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ir Alexandria, Virginia and of the Lincoln Laboratory, MIT,
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I. INTRODUCTION

In this work the power spectra of P waves from seismic events
recorded at the NORSAR large seismic array in Norway have been
observed. An objective of the study is to compare the shapes
of spectra from earthquakes and explosions, in the hope of
finding stable differences between the two types of events,
which wouid aid in the classification of seismic events. Other
objectives are to estimate parameters of the seismic sources
by comparing the observed spectra to predictions made using
simplified source modelsl’2’3'4'5'6 and to observe regional
variations of spectra which could be attributed to propagation
path effects.

In this report observations of P-wave spectrum in the frequen-
Cy range 0.03 and 6 Hz are described. Observations in a broad
frequency range are also reported in references7'8. Wyss, Hanks
and Liebermann7 reported the greatest differences between earth-
quake and explosion spectra to be found at low frequencies,
where the signal-to-noise ratio (SNR) for weak events is noor.

For classification, differences in the frequency range 0.5-4 Hz
which has a good SNR would be most valuable. That frequency

range has been used for computing single numbers ('discriminants"')
which describe the relative levels of the high and low frequency
enerqy of a spectrumg’lo’ll’12’13’14. In this vork such a sin-
gl parameter is also dafined and computed for a number of spec-

tra. The value of such parameters for classification is still
unclear.

In estimating the spectrum of a P wave using a large seismic
array an optimum method for combining data from all sensors
should be used. The NORSAR short period sensors give 132 paral-




lel recordings from each signal. Each of these differs slightly
from all the others, while the noise at the different sensors
is assumed to be completely uncorrelated. To make use of all
sensors and to arrive into a single power spectrum, a basic de-
cision is whether one should average over the signals them-
selves (beamforming) prior to computing the power spectrum, or
whether the average over the power spectra computed for each
single sensor should be used (spectrafsrming) .

Lacoss and Kuster15

showed that (a) the spectra computed by
spectraforming and beamforming differ from each other ever in
the absence of noise and that (b) in case of weak signals the
selection of a proper method is of importance in extracting the

signal from the noise. The delays required for the delay-and-sum
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Fig. I.1. NORSAR array configuration. The 22 subarrays are
shown. Each subrray is equipped with 6 vertical short-period
sensors and one 3-component long-period seismometer.




operation in beamforming may be poorly known for a weak event
and this may cause unpredictable and large beamforming losses
at the higher signal frequencies. This is a strong argument
against the use of beamforming in computing power spectrum at
the the higher frequencies. If no beamforming losses would ex-
ist, beamforming would be the best method for extracting the
signal spectrum from the noise, but the losses worsen its per-
formance.

All spectra presented in this report are computed using a com-
bination of beamforming and spectraforming. We averaged 22

power spectra computed for the 22 subarray beams from the NORSAR
subarrays. Each subarray beam was formed by averaging signals
with suitable delays, recorded by 6 sensors within a region of
7-8 km in diameter. The geometry of NORSAR is shown in fig.I.l.

In terms of stability, beamforming loss and computing time

this was considered a good compromise. In Appendix 1 measure-
ments of SNR and beam losses from events in Central Asia are
presented, and the reasons for the selection of the procedure
of averaging subarray beams are presented in more detail. These
measurements have been published earlierls.

In extracting the spectraformed signal from the noise the most
important operation is the subtraction of an estimate of noise
power from the signal power. With certain assumptions on noise,
the expected value of the remainder is equal to true signal pow-
er in the frequency band consideredls. As noted also by Linde
and Sacks 7, this removal of bias due to noise is of prime im-
portance when observing frequencies out of the dominant signal

frequency. The noise-correction is described in detail in Appen-
dix 2.

In collecting data it was tried to include events from various




tectonic provinces and to observe earthquakes in the vicinities
of nuclear test sites. All included earthquakes were shallow,
as a rule maximum depth limit of 50 km was used, but including
some events in the depth range 50 to 70 km. The depth 70 km
corresponds to the supposed lower boundary of the low-attenua-
tion, high-Q lithosphere. Initially only events in the magni-
tude range 5.0 - 6.0 m, were analyzed, because a homogeneous
data set was desired. That also is the optimum observation
range if both short and long period sensors are used. Later a
wide magnitude range was covered. A list of all included events
is given as Appendix 3.

The magnitudes of events quoted in this report are P wave mag-
nitudes (mb) given by the (U.S.)National Earthquake Information
Center (NEIC), formerly referred to with abbreviations USCGS
and NOAA. Whenever the magnitude is given from another agency
or is computed from other waves, this is indicated.

In computing a power spectrum using long period sensors, signals
from the 22 vertical LP sensors, one in each subarray, are beam-
formed (summed with delays), a signal section 96 seconds long
and beginning 1-2 sec prior to the onset time of the P waves is
Fourier transformed and the absolute value of the transform is
aquared. Bias due to noise is removed by subtraction of noise
power. The spectra presented in the fiqures of this‘roport are
smoothed over a bandwidth of 0.021 Hz. Tn computing a power
spectrum using short period sensors, the combined beamforming/
spectraforming procedure described above was used. Siqnal sec-
tions of 6.4 or 12.8 seconds were used. The noise-corrected
power spectra presented in figures were smoothed over a band-
width of 0.313 Hz.
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ITI. GENERAL SHAPE OF SPECTRA

In this chapter the general shape of earthquake and explosion
spectra is described using spectra computed from shallow earth-
quakes and explosions in Eastern Europe, Western and Central
Asia, at the western coast of North America and at the Aleutian
Islands. By combining measurements made with long and short pe-
riod (LP and SP) sensors the shapes of the P wave spectra with-
in the frequency range 0.03 to 6.0 Hz could be studied. In sev-
eral cases, however, the signal-to-noise ratio (SNR) was not
sufficient below the frequency 0.3 Hz for the signal spectrum
to be extractable from the noise. In addition to the observa-
tions reported in this chapter for a number of events only the
signals recorded by the SP sensors were spectral analyzed.Those
observations will be described in the next chapter.

In fig. II.1l are shown displacement power spectra for 6 earth-
quakes in Central Asia. The spectra are corrected for the NORSAR
SP and LP instrument responses. The spectra shown are selected
from a suite of 13 spectra as those which had the best SNR in
the long period range. This will give a somewhat biased view,
but a low signal power was not the only reason for rejecting
spectra. The large variation in the background noise level, in
some cases caused by interfering events, also influenced the
detection of LP P waves.

The general impression is that for these events having magni-
tudes 5.2 - 6.0 (mb) the spectra follow the prediction of Aki4.
The power level is roughly constant at frequencies below 0.2 -
1.0 Hz, at higher frequencies the power decreases rapidly and

almost monotously with increasing frequency. The variations in

the relative levels of high and low frequency energy are large.
The shocks 101, 102, 105 and 111 all have the magnitude 5.6(mb).
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Fig. II.1. Earth displacement power spectra of earthquakes

in Central Asia. The spectra are displaced by steps of 15 dB

for clarity. Short horizontal lines at left margin show for

each spectrum the level of 55 dB over power density 1 nmz/Hz.
Magnitudes are given in parentheses.




This is reflected in their equal levels of power at the trequen-
<7 1.0 Hz, where the measurement for the ™, naagnitude is made.
But their long period power levels var' by 20 dB, or by one or-
der of magnitude.

This variation is coupled with the variation of the corner fre-
quency, where the spectral power begins to fall off with in-
creasing frequency. It ranges from 0.2 to 1.0 Hz for these spec-
tra. If the conclusion of Brune5(1970), that the corner frequen-
cy of S wave spectrum is inversely proportional to the radius of
the source fault, can be applied to P waves the source radii va-

ry by a factor of five, even within the four shocks with magni-
tude 5.6.

A

2 as

Fig. II.2. The amount of attenuation as a function of fre-
quency for different values of the parameter t .

In fig. II.2 the effect of non-elastic attenuation is shown for
various values of the frequency-independent quality factor Q.
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The curves show the magnitude of a factor exp(-nfe) with t* as
the parameter. The quantity t* is
T
£ = Ji and g =t (2.1)
oY 0 %

where t is the travel time and Q is the apparent average Q

along the rav path. The available scanty evidence on t* along
the path Central Asia-NORSAR suggests a value less than 0.318'19.
Any value of t* between 0 and 0.3 does not change the conclu-

sions on the existerze and location of the corner frequeacies in
fig. 11.1.
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Fiqg. II.3. Earth displacement power spect.ra of earthquakes
it the western coast of North America. The spectra are dis-
pleced in steps of 15 dB for clarity. Short horizontal lines
at left margin show for each spectrum the level of 55 4B

above power density 1 nm2/Hz, Magnitudes of events are given
in parentheses
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In fig. II.3 are presented spectra from three shallow earth-
quakes at the western coast of North America in the magnitude
range 4.8 - 5.6 m - The spectra have a somewhat more peaked
character than the Central Asian spectra. It has to be noted,
however, that the total response of the earth to a wave sent
from a source modifies the origina.. spectrum, particularly in
case of the long period waves. An example of this is the inter-
ference of the pP and PcP waves with the P wave. In case of
these events, both of these later phases arrive within the

96 sec long window of analysis.

The corner frequencies vary from 0.2 to 0.5 Hz. The slope of
spectra at high frequencies is clearly larger than that of the
Central Asian spectra. This is most probably due to a difference
in the total effect of the non-elastic attenuation along the

two ray paths.

In fig. II.4 the spectra cf 9 explosions in Eastern Kazakh are
shown. No signal power could be extracted from the LP signals
below the frequency 0.3 Hz. Whenever observable, the power at
frequencies below 1.0 Hz is rather constant. Comparison with
fig. II.2 shows that if these spectra were corrected for atten-
uation taking t* to be 0.2, in all cases the power would be
constant below 1.0 Hz or have a maximum around that frequency.
The value t* = 0.2 corresponds to O = 2190.

Seggern and Blandford6 predicted the far-field P wave spectrum
from underground explosions to be flat below a corner frequen-
cy depending on the yield, with a possible overshoot at the cor-
ner frequency. The picture emerging here is not in disagreement
with their prediction. The frequencies of the maxima observed
range from 0.5 to 1.0 Hz (events 512, 514 and 516) which fits
well with the prediction of Seggern and Blandford for explosion
yields 50-100 kt. These events have been estimated to lie with=-
in the yield limits 20 to 200 km2°.
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Fig. IT.4. Earth displacement power spectra of underground
explosions in Eastern Kazakh. The spectra are displaced in
steps of 15 or 25 dB for clarity. Short horizontal lines at
left margin show fgr each spectrum the level of 15 dB above
power density 1 nm¢/Hz, Magnitudes of events are given in
parentheses.




One would apparently prefer to have observations at lower fre-
quencies to make certain the detection of a corner frequency.
There is unfortunately an inherent difficulty. As soon as the
increase of signal power witl decreasing frequency begins to
level off, the signal is overwhelmed by tie even more steeply
increasing noise and becomes impossible to measure, even with
the capabilities of a large array. Further, when :he yield in-
creases, the corner frequency decreases coming to a region of
worse SNR, which offsets the general improvement in the SNR.

These difficulties are somewhat overcome in observing the spec-
tra of the presumed explosions in Western Russia, because they
lie closer to NORSAR, at distances 15°-20°. 1In fig. II.5 are
shown the spectra of 7 events in Western Russia with magnitudes
ranging from 3.2 (given by NORSAR) to 5.5. The larger events of
this set have relatively more energy at low frequencies than
the smaller events. LASA array locates the event WR2 to Western
Kazakh, rather than to Western Russia. It is thus not compara-
ble with the other events. Its LASA magnitude is 3.8.

In case of the events WR3 and WR4 with magnitudes 4.6 and 4.5
(as given by LASA) there is a very slow decrease of power with
increasing frequency in the observation range 0.5 to 3.3 Hz.
Taking for these ray paths in the upper mantle a Q less than
1500, a correction for the effect of attenuation will result
into virtually constant power levels in the observed frequency
range. This would mean the corner frequencies to be above 2 Hz.

The three events with magnitudes above 5.0 have spectra which
even with a reasonable correction for attenuation display cor-
ner frequencies around or below 1.0 Hz. This is in agreement
with the observations from E.Kazakh explosions. The event WRI1
with NORSAR magnitude 3.2 shows a maximum of power at 2.0 Hz.
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Fig. TI1.5. Earth displacement power spectra of presumed under-
ground explosions in Eastern Europe. The spectra are displaced
in steps of 10 dB for clarity. Short horizontal lines at left

margin show an equal power level for each event. Magnitudes
of events are given in parentheses.

For the purpose of observing the explosion spectrum at frequan-
cies well below the corner frequency, long period P signals from
the Cannikin explosion with magnitude 6.8 a% Aleutian Islands
were spectral analyzed (event code 122). In fig. II.6 its spec-

12




strum is shown with the spectrum of an shallow earthquake at a

nearly same location. The LP signals from these two events are

shown in fig. II.7. The explosion is 1-2 magnitude units larger
than those presented in pPrevious figures and it seems that the

corner frequency is between 0.2 and 0.3 Hz.

[ ] |

1 2 05 1
0 0 h

Fig. II.6. Earth displacement power spectra for an under-
ground explosion at Aleutians (code 122) and for a large
earthquake at nearly same location (code 123). The earthquake
Spectrum is shifted up by 20 dB for ciarity. Short horizontal
lines at left margin show for sach spectrum the level of

55 dB above power density 1 nm“/Hz. Magnitudes of events are
given in parentheses. The lowest frequency band is not in-
cluded in frequency smoothiig.

This range fits excellently with the corner frequency 0.26 Hz,
which has been predicted6 for an explosion of 5 Mt (the proba-
ble yield of this explosionzo).
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FFig. 1I1.7. The Lp signals from the Cannikin explosion

events, the dots around thes: represent the single channel
recordings. S and N stand for signal and for a sample of
bPreceding noise, respectively. The earthquake signal is
larger than the explosion sigral on the original records.
Note the: good coherence of LPp signals when S/N ratio is
large (event 123).
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The decrease of power with decreasing frequency could be en-
tirely caused by the crustal transfer function at the source.
The transfer function is dominated by the P/pP interferance.
Scaling the transfer function for a shallow explosive source

in a continental crust computed by Fuch52l to the present

source depth 2 km, we would expect the power at 0.05 Hz to be
20 dB less than at 0.35 Hz. This is sufficient to explain the
slope of the present spectrum, and there is no objection to

a flat explosion spectrum at low frequencies predicted when
the effect of the free surface is absents.

The large ripples at varying frequercies superposed on the gen-
eral trend of the explosion spectra in figs II.4 and II.5 are
also explained as successive bands of constructive and destruc-
tive interference between P and pP. The greater depth of the
earthquakes causes these bands to be narrower in the earthquake
spectra and they are smeared out in the frequency smootning.

The pP phase may also remain outside the time window taken for
analysis.

In fig. II.8 the corner frequencies read from the earthquake
and explosion spectra shown in figures I1.1, II.4 and II.5 are
plotted as function of magnitude. Earthquake corner frequencies
are roughly three times smaller than those of explosions. The
prediction for explosion corner frequency as a function of
yield made by Seggern and Blandford6 is also plotted to the fig-

ure, assuming the yield Y and seismic magnitude my being con-
nected by equation

log ¥ = my - 3.9
as seems reasonable for explosions in hard rock33. Considering
the uncertainties in reading the corner frequency from a spec-
trum and in the magnitude-yield reletionship, the fit is not

bad and indicates that corner frequencies are really observed.

15
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tra ot earthquakes (open circles) and explosions (filled
circles). The line represents the predicted corner frequen-
cy for explosions in hard rock.
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III. SPECTRA FROM DIFFERENT REGIONS

In this chapter the shapes of spectra from events at different

regions are compared. (nly data recorded by short period sensors

is presented because of the often poor SNR of P waves at low i
frequencies. Because different regions were observed to have
signifi-artl, different shapes of spectra, the events are

grouped geographically.

The presented spectra are not displacement spectra, as in the
previous chapter, but acceleration spectra. Response-corrected
power at each frequency has been multiplied by w4, and the pow-
er scale in figures is in dB, or equivalent to lO'loglo(P/PO)
where P is the spectral power and P0 is some constant reference
level. The spectra within each geographical group are normalized
to equal total power (at the SP sensor system output) and the
spectra are averaged as described in app. 2. The individual
spectra and the average are shown in figures. Frequency smooth-
ing over a bandwidth of 0.31 Hz is done.

The events in this chapter are usually identified only by indi-
cating the event set to which they belong. Information on indi-
vidual events arranged according to the event sets is given in
app. 3. Fiqures III.1 and II1I.2 indicate the locations of the
events and event sets. All earthquakes included to analysis are
shallow,i.e. have reported depths less than 70 km, and most have
reported depths less than 50 km. In some cases the depth is dif-
ficult to verify, but these events are few and generally at re-
gions where intermediate or deep shocks are not known to occur.

The 15 events scattered over Eastern Asia, from Kamchatka to i
China, show a large variation of spectral shapes (fig. [II.3).

|
i
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Fig. III.1. Analyzed events excluding those in Europe. The
events are divided into following event sets (numbers refer
to figure): 1. EASTERN ASIA, 2. SAKHALIN, 3. KURILES,4. SOUTH
OF HONSHU, 5. CENTRAL ASIA, 6. EASTERN KAZAKH (explosions),
7. GIBRALTAR, 8.WEST COAST OF NORTH AMERICA, 9. NEVADA (ex-
plosions), 10. UTAH/DAKOTA, 11. GULF OF CALIFORNIA, 12. MID-
ATLANTIC RIDGE. The different symbols indicate relative
high-frequency contents of spectra, estimated by the LTM
measure. When several events fall to a nearly same location,
their ave-age LTM value is plotted. Triangle: LTM<0, square:
0.0<LTM<0.4, circle: 0.4<LTM<0.7, asterisk LTM>0.7.
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Fig. III.2. Events in Europe. The events are divided into following
event sets (numbers refer to the figure): 1. WESTERN RUSSIA (presumed
explosion), 2. WESTERN KAZAKH (presumed explosion), 3. CRIMEA,

4. EASTERN CAUCASUS, 5. ITALY, 6. YUGOSLAVIA, 7. GREECE, 8. TURKEY.
The different symbols indicate relative high-frequency contents in
spectra, estimated by the LTM measure. Open circle: LTM<0.4, filled
circle: 0.4<LTM<0.9, asterisk LTM>0.9.

19




.
-

The r.m.s. deviation of the individual spectra (in dB) from the
average surpasses 8 dB. On the contrary, when a comparable num-
ber of events is selected from a small source region, the spec-
tral shapes vary less. The events in very small source regions
at Sakhalin(fig.III.4), Kuriles(fig.III.5) and Japan(fig.III.6)
each show rather homogeneous spectra, the r.m.s. deviations
from the respective averages generally being below 3 dB.

Fig. ITI.3. Normalized acceleration power spectra (aster-
isks) with average (circles) of the 15 shocks of the set

EASTERN ASIA in magnitude range 5.0-6.3 m and distance range
60 to 78 degrees.

The spectra recorded from SAKHALIN differ clearly from the
KURILES spectra in their lower high frequency energy contents.

One possible explanation for ti.e difference is a difference in *

|
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the nonelastic attenuation along the respective wave paths.
Such variations can explain why the EASTERN ASIA set with wide-
ly dispersed events displays a larger variation of spectral
shapes than the more localized event sets. The magnitude also
influences the relative amounts of high~ and low-frequency en-
€rgy, as is observed for earthquakes in figs III.4 and III.S

(SAKHALIN, KURILES) and for underground explosions in figs
III.6 and III.7.

02

Pig. I11.4. Normalized acceleration

isks) with av

SAKHALIN. All quak radius from 46.5 N
141.1 E, at a distance of 6% degrees from NORSAR. (1) The 10

shocks in magnitude range 4.1-4.9 m - (2) The 10 shocks in
magnitude range 5,0-5.9 m .
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Fig. III.5. Normalized acceleration power spectra (aster-
isks) with averages (circles). (1) The 10 shocks of the event
set KURILES in magnitude range 4.3-4.9, (2) The 2 shocks of
the event set KURILES with magnitudes 5.7 and 6.0. The KURILES
events are all within a 50 km radius from 44.7 N, 149.3 E,

at a distance of 69 degrees fron NORSAR. (3) The 9 events of
the event set SOUTH OF HONSHU in the magnitude range 3.9-5.2mb.
The events are within a 50 km radius from 33.2 N, 141.0 E,

at a distance of 78 degrees.




Fig. III.6. Normalized acceleration power spectra (aster-
isks) with averages (circles). (1) 3 explosions of the event

set EASTERN KAZAKH in magnitude range 3.9 (NORSAR) - 4.4 m.
(2) 6 explosions of the same event set in the magnitude
range 5.2 - 5.8 . EASTERN KAZAKH is a small source region
at a distance ofmga degrees from NORSAR. (3) The 15 shrrks
of the event set CENTRAL ASIA in the magnitude raunge 5.0 -
6.0 My and distance range 36-56 degrees.
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The explosions at different sites, even when within similar mag-
nitude limits, show differencms in the relative amounts (figs
IIT.6-8 and III.12) of high-frequency energy. These can be ex-
plained as differences in the nonelastic total attenuation at
the respective ray paths. Explosions in Western Russia(fig.
IITI.7) display a minimum at frequency 1.5 Hz, which appears as

[
5'th

Fig, III.7. Normalized acceleration spectra (asterisks)

with averages (circles) of presumed explosions in the event

set WESTERN RUSSIA. (1) 3 events in the magnitude range

3.2(NORSAR) - 4.5 m? and distance range 17-20 degrees. (2) 3
nit

events in the mag ude range 5.1-5.3 my and distance range
18-25 degrees.
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a minimum also in displacement spectra. The explosion spectra
can be compared to earthquake spectra at certain regions where
explosions and earthquakes occur at relatively close distances.
Comparison between EASTERN KAZAKH explosions and CENTRAL ASIA
earthquakes indicates clearly differing spectral shapes (fig.
IIT.6). This is disturbed somewhat by the single highly anom-
alous earthquake in Sinkiang (code 229 in app. 3). That event

is not included into averaging over earthquake spectra in fiqg.
ITI.6. It will be further discussed later. The average explosion
spectrum has a poweyr ratio between 0.5 and 5 Hz (PS/PO.S) 20 dB
larger than the corrasponding ratio for the earthquakes, ex-
cluding event 229. bat this clear difference does not occur for
the other explosion sites. The WESTERN KAZAKH presumed explo-
sions have a spectral shape very similar to the near-by presumed
earthquakes at Crimea and Eastern Caucacus (fig.I1IX.8). For the
NEVADA explosions the large variation of spectra from earth-
quakes in southwestein Worth America makes any unambiguous com-
parison difficult. ihe presumed explosions in WESTERN RUSSIA
have very strong high-Irequency energy, but no near-by earth-
quakes exist for comparison. The quakes at Mid-Atlantic ridge
and at western coast of North America have spectra which are
very deficient at high frequencies when compared with spectra
from events in Central Asia and Eastern Asia which are at com-
parable distances, respectively (figs III.3, III.6 and III.1ll).
The large scatcer and apparent increase of power at high fre-
quencies fror: certain event regions (figs III.10-12) is proba-
bly due to the very weak high-frequency signal energy from those
regions. At the high-frequency end of the observed spectral
range the assumption of noise stationarity made in the noise-
correction procedure described in app. 2 is apparently incorrect
(gusts of wind, cultural noise) and the confidence limits com-

puted for noise are too narrow. Thus the foise can accidentally

influence estimation of weak high-frequency signals.
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Fig. III.8. Normalized acceleration spectra (asterisks)
with averages (circles). (1) The 3 presumed explosions in
the event set WESTERN KAZAKH in the magnitude range 3.7 -
3.9 m (LASA). (2) A presumed explosion in the same event
set with <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>