33508 —0.18560 46 177.01
N T(s) d=71.0 km d=108.5 km d=146.0 km N T(s)
PO of’ P g P o’
19 373.95 —2.62890 —~0.24205 —2.58915 —0.44160 —2.52844 —0.62900 19 373.95
22 332.24 —2.81554 ~0.25052 —2.76762 —0.46154 —~2.69401 —0.65892 22 332.24
25 299.16 —2.96170 —~0.25380 —2.90607 —-0.47254 —~2.82035 —0.67634 25 299.16
28 272.21 —3.06639 —~0.25256 —3.00392 —0.47563 -2.90712 —0.68268 28 27221
31 249.77 —3.14770 ~0.24888 —3.07909 —0.47445 —-2.97189 —0.68305 31 249.77
34 230.78 —3.20808 —~0.24327 —3.13385 —0.46989 ~-3.01721 —0.67869 34 230.78
37 214.48 —3.25255 ~0.23638 —3.17332 —0.46298 —3.04788 —0.67104 37 214.48
40 200.35 —3.28494 —0.22862 —3.20122 -0.45452 ~3.06792 —0.66117 40 200.35
43 187.96 —-3.30759 —0.22028 —3.21987 —0.44495 —3.07926 —0.64982 43 187.96
46 177.01 —3.32241 ~0.21157 —3.23135 —0.43465 —~3.08380 —0.63740 46 177.01
N T(s) d=183.5km d=271.0km 4=371.0km N T(s)
P of P of? P’ £
19 373.95 —2.44509 ~0.81464 —2.17924 —-1.07172 —1.82907 —1.17836 19 373.95
2 332.24 —2.59281 --0.85437 —2.27059 —1.11730 —~1.85256 —1.20105 22 332.24
25 299.16 —2.70218 ~0.87815 —2.32644 —1.14188 —1.84634 —1.20001 25 299.16
28 27221 —2.77338 --0.88773 —2.34863 —1.14801 ~1.81393 —1.17952 28 27221
31 249.77 —2.82363 —0.88980 —2.35287 —1.14460 —1.76920 —1.14973 31 249.77
34 230.78 —2.85543 ~0.88577 —2.34211 —1.13359 —1.71502 —1.11329 34 230.78
37 214.48 —2.87362 ~0.87757 —2.32088 —1.11755 —1.65529 —1.07311 37 214.48
40 200.35 —2.88185 —0.86659 —2.29250 —1.09829 ~1.59297 —1.03122 40 200.35
43 187.96 —2.88240 ~0.85366 —2.25900 —1.07686 —1.52947 —0.98867 43 187.96
46 177.01 —2.87712 ~0.83944 -2.22182 —1.05416 —1.46612 —0.94634 46 177.01




TABLE A2

The excitation functions for various d,,

N T d=471.0 km d=571.0 km d=671.0 km N TE®)
PI(‘” g) Pl(‘” S) PI(_” i‘)
19 373.95 —1.50466 —0.94122 —1.21111 —0.86453 —0.94700 —0.68984 19 373.95
22 332.24 —1.47510 —0.92954 —1.14498 —0.82569 —0.85737 —0.63776 22 33224
25 299.16 —1.42384 —0.89981 —1.06668 —0.77276 —0.76551 —0.57768 25 299.16
28 272.21 —1.35538 —0.85685 —0.98071 —0.71121 —0.67507 —0.51454 28 272.21
31 249.77 —1.28117 —0.80914 —0.89596 —0.64901 —0.59190 —0.45433 31 249.77
34 230.78 —1.20386 —0.75911 —0.81408 —0.58821 —0.51648 —0.39836 34 230.78
37 214.48 —1.12651 —0.70897 —0.73688 —0.53070 —0.44921 —0.34761 37 214.48
40 200.35 —1.05102 —0.66019 —0.66521 —0.47729 —0.38983 —0.30234 40 200.35
43 187.96 —0.97837 —0.61343 —0.59931 —0.42828 —0.33777 —0.26232 43 187.96
46 177.01 —0.90927 —0.56918 —0.53916 —0.38372 —0.29236 —0.22721 46 177.01
N T() dy =245 km dy=38.0 km N T@)
S(Rll Pl(ll) %(1) SS) P}{U g)
19 360.00 1.88277 0.95241 —0.01278 1.75525 0.91031 —0.04007 19 360.00
22 324.93 2.23231 115331 —0.01493 2.05668 1.09236 —0.05725 22 324.93
25 297.39 2.53297 1.33722 —0.03117 2.30782 1.25518 —0.08874 25 297.39
28 274.80 2.80258 1.50556 —0.04522 2.52596 1.40105 —0.12055 28 274.80
31 255.69 3.03552 1.65558 —0.05742 2.70790 1.52810 —0.15211 31 255.69
34 239.22 3.22910 1.78568 —0.07858 2.85169 1.63503 —0.19196 34 239.22
37 224.78 3.40401 1.90411 —0.09598 2.97683 1.73012 —0.22950 37 224.78
40 211.99 3.55021 2.00749 —0.11640 3.07512 1.81045 —0.26976 40 211.99
43 200.56 3.50597 1.99518 —0.15583 2.98630 1.77250 —0.32712 43 200.56
46 190.29 3.62578 2.08289 —0.17853 3.06067 1.83769 —0.36941 46 190.29
N T® dyy =48.0 km ‘ dy, =57.5 km N T(s)
Sf(‘) P;{l) g) ' SS) Pl(i‘) g)
19 360.00 1.69298 0.88654 —0.05684 1.63582 0.86422 —0.07312 19 360.00
22 324.93 1.96935 1.05809 —0.08254 1.88901 1.02597 —0.10685 22 32493
25 297.39 2.19416 1.20922 —0.12308 2.08931 1.16623 —0.15610 25 297.39
28 274.80 2.38510 1.34275 —0.16505 2.25504 1.28832 —0.20768 28 274.80
31 255.69 2.54019 1.45730 —0.20735 2.38534 1.39132 —0.26002 31 255.69
34 239.22 265773 . 1.55171 —0.25772 2.47868 1.47420 —0.32031 34 239.22
37 224.78 2.75694 1.63430 —0.30622 2.55412 1.54534 —0.37899 37 224.78
40 211.99 2.83034 1.70240 —0.35719 2.60480 1.60227 —0.43988 40 211.99
43 200.56 2.71334 1.64925 —0.42752 2.46515 1.53691 —0.52029 43 200.56
46 190.29 2.76380 1.70238 —0.48068 2.49463 1.57944 —0.58289 46 190.29
N T(s) dpg=66.5 km dy=89.75 km N T(s)
S W g
19 360.00 1.58186 0.84372 —0.08864 1.50009 0.80294 —0.12388 19 360.00
22 32493 1.81370 0.99656 —0.12975 1.69272 0.93818 —0.18139 22 324.93
25 297.39 1.99147 1.12698 —0.18701 1.82811 1.04924 —0.25669 25 297.39
28 274.80 2.13428 1.23879 —0.24726 1.92721 1.14086 —0.33623 28 274.80
31 255.69 2.24224 1.33147 —0.30852 1.99218 1.21338 —0.41710 31 255.69
34 239.22 2.31395 1.40412 —0.37755 2.02185 1.26611 —0.50543 34 239.22
37 224.78 2.36838 146517 —0.44503 2.03533 1.30760 —0.59210 37 224.78
40 211.99 2.39912 1.51232 —0.51439 2.02707 1.33589 —0.67986 40 211.99
43 200.56 2.23831 1.43562 —0.60447 1.82507 1.23903 —0.78818 43 200.56

46 190.29 2.24947 1.46890 —0.67513 1.80109 1.25488 —0.87555 46 190.29
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TABLE A2 (continued)

N T(s) dy =24.5 kim dy =380 dy =480 N T (s)
P op P o P D
19 373.95 —2.65382 —0.07593 —2.65127 —0.09502 —2.64951 —0.10783 19 373.95
22 332.24 —2.84604 —0.08511 —2.84281 —0.10371 —2.84062 —0.11637 22 332.24
25 299.16 —2.99755 —0.09342 —2.99362 —~0.11099 —2.99099 —0.12314 25 299.16
28 27221 —3.10734 —0.10074 —3.10267 —0.11684 —3.09963 —0.12819 28 272.21
31 249.77 —3.19357 —0.10755 —3.18819 —0.12194 —3.18471 —0.13235 31 249.77
34 230.78 —3.25849 —0.11388 —3.25237 —0.12639 —3.24847 —0.13574 34 230.78
37 21448 —3.30738 —0.11983 —3.30050 —0.13035 -—3.29620 —0.13857 37 214.48
40 200.35 —3.34389 —0.12550 —3.33623 —0.13396 —3.33150 —0.14100 40 200.35
43 187.96 —3.37060 —0.13093 —3.36216 —0.13729 —3.35700 —0.14314 43 187.96
46 177.01 —3.38930 —0.13615 —3.38004 —0.14041 —3.37451 —0.14504 46 177.01
N T (s) dpg=57.5 km dy=66.5 km d3y —89.75 km N T (s)
0 of ) of % P

19 373.95 —2.64755 —0.12086 —2.64548 —0.13360 —2.64083 —0.16403 19 373.95
22 33224 —2.83822 —0.12929 —2.83569 —0.14197 —2.83004 —0.17243 22 332.24
25 299.16 —2.98814 —0.13561 —2.98517 —0.14789 —2.97859 —0.17761 25 299.16
28 272.21 —3.09635 —0.13995 —3.09297 —0.15156 —3.08551 —0.179%0 28 272.21
31 249.77 —3.18101 —0.14323 —-3.17722 —0.15402 —3.16894 —0.18064 31 249.77
34 230.78 —3.24439 —0.14562 —3.24025 —0.15548 —3.23122 —0.18011 34 230.78
37 214.48 —3.29173 —0.14739 —3.28723 —0.15625 —3.27750 —0.17873 37 214.48
40 200.35 —3.32665 —0.14871 —3.32183 —0.15652 —3.31148 —0.17675 40 200.35
43 187.96 —3.35180 —0.14971 —3.34662 —0.15645 —3.33567 —0.17436 43 187.96
46 177.01 —3.36893 —0.15046 —3.36348 —0.15611 —3.35196 —0.17167 46 177.01
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