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ABSTRACT

New resubts are presented on selsmic source parameter determination,
and lists of events useful w discrimination studfes are presented,
Travel times and tocation anomalivs are reconsidered In the ilght of
heterogeneity in the deep mantle,  New approaches to st ructure deter-
mination beneath LASA are described. NORSAR short-period data
are discussed extenslvely,  Properties of signals and nolse at 1LASA,
NORSAR and ALPA are given, Network approaches to Improved detec -

tlon capabllity on a giobal basis are outlined.
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SUMMARY

Thbs te the sesentecinh Seantsmus ] Pechiienl Summnaey of the Seismie Diseramiation Geoup
af Lincddn Liabaeatery, I deseribes rescareln assne tsted with thee theorey zand practice of detection,
lucatlon and ddentficatton of carthgaikes aml ander geonnd exjdasias,  Partienlar empdisis s
1daced on the rade thiet dignal data processang el Laege aeray teehnigques pliee in snelt work,

A study has beeir imade of some nnusaal events jn Asia wihaeh Gul, e alniess fadl, the ‘“s""h
deserimimant,  These coustitute a snall but not neghgible jcoporuon of events in that eegion,  Oue
event s cansed articnlar diffientty,  with o pparent depth hase bt every other aspeet of an
explosion, A cidalugne of presamed explasions nn the Soviet Union away from the rogilar test
sites is presented, A time dansoan analysis of seismogriims feom a Lkarge Sibevoan carthgnake
hits been made,  This event has special interest, being i a region of only mild seismicity, Corp-
tain features in the deconvolved record sugges) that cuptare dimensions and veloeity ean be ex-
tracted from the suite of records,  Fhe guestion of the canse of diserimination i3 veopened with
i diseussion of conelusions that ean be deawn front earthquakes of apparently very small dimen-
stons which discriminate with ease,  We eanclude that the partition of energy between P=wives
and Rayleigh waves may be the central cause, A stndy has been campleted of RL’ phases from
cratering and fully contained explosions in Nevada,  We found that explosions that break surface
are richer in RL’ than fully contained events,

Kxtensive work has been done at Lincoln on the multipathing of Rayleigh waves, and now a
ray-tracing program has been used on a globe with continent/ocean distinctions, The results
show striking agreement with observation, and open up the possibility that we can more adequately
predict expected surface wave magnitudes from hypothetical sources on a real earth, ‘Fravel-
time studies up to the present have had to make assumptions about near source heterogeneities
which may not be vatid. We have therefore conducted a P-wave travel-time study which uses
only deep-focus carthquakes, A rether surprising result emerges.  Rays which have penotrated
the deepest mantle show very systematie deviations from standard travel-time tables of up to
1 sce. This result is of interest in characterizing regions of the deep mantie and atsoin attempts
to predict the value of seismic observatories at distances beyond 907, A cognate result has been
found from reeent array studies of dT /dA and azimuth anomalies. It appewnrs inevitable that there
are large- and small-scale lateral variations of significant amplitude throughout the whole mantle,
but pi.rticularly near the core-mantle boundary,

Work continues on describing the structure beneath LASA, both in terms of a Chernov-type
approach in which the amplitude and phase fluctuations observed at individual seismometers are
related by a model in which the earth beneath LASA is a randomly varying medium with small
variations in refraciive index, and also by an analysis of S-waves generated near the surface by
interfaces such as the sediment/basement boundary, A routine technique is proposed for quality
control of LASA, or any other digital seismic data, by use of pseudo-random input to the eali-
bration coil and spectral analvsis of the resulting output tape,

The increasing availability of NORSAR data and the interchange of scientists with the NORSAR
data centerlead to anincreasing amount of researchinto NORSAR capabilities. Studies of NORSAR
signal amplitudes have coneentrated on the degree of coherence in short -period data across the
array, and contrasts are made vith amplitude scatter at LASA.  We find that NORSAR body wave
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magnititdes of setss e evenig ore generally lawer than global averasges, A pogsible rengon for
Wi e of near-surface lugh=tmpedance valnes in proposed, Ihe focse=nlarm rate g the
NORSAR detection processor 18 analyzed and sone wnexpecied features in it ape considered 1
lerms of speciral characieristies of sgnals, Nolse specten for 1LASA ind NORSAR 8hors = period
data are comensied and 1 s asseried i no offort shoukd he made to fHter om 1he NORSAR high-
frequency signal in favor of =17 energy,

A detarled study has been comploted of long=period nonpropagating noise, ‘s largely has
its origin in microharographic fluciuations, The theory of the effeey of these fluctuntions on the
surface of the carth has needed some “are, as previous models have tended to ignore tegm s in
integrals which do not converge.  The collocation of A1PA and a long-perind seismometer of
Pomeroy type at Fairbanks, Alaska has atllowed us to start an evaluation of the relative merits
of instruments recording in somewhat different frequency bands, A population of overtapping time
intervals is being examined,

Results of the pilot study on short-period network capability are presen‘ed, and the impor-
tance of using LASA's detection log in conjunction with some carelully sclected WWSSN stations
is emphasized, Early prospects are considered from the Internationat Seismic Month for which
Lincotn Laboratory has acted as host. This project has involved the coltaboration of several
Eroups around the world with access to large quantities of seismic data. A buttetin based on
short-period P-wave readings for a 1 -month period in early 1972 will be issued soon and, in the
Second phase, surface waves will be analyzed, We then hope to reach useful conclusions on the

contributions that can be made by individual stations to a seismic monitoring network,

D. Davies

vi



ALPA
cGs
1LASA
NOAA
NORSAR
NOS
P
SAAC
SATS

WWSSN

GLOSSARY

Alaskan Long-Period Array

Unfted States Coast and Geodetfic Survey
l.arge Aperture Seismic Array )
National Oceanograpbic and Atmospheric Administration
Norweglan Seismic Array

National Ocean Survey

Preliminary Determination of Lpicenters

Seismic Array Analysis Center

Semiannual Technical Summary

World-Wide Standard Seismographic Network

vii



SEISMIC DISCRIMINATION

I. THE SEISMIC SOURCE

A. SOME INTERESTING CENTRAL ASIAN EVENTS ON THE M_:m,, MDMAGRAM

Seismlc discrimination between eartisjuakes and explasions f& eomplicated by tie ahirpvation
of occanional eventa with conflicting discrimination parameters. in parttcular, the most widely
used diseriminant, the .\:":mh Magram, classifies o small mimber of earthquikes as csplasions
(for example, possibly a few of the earthquakes occurring inthe Laguna Silada and Nevada:
Arizona regions of the United Slales,' anid ce~tainly two of the events atudied herel,  Further
complications arise when the surface waves from an exploginn are masked hy the surface waves
of a large earthquake, or when the bady waves of an expioslon are perturhbed to resemble sinrt-
period earthquake radiation through the tdetonation of several explosions over a short time apan,
Here, the existence of some Tibetan and southern Russian events that have anomalously low
surface-wave-to-hody-wave magnitude ratios are documented. ¥urther, one of the southern
Russian events (event KA in Tabie 1-1) is used to illustrate the problems that arise when an inter-
fering event is present and when multiple detonations are considered possible. Marshall and
B.asham2 have previously determined the general behavior of Ms: my for Central Asue, and their

relationship is nsed for purposes of comparison,

TABLE 1-1
EVENTS USED IN THIS STUDY (CGS LOCATIONS)
T
Event Origin Latitude Lorqitude - M
Symbol Day Time (GMT) (°N) (¥E) Depth b s
KA 5-1-69 04:00:08.7 44,0 77.9 53 4,9 2,4
KB 12-9-69 13:41:09.0 40.1 70.7 N 4,9 3.6
KC 7-1-68 19:14:54,7 44,0 79.3 N 4,8 3.6
KD 7-20-69 04:34:14.9 39.8 77.8 N 4,9 4,2
TA 7-15-68 05:09:05. 9 30.3 95.0 22 4.8 2.7
T8 7-14-68 18:12:40. 9 30.3 94,8 22 4.9 3.3
TC 7-13-68 05:05:54, 2 30.3 94, 6 N 5.0 3.4
* Eacl- Ms value is based on the resuits from at least four individual stations.

The location of the stations and events used in this study are plotted on a map of Kurasia in
Fig. 1-1, These data are a subset of data being used in a network study of Central Asian seis-
micity (SATS, 31 December 1971, DDC AD-737092); station data are given in that report. The

four events starting with a K are located in the southeastern corner of Kazakh, USSR, They
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locate within 107 of each other, The other three events discussed are closely grouped in an area
of Tibet about 00 km northeast of the eapiinl, Lhasa, They are prefixed by the letter T, All

T events bave approximetely the same body wave magnitude, 4,9 + 0,1, and are listed as shallow
focus eart” cuakes in the NOS bulletin (that is, they are assipgned focal depths between 20 and
TORmM - e PDIE catalog),  Epicentral data determined by NOS are given in Table 1-1,  The
Kacakh cvent e on ti:e torder of ascismic Central Asia.  Plowshare-type explosios 5 have been
A e * s this area (see event dated 10-21-66 in Table [-3), The Soviet test site at Semi-
patatinsk is wbout 6% (o the north,  The Tibetan events are part of an isolated cluster of seismic
activity,

M values were catenlated using the scale proposced by Marshall and Hashnmz
=~

—_ »TIT Al
M = log ((A) + P(T) + B'(8)
w . e maximum amplitude of the vertical conrponent of the Rayleigh wave at the period
T omeasue! - on epicentral distance A, P(T) corrects for dispersion; and B'(A) correets for

the average effects of scattering, geometrical spreading, lateral refraction and anclastic atten-
uation of Ravleish waves,  The r\lq vahies for the 7 events are included in Table I-1, and range
from 2.4 up to 4,2, Thus, even though my varies by only 0,2, MS varies by 1.8, Based nn the
reginonal seismicity of Kirghiz for events with my - 4.9 (sce Ref. 3), the 4 events in that region
would represent approximately 10 percent of the total population that would be observed over a
comparable period of time., Figure 1-2 shows how the eventg plot on an Ms:mb diagram. The two
lines drawn on the graph denote the trends of earthquake and explosion population for Central
.»\.<iu.2 ata used to caleulate the trend lines were obtained from the same stations and analyzed
in toe <ame manner as the data used here,  None of the carthquakes used in that study with an
my s 4.9 scattered to the teft of the event KI3,  Furthermore, the inclusion of our events would
not cause the trend lines to be appreciably altered.  The events located in Kazakh (denoted by
KB and KCO), along with the Tibetan events (TB and TC), could not be classified as eitlier arti-
fioial or natural on the basis of M _:my alone,  The events KA and TA clearly fall into the explo-
=inn population,  The three Tibetan events are presumably earthquakes.  They occur in an un-
hhely geographic location for explosions, and have the shoct-period complexity and FLg: P energy
ratins characteristic of earthquakes.  Mor-over, many similar events have occurred historically
within a degree or so of their epicenters.  The Kazakh events, with the exception of KA, have
short-period records typical of earthquakes,

A difference in magnitude of 1.8 corresponds to an amplitude ratio of approximately 60, or
35 B, Such large amplitude variations for these events, having the same body wave magnitude,
are illustrated in Fig, 1-3,  The records presented in the figure are at gains and epicentral dis-
tiances that make them directly comparable,  As seen in Fig, 1-3, the seismograms are typical of
first- and second-zone continental Rayleigh waves from shatlow sources,  The Rayleigh wave for
event KA is immoersed in a Rayleigh wave from an carthquake in Tonga. Figure I-4 shows the
three LI eompnnents for this event as recorded at the WWSSN observatory at Kabul,  The pres-
ence of the Ravleiprh wiave from the southern Rusdin event is clearly vigible heeause of its high-
frequency nature relative to the low-freauency nature of the interfering event, [t is interesting
to note that the Kazakh event would not have been extractable if the record had been produced hy

a4 TASA type long-perind or a famont Opdenshurg-type instrument, since fi-xee energy (the

r3
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dominant period of the Kazakh event) is down in amplitude by more than an order of magnitude
from 40-sec energy (the dominant period of the Tonga event). Yortunately, WWSSN long-period
instruments are rather broadband: 6- and 40-sec encrgy have the same magnification which is
only a factor of two less than the peak magnification that occurs near 20sec (see Ref, 4),

The 7 events listed as earthquakes by NOS have been shown to span the earthquake and ex-
plosion populations on the Ms:mb dingram, The Tibetan events which we take to be carthquakes
lie nearer the explasion population. The Kazakh event that lies within 100 km of the city of Alma
Ata and which occurred on 1 May 1969 at 9400 GMT would be presumed to be an explosion on the
basis of Ms:mh. However, the event is travel-time constrained to a depth of 53 km in the NOS
bulletin,

To examine the behavior of tre ‘tinie residuals as a function of depth, thirteen widespraad
WIWSSN stations where first arrival times for the event KA could be precisely determined were
used to recompute a hypoccnter. Table I-2 gives various hypocentral characieristics based on
these picks. FEven though the minimum standard deviation (as determined by our location nro-
gram) occurs for a depth of 39,1 km at 04:00:06 GMT, the error for a surface focus at 04:00:00
G\IT is not significantly different,  The epicenters corresponding to the various hypocenters
differ by less than 3km, Thus, it is as likely that the event occurred at the surface on the hour

as at 40-km depth at 6 scc after the hour,

TABLE [-2
HYPOCENTRAL TEST CHARACTERISTICS FOR EVENT KA

Latitude Longitude GMT Standard

(°N) (°E) Depth Time Deviatiorn
44.10 77.84 0 04:00:00 0.61
44,09 77.83 20 04:00:03 0.58
44.09 77.82 39.1 04:00:06 : 0.57
44,09 77.92 40 04:00:056 0.57
44,08 77.80 60 04:00:08 0.59

Thix event exhibits other short-period characteristics that are more typical of explosions
than earthquakes but arc not strong evidence either way, [t has compressional first arrivals
where first motion can be clearly seen, The first eyele of motion has a dominant period of
0.8 sce, and the amplituds ratio of the first dilatational peak to the first compressional peak is
abnut 5 to 1, The seismograms also have explosion-like complexitly. One first-zone record
showing e was available at Kabul, It had an amplitude slightly less than the initinl arrival, Such
a ratio is not definitive as to either a natural or an artificial source.

Thus far, the sum of the evidence on event KA points to its heing an explasion. [lowever,
this event's short-period records contain an apparent depth phase. " Figure 1-5 presents the short-
perind recards from LASA and the arrays Yellowknife (YKA) and Warramunga (WRA),  The ar-
rival at 7.5 sec after P2 appears Lo be pl?; it secems Lo be inverted and to have the same wave

shape,  The arrival at LASA at about 13 see after P omayv be 17, pP-1P time puts e focus at



20 to 25 km; sP-pP time puts the focus at 35 to 45 km. With the exception of this phase, event
KA should be classified as an explosion, If the event were an explosion, a possible explanation
of the second arrival would be a second event, Multiple-explosion experiments have been con-
ducted in the Russian Plowshare program.5 It seems possible that the second arrival could have
been produced in such a manner, If the event is an earthquake, it most likely belongs in the
high stress drop — small source dimension class of events which occasionally occur in western
North America' and possibly in Tibet, In either case, the problem of discrimination for Cen-
tral Asia 1s made more difficult by the existence of such .yents.

['would like to express gratitude to Peter Marshall for a prepublication copy of the paper‘2

he co-authored, .
T. Landers

B. SOME PRESUMED EXPLOSIONS IN THE SOVIET UNION

l'able [-3 lists events which may prove helpful in discrimination studies. All events on this
list are believed to be genuine, although down at the very low magnitude end only LASA has con-
tributed, Care has been taken to eliminate PP phases. Several of the events are indicated by
the Mszmb discriminant to be explosions, and certain events can be associated with experiments
described in the literature.s'b Others are simply events in aseismic regions, The list should
not be regarded either as exclusively containing explosions nor as a comprehensive listing of

explosions away from the two regular test sites — Semipalatinsk and Novaya Zemlya,

D, Davies

C. DECONVOLUTION AND THE SOURCE OF A SIBERIAN EARTHQUAKE

The intcrpretation of seismograms in order to infer the nature of the seismic source is made
more confidently if the effects of wave propagation and the recording instrunient are considered,
Current trends in source studies apply corrections for these effects in the frequency domain, and
the subsequent interpretation is based on the resulting spectrurn. Although in some respects the
spectral approach is preferred, the details of the time history of the source are lost upon trans-
formation, e.g., the earthquane could either begin or end with high-frequency motion and yield
the same amplitude spectrum in either case. Propagation and recording effects can be removed
by well-established time-domain techniques, and in what follows we describe an attempt to apply
these techniques to a specific Asian earthquake.

If P(t) represents the ground motion at a station due to an incident compressional (P) wave,

the seismogram S(t) can be represented symbolically as a convolution

P(t) « I(t) = S(t) (-1
where I(t) is the displacement impulse response of the recording instrument. The method of de-
convolution, or inverting Eq. (I-1) in order to gain P(t), is well .‘nown.7 An alternate method
may be used to save time if many seismograms recorded on similar instruments are to he de-
convolved, If the inverse of I(t), l-i(t), is computed such that

) 1t = sty (I1-2)
where 6(t) is the delta function, then P(t) may be computed by the convolution

Pit) = 1 ey« sty . (I-3)
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The advantage of the second method is obvious - only one mverslon is required, and S(t) from
like instruments may b¢ deconvolved through a convolution with 1~ (t)

These techniques are demonstrated in Figs. I- 6 and 1-7. Figure I-6(a) shows the impulse
response of a long- permd seismometer used in the WWSSN — this would be 1it). Iigure I-6(b)
shows the function I~ (t) computed by mvu-tmg Eq. (I-2), and Fig. 1-6(c) shows the result of a
convolution of the functions I(t) and I (t). If the inversion process were exact, Fig. I-6(c) would
be a delta function, and it is seen that this is not strictly the case. Although Fig. I-6(c} is sharply
peaked, the net area under this curve 's probably closer to 0 than 1 because Fig, I-6(b) is essen-
tially a differentiator; it enhances hi,sh-frequency motion lost through the instrumen! but, because
of its short length, is not as effective in correcting the long-period motion. Figure 1-7(a) is the
trace of a P-wave recorded on 3 WWSSN long-period instrument - this would be S(t). Figure 1-7(b)
shows the result of computing P(t) using ¥iq. (1-3), i.e., a convotution of Fig, I-6(b) with [-7(a).

In this case, the filter 1-1(t) was 25 points long and S(t) consisted of 135 samples. Figure 1-7(e)
shows the function P(t) gained by invertir ; Eq. (I-1) directly. It is clear that atthough Figs. 1-7(b)
and (c) are similar in detail, the latter has reiained relatively more long-period motion.

At present, we are using these techniques to decnnvolve I’-waves recorded on long-period
instruments of the WWSSN in an attempt to gain some insight into active faulting processes. We
magnify the 70-mm films of the original WWSSN reeords by successively using a viewer-printer
and a copving machine charged with transparent sheets. The transparent sheets are then in-
serted into the viewer-printer and, finally, the phase of interest is digitized. The entire process
before digitization yields a gain of ahout 30 from the original paper records. A digitization rate
of 6 samples/sec is realizable; however, half that rate is found adequate for routine use. Suit-
able instrument constants are gained by matching the leaviside acceleration response given by
the calibration pulses found on the original records,

Figure I-8 shows the location and fault plane solution of a large earthquake that occurred in
eastern Siberia on 18 May 1971, 'The Earthquake Data Report gives the following parameters for

this event:

Origin time 22:44:43.8

latitude 63.95" N

Longitude 146,11° K

Depth Normal

Magnitudes (stations) my, = 5.8(26), MS 6.6(9)

In Fig. -8, the base map and "main deep faults" are due to Yanshin.g The fault plane solution,
based on long-period first-motion polarities, is consistent with a left-lateral, vertical strike
slip fault striking at an azimuth of 325°. Although this azimuth is roughly parallel to the fault
traces given on the map, the latter shows relative motion on nearby faults as right-lateral, In
spite of this discrepancy, we take the northwest-southeast plane to represent the faulting surface.
In Fig. 1-9, we show the deconvolved vertical long-period P records, P(t), computed using
the second method [ Lgs. (I-2) and (1- 3)] described above, The traces from 28 stations are ar-
ranged at the appropriate azimuth relative o the fault plane, These traces represent ground
motion at the station with no corrections being made for path propagation. llowever, differences

in station gains have been accounted for so that the relative amplitudes are correct. The reader
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must remember that since epicentral distances here are in the teleseismic range (28° < A < 89°),
we are actually sampling the eompressional motion from a rather restricted solid angle of the
lower foczl hemisphere. In spite of these re rictions, there are two features of interest evident
in Fig, I-9, The first is that the initial motion is usually emergent, of low amplitude and long
period relative t2 a sharp, high-frequency motion arriving later. It is not clear to us yet whether
this high-aiplitude motion represents a stopping phase of the fault rupture or a breakout phase
generated when the faulting reaches the earth's surface, The second feature of interest is also.
related to this high-amplitude motion. It may clearly be seen in the right-hand column of treces
in Fig, 1-9 that the position of this phase changes as a monotonic function of azimuth. Although
this feature is not as clear on the traces on the left, we take it as an indication that the source

of this earthquake propagated from the southeast to the northwest. In Fig, I-10, we compare the
deconvolved trace at BRK with a similar trace (inverted) at ATU, The precise estimation of the
elongation of the trace at BKS with respeet to ATU is difficult, but is taken to be about 2 to 3 sec.
If © is the azimuth to a station measured clockwise from the direction of fault propagation, then
OATU = 349° and 0BKS =105°, Using these values of 0, a P-phase velocity of 16 km/sec, and
the assumption that the late-arriving high-amplitude phase represents a stopping phase occurring
at the end of fault propagation, we would estimate the fault length to be between 30 to 50 km,

This result is also based on the assumption of horizontal propagation of rupture on a vertical
fault. listimating the velocity of rupture d:pends entirely on an accurate determination of the
duration of motion at any given station. If, from Fig. I-10, we take the major motion to endure
for 8 to 10sec at BRK, a rupture velocity of 4 to 5 km/sec is implied. This value is higher than
the Rayleigh-wave velocity, the maximum rupture velocity predicted by various crack propagation
theories. longer estimates of the duration of motion will yield lower rupture velocities,

J. Filson
C. Frasier

D. WHAT CAUSES DISCRIMINATION?

It has been known for several years that it is possible to discriminate between explosions
and shallo v focus earthquakes at least at levels where signal-to-noise ratio causes no problems.
The Ms:mb discriminant has been by far the most reliable technique - in essence, explosions
generate at least an order-of-magnitude-smaller Rayleigh waves (at 20-s¢ period) than do
earthquakes of the saine body wave magnitude (at 1-sec periwod). The reason why is important,
as it may be possible to predict the behavior of the discriminant to low magnitudes. Yet the
cause of discrimination is poorly understood. Several explanations have been advanced and these
may be divided into two categories: those that attempt to explain discrimination hz spectral dif-
ferences between sources at 1 and 20sec, and those that attempt to explain discrimination by
differences in partitioning of energy between body waves and Rayleigh waves fcr different sources.
There has been extensive discussion of source spectra — the energy partitioning problem has re-
ceived less attention, probably because it is rather difficult to describe an earthquake mathemat-
ically. Ipropose to present some evidence which, I believe, makes invalid any argument that
source dimensions or a svurce-time function alone are the causc of discrimination.

In several previous SATS, I have remarked that core reflections such as PcP and PKiKP

offer an important view of the seismic sovrce. There appear to be several reasons for this, The
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core boundary seems to be a clean reflector of seismic energy. Seismic rays do not have to
bottom in a vertically or late'ally heterogeneous region, Regions of multiple P-wave arrivals
are avoided. Plates and other near-source structure are left rapidly by near-vertical rays.
S-to- P conversion near source by transmission througn (on average) horizontal layering is sliglt.
For a good view of core phases, the directional capability of an array is highly desirable, but
it is possible that PKP may also prave valuable in some epicentral ranges.

The striking thing to be noticed about the use of core phases is how oiten they sharpen up
the short-period view of the source when all these effects mentioned in the last paragraph are
minimized. Figure I-11 shows such a case, The duration of radiation of short-period energy,
apparently many seconds for P, reduces drastically for PcP. 1n fact, PcP frcm Longshot, with
a comparable body wave magnitude, and from a relatively nearby region lasts as long as, if not
longer than, PcP from this earthquake, 1t may be ar'gued9 that, with certain provisos, the fault
zone for this earthquake has a maximum half-dimension of 4.5 kin. We make the assumption
that the start and stop of the earthquake are all included within the initial P-wave and the source's
radiation is described by Savage's10 model, If this is so, and since the event discriminates
(Ms =[5 85 MS for Longshot = 4,0), we cannot invoke either source dimensions or an elongated
source-time function as leading to discrimination. We could, of course, have a radically differ-
ent source-time function between the two events, such as a step for an earthquake aad an impulse
for an explosion, but nowhere in the literature is there any good evidence that explosions are dom-
inantly impulsive in displacement. Indeed, it appears that when many explosions bave been studied
as a suite,“ it has beenimpossible to make a clear-cut statement about source-time functions, as
some appear to have small impulsive terms while others appear to be simple steps. (Filson and
Lande reached a similar conclusion in the SATS dated 31 Decembe: 1970, DDC AD-718971.) All
discriminate easily, however. 1 conclude, therefore, that it would be difiicult to sustain :n argu-

me. * that source-time functions or source dimensions control discrimination,

D. Davies

E. THE R g PHASE FROM EXPLOSIONS AT NEAR DISTANCES

An observational study of the R_ phase has been made using two stations within 300 km of
explosive sources at the Nevada Test Site. R_ is taken to represent a high-frequency Rayleigh-
type motion which propagates in crustal wave guides. The chief purpose of the experiment was
to determine if R _ could be used to discriminate between contained underground explosions and
those used for excavation purposes, The maximum amplitude of this phase was measured on
short-period vertical instruments at Mina, Nevada (MN-NV, A = 240km) and Kznab, Utah
(KN-UT, A =290km) from explosions detonated under various conditions. This maximum am-
plitude is usnally recorded 35 to 50sec following the initial P-wave arrival at these distances,
and is not a well-defined phase but consists of a series of high-frequency excursions of larger
amplitude than the preceding motion, The amplitudes (peak to trough) of the initial (first full
cycle) P arrival (Pn) and the long-period fundamental mode Rayleigh-wave motion (LR) were
also measured for comparison with the Rg measurements. The amplitude measurements were
corrected for instrument response and the average using the two stations computed directly.

Only explosions with source conditions listed by Springer and Kinnaman12 were used in this study.
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In Fig. I-12, the average surface wave amplitudes I—A“ are p!otted against Fn for some
24 explosions; various symbols are used to denote the source medium and location, The ex-
plosions termed "Plowshare excavation" by Springer and Kinnaman 2 are circled; the explosion
described as a "Plowshare experiment” is enclosed in a square, Given the scatter of the data
in Fig. [-12, there is nothing remarkable to define the excavations except that their surface wave
amplitudes may be larger, relative to ?n' than some of the contained explosions. In Fig. I-13,
we hus ‘ted Rg vs ]‘R' liere, “g for at least one of the Excavations (named Sedan, detonated
in alluvium at Yucca IFlat) is significantly lower relative to I.R; however, the same is true for
the explosions named Palanguin and Scroll, not specifically described as excavations. “g for
the other excavation event Schooner is low hut not greatly so. The most interesting aspect of
Iig. I-13 is the apparent difference in demendence of ﬁg upon ]_‘R when compared with Fig, 1-12
where the data may be roughly approximated by a line with a slope of 0.7 while a less stecp line
Woue . o) resent the data of Fig. I-13, If we take iR to be a measurement of relative yield, we
must conclurde wat explosions of larger yield do not generate as much Hg relative to P as do
smaller ones, due either to their size or their greater depth.

In Fig. I-14, we test the latter hypnthesis hy plotting the ratio ¥ (where ¥ - l—‘R/ﬁg) Vs
source depth. It is clear from this figure that ¥ increases with depth, the deeper events being
relatively more efficient in coupling energy into "R than into Rg' Additionally, the excavation
explosions are now clearly separated fiam the contained explosions at the same depth; however,
Palanquin and Scroll have ¥ values nearer the excavation explosions than to the contained events,
We cannot assume Palanquin was an excavation device, being described only as a "Plowshare
cxperiment" in the source list. The source medium of Scroll is described as "tuff (volcanic ash),"
which may account for its high value of ¥,

Of course, in a relevant application of these empirical results, the depth of the explosion
will be unknown, In Fig, 1-15 we have plotted ¥ vs Fn' both quantities which are measureabte
from a seismogram, lere Schooner, the Pahute Mesa excavation in tuff, plots only stightly
higher than explosions contained in tuff at Yucca Flat; however, the value of ¥ for Sedan is about
an order-of-magnitude greater than a contained alluvium explosion with the same |’n value, Again,
7 for Scroll is high and in this case that of Palanquin is not anomalous,

To summarize and conclude briefly, we have measured the amplitudes of I’n, “g' and LR
at two stations within 300km of 24 explosions. The ratio l‘R/Rg appears to increase with depth,
and excavation explosions show a value of this ratio greater than those of contained explosions
at a similar depth, This ratio, relative to Pn amplitude, is markedly higher for an excavation
explosion in alluvium compared with contained rxplosions at the same site. The excavation vx-
plosion in tuff does not show this feature to such an extent; however, no data for a contained tuff

event of the same Pn amplitude have hcen considered thus far,
J. Filson
L. Lande
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CENTERED AT 440°N 77.9°E (kA)

Fig. i~1. Map of Eurasia showing locations of 12 WWSSN stations (squares) employed
to anclyze 7 events (crosses) studied in this SATS. Refer ta Table {-1 for event data,
Great circle paths between events and stations are approximately straight fines.
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Fig. 1-2. Mq:my, relationship for all events. mj, volues ore those computed by NOS. M, volues
were computed using scheme proposed by Marshal! ond Boshom.2 Trend lines represent least-square
lineor behavior of Eurasion explosions ond earthquakes os determined in oforementioned paper. All
events studied here were listed as shallow focus earthquakes in NOS bulletin.

13



Section |

EVENY GAIN m M Wi
—— .5 wEd

6h 9° 49:42

XD xBL

B XKBL 6k 6&° 4936 A 1

T8 SHL 3k 5% 49:33 ﬂ ~

T8 CHG 3k 12° 49:33

KA KBL 6x N* 49 24————]

VWA

l———— RAYLEIGH FROM TONGA ———-—]

Fig. !=? Vecrtical components of Rayleigh waves from events KA, TB, KB, and KD at comparable
distances and gains. KD's seismogram has amplitudes thot are slightly smaller than average con-
tinental Eurasion earthquoke with some my. High-frequency Rayleigh wave from event KA rides
otop interfering low=frequency Rayleigh wave from event in Tonga (mb =6.0).
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EVENT KA 5-1-69 AT KBL 6k

Fig. I-4. Three components of surface waves generated by event KA as recoided by Kabul.
Energy arriving with group velocity of 3.34 km/sec moy be either Lrve or higher-mode
Rayleigh waves,
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a=82°
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L—TS sec ——-l

Fig. 1-5. Short-period signals from event KA as recorded by arrays at LASA, Yellowknife,
and Warramunga, showing apparent depth phase and waveform simplicity.

18- 2- 10508

10 sec

(a) (v) {c)

Fig. 1-6, (a) I(t), the impulse response of long=period seismometer. (b) I-](t), the inverse
|mpu|se response computed using Eq.(l=2). (c) Result of 1= 1) » I(t). If computation
of 1=1(t) were exact, this should be a delta function.
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" Ny /vf\'\/
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F|g 1-7. (o) A long-perlod P-wove os recorded, S(t). (b) Ground motion P() computed

using Eq.(1=3), i.e., (t) * 5(t). (c) Ground motion P(t) computed by direct inversion
of Eq.(l=1).
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Tz

xS 8 =105°
Fig. I1-10. Deconvolved P-waves at ATU
and BKS showina elongation at BKS taken
to be result of fault propagation.
ATY §=349°
TIME (sec)
b B = s rmin
L]
ﬁ.
0
1
Ik
Fig. |1=11. Short-period LASA P-wave signals from seismic events

in Aleutians; (a) and (b) traces are P and PcP from Komandorsky
event of 20 January 1969, and (c) trace is PcP from Longshot.
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II. PROPAGATION

A. THF EFFECT OF LATEKAL HETEROGENEITY
UPON SURFACE WAVE PROPAGATION

In several recent SATS, the problem of body wave propagation in laterally heterogeneous
carth models has been considered, with a view to predicting how variations in the earth Ny
dlstort setamic observations und complicate the di jerimination problem. We found that pro-
nounced focusing and defocusing (or shadowing) of energy can occur and will introduce sy stematic
errors into measurements of body wave mamitude. Our knowledge of the earth's internal struc-
ture is, however, not yet good enough to enauble us to mahke quantitative predictions of these ef-
fects in general, aithough we cun probably predict shadow locations for sources in island arcs
with reasonable accuracy.

For surface waves, similar propagation effects occur, and they are more amenable to nu-
merical calculation and prediction, since surface wave velocities are functions of two spatlal
coordinates, rather thun three, and are correlated with known geologic and tectonic features.
Furthermore, our setsmic discrimination capability is currently limited by the surface wave
detection threshold, so relfable path correctlons would be of great vaiue. Tie abilite to reliably
calculate propagation effects might, in fact, lower the surface wave detection tiireshold by
facilltating the design of mateched filters.

To analyze surface wave propagation, we huve used grometrical ray theory - much as is
commonly done for body wuves. VFor surface waves, however, some additional complications
arise because of dispersion. In particular, in a hieterogen. us dispersive medium the gronp
and phase velocities do not generally have tite same directicn. Uy considering the Interference
of two plane waves with slightly different frequencies « ana wavenumber vectors k, it can be

seen that the group slowness is given by

¥ ok
%19 -

Since k is a function of the initial parameters of a ray and «, a: well as the observation point,
the calenlation of either the magnttude or the direction of the gro p slowness is not casy. fow-

ever, since for any glven source
K(F, ) = k(F, w) {i(F, w)

where T i3 a unit vector normal to the phase wavefronts, and T is the position vector, we have

Since 1 i3 a unit vector (001/d) » T = 0 and
Kk -~ ok
T o W
ow Jw
This result says that although the actual group slowness vector is difficult to cale tlate, its come
ponent in the ray direction is the conventional (and easily calculable) group slovness for a homo-
geneous medium.  ‘The group delay could be obtained by integrating the group sl wness along

any path, but for the phase ray path, this task is greatly simplified.

Preceding page blank
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One of the most striking pieces of evidence that lateral heterogeneity significan-ly affects
surface wave propagation is the discovery by (‘uponi that Raylcigh waves observed at 1LASA often
travel in directions greatty different from the great cirele azimuth to the event that generated
them.  Figure ll-1, for example, shows the paths inferred by Capon to have been {sllowed by
the Rayleigh waves trom an earthquake in the Kuril tslands. Capon felt that most of the observa-
tiong he made could be explatned by refraction and/or reflection at continental margins. In order
to check this assertion, a vegionalized earth model consisting only of continents and oceans was
constructed and used for ray-tracing calculations. The phase velocities for oceans and continents
were aggnmed to be 3.50 and 3.98km/sec at 20-sec periods, and the model was specificd n terms
of numerical values o a 5 % 5° latitude-longitude grid.  The vesulting ray paths, shown in
Fig. H-2, look remarkably similar to those fnferred by Capon, and strikingly confirm the imprre-
tance of continental marging which, in this case, have detlected the rays by total internal reflec-
tion.  Currently, work is being -lore to increase the amount of detail in the model, to see how

well propagation effects can be predicted quantttattvely.

13. 1. .tulian

B. TRAVEL-TIME STUDY USING DEEP EARTHQUAKES

AND LATERAL HETEROGENEITIES IN THE DEEP MANTLE

An attempt has been oade to refine the travel-time curve for teleseismic V-waves usng
data from deep-focus earthquakes. This approach was used 1 order to minimize the bias intro-
duced inta travel times by luteral heterogeneities in the upper mantle, which are particularly
severe news island ares, where seismic activity is concentrated. ‘Phe raw data used {nearly
4006 avrival times from 59 carthgquakes) were taken from Inlleting of the International Seis-
mologieal Centre and the National Ocean Survey (N 15), and were winnowed to eliminate pross
ervors by comparine data for several carthquakes in each source region.  An iterative procadure
of relacating the events, madifying the travel=time curve and station correction s, relocating
the events, ete. was then nsad to Jdetermine finally the average travel-time curve and 2 set of
Atation correcttons. The methad will be deseribed in detail in a paper aav Leing prepared,

Flgure He3 shows the travel<time curve derived far a focal depth of 550 am.  An ambiguity
AU remains with regard to the alisolute values of the times, since the origin times of the carth-
quakes cannot be deiermined independentiv,  We bave nsed data from Nevada Text Site explosions,
where the strnctnre of the upper mantle {8 fatrly well knawn, to estimate this "D, €. component,”
and found that 149 sec <hould be subtraeted from the values in Fig. 11«3, This i3 the value which
would apply to a deep-foous earthquake in Nevada,

The general shape of our cnrve 18 similar to those found by other warkers (e.ge., Herrin,
ot 5_!_]_:':) although onr absolute times are about 1 to 1,5 sec Later than Herrin's,  Hevond K5 , howe
ever, the tremt of oar curve s declde Hy different from most ofhers and, moreaver, ix subject
o lirde regrmal vartations,  Fhe inoreased scatter of the data hevonrd K5° is evident tn IFig. -3,
We suggest that this effect s candmt by reglonal varktions i the struomre of the decp mantle
Statistical teats establish clearly that the wartations are systematic, not raniom, and the only

aystemat|e error which meht be strongly distance dependent (s one canset by varlations near

the hottemitng potnts of the ray Fumre -4 shows vectons belteved to bave high ans low velo
ties m the deepo mantle, Loy analvals was perforiaed for ey depths and vers fow signili-
cant varmat 1) 1) W nreanily belng sart tedd cut 1, refine thei AT e e
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to obtain coverage of more of the earth, and to include other properties such as shear veloeity

and attenuation, ]
“ 1on B. R. Julian

M. K., Sen Gupta

C. THE ARRAY LOCATION PROBLEM

The standard technique for loeating with an array such as LASA is to fit a least-squares
plane wave to the arrival times at many sensors and hence to determine d1/d A and azimuth for
the incoming wave. We soon realized that this approach was unsatisfactory in that the signal
arrival times often did not lie close to the plane predicted for earthquakes from known locations.
Two separate eomponents may be identificd for this misfit. An incoming plane wave is unlikely
to traverse the crust beneath LLASA without some dégree of corrugation being acquired from
small-scale geological heterogeneities. On the other hand, the best-fitting least-sguares plane
wave, in whieh we attempt to average out these corrugations, may also have a dip (or dT/dA)
and azimuth different from that predieted by standard travel-time tables. 1t is this effeet which
we consider here. Of course, routine operation of the array for bulletin production purposes
circumvents thc seientific problem, sinee empirieal corrections may be applied. ltowever, when
an event in a new area has to be examined, it may be impossible to interpolate corrections adc-
quately. Thus, we nced to have a good understanding of the causc of array mislocation.

Three eauses may he congidered:

(1) If there is broad-scale structurce beneath 1ASA, such as a dip of the
Moho, there will be a smooth bias in the mislocation. This has lheen

extensively studied, notably by Greenfield and Sheppard3 and by
tingdaht and Felixs#

(2) If the reference dT/dA tables (Jeffreys-13ullen) were incorrcet at
some distances, the dip (but not the azimuth) of the planes would be
affected for all events at these distances.

(5" If there is lateral heterogeneity in the carth, rays will not necessarily
trace great circle paths, and dT/dA and azimuth anomalies will be
equally likely. The scale of these anomalies may be inferred from
1L.ASA data.  Near-sourec structure falls within this category.
In order to attemipt to isolate these three effects, we show in Fig, 11-5 an "array diagram."
The radial coordinate 1s d'F/d 4, the azimuthal eoordinate is azimuth. ach event studicd is
represent 2d by an arvow, the head of which indicates the expected position on the diagram if the
NOS location were correct, if the J-B tables for ¢''/4A were aceurate, if there were no lateral
heteropgeneity, and if there were no varying structure under the array. ‘The tail of each arrow
represents the measnred d1/dA and azimuth (hoping that corrugations on the wave front will
introduce no unusual bias). ‘Thus, the arrow length and direction indicate the extent to which
the conditional clausces above are satisfied.
The array diagram (thinned somewhat) is for a farge population of events recorded at LASA
from 1967 through 1969, W cemphasize that no prior corrections have been made in the d't /da
and azimuth measuremeuts - these are raw data.  ‘The problem is to isolate the different causes
for arrows not to be of zero length, We shall assume at the outset that the NOS location is
wrreg wineh is probably an acceptable asswnption at the precision to which we are working.

e three remaining sources of bias then affect the array diapgran: in somewhat different ways.
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A smooth distribution of arrows, all approximately of equal length and all pointing in the
same direction would characterize bias introduced beneath the array. A distribution of arrows
i1 which radial terms dominated and were of equal magnitude at all azimuths would characterize
.ias arising from use of an incorrect (globally}) dT/d. curve. A distribution of greater complexity
would point to near-source or propagation path bias, including equally azimuthal and dT/da
anomalies.

It is clcar from Fig.11-5 that the situation i3 immensely complex. Can we extract even a
simple stiocture beneath the array from this? We show in Fig. 11-6 the distribution of arrow
lengths and directions, and to the extent that this is a random sampling we may conclude that
therc is a mean bias to the north of 0.25 sec/deg. We tentatively associate this bias with the
smooth effects that would be introduced by structure beneath the array and which would move
the tail of each arrow 0.25 unit south.

The arguments for the relative merits of heterogeneity near source and along propagation
path are complicated and will be listed at length in a forthcoming publication. The array struc-
ture bias is smooth and we are discussing rapid fluctuations in the array diagram. Thus, we
are confident that our assertions are truly about the source and propagation path. We see no
compelling evidence that there is a global dT/dA anomaly shown by the array. As a result of
detailed analysis of Fig. 11-5, we conclude:

(1) There is lateral heterogeneity in the earth's mantle with good

indications that near the core mantle boundary there may be
horizontal structures of 100-km extent or less.

(2) The amplitude of these anomalies suggests velocity fiuctuations
of perhaps 5 percent, but a full interpretation will be very
difficult with a data set restricted by seismicity.

() Regions of marked lateral variation near the core boundary
include areas beneath lHawaii, the Galapagos and the mid-Atlantic
Ridge north of Ice)and. This result may be of use in examining
Morgan's® hot-spot hypothesis.

{4) Lateral hetcrogeneity is by no means confined to the deepest
mantle. There is some evidence that sub-continent and sub-ocean
structural differences may be detectable.

(5) Many anomalies remain to be understood. .articularly in the
north-west quadrant as Chinnery® has described.

(6) In any study using arrays to examine the velocity structure of

the earth, it is imperative to see both dT/dA and azimuth of

incoming signals, as azimuth deviations can be as great as 10°

and bear as much useful information as dT/dA anomalies — indeed,

the two cannot be separated in a heterogeneous earth.

From an operational point of view, we remark that the location of an event in a new and

aseismic area will present problems not necessarily alleviated by extrapolation of existing
results. We are n-.wv starting to examine NORSAR in a similar way.

D. Davies
R. M. Sheppard
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Fig.ll-1. Rayleigh-wave propagation paths for earthquakes in Kuril Islands
inferred by Capon from observations made using LASA.
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Fig.11-2, 20-sec Rayleigh-wave paths ta LASA calculated fram simple regianalized madel

cantaining only aceans and cantinents.

28



Section ||

Fig.11-3 P-wave travel-time cucve derived in this
study, expressed in terms of sysiematic deviation
from values in Jeffreys-8ullen tab es {focal depth =
550 km). Mean values and standurd errais of rnean
(vertical bars) in 2° intervals are shown, as are
smoothed values at 5° intervals (squares).

SYSTEMATIC J-B RESIDUAL (sec)

LL] L 18] 60 80 100

Fig.11-4, Su ested regions of low (L) and high (H) campressional velocities in deep mantle (2600 km < depth
<2900 km). 1y paths used | hinned) are shown.
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Fig.i1=5. Array diagram far LASA. Outer ring has radius of 10 sec/deg. Core data are not cansidered
in this study.
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Fig.11-6. Distribution of vectors in Fig.ll=3, with meon equivalent to southerly shift
of tail of 0.25 sec/deg. Radius of circle is equivalent to 1 sec/deg for purely rodiol

anomaly.
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. LASA

A. ANALYSIS OF P-WAVE AZIMUTH AND SLOWSISES ANOMALIES

WITHIN SUBARRAYS AT LASA

1 woll Kemvans that the 1 swave signals o1 |ASA, shoarrmd dating fhe Ars Lo oo e
onsel Hine, ary suldect 1o sovery amplilage 45d phiss ﬂ-f!m!h-t' v Twres M bmilaams = o
betwrren the variowe suliarrays ot TANA, while the variatione vilbee ¢ b sebarras o AN
are relatively mioor. KRecont erealis from NSONSAKR inbinste (el thoes Dhw foalesss e spes
more severe at that array Wan a1 TASA  Ap yet, (here apemars b be we legeste euplanstses
voncerning a passibie strocture wilkin (he eaeth which vorubd O e amesaliss. 0 o
ta obtatn data that would lead 10 ewch an explas Liom, e P owsir bkl ewl ilsame: g lns
were measured within sulareays 41 LASA, Theee mosscrvmnente will tuev bre e riied

The high=resolution (1) savermmber analy el m' Wwd samdl b il e
nnd slwness anmnalies of the Posaves of 24 sventis o cblopes, e PP phass o [ of Base
evenis, as well as PRI phivace frvm 4 other sveila, seis i el b il sl - Thosa, & saial
of 31 sely of measurememts were maide, Baih st el of V Bessvremenis sade sl e
wrdarrays eonlained in the A=, We, aned Copimge ¥ JASN  flonee, & lime) (ohe] of 25V manrni -
tiona were taken, The data sere oiserved ob the shoet = pugtod eelivg ] segemonnetsps & | A8,
The frequency saed 10 the moasuroment was 8 % Mz, o (M) 1 wavalengis | A PFomene 18
aboul 10km, assumit  w average comprvsajons) yobarjiy po sl §iis

The results obiatned (rvom toe HH wascerber ssinliers of sy Fress shark = el =
6 Febroary 1967 10 Fastern Kacakh arv depicted 10 Pigs 10004600 Ereegh il e sdarveys B9
e, HY, ana 1N, respectively, Thiere swre, of oo pre, S sibinr Saabarsmasis S e il e
al subarcrays AD, CL, 192, C), and O3, tet, o spmplic 15, sl e iunsls e e W g st
presented,  Theshiaplay of the eesulte tn Fige [Tt 1o stmibor b thad gives pewsis als .
Thee contoura al vonstant ser are Heplaiml, 1t des fafe pelatyse i» ponl perwr, sl v v Py
ments of HI from 0 1a G, Thus, the lscatiosn of the gaiet Jebadet 005 will presssls Mhe e
tzontal plase velocit s and the angle of arrival of the Cesave *10hin 1 ety s T
As an example, let ns conatder Pig, Wetia),  The padial Time ih thie fiparw 2 deswm 51 o afitmath
of 357" carresponding 1o the approvimate ssimsth of the ciseemer fior (hie evesn. The ciov i 3%
tnis figure in the locus of aavemambwre enpreepunditg (o o vwbno ity of 32 kov sev, s8itel 1o N
nominal borl rontal phaze velority thel woubd bee oxpev Sedf for the Pavsae of [hjs spes, i slammsl
from o sel ab standared taldes e an opicentor =101 AS distonce of alad £1°  The saremeibay
k Uin eyele/kmt ts related (o the vidoc ity v (i km fesc) by the espuation b+ 0%, wheew [ ge fhee
frequency and ix eqeal 0 0 8z, Thas, il theee ante mo amswnaly, the st loseled 8 dil 1n
Fig. Hi=1at would He at the tneesertion of the clivle anst B padis) lise.  ovewed, Betw 15 s
anomaly amt we oo that the azimath of areival 1 ateast 343 and the horisental phisce crboc ity jo
about 19km/sec, Thus, in this rase, the Psaave le ArtisIng ltvem & itote weeleg i 7, prvlson,
and with o lewer velocity, than oxpsciol. 19 the olber Matsl, 1he presfle s Fig. 10 Vi) absy e
Pawave arriving front a more aasteely sliroetion, aml #5th 3 bigher velosits, tham ey led T
results in Figs, Hi=1hem) are traly dramatic when ae conaider thal the aptnie off (e (8:04ing a1
FASA is only 20km,  We shoubid alsa mention thatl these frenile apw new a0l wnge oMalied Bow
to the avatlability of the LASA data aml the HR wosonumbwr 3rals ste program.
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We now wish to define the basic quantities, derived from tiic HR analysis, which arce impor-
tant in the interpretation of the P-wave anomaly data. These guantities are the azimuth devia-
tion (AZDEV), the slowness correetion (SLOCOR), and the relative power expressed in decibels
(PDBR). The definition for AZDEV is

AZDEV = MEASURED AZIMUTI — TRUE AZIMUTII

The true azimuth is assumed to be that obtained from the CGS location for the epicenter of the
event.  lno wefinition for SLOCOR is taken to be consistent with that given by Niazi.5 The def-
inition for SLOCONR is

SLLOWNESS IN MANTLE
SLOWNESS AT SURFACE

SLOCOR =

where the slowness at the surface is the reciproeal of the horizontal phase veloeity obtained as

discussed previousty from the IR analysis, and

SLOWNESS IN MANTLE = sin (IM)/S.Z

where 8.2 kni/sec is the assumed cou .pressional veloeity in the mantle, and 'M is the angle o(l;
incidence of the P-wave in the mantle. The angle IM is obtained fron: Appendix V of Richter,
using the appropriate epicenter-to-1.ASA distance for the event and noting that a crust-to-mantle
conversion must be made of the angles tabulated by Richter.

The definition for PDBR is

PDBR = 10 10):510 (PMAX/POWER)

whei'e POWER is the power (in mpz/llm measured using the 1IR method, and PMAX is the max-
imum power measured (in mpz/llz) among the 9 subarrays, for cach event, It should be stressed
that there will be 279 independent measurements for AZDEV, SI.OCOR, and PDI3R. That is,
there are .1 events for which these quantities have been measured within the 9 subarrays com-
priging the A-, B-, C-rings at 1.ASA,

A graphic illustration of the data for AZDEV and SLOCOR is given in Fig. 111-2 for the
26 February 1967 Eastern Kazakh event. In this figure, the diameters and locations of the circles
represent the apertures and locations of the various subarrays, and the diameters of the cireles
are drawn along the true azimuth of the event. The arrows point in the direction of propag. lion
of the wave, and the length of the arrow is proportional to SLOCOR, at the various subarrays.
The strikingly large changes in AZDIL:V and S1LOCOR hetween subarrays whieh are located within
about one wavelength of the I’-wave from each other should be noted. This fact is extremely
important in the interpretation of the data in terms of a possible structure within the earth which
could produee such anomalies,

It is instructive to plot the data for AZDEV, SLOCOR, and PDBR as a funetion of the truc
azimuth of the cpicenter of the event, as depicted in Figs, 111-3(a) through (c¢), respeetively, In
these fijures, an average curve is drawn which represents the average of the data, for the 9 sub-
arrays, at each azimunth or, equivalently, for each event. It should be noted that SI.OCOR and
PDBR have been limited to be less than 3,0 and 15.0d13, respectively,  The relatively large
values for AZDEV and SLOCOR that occur in IMigs. 111-3(a) and (b), respectively, ure for the

core phases which were used in the analysis., This is to be expeceted, since the angle of incidence
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for these phases is small, so that the AZDEV and SLOCOR for them should be large, cf, Niazi.5
An interesting cbservation to make at this point is that the average curves for AZDEV and SLOCOR
in Figs. 111-3(a} and (b), respectively, appear to vary aboutl zero and unity, respectively, with a
certain amount of regularity. For example, in Fig. 11-3(a) the average curve for AZDEV appears
to be negative for azimuths between 150° and 330° and positive otherwise; that is, the average
curve in the figure makes a transition between negative and positive values at an azimuth of 330°,
In addition, the average curve for SLOCOR in Fig, 111-3(h) appears to be less than unity for az-
imuths between 60° and 240° and is greater than unity otherwise. According to the results of
Niuzi,5 this type of behavior is highly suggestive of the effect introduced by a plane-dipping inter-
face across which there is a change in compressional velocity,

We attempted to find the dip and direction of strike of a plane-dipping interface that would
provide a best lecast-squares fit 10 the AZDEVand SLOCOR data, A velocity ratio of 0,75 was as-
sumed and the procedure given by Niazi5 was employed to compute the AZDEV and S1.LOCOR, for
an assumed plane interface, for each event. We found that the dip angle of such an interface was
11° and that the azimuth of the strike direction was 60°  This agrees quite well with the average
dip angle and direction of strike of the corrugated surface proposed by Greenfield and Sheppnrd7
to explain the I’-wave time anomaly data at LASA,  Additional work has been done to determine
a structure within the earth to explain the P-wave anomaly data, and the results will be presented
in a forthcoming pul)lication.8 A brief discussion of some of these results will now be presented.

A modecl has been proposed to explain the cause of the 1?-wave anomaly data, in which the
crust and upper mantle structure under LASA can be characterized as a random, or Chernov-
type, mcdium.9 A statistical analysis of the data for the phasc and amiplitude fluctuations of the
P-wave has been made which, along with some theoretical results due to Chernov,q was used to
determine the properties of the random medium, We found that the correlation distance of the
random medium is 12 km and that the standard deviation of the index of refraction is 1,9 percent,
These random inhomogeneities exist in the crust and upper mantle of the earth down to a depth
of about 136 km,

It is important to point out that a single, or munltiple, corrugated interface canuot be used
to explain the source of the P-wave anomalies because such a structure would lead, according
to Chernov's theory, to a high correlation between the amplitude and phase fluctuations, and to
a value of amplitude-relative-to-phase fluctuation power ratio close to zero, These conditions
are not found to be true in the statistical analysis of the data, llence, a model involving a single,
or multiple, corrugated interface is inadequate to explain the obscervations. It should be men-

tioned that a similar approach to this problem has heen considered recently by Aki.10

4, Capon

B. CRUSTAL SCATTERED S-WAVES UNDER LASA

The nature of the laterally heterogencous structurce of the crust and upper mantle beneath
LASA that causes the first-order time, amplitude, and waveform anomalics associated with
short-period tel.seismic P-waves is being investigated by observing the scatterced S-waves from
emerging I’-waves, Such a study is presently confined to data obtained from the 3-component,
short-period, digitally recorded seismograph at subarray D2 (sce Ref. 11), [The data are re-
corded on all standard high-rate format 1LASA tapes In record words 19 (Vertical), 40 (North),
and 61 (last) after 26 June 1968.)
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Previous invcstig_{utor‘sjZ'-H have used only the short-period P-wave motion recorded on the
vertieal instruments.  To obtain a model based on sueh data, one must know the first-order
P-wave velocity structure bencath the array, Observing the total motion has several distinet
advantages. The S-velocity as a Tunction of depth is not as well known as the P-velocity function;
however. the location of a souree of S will be more accurate when determined by the first-order
S=P tinte measurement than when derived by travel-time residuals alone,  Further, since S and
1| 7880 == ntially normally polarized, a simple coordinate rotation separates them, The rela-
tive amphtude and Irequency content of the two waves provide information on the impedance
contrast and sharpness of any boundary acting as an apparent source. The same functions de-
termined over various distances and azimuths determine the strike and dip of the converting
boundary. Morcover, the shape ol a converted S-wave will essentiatls be the same as that of
the exciting P-wave, thus the observed differerces between the S- and P-wavelorms are con-

d 1o be the result of a process occurring between the apparent source and the receiver,
Consequently, ihat pirt of the seismogram due to crustal reverberation should be separable from
the source component,

Data fromy a typical event are shown in I'ig. Hi-4, The raw date in the first three traces
show PP and pP from an event located in the North Atlantic at a distunce of 68° and an azimuth
ol 62°  The bottom two traces show the rotated components containing SV and St motion.  The
P-component ts approximately the same as the V-component. At a lag of 1 to 2 sec behind I
and pP 15 an S-wave arrival. Such an offset constrams the appurent source of S to lie at a depth
of ubout 3km, the boundary between the sediments and basement at FASA .j b The faet that the
S-wave from pP has not been completely polarized at the same angte as the S-wave from I in-
dicates that P oand pl? are emerging from different azimuths,  Relative particl motion on the SV
and S1E components of the S-wave due to pb® determine that the apparent azimnth of pl® is about
207N of the apparent azimuth of . The Irequency content and amplitude ol the S-waves (0,35 of
the IP=wave amplitude) are consistent with a tectonic —sedimentary boundary that is planar, shiarp,
and has a high impedance contrast (refraction stmli(rﬁs show o velocity contrast of about 2 for this
houndary; however, no conclusion on the sharpness or uniformity of the houndary can he obtained
from refraction data).  The strike and dip of this boundary can be determined by observing the
S-waves it scatters for diffeyvont azimuths and incidence angles,  Figure H-5 shows records for
6 cvents that cover all azinerths,  The S-waves from the sedimentary basement vanish for the
event coming from an azimuth of 314 and a distance of 897, indicating normal incidence of the
P=wave at the boundary.  An 89° distant event emerges at about 15° from the normal in a 6-km
sec mediung thus, the boundary dips to the southeast beneath snbarray D2, Other events with
approximately the same distance and azimuths show the same ext netion of the S-wave, teading
to the same boundary configuration,  Sueh a geometry is in agreement with the general trend
determined by a recent refraction survey.

Several other interesting observations can he made fron these data,  Figure 111-6 shows
the event from Az = 150°.and A 58° with the SV-component shifted 1,5 sce to the left so that
the S-wave scattered from the sedimentary boundary lies dircctly beneath the exciting P-wive,
P, pb,and sP all clearty show a corresponding scattered 8. The LASA bulletin, based on just
vertical recordings at the array, listed the 510 as pl’. (WWSSN data agree with the 3-component

data., ‘The pP phase was chosen on the basis of (1) a consistent s1° time, and (2) a correspanding
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seattered S-wave for both pP and s> with appropriate amplitude ratios (the S from pb’ should
have the same amplitude ratio to pP as the S-to-P amphtude ratlo, while the S from st shonld
have a somewhat larger ratio since sP is incident at a larger angle), l’l_ marks the arvival whose
time and corresponding lack of a basement S-wave indicate that it is probably a crustal reverbera-
tion rather than a part of the incoming source waveforn, I’S!\l marks the S-wave that was seat-
tered at the Moho. It comes in about 8 sec after P The same arrival can be confirmed on the
various traces m Fig, Hi-5 by examining the S-motion near 8sec alter P (or Pct?, or any pri-
mary P motion), Such i time delay indicates a depth between 60 wnd 70km for the Moho beneath
2. Similar consistent effects can be seen from the other events in Fig, Hi-6,

in summary, a brief analysis of 3-component seismic motion has stiown promise in helping
to delineate tocal structure and in separating the offects ot the structure from the incoming sonrce
wicveform.  As the stracture probably varies considerably over the array, knowledge of horizon-
tal motion at the other subarrays would prove extremely valuable in tun.ng the arrvay so as to
achieve 1ts maximum gain,  As only o single station experiment, knowtedge of the S-waves soeat-
tered at major discontinuities enhances the azimuth deternnnation and phase identrfication capa-
bilities of the array,

T, tanders

C. LASA SHORT-PERIOD INSTRUMENT RESPONSES

To determine time-doman source characteristics from a seismogram, 1t is ofien necessary
to remove the effeet of the seismometer and examine the motion of the ground at the seismometer
site, For example, l“mn‘ivr1 “ was able to show that pi?* phases from a number of NTS explosions
were observiabte at NORSAR by removing the theoretical impulse response from the data,  tn this
SATS, EFrison and Frasier have been able to remove the responses from a number of WWSSN rec-
ords nd dotern.ne the direction of propagdion of ruptnre of a central Asiun carthgnake.,

Al LASA, differences in signal chirracteristics are alwig's observed from site to site, even
within a subaprreay.  Some of these differences are probably caased by scattering of the incoming
sersmie signed, while the remainder are cansed by convolution of the signal with different dis-
placemaent impulse responses of the anstraments, To be able to sepirate these two effects and
obtiin a more truthfut preture of the mconing signal, itas obviously necessary to be able to re-
move the individual responses from the data,  Since the response of each instroment will prob-
ably change slightly with time, an up-to-date measuremnent of each response will be required
whenever the data need to be deconvolved,

tn 1“66,' Y we aeveloped o broadbad cabibration system for the short-period instrimments
which has never been used to obtain the response of a single instrament to an impulse in disphwe-
ment.  As shown here, tus 1s done easily and can be done it any time to obtain the present -
pulse pesponses of (i the short=period gecsmometers,

“The eanhbration consists of applyig a known psendo-random sequence of voltige steps to the
calibration coil of the seismometer and measuring the stmhtancons seismonieter outpit M the
rise time for the development of the magnetic fiekd produced by the cahbration coil s short com-
par d with 0,05 see (the samphng me of the data), o step tn voltage apphied 10 the corl is equtva-
lent to o step m acceteration applid 1o the seismometer, tn other words, I the known tnput

vol.age to the calibration corl 15 Vi, and the measured aupur o1 the sesmometer s S0, the
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relationship between S(th and V(1) is

o

S0 = \ Vit) 1K = 1) dr (-1
Ve un

where IF(t) is the response of the seismometer to an impulse in ground acceleration,  The first

derivative of = dF/dt — is the seismometer response to an anpulse in ground veloelty, while

the secoud derivative of 11 - llzl-"/(llz = is the seismometer respouse to an impulse in gronnd dis-

placement, Therefore, to obtain (I‘al-‘/(ll2 Kuowing V) and Sitl, it is only necessary to solve

Eq. (1E=1} for FiLand to differenthate it twice,

A calibration of subarray 113 was made on 24 Janaary 1972, The pscudo=random voltage
input wis applied simultancousty to all the 33 shmrt-period instraments for about 5 mmuates he-
ginning at 21:07:00, the ivpuet voltage and seismometer outputs being recorded on tape,  Fig-
ure HE=Tla=c) is a0 sianple of the voltage input and ontput recorded by scismonteter 1, A Je, -
squares approximation to ¥@) was obtalned for each of the 16 instraments and the subarray s

. 10 .
using Levinsou's method”  aud solviug the equations

M
) Fonh=tlse (1) fors =01, . .M (=24
n=0
where
N-t
8 o "
\H‘r\l
el s TN
N-1
p o
ter 1
¢ (1t P
sy N=-71
N = 511
M= A9

Some of the Impulse responses Fi) are shown in Fig, =8, while the result of convolving the 190t)
otained for seismometer 1 with the inpiit voltoge t8 shown In Fig, I=T(a=¢). In no ease was the
normallzed rms difference between the measured ontput and the resalt of convolving the compnted
response with the input greater ttan 0,97,

Differentiation of each of the 17 acceleratton tpulse responses was careted out jn the fre-
quency domain using the following velations:

T

flw) ‘ It c_'-"“'l t

T

(i 2'-:- \ M) L

1 r mN | wt
difml, A \ et 7 . . (-3

1
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The velocity cad iisplacement impulse responses of sotne of these st ruments are shawo in
Fig. =8, For seismometer 1, the amplitad: and phase spectra for a1l three tmpmlse responses
are shown (n Frg, Hi-9%a=d,

From Fig. 1l=l, it can he seen easily that the pespanses af the different seisnian o
more similar at high than at low freguencies: the ditferences in the acceleration mpulse (o=
sponses are more ohvious than Umse in displicement imialse responses, The majar differences
appear ta be in gain: all these responses have heen drawn te he the same size; the troe retative
amphitades are written by the side of each response. The amphifier at the output of vach selsmon -
oler is most sensitive ta low-frequeney changes, 1 woukd seem, therefure, that the easiest way
1o check the adjustment of amplifier gain and seismometer damping woubl he to obtatn Fltl, the
acceleration impulse respanse, by satving Fuy. (HE=21 far each caltbration,

Since 1t is now possible to perfarm a simitar calibration of the longeperiod mslrnnwnls.’m
1 recommend that a il calibration be made af all the seismameters at LASS once i@ month and

that the resnlts he avatlalde an tape for anyone regoiring o know the responses for that month,

A, Ziolkowski
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Fig. 11-4. (V'ertica!, (N)arth, and (E)ast, and rotated SV and SH short-period
seismograms re::orded at subarray D2 showing P and PcP phases and corresponding
crustal scatter:7 S-waves from North Atlantic earthquake.
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ond & = 58° showing arrivols of P, pP, ond sP, and their correspond=-
ing basement boundary scottered S-woves, P is crustol reverberotion,
pSp is P scottered S-wave from Moho.
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Fig. IN1-7. (o) Pseudo-rondom voltage applied to colibration coil Vi(t);

(b) observed cutput ot seismometer 1; and (c) computed output, convo=
lution of F(t) with V(t).

46



Fig. 111-8. Impulse responses of some short-peiod seismometens ot B on 24 Jonwory 1972,
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(b)

Fig. I11-9. Amplitude and phase spectra for B3
seismometer 1 (horizontal scale is frequency in
Heriz). (a) Amplitude spectrum of F(t), accel-
eration impulse response; (b) amplitude spectrum
of d[F(t)]/dt, velocity impulse respanse; (c) am-
plitude spectrum of d2 [F(t)l/dt2, displacement
impulse respanse; and (d) phase spectrum of dis-
wr- placement impulse response, Phase spectra for

velocity and acceleration responses have same
shape but differ by —~n/2 and =, respectively.

(c)

All vertical and horizantal scales are linear,
o —
(d)
- =
-2wl i —
o] 5 10
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IV. EVALUATION OF NORSAR

A. SHORT-PERIOD AMPLITUDE VARIATIONS AND COHERENCY AT NORSAR

The amplitudes of steered short-period NORSAR subarrays have been measured for 58
events distributed over 16 small regions. Figure 1V-1 shows the location of the regions in
inverse veloeity space relative to NORSAR, The amplitudes measured were maximum peak-
to-peak cxcursions of 0.9- to 3.0-lz filtercd cubarray beams generated by the KEvent Processor
at NORSAR, Only cvents with large signai-to-noise ratios (SNR) were used in order to avoid
errors introduced by background noise. The amplitude of each event was normalized by the
geometric mean of the amplitudes of all the subarrays, and the average within each region was
caleulated. The number of events within euch region ranged from 2 to 6. 'The standard devia-
tion of the anomalies within each region v/as also calculated for each subarray. The same cal-
culations were done for all 53 events together and for the 16 average normalized aniplitudes
from the different regions. ‘The results for four regions and for the global data are shown in
Table {V-1.

Table IV-1 is only part of the data, but it is representative and several observations can be
made. Por a fixed region, the amplitude variations are large and generally quite repea‘able for
different events. llowever, the amplitude at a subarray depends strongly upon the region — an
amplitude good for one region can be quite poor for another. This is verified by the global results
which display less variation of average gain between subarrays and show larger standard uevia
tions relative to the average gain.

The amplitude measurements were made after new NORSAR station corrections were intro-
duced in early Fcbruary 1972. It is worth noting that the observed beani amplitude, filtered
0.9 to 3.0z, was on average equal to the average subarray amplitude, which is about as good
as could be expected. An unfiltered beam was an average 3 to 4d13 larger than the filtered
beam, but the SNR was worst for the unfiltered data. Also, one would expect the signal loss from
filtering to be less for smaller events as their higher frequency content is more centrally in the
passband of the filter.

The short-period amplitude scatter at NORSAR is larger than that at LASA, but this does
not mean that LASA is relatively free of scatter and that NORSAR has an order-of-magnitude
more scatter. The true situation is indicated by the data on Figs, [V-2(a) and (b). For each
subarray at NORSAR, the minimum, maximum, and median normalized gain over all 16 regions
was obtained and is plotted in Fig. [V-2(a); 13 of these regions are third zone to LASA, The
{.ASA normalized gains for a single instrument in each subarray were available for these regions.1
Minimum, maximum, and medians were calculated and are shown in I'ig. [V-2(b). This com-
parison of 1.ASA and NORSAR scatter is somewhat qualitative and is between single instruments
and subarrays, but thc larger scatter at NORSAR is quite evident.

It is worth noting that even subarrays which show somewhat low amplitudes on average can
be quite significant in particular cases. Note NORSAR subarrays 4B and 6C in particular. On
average, they tend to have somewhat low amplitudes. lowever, the maximum gains of 1.9 and
2.8 shown on Fig. [V-2(a) are for presumed explosions at the liastern Kazakh test site. For

those events, site 6C is the best site in NORSAR, and 4B is one of the better sites.
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Section IV

In addition to the amplitude study discussed above, we have investigated the varlation in
waveform between individuai NORSAR subarrays by comparing the coherency of individual sub-
array beams with respect to the full array beam. I'wo approaches were taken within the coher-
ency study: a small-population study, where zero-lag coherencies were computed by nligning
the subarray beams and the fuil array beam by eye using the analysis console; and a large-
population study, where coherencies computed by the NORSAR vent Processor were used.

In the small-population study, the zero-lag cohereney pJ was computed using the short-

. th
period P-wave data from 13 events at teleseismic distances. Once the | subarray heam Xy

and the full array beam have heen allgned by eye,p 18 defined as
Y Y\ y ¢y )

1
Eox.y
o W
p I 1 \1/2
J -
(Z x12 = y12)
1o Y -0

where | i{s equivalent to 5 sec of data. The average p_ at the Jm subarray was computed over
the 13 events and the results are plotted as a solld line in Flg. IV~3 where it is seen that the
average value of pJ Is fairly stable, fluctuating between 0.75 and 0.85. Thus, in spite of the
fact that certain subarray beams of certain events may demonstrate a remarkably low colierence
(p < 0.3) with respect to the full array beam, based on this data set, the subarray beams are
about equally coherent on the average.

fn the large-population study, use was made of the NORSAR event tape covering the period
15 I'ebruary to 15 March 1971. Among other parameters automatically measured from the
short-period waveforms by the livent I’rocessor are the colierencies between subarray beams
and a full array beam. These are maximum coherencies on which the delays used in machine
locations are based. Altliough they are not directly comparable to the p of the previous experi-
ment, they do represent a large body of data concerning the coherency of short-period wave-
forms on the subarray beams. To elaborate, many of the events on the event tape are small
with small SNRs; thus, we should expect a lower average coherency at a given subarray if the
average is based on a large, comprehensive population. We see that this Is the case in IFig. V-3
where plotted as a dashed line are the average coherencies of the individual subarray beams
with respect to the full array beam, the average being taken over 406 processed "events"
occurring during the {-month time period. Again we must conclude, with one exception, that
on the average the subarray coherencies are yuite stable. The one exception is so remarkably
low compared with its neighbors, we might suspect it was deleted from the coherency measure-
ments for some extraneous reason during this period. It does not appear as anomalous in the
small-population study.

No geographic restriction was placed on the 406 events used above. When we restricted
the events of the large population to 0° to 120° azimuth from NORSAR, the average coherency
results remained essentially unchanged. 'Thus, to summarize the main point, although certain
subarrays may be poorly correlated with the beains for a given event, they all appear to yield
roughly equivalent correlation values on the average.

it. . l.acoss
J. Filson
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Cection IV

B. EVALUATION OF SHORT-PERIOD NORSAR DATA

Hodvy wave magnitudes of available central Asian events in 1970, recorded by the interim
NORSAR array, have been studied as part of the NORSAIG evaluation program. ‘Tbe interim
arvay consisted of single sensors from most of the NORSAR subarrays, and the data were
digitized at 1002, A single presimmed exploslon in May 1971 is also included. This event was
recorded by the full NORSAR of 132 seismometers, with a sampllng rate of 201z, ‘These full-
array data are now becoming avadlable and will provide a more complete, better quality data
base for the evaluation of NORSAR,

A list of the events s glven in Table 1V-2, and the event locations are displayed in the map
of Iig. IVed. Four of the events are presumed Soviet explosions from the Soviet test site near
Senipalatinsk In Fastern hazakh.

Array beams were formed for each event by aligning the flrst motions by eye. The ohserved
peak-to-peak digital amplitude of each beant was corrected for the NORSAR recordlng system
and converted to magnitude.  Hoth the computed and NOAA magnitudes for each event are piven
in Table Va2,

In Fig, IV-5, the difference between NOAA and NORSAR magnitudes is shown as a function
of epicentral distance from NORSAR  Figure IV<6 contains the same magnitude differences
plotted vs the period of Pewave beam.  Although the data base is too small for statistical analysls,
the impression 1s that NORSAR magnitudes are about 0.5 unit lower than NOAA magnitudes,
independent of the period and distance of the central Asian event.  This seems to be verified
by event detections from all azimuths published In the weekly NORSAR Seismic Event Snmmary,

On the other hand, I.ummsz has shown that 1.ASN body wave magnitudes are equal or slight’y
larger than NOAN maguitudes, on the average.  Such NORSAR and 1L.ASA mapnitude differences
can be partially accounted for by station corrections. A\ P-wave arrilving at the surface has an
energy density flux which is proportional to pao 1'\2(1), where p and o are the density and com-
pressional velocity, respectively, of the surface rock, and 1i(1) is the ground velocity recorded
by the selsmometer.  For a P-wave of given energy (i.e., magnitude), the velocity 1s proportional
to (pn)"‘ g at the station site. Thus, hard rock sites, such as NOIRSAR, should measure lower
amplitudes (hence magnltades) than sites such as LASA, which is situated on low velocity, sedi-
nmentary rock. lsing typlcal values of p and o at NORSAR and 1LASA, we find that LASA
amplitudes should be about 1.7 times larger than NORSAR aniplitudes. This would cause 1.LASA
magnitudes to be at least 0.2 unit larger than NORSAR magnitudes. Such an effect is observed
in the llmited data shown.

C. I'rasier

C. VARIATIONS OF FALSE-ALARM RATES AT NORSAR

The basic detection algorithm is the same at LASA and NORSAR.,  The steps are: (1) Linear
predetection filtering to isotate a band with good SNR; (2) full wave rectification; (3)calculation
of 4 short-term average (STA) and long-term average (L'FA) by averaging rectified outputs for
short (typically 1.5 sec) and long (typically 30 seé¢) periods of time; and, finally, (4) declare a
detection If STA/LTA exceeds a preselected threshold, The process can be applied at sensor,
subarray, or array beam levels. 1t is clear that the detection capabillty of such a system must
decrease if the noise level increases. Also, if he noise level increases with no change of
spectrum, the false-alarm rate will be unchanged as long as the detection threshold for STA/1L.TA

is unchanged.
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Section 1V

lu faet, the false-alarm rate at NORSAR does vary considerably with background noise
level, which is seen quite clearly in Figs. IV-7(a) and (b). 'The I.TA is quite stable and repre-
sentative of noise level at the output of the prerectification filter. ‘I'he variation in 1.TA over
two time periods with slightly different prerectification filters is shown. Intervals conlaminated
by obvious events have been removed. Also shown i3 the number of detections per day, the
number of events on the NORSAIt bulletin, and the difference of these two. In general, the latter
should be a reasonable estimate o¢ false alarms per day, although some real events which were
never studied by an analyst might be included. ‘I'he detection threshold for both time intervals
was the same, but note that the false-alarm rate is significantly less for the higher-frequency
prerectification filter. Its worst conditions correspond roughly to the best conditions of the
lower-frequency filter.

An idealized conceptual model has been formulated to help understand these false-alarm
fluctuations and to predict certain trade-offs. First, it is assumed that the output of the pre-

reetification filter has a bandpass spectruin characterized by a bandwidth, center frequer ¢y, and

mean square noise level. It is also assumed that the short-term fluctuations of STA/1.TA are
due to those of the STA, and that the 1.1'A can he assumed equal to the average STA value. The
calculation of the STA from the rectifier output i3 conceived of as a simple linear filtering opera-
tion. It has been impossible to obtain the probability distribution of the STA, but its stability
can be characterized by the ratio of the square of its mean to its variance. Vor a given threshold,
itis reasonable to expect that the false-alarm rate will be a monotone increasing function of
this ratio. Thus, by noting the changes in this ratio for different prerectification spectra and
postrectification filters, it is possible to predict if false-alarm rates will increase or decrease.
Finally, idealized spectra of seismic noise and gain functions of prerectification filters have
been used to get the bandwidth and center frequency of the rectifier input under various noise
conditiony, and to predict combinations of seismic noise level and prerectification filter low-
frequency cutoff which will result in equivalent false-alarm rates.

At least for short periods of time, the bandpass input to the rectifier can be thought of as
an amplitude-modulated sine wave A(t) sin (Z-rf t + 0), where f is the center frequency, 0 is
a random phase, and Alt) is a low-pass proceqs with bandwudth B equal to that of the rectifier
input. A1) is also assumed to be non-uegative, so its spectrum contains an impulse atf = 0
with area equal to the square of the average value of A{t). Figure IV-8 shows the power spectral

2_ 12,

density of the rectifier output under these assumptions. ‘The size of the sidebands go as 1 A4n
where n is the sidebard number. The portion between -f and 0f is just the spectrum of A(t)
nultiplied by 4/1r2. If13/2 > fo, the picture is slightly cham,ed due to pseudo-aliasing since, in
fact, the rectified spectrum is an infinite weighted sum of the spectrum of A(t) shifted by 2nf, .
The envelope A(t) would be reproducer exactly, within a factor of 2/n, by filtering the
rectifier output with a perfect low-pass filter passing frequencies from -f to 4 f The mean
square value of this, using "arseval's theorem, iy (az 4 bzl’H/n and the mean value is a.
Thus, the -xtamlily as measured by the ratio of the square of the mean to the variance is
r a /b B. But the envelopc may he considered to he Rayleigh distributed, for which we have
rl n/(4 — 7). Thus, a /b 1 n/t4— 1),
The actual filter used to ob‘ain STA from the rectifier iy not tdeal from —f to ¢ f It is
unt even perfect low pass, but assume for the moment that it is and has the passl)and shown in

Fig. IV-8. Taking the product of the rectifier output spectrum and the sqyuare of the STA filter,
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we again can find the mean square value of STA using Pardeval's theorem — it iy l(uz ‘ hz)/'l‘l-t/ nz.
The stability measure is then rlz : az'l'/bz. Substituting for azlbz in terms of the bandwidth of
the input to the rectifier gives

rZ r
1 4=-n

Bt (IV-1)

for this {deal case when the postreciification smoothing does not pick up any sideband enc-py
which would reduce the stability. Note that, all other factors beinyg cqual, the sideband effect
will be less severe for large fo.

To complete our model, it is necessary to consider the effective bandwidth and center
frequency at the rectifier input for typical seismic noise and prerectification filters used in
NORSAR. Figure IV-9 shows three power spectral densities for noise at NORSAR., ‘Tney
correspond to noisy, typical, and quiet conditions. No correction has been made for instrument
response. H F is the log of frequency and P i3 the number of decibels down from the most
extreme case to some snectral peak, we see that (approximately) I? = — (I + 0.7)100. On log
paper, straight lines from this point to (=1.2, =65) and (1,0, =065) give reasonable approxima-
tions to the actual seismic spectrum. ‘Fhe prerectification filters in use are bandpass but, for
present purposes, considering the ranges of alf relevant variables we characterize them as
high-pass filters with rolloff 608 per decade and corner frequency fc. Figure IV-10 shows the
idealized output spectra from these filters for different noise conditions.

The center frequency and bandpass of ideal filtered spectra can be obtained by simple
geometry. Consider the 10-dl3 bandwidth and center freqiency. In that case,

B ch"(l’) (1IV-2)
fn fc('o(l’) (IV-3)
where
: ol o -1 __10C(D) :
ClP) = log™ " 10CP) = log ™" =5t (IV-4)
3 -1 3 -1 10C(P
ColP) = log™ " octi) v 10! (YL /o (IV-5)
and
cp) - AP 1700 (IV-6)

(100 + 6500)

FFigure 1V-11 i a ptot of C“ and C0 vs 2. ‘They are roughly the same shape, and C, 1. 32(30
is a 1:ast-square .it of .\’CO to (J“ using samples of P at 0, ~10, -~ 20, and - 30,

The false-alarm rate is determined by B and f and is independent of the absolute power
level. liowever, if fo cho(I’) is constant on a line in the fc. P> plane, then so {8 1} since (,‘“
1.32C0. Figure IV-12 is a contour plot of fn‘ For example note that, if fc {.2and P - -5,
we should have the same false-alarm rate as fc 0.9, P - -130, That is, the false-alarm rate
under best noise conditions with a 0.9-1lz corner should be the same as for worst noise condi-
tions and a 1.2-1lz filter. This seems to be corroborated by the data in Fig. V-7, Aldo note
that large fn implies smaller false-alarn rate since sideband leakage will be reduced and [see
i2q. (IV-1)] bandwidth will be increased.
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Suppose we consider fc 1.2, 1.6. Then the effective prerectification bandwidths, assuming
1* = -20, are 2.03 and 2.69 liz according to Kqs.(1V-2), (1V-4), and (1V-6). 'The latter may be a
few tenths high due to the high-irequency cutoff of the actual filter used, but that will be ignored.
Now, with T = 1.5, Eq. (IV-1) gives rlz 11.1 and rlz 1-4.7 for the two filters, respectively,
Observed values on a beam during a relatively quiet period on day 76 of 1972 were 10.7 and 14.7.
Such good agreement is of course chance, since so many approximations have been made; but
the poant is that the idealized model, which does not consider sidebands, does predict the correct
order for stability,

As mentioned earlier, it has not been possible to determine theoretically the probabil.ty
distribution of STA values. Lixperimentally it is observed to be quite skew and clearly not
Gaussiar, and {t also is clearly not Rayleigh. Mt can be quite well fit by a lognormal distribution.
That is, In(STA) is approxima‘ely normal with nonzero mean u and standard deviation ¢. Values
of p - 4.67and ¢ - 0.3 were estimated from STA values of a coherent beam at NORSAR. The
sample distribution of the normalized variable

In (S'TA) - M (1IV=7)
v
fs shown in Fig. IV-13. Also shown are a few selected points on the Gaussian distribution to
indicate the good agreement.

If STA is lognormal, it is now simple to estimate expected numbers of false alarms per
day on each beam. Suppose 1, is the decision threshold in decibels. That is, a detection is
declared if twenty times the base ten log of the ratio of STA to its long-term average is greater
than 1.. l.et B be the long-term average of STA. Then, a detection is declared if

0.115L + 1In My = M (IV-8)

y; = - Q

where y is Gaussian with zero mean and unit standard deviation. Since « will be large, we

can use the approximation

Ir{y za} ~ %— %fi - exp[—ZuZ/n] > % exp[—ZuZ/n] . (1v-9)

Using L. - 10.5, u and ¢ given above, and Mg 111.6, estimated from data, we obtain the
probability of false alarm for an observation as 1.1 x 10-5. It has been verified from the
sampled correlation function of STA values, which are calculated every 0.5 sec at NORSAR,
that only every third value is approximately independeni., Thus, there are about 0.57 X 10°
independent STA observations on each beam every day and the expected number of false aiarms
per day, per beam is 0.65. This is, of course, for noise conditions on the particular day (day
76) 1972,

In fact, on -day 76 we estimated 42 false alarms (see I'ig. 1V-7). 'There are about
300 beams used, and with 0.65 false alarri per beam this would Le 185 false alarms if false
alarms were independent on all heams. It would appear tha* we must assume only 65 independent
beams to obtain agreement with observat.ons for false alarms. A check of STAs during detections
on day 76 should indicate how many heams, on average, exceeded the threshold for each false

alarm, but it has not been possible to check this.
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D. COMPARISON OF SHORT-PERIOD MICROSEISMIC NOISE

AT LASA AND NORFAR

We have found that the P-wave signals at NORSAR tend to have much of their energy con-
centrated in the relatively high-frequency range of 1.5 to 2.511z. 'This situation is quite different
from that at ILASA where the P-wave signal energy is concentrated primarily in the 0.6- to 1.5-1z
range. The relatively high-frequency content, and thus shorter wavelengths, of the P-wave
sigral at NORSAR has led to some difficulties due to loss of signal coherence. In order to
achieve the same short-period detection threshold level at NORSAR as at 1.LASA, it might be
possible to filter the NORSAR sigi:als so that their dominant energy is in the 0.6- to 1.5-11z
range. To do this, it is necessary to know both about the signal and noise levels in this band
for both LASA and NORSAR. The noise problem was considered first and thc results of the
analysis will not be presented.

The frequency-wavenumber spectra, as well as power spectra and coherence, were measured
for the short-period mieroseismic noise, in the 0.1- to 5-11z range, at the Oyer subarray at
NORSAR, as well as at LASA. The Over subarray consists of 12 short-period vertical seis-
mometers located *ithin an aperture of about 18km. The high-resolution method3 was used in
the measurement with a block length of 25 sec, leading to a frequency resolution of 0.041lz, and
with 36 blocks which yields 90 percent confidence limits of about #+1.4dB. In addition, the
coherence measurement level for uncorrelated noise is about 0.2, using the coherence (as well
as power spectra) estimation procedures described previously.d‘

Some typical power spectra for the noise at LASA and NORSAR are shown in I'igs. IV-14(a)
and (b), respectively. The result for NORSAR shown in Fig. IV-14(b) is typical of six measure-
ments which were made every other month during a 1-year period. The frequency -wavenumber
spectrum for the noise sample given in Fig. 1V-1- b) was presented previously.s 1t was found
that at 0.2 and 0.4 [z the noise consisted primari.y of surface waves propagating from the north-
east direction, with a phase velocity of about 3.5km/sec. The measurements at other frequencies
in the 0.2- to 1.0-1z band indicatud that there were large amounts of nonpropagating noise, rela-
tive to the amount of propagating noise. The coherence of this short-period noise sample vs
frequency is shown in Figs. 1V-15(a) and (b) for spatial lags of about 1 and 3km, respectively.
The coherence data in I'ig. IV-15(a) show that the 1- to 2-sec mieroseisms consist of a nonprop-
agating as wcll as a propa; ating component. This propagating component of the noise has «
frequency-wavenumbcr spectrum whose structure has been found to be highly diffuse in wave-
number space, as indicated by the coherence data in Fig. 1V-15(b). These results at NORSAR
are 1ls0 typical of those found at I.LASA for short-period noise.

The data in I'ig. IV-15(a) show that the coherence, for a spatial lag of 1km, inereases from
1.5 to 4.011z. In addition, the results of ¥ig, 1V-15(b) also indicate that the coherence, for a
spatial lag of 3km, increases in this frequency range, but not to as large a value as that for
1km. These data indicate that there is propagating noise In this frequency range and that the
relative amount of such noise increases as the frequency increases. In addition, the data show
that this moderate cohercnce at high frequencies is definitely due to ground maotion and not to

other effects sueh as system noise.
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The power spectra in Figs.IV-14(a) and {b) show that the noise levels at LASA and NORSAR,
at 1 Hz, are approximately 1 and 8dB relatii-e to impz/Hz at 1 liz, respectively. This implies
that there is more noise energy at NORSAR it 1z than at LASA. A probable cause for this is
the closer proximity of NORSAR to a coasdine than LASA. There is thus a loss of about 7dB,
relative to LLASA, that would be incu:red if the low-frequency signal components at NORSAR were
to be used for the purposes of P-wave signal detection even if the signal spectra were identical.

llowever, ‘ie signal spectra at NORSAR often increase with frequency up to 1.5Hz. In
addition, it is shown by Frasier iu Sec.IV-B that NORSAR signal magnitudes from Eurasia are
smaller than those at LASA by an average of approximately 10dB. It is thus clearly undesirable,
both from signal and noise considerations, to use a band centered o~ 1 Hz for Eurasian events.

J. Capon
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18-2-40539

Fig.1IV-1. Locotion in inverse velocity, relative to NORSAR, of 16 regions used in short-period
amplitude study.
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il |

Fig.1V-4. Map showing location of NORSAR and events studied. Open circles
are presumed expiusions and filled circles are earthquakes.
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V. SIGNALS AND NOISE

A. NONPROPAGATING NOISE AND' ATMOSPHERIC LOADING

In the last SATS,1 I investigatcd the possibility of predicting and removing some of the non-
propagating noise measured at LASA by long-period seismometers using the information provided
by a nearby microbarograph. This seemed a reasonable thing to do as there is often a high coher-
ence between the outputs of a microbarograph and a seismometer at the same site at times when
the level of nonpropagating noise is high.2 The process of measuring coherence is a linear one;
it would therefore be expected that in the time-domain a transfer .nction could be computed which
could be convolved with the microbarograph output to produce tha. component of the seismic noise
which was coherent, Such a transfer function was computed for a particular noise sample and
did, indeed, predict all the coherent noise when convolved with the microbarograph output, When
this noise was subtracted from the observed noise, the noise level was substantially reduced, If
the predictable component of the noise had been largely ' - arry effects in the seismometer, one
would have expected the same transfer function convolveu . .. he output from the same micro-
barograph to have predict:d at least some of the noise in the same seismometer on another occa-
sion when the coherence between this microbarograph-seismometer pair was again high, That
this did not prove to be the case was taken as evidence thot buoyancy effects were negligible and
that most of the observed nonpropagating seismic noise was caused by atmospheric deformation
of the ground,

jince nonpropagating noise is incoherent over distances greater than a few kilometers and
does not correlate from seismometer to seismometer at LASA, and since so much of it can be
removed by merely subtracting that component which is correlated with the microbarograph at
the same site, it is clearly the result of ground deformation caused by atmospheric pressure
changes in the near vicinity of the seismometer. Any far-field atmospheric loading effects must
be quite insignificant. In describing the loading process, therefore, we would expect an elastic
half-space to be an adequate model for the earth, and, since wind speeds are two or three orders
of magnitude less than the speeds of seismic waves, negligible error would be incurred in con-
sidering the elastic deformation to be static,

If the surface of the half-space is taken to be the xy-plane and z is positive into the medium,
the vertical divplacement u, at the point (0, 0, z) to a pressure load P(x, y) is given by3

© ow ko k2’
u_ (0,0, z) =§ S‘ -— 4+ P(x, y) dxd (V-1)
z e J_w\ T r3 y y
where
r = (x2 +y2 + zz)i/z
K. = 1—V2
1~ 7E
1 +v
kZ T 27E

v = Poisson's ratio

=
1

Young's modulus
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If the expectation of uz2 is calculated from Eq. (V-1) assuming P(x, y) to be white and random in

two dimensions, we find

I LT
E[uz ]= So ZW(T + _—X‘_> E[P*)rdr . (V-2)
This integral diverges at the upper limit and at the lower limit when 2z = 0. In other words, we
would expect to obtain infinite noise from such a model. Since this is not observed, there is
something wrong with the model,

lIaubx“ich4 cuusidered the same model but with discrete pressure cells, each of the sume area
and with the same average pressure load. The integral becomes a summation which, again, does
not converge. This means, however, that many pressure cells are included; those which are not
included always countribute infinitely more to the expected noise. The problem is clear once we
go into the wavenuimber domain,

If the applied pressure at the surface is

o, = P(a, 8) cos (2mrax + wa) cos (2npy + wﬁ) (V=3)

then the resulting vertical displacement is5

o

u [2(1 = v) + 27cz] e 27C2 (V-4

N
z ~ 2p - 27mcC
where ¢ = (oz2 + Liz)i/z, and p is the shear modulus. 1t is clear that whenever e = 0, u, is infi-
nite. This corresponds to the divergence of the integral (V-2) at the upper limit and is just a
function of choosing a half-space as the model. 1f we had chosen a spherical earth, this would
not have happened. Since we are sure that the curvature of the earth is irrelevant to this prob-
lem, we can filter out this D.C. effect by multiplying the right-hand side of Eq. (V-4) by [1 — e Y°],
The divergence at the lower limit of the integral (V-2) is caused by including in.initely high wave-
numbers, This is equivalent to modeling the pressure distribution P(x, y) with an infinite number
of point forces which will always produce infinite displacement at the surf.cc¢. Since point forces
are not physical, we can filter out that effect by applying a factor [e”"€] to the right-hand side
of Eq. (V~-4). With these additional factors, the integral (V-2) can be made to converge,

Examination of Eq. (V-4) provides an explanation for the failure of the transfer function, d«
scribed above, to remain stable from one noise sample to another. At any particular wavenun 1.
the displacement u, is proportional to the wavelength 1/c. If we make the first-order assumption
tkzt, at a given frequency, the wavelength is proportional to the wind speed, we should be able to
find a stuble transfer function using the product of the atmospheric pressure and wind speed.,

Since the instrument responses of the microbarograph and anemometer are entirely different,
these will have to be removed before the product of their outputs can be made.

I am currently testing this hypothesis, A. Ziolkowski

B. RAYLEIGH-WAVE DETECTION CAPABILITIES OF LONG-PERIOD ALPA
AND LAMONT SEISMOMETERS

A study of the surface wave detection capabilities of individual long-period seismometers

of the ALPA and NORSAR arrays has been initiated, The purpose is to evaluate the detection
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capabilities for sensors installed at various sites of the arrays, and to compare them with analog
data obtained by the !1igh-gain Lamont seismometers installed at the nearby stations in Fairbanks,
Alaska (FBK) and ..t Kongsberg, Norway (KON), Pretiminary results obtained at the ALLPA and
FBK sites for 31 August 1971 are summarized below, Twenty-four hour coverage of digital data
from several sites of the ALPA array and analog film data for the FBK site were available for
this day,

Figure V-1(a-b) illustrates the relative frequency responses of the AL.PA components and the
vertical compounents of the system at station FBEK, 7 The relative response of the ALPA cornpo-
nents peak at about 27 sec and the relative gains of the Lamont vertical components peak at a gain
of 7.7k at 25sec for the low-gain (ZLO) component and at a gain of 106 k at 32 sec for the high-
gain (ZU1) components. The ZHI response approximates that of Pomeroy, gggl_.s

As a guide to the probable origin of events detected on the ALPA and FBK records, bulletins
issued by NOS and SAAC were consulted. Origin times, locations, and body-wave magnitudes
are given by both bulletins. The NOS bulletin also reports focal depths. Distances from, and
apr.suximate surface wave arrival times at FBK were calculated for all events listed in the bul-
letins assuming a Rayleigh-wave velocity of 3.5km/sec. Table V=1 lists arriv..ls for 12 NOS
events, and Table V-2 lists arrivals for 32 SAAC events. Some event: ippear on both tables.
Examination of the ALPA and FBK records showed indications of at least 11 surface wave arrivals
(hereafter referred to as ALI’PA/FBK events), some of which were clearly discernibte ni hoth
Z1.0 and ZH1 traces at FBK as well as most channels of ALPA. The set of ALPA/FIIK events
includes some threshold events which were not detected on either of the FBK records, but for
which there was some indication of their presence on one or more channels of the ALIPA records;
10 of these 11 LP events could be associated with events on the NOS or SAAC bulletins, Table V-3
summarizes the approximate time- of arrival for the ALPA/FBK events estimated from the data
and probable identification with events listed in either the NOS or SAAC bulletins, 1t should be
noted that the list of events selected for discussion in this report do not include a number of very
marginal detections which a more careful examination of the records might confirm, In the case
of ALPA, increased detection probability through beamforming can be expected, and for IFBK
some improvement might be effected through digital processing,

A's an iltustration of thi~ relative detection capabilities of the ALPA and FBK systems,

Figs. V-2(a) through (f) present a series of traces of data recorded by the two systems for 6 of
the ALPA/FBK events. For each event, two traces are shown for the ZLO and Z1I arulog FIBK
film data. Th= traces from selected vertical channels of the ALPA sites are also shown, It
should be noted that these traces comprise short sections of the recording for the entire day and,
as such, are not strictly representative of the general appearance of the da‘:: when examined over
longer time periods. For example, the long-term fluctuations in background noise, particularly
for the Z1l1/FBK instrument, arc not always fairly repre<ented in the examples shown.

In Figs, V-2(a-f), truces from the FBK film records have the same relative magnification
for all events. The amptitudes of the ALDPA traces vary fo~ different sites, and the gains have
heen adjusted for convenience in presentation,

A comparison of thedetection capabilities of the ALPA and FBK systems onthese data can be
made by examination of the events shown in Figs. V-2(a-f}). A brief discussion of the individual

events is presented in the following paragraphs,
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TABLE V-3
EVENT IDENTIFICATION FOR SURFACE WAVE DETECTIONS AT ALPA AND FBK
31 AUGUST 1971
Arrivol
ALPA/FBK Time
Events (hours) Identifications and Locations
. ¢ _ — R A e
1 0043 NOS/1 = New Irelond No I.D.
2 0235 NOS/2 - Hindu Kush Region SAAC/4 - Afghanistan
3 0621 No . D. SAAC/7 — North Atlantic Oceon
4 0818 No . D, SAAC/13 = North Atlantic Oceon
5 in4g NQS/5 — Jujuy Province, Argentina SAAC/15 - Solto Province, Argentina
6 1329 NOS/6 — Near Coast Northern Chile | SAAC/16 = Northern Chile
7 1526 No I.D. SAAC/20 - Kurile slands Region
8 1856 No |.D. No [.D.
9 2009 NOS/8 — Near Coast Centrol Chile SAAC/26 - Near Coost Central Chile
10 2157 NOS/10 — Tongo Islonds Region SAAC/29 - Tonga Islands Region
" 2326 NOS/11 = Guerrero, Mexico SAAC/31 - Guerrero, Mexico

The extended coda of a relatively large magnitude event (mb = 5.2) from the Chile Rise whieh
arrives at station FBK at 2335 on 30 August obscures several possible arrivals, from relatively
close distanees, of low magnitude events loecated by SAAC during the first hour of 31 Anugust,
Note SAAC/1 from the Aleutian Islands Region.

Event 1 [Fig. V-2(a)] appears as a pronounced inerease in amplitude at about 004 hours
[about a faetor of 2 for ZLO, and a faetor of 4 for ZHI in the FBK reeords (a faetor of 4 for the
ALPA reeords)|. There is also an increase in the dominant period from about 25 to 35 sec at
this time. Event 1 has been identified from the NOS bulletin as the arrival from an m, 4.5 event
at a distanec of 81,7°, The SAAC bulletin did not list this event,

Event 2 [Fig. V-2(b)] has been identified from both the NOS and SAAC bulletins as a surfaee
wave from the Hindu Kush/Afghanistan region of a magnitude 4.0 to 4.3 earthquake and has an
estimated arrival time of 0232 hours. It is first visible on the FBK reeords at about 0235 and
on the single ALPA record at about 0233, Maximum signal amplitude on either set of reeords
oeeurs between 0237 and 0238, Large-scale fluctuations in the background, both in amplitude
and period (of the order of 1 minute or more), make the ZH1 records diffieult to interpret for
small-amplitude signals,

Event 3 [Fig, V-2(c) | has been identified from the SAAC bulletin as the arrival from a 3.7
magnitude event in the North Atlantic Oeeun at a distance of 44°. The event is deteetable on both
the FBK and ALPA sensors, No identifieation is supplied by NOS,

Event 4 [Fig, V-2(d)] is also identified from SAAC bulletin as a magnitude 3.7 event from the
North Atlantie Ocean at a distance of about 47°, NOS does not st this event. As was the case

forr Event 3, it is elearly deteetable on all sensors. Sinee both events have been estimated to
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have the same magnitude and similar locations, their records should be compared for similar
characteristic features,

Event 6 [Fig. V-2(¢) | has been identified from NOS and SAAC bulletins as a 4.5 to 4.8 magni-
tude event from Northern Chile,

Event 10 [Fig. V-2{f)] has been identified as arriving from a 4.6 magnitude earthquake origi-
nating in the Tonga Islands Region. Both NOS and SAAC .ulletins list this cvent, The approximate
arrival time was computed to be 2200 hours. This event occurred at a normal depth of 33 km,

As a result of this preliminary study of the ALPA and FBBK systems, it can be tentatively
concluded that the surface wave detectic.. capability of a single ALPA sensor is comparable to
that of the present FBK system. However, it should be noted that the date chosen for comparison
of the two systems was not ideal in that neithér of the systems was necessarily operating at its

best, Further study is required before a firm statement can be made,

E. Ashley
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Fig. V=1. Frequency responses of long=period ALPA and F~K seismometers. (a) Relative
amplitude response of single component of ALPA system vs period; (b) magnification as
function of period of vertical low-gain (ZL.O)and high-gain (ZH1) system at station FBK,
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VI. NETWORK CAPABILITY

A, SHORT-PERIOD NETWORK CAFABILITY

A preliminary investigation into producing a small-magnitudc-event bulletin has been
completed. The aim of the investigation was to produce a scismie events bulletin of lTow mag-
nitude, my 2 3.5, bascd on available data from NOS, the 1LASA-SAAC bulletin, and the 1LASA
detection log. The time period from 1 to 9 January 1970 was chosen as the investigation interval
sinee it would be so far removed from the present as not to cause a problem in obtaining NOS
or WWSSN film chip data,

In compiling the event list, the epicenters reported by NOS were aceepted as loeations that
needed no verification. However, locations obtained from NOS data that were not published on
the PDE listings, due to large residuals or poor locations, were examined and verification of
the event was required. Epicenters obtained from the LASA-SAAC bulletin that were not listed
by NOS were nlso considercd questionable and therefore in need of verification. The third and
largest sourece ' questionable events was the LASA detectior, log, The process of event verifica-
tion meant that any questionable event must be seen by at least two of the stations in the selected
list of WWSSN stations used for this study (see Table VI-1), Also, the relocation of the event
must fall in near proximity to the location given by the bulletin or thc detection log,

During this time period, NOS-PDE listings reported 140 events, of which 111 were listed
by the LASA detection log. Examination of the NOS unreported events produced 85 verificd epi-
centers, 40 of which were listed on the LASA deteetion log. Those NOS events not listed in the
detection log occurred during ILASA down !ime or were located in the core shadow to LASA, A
few NOS events that were not in the detection log were very small and reported only by a few
near-regional stations or local networks, The LLASA-SAAC bulletin reported a total of 151 events,
66 of which were reported in the PDE listings,

During the 9-day period, the LLASA dctection lo3 listed 1208 group detections, that is, a
group of steered beams detecting a signal within a 10- to 15-sec period. In order to reduce the
number of false alarms and noise detections, group deteetions of less than 5 beams were not
evaluated, This left a population of 691 detections that were considercd possible events, or
phases in need of verification, The NOS data verificd 151 of these; the remaining detections
were considered to be actual events if the signal could be seen on two or more of the selected
WWSSN stations. In this manner, the detection log added 209 events to the event list, The re-
maining 331 unverified detections were not neeessarily false alarms since over 20 percent of
them turned out to be phases such as PcP, PP, PKKP, etc., Several other detections were in
fact real events and could be seen on stations not in the selected list of stations.

A swarm of events from Yunnan Province, China, occurred during the time period of the
investigation, From viewing film chips of station ClIG, Chiengmai, Thailand, an additional
34 events were detected based on signal character alone, i.e., separation of I’n, P, 1’g, and
I.g phases, and were added to the events list,

During the 9-day period of the investigation, a total of 475 events were verified, an average
of 53 per day, Figure VI-1 shows the relative performance of each station used in the verifica-

tion of the final event list, R. . Needham
R. M, Sheppard

Preceding page blank &



Section VI

TABLE VI-1

STATIONS USED FOR VERIFICATION PURPOSES
IN THE NETWORK CAPABILITY STUDY

WWSSN Stations

Gain
(in thousands)
Code Station Region SP LP
AFI Afiamalu Samoa 12,5 0.750
ARE Arequipa Peru 50.0 1. 500
ATU Athens University Greece 12.5 1. 500
BUL Bulawayo So. Rhodesia 100.0 1. 500
CHC Chiengmai Thailand 200.0 3.000
COL College Outpost Alaska 100.0 1. 500
EIL Eilat Israel 200.0 3.000
KBL Kabul Afghanistan 400,0 6.000
MAT Matsushiro Honshu 100.0 3.000
PMG Port Moresby New Guinea 50.0 3.000
PRE Pretoria South Africa 50.0 1.500
QUL Quetta Pakistan 200.0 6.000
SJG San Juan Puerto Rico 50.0 0.750
SPA South Pole Antarctica 100.0 0.375
TAU University of Tasmania Tasmania 25.0 0.750
TRN Trinidad West Indies 25,0 1. 500
TuC Tucson Arizona 200.0 1. 500
Stations Other Than WWSSN Stations

LAC Losa Array Montana

i MBC Mould Bay NW Territory 100.0 5.000
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B. INTERNATIONAL SEISMIC MONTH

An effort is under way to produce a very comprehensive seismic bulletin for the period of
20 February through 19 March 1972 for the purpose of evaluating some of the large-scale seismic
systems that have recently become operational. The cooperation of several other agencies (see
below) was enlisted in order to support the International Seismic Month (ISM) effort. Lincoln
Laboratory is acting as host for the experiment. The first phase of the ISM effort is to produce
as complete a list of epicenters as is possible using the detection logs from both LASA and
NORSAR, and arrays at llagfors, Gauribidanur, Warramunga and Yellowknife. These detection
logs, coupled with analyst reports from the single station in the Canadian network and selected
WWSSN sites, are providing the basic data for the ISM bulletin. Progress on the bulletin has
been promising thus fur, and full use has not yet been made of LASA and NORSAR detection logs.
Iiven so, the number of events in the bulletin is well over a thousand. We expect that, upon
completion of the bulletin, the total number of events will approach two thousand. At various
stages during compilation of the bulletin, listings are being supplied to those cooperating in the
study.

The preparation of the bulletin is only one phase of the ISM. Insofar as possible, detailed
measurements of long- and short-period data and potential discriminants will be accumulated to
form the complete data base. All participants will then have full access to these data to evaluate
detection and discrimination capabilities of individual sites, subsystems, and the overall system,
which can be conceived of as the current deployed capability. Presumably, some of the sites
userl (or similar ones) could be ineorporated into a system, if that were required. The study
should also indicate how current capability is deficient.

The following organizations are participating:

Department of I:nergy, Mines, and Resources, Canada
l.amont-Doherty Geological Observatory

National Earthquake Information Center, Boulder, Colorado
NORSAR, Norway

Research Institute of National Defense, Sweden

Texas Instruments, Alexandria, Virginia

United Kingdom Atomic Energy Anthority, England

SAAC, Alexandria, Virginia

M.L.T. lincoln Laboratory

R. M. Sheppard
R. E. Needham
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NO. OF REPORTED EVENTS
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Fig. VI-=1. Number of events reported by individual stations in network study.
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