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ABSTRACT

Obtainin® accurate earthquake hypocenter locations has

received considerable attention, Although the problem Is

non-linear yet the existing algorithms and computer

programs primarily make use of {inearisation. it is only

. recently that in some studies the nonlinearity has been

*j _ . Incorporated in the computational schemes with- a view to

i " make Improvements in the locations, A study incorporating

- the second order partial derivatives for half space and a

~ layer over half spece have been reported-and In the present

- study the results have been extended for a’ ‘Muitilayer one

" dimensional earth model, The existing formulation of the

nonlinear problem alongwith the details of Geiger method

has been Inciuded for ready reference as the required
background for these derivations.’

The expressions developed for second order partial
derivatives have been incorporated in an existing program
of locations using Geiger metnod. The results from both

“linear and nonlinear techniques for test earthquake data,
synthetic earthquake data and 3 to 6 station real data have
been obtained and compared. Numerous aspects require
further examination before any generalised conclusions can
be drawn. It has, however, been demonstrated that the .

" incorporation of nonlinear terms in computations of hypo~
,~* .= . center locations is easlly feasible, Based on the results
' obtained and discussed in the paper, it is concluded that

.nonlinear inverse seems to provide better control in the
-gstimation of focal depths, improves convergence partl-
.cularly for events falling outside the array -and provides
better information of solution statistics. )

.Key words : Hypocenter, Nonlinear Inverse, Travel time
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INTRODUCTION

Earthquake hypocenter locations are computed from a set of obs-
erved arrival time data obtained from a seismological network of stations,
The problem may be an overdetermined, even-determined and underdet-
ermjned depending upon the number of available independent record-
Ings. When the number of independent recordings are more than the
parameters to be estimated the problem Is overdetermined and does
not possess an exact mathematical solution. The estimation of hypoce-
nter coordinates and origin time as linear least square problem was
first obtained by Geiger (1910, 1912), The approach remained unutilised

for a number of years because of tedious and lengthy computations |

involved In obtaining least square inverse. However, with the avaHability
of digital computers a number of studies on hypocenter locations emplo-
ying Geiger method have been reported (Bolt, 1960; Flinn, 1960; Nordgu-
ist, 1962; Bolt and Turcotte, 19684; Engdahl and Gunst, 1966). Many algo-
rithms and programs have since been developed and some of these are
commerclally available for locating earthquakes (Eaton, 1989; Crampin,
1970; Lee and Lahr, 1975; Klein, 1978; Herrmann, 1979; Lahr, 1978), Num-
erous other studies leading to the understanding of the inherent drawb-
acks in these algorithms and possible methods of improvements have
been reported {Smith, 1976; Buland, '1976; Aki and Richards, 1980; Lee
and Stewart, 1981; Anderson, 1982),

Locations are obtained by solving a set of linear simultaneous
equations l.e., equations of condition. The mathematical techniques are
essentially based on cemputing hypocenter correction vector in an
iterative manner for a given partial derivative matrix of travel time and
residuat vector. Although obtaining linear least' square Inverse from a
set of linear equations looks stralghtforward yet numecical instability
can arise in computing inverse of the matrix. This happens due to the
presence of nearly dependent column vectors in the matrix to be inverted
and is attributed to poorly constrained model parameters by the data.
in order to overcome this, the ill constrained components (generally the
focal depth) are taken out from the normal equations and their values
fixed at each iterations step (Lee and Lahr, 1979).

Numerical stabiflty can be better achieved if the matrix inversion

is computed employing QR algorithm or singular vaiue decompesition

mathods (generalized inverse) as these allow convenient detection of

:

.
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_ li-conditioned matrices (Bolt, 1970; Buland, 1976; Kiein, 1978).. To alow
_delstion of the ili-conditioned vectors from the matrix while compuiing

fnverse, data from large number of stations is required, Studies have
been carried out on the'condition number' of the matrix which is the ratio
of the largest to the smallest singular value. The condition number
is large for events falling outside the array, may bacome very large (10™)
for earthquatkes locuted fow array Stmensios sutside and réduces if the
S and other phase arrivals are also used (Buland, 1976). The proper
cholce of mode| parameters leading to scaling of column of matix alto
reduces the condition number (Smith 1976).

e

The earthquake location problem Is nonllnear ln najure yet tho
methode of locating hypocuntcrt make use of linearisation emp!oylng
Taylor series. Tlmibm Wy addition to the use of normal’ equétions and
generalized Inverse niethods, a third approach 1s a momﬂcaﬂon of
Gelger method (Gause-Newton method) and Incorporates’ the noniinear
behaviour (Newton method) of travel time as a function of source posit-
ion (Leo and Stewart, 1981; Thurber, 1988)., Advantages of nonlinear
method as a means to provide stability during hypocenter locations in
situations when first order partial derivatives vanish while the second
order partial derivatives are maximized, espacially, for short path lengths
have been demonstrated (Thurber, 1985). The tendency for very shallow
events to have unstable focal depths in standard location algorithms Is
a common experisnce; This I due to fhrst order partial derivatives being
very smat positive mumbers and a small perturbation In éarthqueke focal.
depth causes substantial upward shift resulting in an "‘airquake”. Inclus-
lon of second ordet terms would prevant this Instability. Second order
partial derivatives may also add stability in the iocations of events falling
outside the network. Fast convergence towards global minimum and
reliable estimates of hypocenters have been demonstrated on the synth-
etic data (Thurber, 1985). However, detalled studies are requlred to fully
assess the practlcal utility of this method.

Keeping in view the expected benefits of ‘fast conveérgence and
stabllity, the ocations of events in present study have been sttempted

~ employing nonlinsar hat square. method. Events hiave also been

located by linear least square technique - usin:r a modiﬂcatton of
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HYPOLAYR program. The superibrity and validity of the nonlinear least
square method has been studied earlier for synthetic data. This study
has permitted a comparisoh of locations obtained employing linear and

nonlinear methods on the real data which has an inherent component
of noise,

FORMULATION OF EARTHQUAKE LOCATION PROBLEM

An earthquake is an independent event in space and time, Jts
location involves estimation of four dimensional vector in the Euclidean
space. The model parameters in the earthquake location problem are
the three space coordinates, namely, latitude, longitude, focal depth and
the fourth coordinate Is the origin time. These are the components of
the four dimenslonal vector. The observahles are the arrival times of
events at the recording stations (Akl and Richards, 1980). It is adequate
to make use of a Cartesian coordinate system provided the horizontal
dimensions of the network are small as is the case for lecating locai
_earthquakes. In addition to the arrival time of various phases, two more
data sets are needed to initiate the event.location, These ‘are the trial
hypocenter and a rapresentative veiocity model of the region. The

process of - hypocenter location is accomplished in the following
three steps :

(1) From the trial hypocenter the travel times to the various recording
stations are computed based on the selscted velocity model,

(1) The observed travel times are compared with the computed travel

times, and travel time residuais for each recording station are
obtained.

(i) These residuals are-minimized using lgast square or other optim-
izatlon techniques. '

Geiger Meothod

The hypocenter vector, X, to be estimated in the four dimensionai
Euclidean space, may be expressed in a Cartesion coordinate system
(x,y,z) as

X=(xyzt) ﬁ n
where t is the origin time of the event and the superscript T denotes
the transpose. Let the trial hypocenter vector be given by

X=(x vz, t)T ' (2

L BN 4
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Following notations are defined
M - number of recording statlons
i - subscript to various variables for denoting station number
1to M
7t = observad arrival time
t1 -~ computed travel time
ti - computed arrival time
rn - arrival time residual

The computed arrival time t: from tha X at the ith station is given by
t(X)=Ti()+ t

i‘
- The arrival time residual at the ith station is
» nX)=n—tX
. N =n—Ti(X)— t ' 3) -
The obiectlve function for the least square mlnlmizatlon Is the sum of
the squares of the residuals for all the stations and is
F(X) = L, 2 =t ©
nl _
where r is the vector in the M dimensional space having the components
r :[r (i‘)’ r (i)!l.l!..? (i, ]T (5)
- t 2 M J
The computed arrival time (t:) s a function of hypocenter and smail
change 1 due to small changes in (x, y, z, t) can be represented by Taylor
. serles as
B A t' t- . ) )t
dt. =‘)fi_dx+‘.;_.‘_. dyfa—J— dae. + —-— dt
i ox - dy oz 3

-+ higherorder terms (6)
Sincet = T: (x,y,2) + t, equation (3 8) is modified as

- ____“; '.i"' - . r. -1 - - R
d!.l s dx a—-—w-y -“dy.. + -—S-L-—- d; ‘.,, dt M
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x vy dz o ®

For each station there will be one equation of the type (3.8).
These equations are represented In the matrix form as

AdX r , (9)
where (- | -
i 3T, oT, |
ox dy d:z
o T2 0Ty !
. ax by | d?_
A= | 9T, 375 Ty , (10)
| Ax T dy 22
T :
‘ a_*!ﬁ alM__ a}_«_& !
| dx Yy Q%

~and 3X (dx, dy, dz, dt)T is the hypocenter adjusiment vector In ihe four

dimensional space and r is the M dimenslenal residual vector. The
system of equations represented by (9) is overdetermined. By multi-
plying both the sides by AT it reduces to even-determined system as

s 18Xy =g

(11)

- ' o
TJQ}‘M [A}M [‘ {6‘(}{4)‘1 -EAIJ[‘_KM (r]M&! by ) (12)

TR I
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EATA}QXQ {6x]f.'x! :[ATr]Qxl (13)

The expression (13) represents the normal equatiens which allow
obtaining least square solutions.

Nonlinear Optimisation

The Newton's method of nonlinear optimization differs from Gelger
methed in that it also requires computations of second order partial
Qerlvatives to incorporate nonlinear behaviour of travel times. The

objective function F(X) to be minimized is

FOX)=rTr

where X and r are hypocent'er vector and residual vector respectively as
before. Expanding F (X) in the Taylor series

F(i + §X) = F(i) + gTSX + IIZSXTE ﬁx ‘.. (14) |
where g is the gradient-vector, i.e., gT =QFX)

It has been shown (Lee and Stewart, 1981; Thurber, 1985) that
g=-2ATr ‘ (15)

H=2 [ATA -{VAT)] . (18)

where V is the vector gradient operator and H is the Hessian matrix.
Minimization of the F feads to

X =-H'g (17)

- 2 ATA - (9AT) 7! (2aTh

- (aTa . T, 1 ,T :
(A'A < (DAT) T ATr (18)

The components of {(4x4) matrix N = (Y AT)r are represented as,
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N = r
X% l:l—i..h 1
- - M 321'.
1=
M
- - - 2T
Nxz =Ngy i i 19)
i= éx&r
M
N =N = o r
vz i igbyaz ’
M 2
- Ty
N.yy = IZ_I 37“ Fi
M2
- ¥
N. = S ]
z2 ,E.'-I 312

and the remalning components of N are zero.
In the matrix notation equation (19) can be written as

an ny N!l
(AT = 1MNyx Ny Nyz (20)
Nax Nay. Nzz
- d

From equation (10) and (13) AT A Is given by

-euﬂ"
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o a'fl aT. M )Ti QT' ] }Ti )Tl M aTi
M s S T
ial 9x  dx o1 9% dy it ER P =] 9x

The vector matrix equation 18 is now exprossed as

CaT T AT, -
ISX][J'Xj - {(A A)luli - (VA r)axq] \,\ r)f-l.\(}

[sxlhxl = [R]axq [ATr]“!

(§X),yy = (R ATl | (22)

T -
where (1ATA), , - (@AT), T = (R], .

Equation (22) provides the desired solution for the hypocenter
pardmeter correction vector (3X) whereas matrices A, (VAT and
ATA are given by equations (10), (20) and (21) respectively. The expre-
sslons for the second order partial derivatives required in equation (20)
have been derived in the foliowing section for one dimensional muiti-
layer velocity model The expressions for first order derivatives are alsa

obtained for convenience.
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COMPUTATIONS OF VTRAVEL TIMES AND DEﬁIVATIVES

Computations of travel times of seismic rays and their first and
second order partial derivatives are required in equations (20) and (21)
for estimations of correction vector of hypocenter parame-
ters, The earth model adopted in the present study consists of a sequ-
ence of horizontal layers of constant velocity which increase with depth
and is shown in Figure 1. This is one dimensional multilayer velocity

D, ,11 v,

o, 2, V)

Da : #za Va

0, i izﬂ Va

Os tZS Vg

0.
DJ 1 Z, . \J
DJ - t‘zﬁf'l'_ 4 N VJfl' :
Onoa

On .2 1 IN-2 VN-2
Onor 1?»4-1 V-9

¥y

V, £ \'24.\':( VQ'< VS(."" -VJ < VJ'H --t.---V"_z < Vs-‘<vu'

FIG. 1:0NE' DIMENSIONAL MULT!LAYER vst.ocnv MODEL-
: CONSTANT VELOCITY IN EACH LAYER BUT INCREASING
WITH. DEPTH

kL)

!
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model and is most widely used in microearthquaka ‘studles. The analy-
tical expressions required to compute travel times and their ﬂrst order
partial derivatives are well known (Eaton, 1969). Expresslons for second
order partial derivatives are already avallable for two earth models,
half space and a layer over half space, and these are rederived here for
ready reference (Thurber, 1985). The following notations are used in the

derivation of these expressions.

Vs - propagation velocity of longitudinal wave In the Jth layer
=1N)

Dy - depth to the top of the !th layer’ = 1, N)

Z, -thickness of the }th layer (=1, N)

FAN aplcérntral distance

H - depth of the focus from the top of the Jth layer

V - velocify in the half space

i f, - take off angle of the ray in the ’th layer refracted from the top of

Kth layer

During the computations of travel times and derivatives it has to be
ascertained as to which ray (direct or refracted) is the first arrival at the
recording station located at an eplcentral dlstance (A) from the

hypocenter.

The steps invoived in the computation are : determinln‘whlch layer
contains initial or trial hypocenter, determining which ray is the first
arrival at epicentral distance (A) and computing trave! time and the first
and second order partial derivatives for the appropriate ray. The three
cases of ray paths for the seismic waves propagating from hypocenter
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to the recording station are shown in Figure 2. Expressions for trave!
time and their derivatives in each of these three cases are derived as
foliows, ' ,

—-— & - - ~
——— [+ (Xg,Ya,2q) el e LN, % 2N
R H
F Vi
/ (0)CASE 1 7 /
v2
/ { v
/ / Va g
/o
FARR Y 7
, N (c)CASE 3 / =
b~ H -~
- . /
- - < ; .
l’ﬁr,z) JH LAYER ' / oy
T . / Yy
N\ S bicase 2. 7
\ ’
\
\

\\ /
\

V-2
' / V-1
\ / ¥i
' _ Vi +1 E
FI6. .2.DIRECT RAY FOR SOUR

CE IN FIRST LAYER(a), DOWN:
"WARD RAY CRITICALLY REFRACTED FROM
AND DI_RECT RAY (c ) F

KrHLAYER(b),
OR SOURCE IN THE Jq, LAYER

i
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Case 1 : Direct Ray with Hypocenter in the First Layer

The earth model reduces to half space and is show In Figure 2 (a).
The expreaslons for travel time and derivativas are | :

a) Travel time (T) = (A?® + HY)Vs,y ' (23)
b) first order partial derivatives are -
AT, .x C =12 ‘
x T v{a? o« H4) : | (29
Ny Vial |, H2 }77 : .
3T . H
Sz SHT oy a? Y2 o
where A\ = (x - xo)? - (y = yo)?)/s ,l @n
€) Second order partlal derivatives are

WT (al + HY) - (x - x5)2

3.\(2 V(AZ 4 H2)3/2 : (29)

¥ . La? 1Y) -y - yo)? ‘

W2 vl s )2 @)
AH2 V(a2 + HOIE | (30)
T L ¥ xexg) (y - yg)

Ax dy dy A V(al +-HYI2 - (31)
Qir__ =_3__2L oL (Z-zg) (x- xy)

M dz L iz LA vl 22 (32)
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S A L I
dy Vz ¥z dy- V( a2 + M9 372 : (33)

In the expressions from (23) to (33), V Is the half space vetocity,

3.3.2 Case 2: Refracted Ray with Mypooenter in Jth Layer |

The ray path geometry for the refracted ray follows the laws of
réfraction optics as is shown in Figure 2 (b). The travel time (T,), to
eplcentral distance {(A) for a ray with hypocenter lying In the layer
1('=1,N) and refracting from the top of the layer K (K = 1, N)
(Eaton, 1969) is

A~
Ty = Tk + Vi S (38)

where TK Is the lntgrcept time and Is expressed as
H Cos 8/

Ta=TyK— Vdi - . (35)

The time T ;.. is the travel time for the ray with hypocenter placed of

the layer J and refracted along the-top of the layer K. ‘This is expressed
by successive summation of the two way times in each layer as

‘ K-1 *Dy Cos o0k K-] D, Cos &~ (36)
T . &= . = L= K
X L3 v e

The expression for the travel time (T, ) is obtained by substitutir g -expr-

essldpns (36) and (35) in (34) and converting angles into velocities
employing Snell's law.

o mpe? 22 2 2,0
r. b K- By -vi) . K- D (Ve - ¥
I v B PO o Lo Ve Vi,
20 2,12 ‘
HvE ov2)
I N}
..__..;K_._:,_J_ - (37

The expressions for first and s‘acond order derivatlvcs are obtaln’ed by
- d.fferentiating expression (37) as

- 2 L.

s g
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oy . XX \

dx Ve (38)
aTJ Y-y, |
oy, 5 T Vga ) '(99)
| Ly -vh”

R VeV, (40)

2 2
d TJ d 1 _____(x = %a)”
w2t W@ e S

31 2 LYoy

a y2y VK Fa _ A3 (42)

2
3 X STJ . (x - x ) y-y0)

W T XYy Vo “)

Remaining expressions of second order partial derivatives are zero.

Case 3: Direct Riy with Hypocenter in the Jth Layer

The trave! time {T), for the direct ray with hypocenter In the Jth
layer, as shown in Figure 2 {(c), can not be conveniently expressed in
terms of A. However, both T and A are separately expressed (Eaton,
1989) In terms of H, Sinf, velocities and layer thicknesses as

Z Y
Te VJ(I,-‘SinZGJ!;é ’ L%l _z-va :
iE . sl (44)
VF.
) HSn 8 T ZL&n&
EA G ¢ = 3 2 112 S (45)

{ =5 -Sn"6)
.

-
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and

0 _ _
OZ ls expressed as

oT.
(3T - o '_QS-ns l H
4

H gﬁ s } (40

leferentlatlon of expressions (44) and (45) with respect to Sin0 gives

2
=1 Z V, Sing v
H Sing (1-5in? gy3/2 | t S

, 7t ~% - sin%ey 2
8_'[_, . VJ L=) VL VL i (47) &
oy ) 2 2 . )
‘ H(1-siney 2, ij -———-z'i % ('\',z‘ - Sin% y7 32 .
! L= v Ve §
The first order partial derivatives are'glven b _ .
T - 3 T I 54 3T X = Xq |
ST, HI " aa (v (7 (48)
aTl =BT| Y. aT! Y= Yo :
OV {H da IH Y Ih =z “9)
Travel time (T) is a function of (H, Sin 6) and eplcentral distances Al
#le0 & function of (H, Sin 6). Therefors, —1—| . 8" be expressed as g
aT | AT, pRing .?;._ l :
oH |ging SH |, 9 | a | Smﬂ
3T L 3T -_‘A- e |
aH \A i Hsing 31 [ sine 94 {p (50)
where

1 '
oH lSin 0 = Vy (1-Sin*0y7s

51
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and
A I . Sind
+ M | sing U-sin2e) 2 (82)
Hence, 2T | . _! =S8 3T _

To obtain expressions for second order derivatives, differentiating
éxpression (50) with respect to H as

. T i Y T P -\ 4 -é‘— ‘aT
-gﬁ [%—T ﬁ]a - 3& [%Husme slh-r-‘:'ma °a LH—L]H (54)
T = P
Let 'EH_' A
.B_P, . 3P _9.6‘ 3P (58)
oM la M {sing Wilging 24 H
\
d . 9SG
Where operator _6_0 T 8sa ~ (58)
IH bSm@ o !
Equatian (55) 'prgvl'des -tha exprassion | for 93;_ ’, |
h 1)
wherein the quantities

=

have been compyted as
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AR, _sing & ar
| sing - Sin2e)i2 H \:M

\

H [ 5ing"

. ey

H[sin " 3 (vJ (=S8 T Qlosia) [ sne {81)

OT | Is given by equation (47)
(The value of I !H

. i ]
lg' ’ 1 a ! . Sing QI_
3dSing M WBing VJ(l-s‘m?g)‘f? “_Sin2u)1/2. EYS IH H
SSin_e |H -"u—lv-&"—-gL. - \.ﬁ. f " (1-5ine) 3
) h)
2. ot A | 3T (58)
sin8 (1 - Sin“g) Asing 34 | H

To complete the expressiéns (57) and (58) the partial derivatives to be
computed are

."" :
Lol s [
M1 aanse ™ SZW 3aly

Differentiation of expression (47) leads to

_ (50)
R -
Sng (157 87" | |
- ' - (e0)

where A =
| 3

B -
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: Ay = (1 -sinfg¥2 -
-1 Zy VqSing. vi e
B, - L V3 oin ‘
1 Z 5 J - Sinze) -3/2
- v 2 (62)
L=] L Vv
' L
3-! z, v 2 :
. B, = LV v
2 —_ ] , -3/2 . :
- = L VL
_ 3 3T l . AAL(AA? v SUM!) -BBI(RB2:SUM?) (84)
" " wine | 8 IWE Aan? - - S
where :
- AA1 = by (1 - Sinz0)-¥s + B,
BB1 = a, Sinf {1 - Sin9)-3'2 4 B,
a; = H/V) '
bx = H
AA2 = a1 (2 Sin?® + 1 (1 - Sint6-511
BB2 = 3b; Sinf (1 - Sin26) s
3-1 2 2
s - SuML = 2. - Vs ....‘132 -sinfey ¥? (7 sin2g, VL
L ov2 v, & _vl___z
3-1 . v2? 2
- 'Y SUM2 = z M { 13_. - Sjnzc“'ﬂ2
. L=t VLZ VL2
Substitution of expressions(58)and (64) in equations (57) and (58) ylelds
3P . v oL . _Sing i .
lging T (1-5in2gy 112 CR182 Biy) A H-8,2 (65)
and
20 = DPUH - (..S_"\_e_._ (I-Sin?@)' 31"\
*Sing | 4 Vq /

| - [DTDH (1-Sin)-42 + $ii0 (1-Sin®8)-2 pTED)  (66)
where DTDH is given by equation {47) ' '
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and  DTDD - | )
bSmB ®n
From equations (52) and (45) we obtain
24| -pDIV.Sin__, (3)
Hlsine (1-Sin?g)l/2
24 | - DDUH ='H (1-sin2ey 2 , B, (69)
dSin@ | 1 :

Substituting expressions (65), (66), (68) and (69) In (55)

321' A ;P

= = . (DDHU | :
el iy L (DPHU) W)’U%ww’ o
o . .
32T

. 2 c¢an be cxpressed as
¥x

T o
3_3%‘_ S SR LI B -g—\ ol %—’ (1)
dx H X o X X
8T 24, 38y 3T
04 3y dx  Ix 5_4-,

DD bH 2 (72)

T s
s E (_‘2 Ax - *o)2> ( i 3 ’H (x-x5) )

F 3
where |

"E s A+ Bl-andF sz C+B

2 (73)
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: 2,232 NSTIIN
A= B8 asin?e L canasin®el? w
-3

Similarly ( 252T/ay2)h-l is expressed <.

2 2 A
3227 - % ( A= ly-y,} ). M’H_’ tyy,)?
?lv H F ‘3 . DDUH ——A-—z___ (75)

Py
a.
b EKPTC‘SS- ax by o

(32T ¥x 3y = (23750 (2T/dy)

voo=03/axINAT/ Ya Y DA

L3 TRAT 3 0 (2873011 34731427y 0 (57731

oaT
((x x,). (y- yo)\‘ f/a‘n—-{ﬁ (5o H) (x=%,) (V'Yo)\ ‘
| DLW Al (18)

\

and Identically obtain the expressions for

o 3T
SZT - . [_-_—( (X-xoj (Y'YQD émg LY H } (R-'ioj {y-yo’
9y 3x TN a3 DOHU Y ¥74)
3T

Expressaon for ————u .
dxoH is given as

DA

T
7 A (A, (A
M dH dx Al Y4l RTINS

¥ B‘me ‘ Yoy

dx M BA"!
adud 1H
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Using various derived expressions, we can write

( 321/ 3> IH) = [DPUH/DDUH] [x - x,)/ 4 ] s
and
( 37/ 3y 3 H) = [DPUH/DDUHI [y - %)/ 4] )

As the partial differential operators commute, we have

4T/ 3% JH) - [DPUH/DDUR] [x - x,)/A 1- (80)

-,

(321 YH Ay = 'hzTI 3y 3H) = [DPUH/DDUHI[ly -5oM 4 ) (81)

Equations (70, (72) and (75 to 81) provide the expressions of the
second order Partial derivatives for the direct ray arriving at a station
when the focus is not In the first layer

ERROR ANALYSIS

The arrival time data of the seismic phases used In locating earth-
quakes is contaminated by noise from a varlety of sources. The common
_sources of noise are errors in reading time clock synchronisation
errors and minor variation in the rate of drift of chronometers at
Individual recording stations, Diurnal temperature variations may also
affect the chronomter drift rate. Small variations in the drum spagdhand
unknown station corrections due to the focal site. geology below the
recording stations may also introduce errors in tne arrival time data,
Furthermore, errors also creep in due to phase identification, namaly, on
account of inaccurate reading of P-time when its onset Is emergent and
the misidentification of S—phase whose onset is normally submerged in
P-coda or due to the presence of supplimentary phases. The a-priori

knowledge about the statistical characteristics of this complex noise

_ pattern are not avalilable. However, it is normally assumed that all
components of the data vectors are statistically independent, share the
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same varlance and follow Gaussian distribution,

The objective function to be minimized in the earthquake Ilocatlon
problem follows * distribution with M degrees of freedom. Mowever,
for each set of data there are four linear constraints due to the esti-
mation of four unknown hyocenter parameters. This imposes a cons-
traliit on the system and reduces its degrees of freedom to M-4. The
standard statistical tables on ¥ distribution can be consulted to deter-
mine the quality of the obtained hvpocenter parameters, If the solution
quality is poor, it can be improved by re-evaluating the arrival time data
or by assuming different velocity models,

To estimate the reliability of hypocenter solutions, the following
statisticai parameters are normally computed In terms of arrival time
residual (RT),

M g (82)
Mean devlation (MD) - Z |RT;| /M
3
. t=1- (83)
Average residual (AVR) = RT /M
)
i=]
. M 84
Standard_ deviation of RT1 (SDAT) - E(RTizf /(M-F-!)]U2 o4
v 2 M , I'-.-
ariance (g~9) < S—(RTi)- /(M-P-1) {85)
S

M.
RMS residuals = EL(RTj)le]Uz
1=]

Standard error in origin time (SDATo) = SDAT (C.)i/2 (86,
Standard error in longitude (SDAX) = SDAT (C,,)!/* (87)
Stendard error in latitude (SDAY) = SDAT (Cas)'2 ) (88)
Standard error in focal depth {STAZ) = SDAT (Css)'* _ (89)

in these expressions M stands for the number of observations
available and P for the number of parameters to be adjusted. Cis, Cas, Cqs
and Cy arb the elements of the principal diagonal of the inverse matrix

(ATA)' or (ATAY-VAT)™
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Matrix of Resolution

The matrix of resolution (R) is a useful parameter which provides
Insight into how well the components of the hypocenter vector are
resolved. In the overdetermined least square problem expressed by
equation (9),l.e8., A3X =, the least square operator gives the estimated
solution vector ( 5 X ) as

83X = (ATA) ATr
3 x_ (ATA).-I ATA X
5% = RiX
where R = (ATA) 1 ATA =1 | ‘ | (90} |

In the normal equation method, the resolution matrix for the overdeter-
mined least square probiem equals identity matrix and the resolution is
perfect. However, a perfect resolution may not be achievable in practice
. for the overdetermined [east square problem due to Inherent errors in
the data, The estimated components of the hypocenter cprrectlon vector
3 X are the weighted sum of the components of the vectors X with the
welghts given by the resolution matrix, Therefors, row vectors of the
matrix provide a view about the resolution In tho various components of
the estimated hypocenter vector. The resolution Is perfect when R = |,
The solution is better If its computed diagonal and the off diagonal
elements approach unity and zero respectively.

The matrix of resolution for the nonlinear least square problem
(NLLS) is derived from the equation (.18) as

H3X = 2ATr
(ATA - (7AT) 1) 83X = ATy
53X = [ATA) - (VAT) 1)t Atr(u_smg,Aax =1

3X = (ATA - ( VAT) ! ATASX : -
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_This gives the matrix of resolution as

Ru = {ATA-VAT)"1 ATA (91)

Similar expression has been reported in literature earlier (Thurber,
1985). Study of resoiution matrix for hypocemter locations obtained
employing linear and nonlinear methods wiil be useful to find out Impr-
ovement, If any, in resolution of hypocenter parameters.

Covariance Matrix

The covarlance matrix (C) Is useful in investigating correlations or
near dependencies between various pairs of components of solution
vector. In the least square problem the symmetric positive definite
matrix C = (ATA)" is the covariance matrix. The covarlance matrix

may also be multiplied by scalars like variance for statistical Interpre~

tation. The value of elements Cy; (1)) being close to 1 or-1 wil mean
that these components of the solution vector are highly correlated.
Thus, the following 2x 2 principal submatrix of the covariance matrix is

" nearly singular
Cu Cie
Ca Ca (92)
This type of analysis has an inherent weakness that only depen-
dence between pairs of varlables can be detected. There can be situati-
ons where a set of three variables possess mutual near dependence
without any two variables being nearly dependent (Lawson and Hanson,
1974), in the case of earthquake location problem the errors are assum-
ed to be uncorrelated, and the diagonal elements of scaled matyix o2C
give the variance of the iadividual solution components and off diagonal

elements provide the information about the covariance in the solution
components,

The covariance matrix for the nonlinear least square problem (Thur-
ber, 1985) is : " '

Ca =ot (ATA —(VA T))-1Rs | (93)

where Rx is already defined in equation (81)
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Solution to the above equations provides the iength of the principal
1 1 .
axes in terms of _J'i}_ and J,\, - To obtain joint confidence region

for two variables, the equation of errorelllpsold is simplified in two

dimensions as

L C'u C'is X - x . [95]
[H. y-y ] C'as Cley Sy
' - y-y
where P is the number of regressors, ¢ the estimated varlance and
Fe.s Is the F distribution with P and [M-P] degrees of freedom at 95%
confidence level. In this equation all quantities are known except X. The
vaiue of X that satisfies this inequality forms an ellipse. This error anai-
ysis is based on the assumption that the errors in the atrival times are
normally distributed. However, in the recently reported study attention
has been focussed on the mechanics of error propogation in the hypoc-
enter location (Pavlis, 1986), and it is demonstrated the conventional
error ellipsoid [Flinn, 1965] will include hypocenter if the errors in valoclty
model ailso follow normal distribution,
DEVELOPMENT OF THE COMPUTER PROGRAM AND ITS
TESTING

The program used has been basically evolved from linear least
square program HYPOLAYR (Eaton, 1969). The same program allows
both linear least square and nonlinear computations. The additional feat-
ures incorporated in the HYPOLAYR for linear least square computa-
tions relate to obtaining resolution matrix, covariance matrix
and axes of error ellipse. For the purpose of nonlinear
computations the mathematical expressions for - the second
order derivatives developed for multilayer one dimens-
ional earth model have bsen incorporated after suitable translations into
Fortran language. The program has been installed and tested on DEC
2050 computer system. To reduce the round off errors in computing
small quantities the program was run using double precision. For ready
reference features of this program allowing both linear and nonlinear
computations are described in the following section,
Brief Features of the Linear Program

The modified HYPOLAYR program has been called as Linear Least
Square program (LLS) in this study. The hypocenter correction vector is
computed from the initially assumed hypocenter employing linear least
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]

square. This correction vector is incorporated in the Initikl hypocenter

- vector in an interative manner to .achleve the desired refinement. The
adjustments are continued untii the average residuals, mean deviation
of seaiduals and change in the mean deviation of residuals, all become
smaller than prescribed limits or the number of lterations exceeds the
preset value. Adjustment is not tefminated prior to fifth itaration. On the
fourth iteration tha focal depth is restrieted to the tral focal depth In
case the efféctive depth control Is lost [4T/2z2 <0.02), Focal depth: Is not
adjusted during the first interation and aiso In case previous adjustment
of epicenter ia grester than 10 km. During the procass of adjustment
if the hypocenter maves above suface its parameters are scaled down to
restrict the hyocenter below the earth's surface, The focal depth Is
scafed to a value 0.6 times the distance from the surface, whareas the

“adjustments In epicenter and origin time are also scaled .down to 0.4
times of the original computed values. The Individual arrival times are
weignted during the adjustment process an the basis of the quality of
P-arshal time and epiceatral distance from the station. The program Is
deaigned to permit lecations for events recorded on any number of

stations from 3 to 25. For three station data the depth or origin time

must be specified. Several spl'utlon'modes can be computed for a single
event, Use of S—phase data is made to compute. orlgin time restricted
solutions only and in this case the origin time Is set to that computed
from [S-P] time data. S-phase data Is nat used with P-phase data in
adjusting the hypocenter. Following are the termination conditions for
the hypocenter adjustment.

a) Adjustmaent is terminated after five Herations |n case average resid-
ual < 0.002, mea deviation < 0.10 and change in mean deviation
< 0.005 are obtained, :

b)l * Adjustment Is terminated atter elght iterations when averngs resid-
val < 0.002, mean deviation < 0.30 and change in- mean deviation
<'0,003 are obtained. ‘ - :

¢) Adjustment is terminated when average residual Bt&éﬂﬂ but changs.

in tse mean deviation < 0.002 are obtained, In this dase the iterat-
lon limit Is set to 14 and averags resigual In asded to the origin

time and arrival time residuais and solution statiatics are recomputed.

d) Adjustment I# continued upto 1,2 J'terat-ipns' ar‘:‘d' in case adequacy
' criteria set for termination are not achieved, iteration limit is set . at

'S

% wewe
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13, average residual is added to the origin time and arrival time
residuals and solution statistics are recomputed,

e) When %[< 0.02 focal depth adjustment is blocked

f) Solutions can not be obtainad if there are grass errors In arrival
time data or if the epicenter falls much outside the network, When
all the four parameters are adjusted atieast six observations are
required to estimate the standard errors in hypocenter parameters.

~ Brief Features of Nonlinear. Program

The part of the program which is allowing the nonlinear . computa-
tions has been referred to as NLLS. The adequacy criterla for termin-
ation of solution have been set as explained In the linear ‘program
The computations of second order partial  derivativa matrix
(Eq. 19] are carriad out in the main program and two control cards KKLL
and KKMM are. provided In the main program with the following
objectives, .

(1) KKLL switch controls the execution of travel.tima derivative subrou-
tines. KKLL =0 passes control to subroutine TRVDRY for computations
of firstorder partial derivatives of travel time and KKLL = 1 facllitate
computetions of first and second order partial derivatives of trayel time
employing TRVDRYV subroutine as given in the flow diagram in Figure 3,

(2) KKMM switch cantrols the weighting scheme of. data.. In case
KKMM = 0 normal equations are computed empioying weight factors,
When KKMM is set = 1, normal equations are computed in the main
program without welghts and the controi is passed to compute second
order partial derivative matrix without waights,

0.
The focal depth adjustment is blacked. In case —Jz—l} < 0.00001,

Main program-aiso provides rasoiution matrix, covariance matrix and
length of the axes of error sllipse for bota linear and nonlinear methods
to allow desired comparison of two techniques,

Results From Standard Test Datn

The earthquake data glvenm{ﬂ) program HYPO71 (Lee and Lahr,
1975) has been used for the purpose of testing the nonlinea program



Bulletin of the Indian.Socety. of Earthquake rechndocysnp. tm

AY
WEAD STATON L 15T, VELOCITY WoUEL]
AND OTHEN CONTROL PARANE TERS
. ]
CALCULATE ARRAY POR
L YRVDR1 ano” TRVORY I:q TPA*]

wo

) AEAD |
ARRIVAL TIME DATA

DETERMIND
lpn; IMINARY uvmulenmm "V—i

CALCULATE FIR$T AKD
SECOND ORDER TRwEL] . . P
TIME DERIVATIVES TRVDRY
AND ANGLE OF

INCIBANCES 3

4

EXVEOUATE TRAVEL TINE DERTVAT
TIPES AND ANGLE OF INCIDENC
) 1

CALCULATE TRAVEL TINE RE

AND ADRQUECY OF FIT PARAMK]

CALCULATE STAND ARD ERRORS,
RESOLUTION MATRIL, COYARIANCE
MATRIL , ZRAROR ELLIPSE, R.M. &,
RESIDUALS, AND PRINT HYPO =
CENTER PARAMETERS AND
RELATED STATISTICS

Es

COMPUTE WEIGHTED'
. WORMAL- EQUATIONS

CORRECTION 10
KEEP FOCUS

Fi6. I.FLOW DIAGRAM FOR THE COMPUTER PROGRAM FACKITATHNG
:mrl.ons.glr HYPOCENTER PARAMETERS EMPLOYHI% BT

S - TRCHNIQUES .SUBROUTINES TPAR  PRE

. AND HYCOR ARE. FROM HYPOLAYR PROGRAMEATON,W&S).

T ANQ W

-
L5 . -
BRY

L 4

x Mm;—_#emﬁm_ &




ﬂ LY S

A 4 ST e I S e S

¥ .

%% 9

- Earthquake Locations Employing Second Order Derivatives 81

(NLLS) and the results obtained ard presented in Table 1. Locations
for this test earthquake obtained employing both LLS and HYPOTH
programs are also included in the Table 1 to allow easy comparisen,
The hypocenter location remained almost same for both linear and
nonlinear methods. The use of noniinear technique has resulted in
reduction of the standard errors. However, these standard errors are
higher as compared to the standard érrors obtained employing program

- HY¥POT1 which uses-a different regression technique and weighting

schemes for hypocenter locations. iterations have decreased in nonlinear
program from 14 to 10 which demonstrate that the introduction of second
order terms have improved the convergence rate as compared to the
linear method. The three programs have shown remarkable stability and
the solutions converge to almost same hypocenter iocation except for
focal depth In which relatively higher deviations have been obtained, The

stabllity of solutions can be further seen in Table 2 which has listed the

travel time residuals at each station and shows that varlation of trave|
time residuals for all the three programs remains by and large same,-

YABLE | Test Relulls_ﬁr Nonlinear Program (NLLS} with other Standard Programs

Program Origin Lati- Long= Focal RMS”
Name Time  tude  tude Depth  Resi:
duals

SeC min min kin sec
NLLS 5269 2844 4200 924 012

LLS 52,68 2855 42,02 .32 0.18
HYPO71 52.83 © 28.59 4194 84l 048

Standard Etcors No. of No. of
Longl-  Lati-  Focal Srigin stations teca-

fode - tude: o Depth o cTime Jions
(SDAX) (SDAY} (SDAZ)  (5DATo)

km ¥ km “spe
056 G0 4B ot 1 . g0 _
b= 068 063 16 043 17 ™

0.50 o1 R

“UsOAX) + SDAYPIZ ¢ 0,30 ,
- ®Residuals at individugk. statiens are given in Table 3.2
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TABLE 2 Travel Tinve Reésiduals at Va‘rlpus -Stations.

daae

Station Travel Time Residuals (seo) Employing
Name T NLLS LLS. | HYPOT1
Program Program Prqgr,am.
SRoOT ' ‘ 0.01 0.02 . 0.20
SR02 - 0.21 ' 0.22 " 0.08
SR03 ' 0.24 028 . 040
SR04 B K E S X | 0.04:
SRO5 | 0.21 0.20 0.10
SR08 , 0.20 _ 0.19 , . 0.11
SRo7 - 018 0.18 . 048
SRo8 ‘- 0.10 - 0.0 0.02
SR09 0.33 - 0,32 0.04
SR10 0.16 0.14 ‘ 017 '
SR11 0.08 0.07 0.08
SR12 0.02 002 . 0,06
SR13 0.35 0.34 0.38
SR15 0.05 0.06 0.09
SR16 0.20 0.30 0.17
SR18 0.08 0.08 0.01
SR19 0.02 0.02 0.03

Results from Synthetic Test Data

A nine statlon fictitious array was designed as shown in Figure 4.
The travel times for fongitudinal waves were computed at these nine
stations for half ‘space overlain by a layer for a hypothetical event.
Computed arrival times were inverted to obtain the thypocenter location
‘of the hypothetical ‘event using both NLLS and LLS and the results
compared. This has been dorie for two “events one falling within the
array and other falling outside the array but both Iying in the top layer.
In addition an event below the top layer bu 6ut¥id 4he -array’ was also
taken. The outcome of the various test cases-has been-described here.
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An Event Falling within the Array and In the First Layer
Table 3 gives the coordinates of hypothetical stations, the

ter, and the assumed velocity model which are
synthetic set of travel time data.

PICENTERS
Y

used for generating
The synthetic data set 80 generated is
given in Table 4, The trave! times were rounded off to second decimal

place andconverted to arrival time data by adding an arbitrary origintime

33

of 10 sec. Both linear and nenlinear methods have given aimost identical
locations which differ from the original jocation by .01 min. of lengitude
[ location No. 1 and 2 in Table 5 ). The hypocenter converges to the
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original location after five iterations, The length of the axes which
govern the joint confidance region are less in the case of nonlinear
method. :

TABLE 4 Synthatic P-Travel Time and Arrival Time Data

Station Travel Time Arrival Time
Name sec sec
AO11 1.0467 11.05
AO12 1.3339 11.34
AO13 3.0503 13.05
AO14 1.2573 11.26
AO15 : : 1.5073 : 11.50
AO16 3.1287 13.13
AO17 2.6303 : 12.63
AO18 2,7562 12.76
AO19 3.8880 13.89

An Event Falling Outside the Array but in the Top Layer

The same set of data on station coordinates and velocity as given
in Table 1 were taken. A hyothetical event is taken with coordinates as

Latitude Longitude Foca! Depth
deg min _deg min km

320 550 75.0 55.0 08.0

This event was falling about one dimension outside the array with
focus In the first layer. The computed P-travel and’ artival times are
given in Table 6. The test location obtained employing bath NLLS
and LLS t>chniques are given in Tabie 7. Using the, P-times the LLS
gives exact inversion [ location No. 2 ] whereas the NLLS introduced
50m and 30m errors in latitude and longitude [ location No. 1 ] respect-

ively which are fairly smalli. '

In general locations of events outside the array will require hetter
data control. Thus, origin time was restricted by using [S-P] time and



36 Bulletin of the Indlan Society of Earthquake Technology Sep. 1989

‘asdijta Jou10 Jo seXe ay) jo sylbua) um_muwg ey} ete g pue Xv.

3

61t @9'g -01793°0 ] 020 106 00'sg 00°01 2

aLl'g ige :-01¥92'0 § 0°%0 10's 00°sg 0001 i
098 suoy wy ufw ulw ves
sjenpisey rig}| ydag epn} apry Wy

+X8 +XV Sy j0 "oN ieoo4 -1Buon -Heq uiBug ‘oN

(Z'ON) ST1 pue (}'oN) STIN
Buifojdwy 9Awq doy ey u) pue Aeuly oy} uIym JusAa] ue 10j suoned0 139 5 IFEVL



Earthquake Location Employing Second Order Derivatives . /4

TABLEG Synthetic P-Travel Time and Arrival Time Data

Statlon Travel Time Arrival Time
Name ) sec sec
AO11 ‘ 8.4179 18,42
AD12 6.9487 16.95
AO13 5.3320 ' 15.33
AD14 ' 8.8087 ’ 18.90
AQ1s - 7.5554 17.56
AO18 6.2107 16.21
AO17 9.5579 19.56
AO1tB ‘ 8.3408 18.34

AO19 1.2762 17.28

locations obtained both using NLLS [No.3] and LLS [No.4]. Another set
of locations were then obtained using these as trial locations and the
P-times only [Nq. 5 and 6]. In both these exercises the NLLS has given

superior results. In fact use of LLS did not ailow the focal depth
estimates,

An Event Falling Outside the Array but Below the Top Layer

The same hypocenter coordinates as above were assumed and
in order to bring focus below first layer, the top of the 6 km/sec velocity
layer in the velocity model in Table 3 has been moved up by 5 km, Table
8 gives the computed P-travel and arrival times. Hypocenter locations

“obtained using both nonlinear and linear methods are presented in Table
9. Locations No. 1 and 3 are obtalned restricting origin time from [8-P]
time and iocatlons No. 2 and 4 have been computed using only P-time
taking locations 1 and 3 as trial hypocenters, During the process of con-
vergence employing linear method focal depth of 8.9 km has been ostim-
ated. The component of resolution matrix, which is 0.0, did show that

focal depth could not converge further. This is due to 3';1" < 0.02 and

hence focal depth was restricted to 8.9 km. The focal depth converg-
ed to the value of 8.5 km employing nonlinear methed, Using P-times
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TABLE 8 Synthetic P-Travel Time and Arrival Time Data

Station Travel Time Arrival Time
Name sec sec
AOD11 7.8655 17.87
AOD12 6.2166 16.62
AO13 4,8348 14.87
AO14 8.1447 18.14
AO15 6.8088 16.81
AQ16 5,5875 15.59
AO17 8.8014 18.80
AQ18 7.5885 17.59
AO19 6.5201 16.53

and locations 1 and 3 as trial hypocenters the focal depth did not

]
show any improvement. Perhaps due to small variations in gzI :_3;_
the convergence of facal depth falled when Its trial value was 8.5 and 8.9
km and only three parameters were then estimated. These depths have
still been retained In the results because they are with in about 10% of
the assumed value,

and

it is thus concluded that for events falling outald9 the array [S-P]
time will be useful for estimating focal depths and the nonlinear method
provides relatively better estimates of focal depths as compared to LLS.
If consideration is given to the shift in the hypocenter, Iie.,
v (Ax® F Ay® -+ AzY), from the assumed value the nonlinear method
which has given smaller shift has proved better. Further, the RMS
residuals and length of the axis of ellipse [unscaled] governing the joint

~confidence region are also less in the cage -of nonlinear method

(Table 9).

Other Test Results

Microearthquake locations for events recorded at 3 to 8 station
networks operated in reglons around Chamera, Jamrani and Navagam
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dam sites were obtained employing the LLS and NLLS techniques. The
comparison &f the resuits for two regions, viz., Chamera and Jamrani,
employing beth techniques will be reported shortly (Paper- in prepara-
tion). However, saliant features of the results.are as foflows :

The re'a;tivs effectiveness of two techniques seems to depend on
the position of hypocenter to be located with - respect to recording
stations. The results show by and large simiiar convergance history for
events located within or close to the arrays. A spacial feature of the
results around Chamera region is the convergence of focal depths for
about 14% more events by NLLS as comparsd to LLS technique. For
locations of events faliing outside the array in the region of Jamrani dam
site faster convergence has been observed employing NLLS technique.
Comparison of few test [ocations obtained using 3 to 6 stations data are
listed in Table 10. Epicenter parameters show insignificant variations hut
In few cases focal depths could converga employing. NLLS techniqus.

VARIATION OF SECOND ORDER DERIVATIVES WITH
EPICENTRAL D}STANGCE

The variation of second order partial derivatives with epicentra)
distance is studied for the two hypothetical events whose -Jocations are
showing in Figure 4. Both these events lie in the. Iayef-o‘v.er a haif space,
Graph In Figure 5 gives the variation of the partial derivatives with
epicentral distance [ *] for an event falling within the array, The Graph

- aT a7 -
shows that, by and large, variation of the Phn and oyt follow simi-~

L . o1 : .
lar trend whereas the trend of ax;y is different. The Graph in Figure

.‘6 shows the variation of the second order derivatives for an event fa"-

ing outside the array and shows that the second orderterms viz.,

‘?;1; and 6;—1; follow opposite trends. This results in the improve-
X oy

‘ments of nearly linearly dependent vectors comprising the

linear matrix and hencs, improves the convergence, It is
interpreted that for locations of events falling outside the array the
incorporation of second arder derivatives play significant role.in .impart-

-ing stability, te.the matrix during inversion and resulting improvement in

2

‘ 02T - .
“its'convergence. The variation of oxBy perhaps fluctuates more for an

‘event falling within the network as compared to an event falling outside
the network,
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DISCUSSION

The problem of earthquake locations has been very actively persued
- for about three decades, yet the techniqes used are based on linear
feast square (LLS) optimisation. These teachniques differ on account
of the use of alternate algorithms for computations of inverse and use
first order partial derivatives of travel time. it Is only recently that the
nonfinear least square technique has been- considered as a possible
improvement over LLS technique, but has yet to find practical
applications, ’

To study the role of second order derivatives in earthquake location
problem, the expressions for the same are developed for one dimeng-
lonal multilayer earth model. Further, it is dimonstrated by incorporat-
ing these expressions in an existing linear least square (LLS) program
that these can be used In earthquake locations, The modified program

B w g W
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termed as NLLS Is tested with 17 station stepdard earthquake data,
8 station synthetic data and 3 to 6 station real qarthquak data, Locations
are also obtained using the LLS technique and the results are compared

- with the NLLS techniquse.

Testing with 17 station standard data set revealed that hypocenter
converges to almost same solution employing both the NLLS and the
LLS techniques. The hypocenter location by these proq!'mp was found
not much different than that obtained ‘emptoying HYP@A.7{ of Lee and
Lahr (1975). There is a minor increase in the yaue of foeml depth estim-
ated with NLLS technique as compared to thatpblained: with HYPO 71
program. However, there has been reduction in'the standard errors of
hypocenter parameters as well as im provement in the convergence rate
with NLLS technique as compared to LLS technique.
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Bbtb the techniques gave identical th:ocpnrtor solution employing
9 station synthetic data for an event falling within the array. For en avent
falling outside the array in a layer over a half space identical solutions

‘were-ohtained employing P-times. only, Resiricting origin’ t'me. from

(S-P) time and using P-times NLLS pravided improvad resuits. Almost
Identical epicenter locations were obtained for an event falling outside
the array'in a half space underlying a layer, whereas focal depth could
be correctly obtained to about 10% of the assumed v}[uo. ‘In
all thesae test cases reduction in the lenght of the axes governing the
cocfidence ellipse are brought out empioying NLLS method as compar-
ed to the LLS method.

The locations obatained employirg 3 to 6 station data show that
hypocenter parameters converge to same sofution employlng both NLLS
and LLS techniques. However, in certain cases focal depths. could only
converge emplaying NLLS technique. Thus, in'tmduc_t!on_ of second
order derjvatives Impart stabllity to the matrix during Inversion,

Convegence of-hypocenter to same solutian employing both the
techniques is dua to the fact that there is anly one paint in space
[ l.e,, hypacenter ] towards which the solution should converge In case
tho (asatian s well constrained. It has been demonstrated [Pavils,
1986] that most of the existing location methods can be eguated to the
weighted least square problem. In’'case the stable solutions in the
iezat square: senae is abtainable from these. waighted equations of
condition, thes wvadous mithqods should converge 'to. the same

_salution. The purpose of the ‘taachnigyes like damped least square

{Haremann, 1979] and Newton's methad [Thurber, 19651 Is to promate
conyargence. As long as the iocatien Is well censtrained, varipus
metheds will converge to the same salution. This ig the reason far the
convergance of majority of locations to the same solutian. employing

NLLS and LLS techniques.

The varlations of second order derivatives [Figures 5.end.6] with
apicentral dilmq:_shaws that the dervatives g;;r ‘and % fiuctuate
with opposit trends for an évent falling outside the array. Foran event

3 . ,
falling within the array variation of %% and %m.mst simiiar

- trends for short epicentral distances. Henee, the intraduction of nonlin-
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ear terms promotes convergence of locations for events fal!'lng outside
the array.

Both methods provide almost similar RMS residuals employing '

standard data set. Same RMS residuals are obtained for an event locat-
lon within the array with synthetic data. For event falling outside the
array the minimum RMS residual is obtained for the location
which is obtained employing origin time restricted solution as the
trial location . For location of an event falling in half space below'a

layer the RMS residuals are less employ'lhg LLS method. [n brief, there

are no systematic or definite patterns of RMS residuals revealed em ploy=
Ing both the techniques.

The diagonal components of resolution matrix provide perfect resol-
ution employing both the techniques, when the hypocenter solutions are
well constrained, i.e., identical locations obtained employing both the
methods, However, for unstable hypocenter solutions the LLS method
still gave perfect resoiution, whereas the dlagonal components of ‘resol-
ution rmatrix empioying NLLS deviate from unity under -stich " conditions,
It appears that more realistic estimation from the components of resolu-

tion matrix regarding the solution quallty Is possible empioylng NLLS
method.

Employing covariance matrix, lengths of only two axes of the error
ellipse are computed. These lengths are smaller with NLLS technique
as compared to LLS technique. Thus, there is a reduction in the ‘area
of the ellipse and hence It seems NLLS technique provides better
information of solution statistics in terms of joint confidence reglon,
In vlew of overall considerations NLLS technique seems to provide impr-
‘oved estimation of hypocenter parameters. :
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