


VII.9 NORESS regional event records — wavefield decomposition

schemes

The high-quality NORESS recordings of events at local and
regional distances exhibit many complex features the significance
of which is difficult to assess by visual inspections of the
records. What is needed here is fast and robust analyzing schemes
for phase-type identification, and estimates of the associated
slowness vector. An added advantage would be if the above infor-
mation or part of it can be used for time-domain filtering of the
original records so as to visually expose major features. The
ability to extract significantly more information from local and
regional event records is essential for more advanced seismogram
analysis like forward and inverse modelling and not at least
expert system designs. In this context we have conducted a prac-
tical analysis experiment on NORESS records of local and regional
events, using different techniques, namely, f-k, semblance and
the novel 3-comp. analysis technique described in subsection

VII.8.

f-k analysis

Qur interest here is to have a computationally fast, sliding win-
dow approach, and the necessary details here are as follows: Con-
sider an array of N-sensors whose locations are rys j=1,N. For a
prespecified time window of the records, the respective Fourier
transforms are Cj(w). The corresponding frequency-wavenumber

(f~-k) spectrum is defined as

N N _
P(w,k) = ¥ S31(w) exp(ik(fj—rl)) n
j=1 1=1




where 541 1is the cross-spectrum between the j-th and 1-th
instruments. Sinc Sjl(w) = Cj(w)'Cl(w), eq. (1) may be rewritten

as

N N - - -
P(w,k) = y ) Cj(w)Cl*(w) expi(E-rj) exp-i(k.rj)
j=1 1=l
N - N -
= 2 Cj(w) expi(k-rj) . 2 Cl*(w)-[expi(k-rl)]
j=1 1=1

T 2
Cj(w) expi(k-rj)|

fl 12

which only involves a single summation. This technique for
P(w,k)=estimation was first proposed by Flinn and Smart (1971).
Additional speed-up in programming is obtained by using proper-
ties of the exponential function to eliminate indexing during
power component summation and by using the "sum of angles" for-
mula for sine and cosine terms when estimating the Fourier
spectrum Cj(w). Frequency domain smoothing was performed by a

Hanning operation, i.e., replacing Cj(w) by

1 1 1
-Z Cj(@l) + E-Cj(w) + Z-Cj(wz)

w}, wy being w *.5 Hz) during the initial spectrum estimation.




- 100 -

Comments: f-k analysis, including its ML variants, is generally
not rated a robust analyzing technique for several reasons. In ML
estimation the signal is presumed non-stochastic, which is not
necessarily the case in shorter time windows, while for conven-
tional f-k relatively long time windows are needed (T > 1.6 sec)
to ensure a good Fouriler spectrum estimate. Perhaps the most
intriguing aspect of f~k analysis is that in most applicationmns,
the slowness estimate extracted is tied to peak power in the f-k
space. Under adverse conditions with interfering wavelets, peak
power is not always associated with the "primary" phase and thus
wild slowness estimates may ensure. Let us add that under more
normal conditions, conventional f-k analysis represents in many

respects a convenient tool for seismogram decomposition.

Semblance

So—~called semblance analysis is in many respects similar to
VESPAGRAM analysis, and as such is of potential interest in pro-
cessing of regional NORESS records. The semblance parameter Sg,
essentially the normalized beam power over a given window 2AT and

for a given slowness, is defined as:

t+AT N 2
) ) x(p)i
p=t—-AT i=1
t+AT N
N I x(p)i

p=t-AT i=1

The Sy parameter is a simple signal coherency measure which
appears to provide reasonable phase velocity estimates even for
complex local and regional event records. Besides its calcula-
tional simplicity, an added advantage is that the semblance tech-

nique works well even for short time windows of the order of .5
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sec. In practical use the looping over the P and S crustal
velocity window, say 3-10 kms~! for a given azimuth and signal
window width. We may also loop over azimuth for obtaining a more

ominant phases in the

refined velocity-azimuth estimate for d

record.

3—comp. signal analysis

The theoretical basis for this technique is described in subsec-
tion VII.8, so here we will only comment on the practical usage
of this technique. The output from the 3-comp. analysis (single
site) is probability of P, S—, Rayleigh and Love-waves in the
records as a function of time and azimuth. Since this technique
embodies the estimation of the principal axis of the particle
motion ellipsoid, it is easy to estimate also the apparent angle
of incidence for an incoming phase. This parameter can in turn be
converted to apparent velocity and henceforth epicentral distance
via standard travel timevtables. The error in the corresponding
azimuth and velocity estimates are of the order of * 15 deg and

+ 3 kms~l. Important, most of the observed deviations are deter-
ministic, that is, due to structural effects and thus to a large
extent can be removed by appropriate correctioﬁs in the same way

as done for arrays.

The advantages with the novel 3-comp. analysis is that it pro-
vides an efficient means for decomposition of even complex
wavetrains, can operate on short time windows of the order of
0.5-1.0 sec and provides good estimates of the slowness vector.

A drawback is easy triggering on noise wavelets which we consider

removable by appropriate filtering schemes.
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Practical examples:

The relative merits of the 3 analysis methods discussed above
have been tested on real data and detailed results for a presumed
explosion near Leningrad (Date: 29 Jan 85; OT: 11.59.47; Lat. &
Long.: 59.3N, 28.1E) are presented below in Figs. VIL.9.1-6 and
Tables VII.9.1-3.

All the figures have the same time scale and thus are easily
comparable. The main features are summarized in the figure

captions.

In Tables VII.9.1-3 the outputs from f-k, semblance and 3-comp.
analysis are presented in detail. All three methods give reason-
able velocity and azimuth estimates of the first part of the P-
wave train (centered around t = 126 sec), although the semblance
results by far appear to be the most robust ones. Interestingly,
the single 3-comp. station analysis results contain all prin-
cipal phase information features as found in the semblance and
f-k results plus some more, most of which is termed coda signa-
ture of the event in question. Also, the 3-comp. analysis results
are rather stable when based on beam traces formed from the 4
NORESS stations in question. For the shear wave section we have
not run the Love and Rayleigh models of our 3-comp. analysis

package.

Comments: The results presented are rather self-evident, so we
will only remark that the advantage of f-k is scanning of the
whole "space'", but that in more extreme cases the associated (peak
power) slowness estimate could be very wrong. Semblance is robust
and provides adequate slowness estimates, but for easy use in an
automated mode require a priori information on azimuth. Further-

more, semblance function values are convenient for generating
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weighting filters in the same way as used in 3-comp. analysis 1_
(Fig. VII.9.5). Finally, the 3-comp. results do not compare
unfavorably with those obtained from f-k and semblance analysis

using whole array recordings. It also seems to work well for

signals with poor SNR as demonstrated elsewhere.

T. Egilson
E.S. Husebye
B.0. Ruud
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Table VII.9.la Output of "sliding" window f-k analysis for signal "center"
frequency fp=3.2 Hz and whole NORESS array except A-ring.
Three different window lengths are used, namely: 1.0, 1.5
and 2.0 sec. Other values of f gave less consistent results
vis-3-vis "true" velocity and azimuth at 8.38 kms~l and
92.60 deg. A comparison with semblance results in Table
V1I.9.2 clearly implies why semblance is termed a robust

analysis technique re f-k.
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Table VII.9.1b Output of "sliding" window f-k analysis for shear
wave section, caption otherwise as for a).
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Table VII.9.2a Output of "sliding" window semblance analysis with azimuth
fixed at 90 deg, and traces 3.,0-5.0 Hz bandpass filtered.
Windows of lengths 0.5, 1.0 and 1.5 have been used.
Semblance values less than 0.3 not considered significant.
Finally, fixing azimuths at 80 and 100 deg did not pro-
foundly change the semblance results displayed here.
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2332.9C Ne23 Ge 50 Ue 30 4030 0.34 4e 50
233450 Bel4 4o 25 Ue28 4625 0.33 4450
234,00 Neél 44 2% Jeih 4e25 0e43 4a75
23445 De4d Ga 15 Vet 475 Nebbd 4e75
23500 Oahl Ge 1% Ce a7 GeTH Ostes 4e75%
23550 Cedl Ge 75 Ve iC 4eTYH 0«5 4075
236400 Ne54 4o 15 Je 95 4650 Ce53 450
235450 Ned 4o 50 Os51 heSU Neby 4450
237.00 De38 4o H) Oe 36 450 Ne38 4450
237450 Nell 1. 00 Uels 525 0e¢23 4050
238,04 Da7 3.00 Uel2 4e70 0e15 Go 5N
?JH.SJ 0024 4400 UIZI l'-.!‘) Q-lg 4-¢5
239.00 Dol 4e 25 Vel 4422 Ne2d 4450
239453 Qe 3d 450 0 35 4450 0435 450
24700 0438 4 H0 Js 30 2%tV 0.06 3.0N

Table VII.9.2b Output of "sliding" window semblance analysis for
shear wave section. Caption otherwise as for a).
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2 P AV C W YA T BNl PYSE S TN G A U O I ARSI TS Y TSRS S SN TS
A DTS RN AT I PR oA L TY IT A AL TIME W nYOW
TImG: CRIgaSILITY ALTMUTH Vel UCLTY
120400 Bed?
120.50 GaGl
121.00 0«00
121.50 Ue 58 Qeu0 10473
12200 Ue99 14.00 80399
122490 Ueldh Ue U2 6.000
123.08 U4 164,09 0« GOG
123452 Oe 00
124409 - Oe-21 - e
12450 Q79 24400 Bel81
125409 Gev? 10.u0 Ben3/s
125450 Uell
1264090 Uebld 62,00 10.501
126450 UeS7 B36e0N 10.994
127.0C GeT9 9. 0N 12190
127.50 leG) 98.U0 144205
12400 Ue Tt F4eud 15.19¢
12850 [SFVE
129.00 Ua 9N 360N 1941595
129450 Ue56 4. 00 17.023
130.03 Ue 77 T4.00 9 90¢
13050 Ue 87 62.0C 11.351
L3leid UeT6 T6.00 28.976
131.50 Ue 5T 172.u0 103.00¢
132.09 U.02
132590 Ceud
133.0C Ve lloeud 6000
133450 Jab?2 656000 0« 000
134.03 Ue 95 70.00 bel51
13450 Ge?7 158.00 11e 394
135,09 Ue 4l 132.09 1G.515
135.52 0e0% ’
130.00 e
13050 JeU?
137.u2 0«00
L3752 JeUS
138.00 0.092
13850 Ue N
139.07 Ue 56 FH«UD 20071
139.52 Je51 122400 T.057
1404907 Qe 3 114.9C 0eC0U
14045 vel? 112.07 0e UL
14leud Gel2 laceuD GelB1l5
141le5) De 49 T4«0% 8edb61l
142600 Ce57 118.00 7-368
142450 0«18
143400 Je68 32400 7.063
143493 Ve bl L54.0 18.327
144.00 CeTl 15200 6e573
144450 Jsll G2.00 14¢9C4
145. 00 Oel8
145450 Qa7 180.07° Felb64
146409 Ged?2 38.00 64620
l4be 50 Uel5
147.09 Ueu?
147450 Veod 30.0N 10593
145400 Ual5H 110.09 belbe
L48.50 De4? 52400 BadS5
149.0D Uen? 1400 Geoh T
1M el veld LYwa 0L lievli
15069 Oea? 118.00 6eP05

Table VII.%9.3a Estimates of apparent P-wave velocity at site Ag on the
basis of the 3—comp. seismogram analysis. Window length
1.0 sec and traces 3.0-5.0 Hz bandpass filtered. For P-~wave
presences, probabilities less than 30 per cent (0.3), velo-
city estimates deleted due to lack of significance.
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PRINTIMG U APPAReNT PHASE vELDCITY AND SLOWNESS FOR
AZINUTHS OF MAKIMUM PRUBABILLITY wITHINM EACH TIMEWINDOW

TIME PRIGAILITY ALIMUTH VELUCITY SLUANESS
<le G2 Us 39 122,02 10803 104292
210452 Ueil
21100 U0l
21 1e95) Qe U0
12400 0«00
£l ée 50 VRS ]
213.G2 Ve D T
2l 3459 Je50 180.09 10e143 104962
214.00 0.17
214459 Ueld
215.un Gevl
21590 UsT4
2lue09) Jel2
216450 0+63 L8002 3e4b4 32.05%8
£17.00 100 180.07 3.613 30.77%
1T 50 0«04
21000 Ue98 128.00 5. 717 19.451
L1650 0412
194300 Ued3
21952 U«0%

220600 Cal2

220650 Oe4D 11G.0N Jetb4 32.098
221403 UeB3 116.07 30464 32.037
£21 57 0407

222400 GoeGN

28 %0 UsTlH - 150407 Jeahy 32.098
22399 Jaei2 122600 4e317 254759
223457 Ue20

2244070 UeQn

274e D2 ueU!

L2 Yeun Leull

225« 90 0a?

<266 Geah 140.09 3e0Tl 334292
26659 Jel3

227402 0.73 Lleeun 3e0?29 30.043
22751 Ue 50 F2.00 Jebbs 306328
22507 0«78 TU00 3.012 304754
27245« 50 UeT® T4.00 3.966 230356
229400 Gedl 20430 965271 ll1e671
2950 Geld?2

230.402 we (7

3059 Qe

c3L1eUN S35 Ued? 354 32,998
£21.50 OeG2

232.03 OeUb

232450 004

23243) Jebb 26409 3.454 32.99¢8
233450 0e66 14,02 3.619 3N.726
c34e ) el Je 38833 <c3eb37
234450 Ued2

235400 UJelés

£35450 Ve 00

230e07 Ue 00

236e570 Jed0

231U Je 3T

F N T VeUb

<3060l Vedt 54e07 Je543 3143373
S3UaedD Ued T2.00 Se 546 2N N5
<3300 LalH

c Y950 Uedb )
24JeCH Le3h J0L00 3e454 32.098

Table VII.9.3b Estimate of apparent shear wave analysis for shear
wave section; caption otherwise as for a).
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Figure captions

Fig. VII.9.1: Filtered 3-comp. traces for station AQ; the z-
component is representative for the other NORESS stations.
a) P-wave section, filter 3.0-5.0 Hz; b) shear wave section,
filter 2.0-4.0 Hz. '

Fig. VII.9.2a): P-wave semblance estimates as a function of time
and phase velocity for T = 1.0 sec.; azimuth 90°. b) Same as a)
except that looping is over azimuth with vel = 9.0 kms~l. For
details see Table VI1I.9.2a.

Fig. VII.9.3a): Shear wave semblance estimates as a function of
time and phase velocity for T = 1.0 sec; azimuth 90°, b) Same as
a) except that looping is over azimuth with vel 4.5 kms~1l. For
details see Table VII.9.2b.

Fig. VII.9.4a): 3-component analysis, P-wave probabilities (0.9 =
90%) as a function of time and azimuth; window T = 1.0 sec.

. b) Same as for a) except this time for the shear wave section.
For estimates of apparent velocities, see Table VII.9.3.

Fig. VII.9.5a: Probability filtered records; only that part of the
selsaogram having probabilities of being P-wave motion within the
azimuth sector 90 * 30° is retained. b) Probability filtered
shear wave section.

Fig. VII.9.6a-e): This sequence of figures demonstrates the
viability of 3-comp. signal analysis under adverse conditions,
i.e., SNR around 1 or less. a) Filtered P~wave section

(3.0-5.0 Hz) for the beam formed on the basis of the 4 NORESS
3-comp. stations; b) The probability filtered variant of a);

¢) Unfiltered beam record; d) The probability filtered variant of
c) (the original non-band pass record); e) Band pass filtering of
the d)-records, which should be compared to b). Our remark is
that this record sequence demonstrates convincingly that the
3-comp. analyzing technique works well for SNR around 1 or even
smaller values. It should be added that we were unable to repro-
duce a counterpart to e) on the basis of a single station 3-comp.
record.
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Semblonce olgori.thm

_ PP N T Lo e -
(J
L
X 9 )
- :-ﬁ —
-t
d
8 d
— -4 b=
®
2 )\ f\
Q w N
o - L
=}
-d - - = i I — - N — - S o - S
0 [ 0
2 o
= w ve
=
4 o 5
‘>
N
a o
@ 7] -
Q
wj -
A B e s S S — —
420 125 A30 43S 140 145 180
T
NRS85029 115940028 1 Azumuth: 90.0 KFLLL: 5 Lme (=)
Azumuth estumote with fixed velocitiy
SemblLaonce alLgorithm
8 PUS S U TR WU SR S | R T S SR WY VY U U S (N SR S SO S | PR
g . !
% { P !
& QR =
52
& -
wmf %
i 2 e . a-
& \F
3 -
-y po
3 =
<~
— — [yt e S
120 125 130 {3 140 14S 1S5S0
Tume (s)
NRS85029 ¢ 159400281 Velocuiy: 9.0 Fulier: -3

Fig. VII.9.2




113

Azumutih estimote wilth fixed velocuLtiy
Semblonce algorithm

a
8 PO U AU S VU SIS W U U ST G G SIS S S SN SN S SR SN SHN S S T T T
i i
2 -
& } u
~ AL B\
0 W\
4 - - g: 0 i
- AR N
. % \ _
‘ Q
. Q i
34 -
4 B
(=
— Y ———————— -
210 215 220 22 230 23S 240
Tume (s)
NRS85029 15940028 1 Velocuity: 4.5 Fuliter: 2
VelociLty estimate with fuixed czumutih
SemblLonce atgoriihm
2 NP Y TP I B S S
o o
F
X
> S s
-
-
ga
2 o —
b -
s~
2.1
P -
o. ?
m—
e .‘” o
0
2 q D
w ¢
— — ey r—————— v ——
210 218 220 225 230 255 240
Time (=)
NRSB8S029 11594002B 1 Az muth: 80.0 Kfeli: 2

Fig. VII.9.3




- 114 -

*tk MODEL=P-WAVE P(P)#P(PE>0/RL) wiw
° . a
e 8.
- T Ll L) T T T T T 1 T L§ T L 1§ T T T T T 1 T 1 1 1  j T L 1]
(-3 ) ‘.U -
§ 5 p 0.5 N
i g .
3' (K
- -
~ar 0 0.5 ’
LR ‘ LS
us —
o 0.4"°
— of ) b 0.5
rs :
5 .f f - - :i 0.5 9.5
2.} ﬁ 0.5 | i
L s IIIC
NS 0.% 0 -~
<
5 .9 0.5
<
sl 0.5 o .9
N 0.5 ' ' .
-]
e 0.5 ]
N * 0.5 ¢
o o -
o- —
-4
: L. .
:- 3 -1 I S U SN N DN N S SN T JUNE UNSS UUSS TN NN UISY SR SN R N N S 1
120.90 125.0 130.0 138.0 140,0 145.¢ 50.0
RSE%028 11504002 81 TIME (S)
LENINGRAD, 29,JAM, 59.38M 20.10€, O7111.89.47, H10
LSTART L DL LSTEP AZ AL NSTEP SRATE SCALE AV KFILT ISHIFY
4300 30 20 61 6,9.3 55 49, 1.0 0.} 3 [ ]
STATUSS AD C2 C4 C7T MMM VEL AIId DIST .
1 0 0 0 9.3 .00 0L 11730/001 718137

e
.- \yc
- L | ¥ LS 1 1 ) ) § r L] L] LA ] L] L 1 § 1 4 1 L} L L] v ' T v L T
ol -
sl S
- -
bl [ ]
of § ]
o
-
=Y ad . X -
o ¢ o d
(L0 s
Ul = o -
(=] N ]
= o. - -
e
F‘ L2 wd —
2 .Q.B
= el . .
N 3 - -
<C 0.8
-2 B @ -1
™
) d -
[ J8 ]
:' 0.5
L od N 0.5
of 1
e
~ -
:- B W W WY WU WY WU WY VSN W UNNN SN WA SN U SN VA N VR N l"! . P W T 1
210.0 215.0 220,08 225.0 230.0 298.0 240.0
MISE5029 15594042 B4 TIME (S) '
LENINGRAD, 29.0AN, $9.30W 28,108, OT311.99,47, N30
LSTARY L OL LSTEP AZ AL NETEP SRATE SCALE AV WFILY ISNIFT
0400 30 20 6l 0, 2.0 81 & 1.8 0.0 ? ]
STATUSS AD C2 CA CT BEAM VEL AXIM DISY
1 ¢ 000 .5 uN.MN 1.9 LAV HY |

#k+ MODEL=S-WAVE P(S)*P(SE>0/RL) ¥+

b

Fig. VII.9.4




a
Ae
- 115 -
P ;
671. 1 Pt A 1
S
I 1 | § B . o I N o
291. AR T
387. R
| W U W O UGN SN WA SN WU N SN NN NS NN G S PR NS G Loi 4 }
120,0 12%.0 130.0 135.0 140.0 145.0 150.0
NRSB850291159400281 TIME (S) T
Ao b
S-WAVES
3L g o l
1023, 5 Ay T
960,  p R
Lt 4t 1+ { 1 4 1 Lo ¢ 4 3 1 ¢ 9 1113 .1 1 L J
210.0 215.0 20,0 275,0 230.0 235.0 240.0
NRSB50291159400281 TIME (S) WAV

Fig. VII.9.5




BEAM
a
- 116 -
P
805, , m (AT 7
228. ' : T
| N R WU U UNU NN NN MY SUU SRR AUNNY SUNNY SUNS S SHUN NN SN S NN W U SN SN W VAN SN SR G T S |
120,0 125.0 130,0 13%.0 140.0 145,0 150.0
NRS850291159400281 TIME (S) -
BEAM -
b
P
i
8547. vll ' ( X Z
198. | T
447, ¥ i R
| T S WY WA W U A WUN U W NN W SUNY WS W NN VAN MNUN SHN SN N SN Y GHNY W AU N 1 P |
120.0 125.0 130,0 135,08 140,0 - 145,0 150.0
NRS850291159400281 TIME (S) 0, o

Fig. VII.%9.6




BEAM | 117
C
P
1271. z
1126. T
1629. R
|
i
(R SR WO WY WS NN WU € VNS S G VIUSY WA VEUUN WA SUNE NUUHS VENN SHNN VNS SUN SR MU | | | ]
120.0 128,07 130,0 138.0 140.0 148,0 150,0
NRS850291159400281 TIME (S) /A1 510

BEAM

WML . 2
\/ i e N R

| G WS YD IR UV N NS S WY WA N SN NS S S NS SN N SN VRN SO WS N ST N UR S SR S
_ 120.0 12%.0 130.0 138.0 140,0 145,90 150,0
NRS850291159400281 TIME (S) ——

Fig. VII.9.6 (cont.)




118 -

BEAM

473, - d
215. ~ T
a02. . .._'l R
s x4 31 4+ 3 3 11 4 TENNS N WS N GHENY WU N DU U UA UUUS W G SENNN N M
120.0 125.0 130.0 135.0 140,0 145.0 150.0
NR$850291159400281 TIME (S) y .
Fig. VI1.9.6 (cont.)






