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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 would 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 models1'2'3'4'5'6 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 Liebermann 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 poor. 

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 hiqh and low frequency 
onorqy of a spectrum9'10'11'12'13'^ In this v,jrk guch a 3in_ 

gle parameter Is also dafined and computed for a number of spec- 

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

In estimatinq 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- 

I 
mmmm _- _ 



  

lei 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 (spectrafcrming). 

Lacoss and Küster15 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-sun 
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shown.   Each  subrray  is equipped with  6  vertical  short-period 
sensors and one  3-component long-period  seismometer. 
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operation in beamforminq may be poorly known for a weak event 

and this may cause unpredictable and large beamforming losses 

at the higner signal frequencies. This is a strong argument 

against the use of beamforming in computing power spectrum at 

the the higher frequencies. If no beamforminq losses would ex- 

ist, beamforming would be the best method for extracting the 

signal spectrum from the noise, but tne 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 v/ithin a region of 

7-8 km in diameter. The geometry of NORSAR is shown in fig.l.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 earlier16. 

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 considered15. As noted also by Linde 

and Sacks  , 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 





  

II.  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.1 are shown displacement power spectra for 6 earth- 

quakes in Central Asia. The rpectra 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. 

.4 
The general impression is that for these events having magni- 

tudes  5.2 - 6.0 (m^) the spectra follow the prediction of Aki 

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 (rv) 

m — 



Fiq. 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 nm2/Hz, 
Magnitudes are given in parentheses. 
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This is reflected in their equal levels of power at the frequen- 

cy 1.0 m,  where the measurement for the n^ ttuwnitude is «aulo. 

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. 

. 
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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 oxp(-TTf^) with t* 

the parameter. The quantity t* is 
as 

.-■J dt and r* = (2.1) 

where t is the travel time and 5 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 existence and location of the corner frequencies in 
fig. II.1. 
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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 n^. 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 rt  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 Q = 2190. 

Seggern and Blandford 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 km20. 

, 
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Fig. II.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 for each spectrum the level of 15 dB above 
power density 1 nm^/Hz. Magnitudes of events are given in 
parentheses. «f*»wi xn 

10 
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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 with decreasing frequency begins to 

level off, the signal is overwhelmed by tue even more steeply 

increasing noise and becomes impossible to measure, even with 

the capabilities of a large array. Further, when the  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 15o-20o. In 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 WR1 

with NORSAR magnitude 3.2 shows a maximum of power at 2.0 Hz. 

11 
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Fig. U.S.  liarth 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 frequen- 

cies well below the corner frequency, long period P signals from 

the Cannikin explosion with magnitude 6.8 at Aleutian Islands 

were spectral analyzed (event code 122). In fig. II.6 its spec- 

12 
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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. n.7. The explosion is 1-- magnitude units larger 

than those presented in previous figures and it seems that the 
corner frequency is between 0.2 and 0.3 Hz. 

Q02 0.05  0.1   Q2 0.5   1 
hz 

nionnH :!*i  ? h disPlacement power spectra for an under- 
ground explosion at Aleutians (code 122) and for a larae 
earthquake at nearly same location (code 123)  ThI ÜJSL^v 

l^nesT ^ffifral "ShS 1°  dB f- ^rity^Shor? TolTtTnlll lines at left margin show for each spectrum the level of 
5. dB above power density 1 nm2/Hz. Magnitudes of even?s are 
IlSLi^ P^entheses. The lowest frequency band is no? L- 
cluded in frequency smoothing. »■ mre in 

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 explosion20). 

13 
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(^i. U2    an^a'lar^earth^L^? C^nikin -P^sion 
The continuous  lines  Lpreserc^P Ül Aleutians   ^^  123). 
events     the dots arounfthL"'reprint  ItetST^  ** 
recordings.   S  and N stand  for  sian!f 2nH  ^       in9le channel 
preceding noise,   respectivelv    Th2 ^  f0r a  samPle of 

larger   than  the explosio^  sia^rnn6^'^^^  Signal  is 

Note  thr good coherence of r? cL/^u0^91^1  "cords, 
large   (event  123) signals when S/N ratio  is 
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Tho 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 Fuchs  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 absent . 

The large ripples at varying frequei.cies 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 smoothing. 

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 II. 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 m. being con- 

nected by equation 

log Y = rtu - 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 relationship, the fit is not 

bad and indicates that corner frequencies are really observed. 

15 
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III.  SPECTRA FROM DIFFERENT REGIONS I 
In this chapter the shapes of spectra from events at different 

regions are compared. Only data recorded by short period sensors 

is presented because of the often poor SNR of P waves at low 

frequencies. Because different regions were observed to have 

signif1 ^rtl^ 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 u4, and the pow- 

er scale in figures is in dB, or equivalent to 10Mog10(P/P ) 

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. Figures III.l and III.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 

Chin?, show a large variation of spectral shapes (fig. III.3). 

17 
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L:i;H:4.III,1*J.
A,?^lYzed events excluding those in Europe. The 

events are divided into following event sets (numbers refer 
OF HoS^^V^on^ 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  SE?ADA(ex- 

AiLANTic 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 
S O'LTMT^ L™/alr/S Plotted- triangle: SS^O, SqSi?S 
0.0<LTM<n.4, circle: 0.4<LTM<0.7, asterisk LTM>0.7. 

18 
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JC  5?^   CAUCASUS' 5. ITALY, 6. YUGOSLAVIA, 7. GREECE. 8  TURKFY 
The different symbols indicate relative high-frequency con^entf^n* 
spectra, estimated by the LTM measure. OpeA circle- SM<0 4  fM^H 
circle: 0.4<LTM<0.9, asterisk LTM>0.9.     circie- ^TM<0.4, filled 
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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.lli.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. 

dB 

20 

10 

0 

-10 

-r~: 

Q2 

Fig  III.3.  Normalized acceleration power spectra (aster- 
FAq?iRM ÄCTr?"

96 (^r°les) of the 15 shocks of the set 
eftf'B^egre^39111'^ "^ 5-0-6-3 mb -d Stance range 

The spectra recorded from SAKHALIN differ clearly from the 

KURILES spectra in their lower high frequency energy contents. 

One possible explanation for th« 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- 

ergy, as is observed for earthquakes in figs III.4 and III 5 

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

1  '' ' '  '| 

- 2. 

T 

10dB 

Q2 55 1,0 

* * • 

W 5,0 
hz 

UlT^'afa ?isatanceCofr^ SSÜ V0 km radiUS '~ « 5 N 
shocks In magnitude ?ange i'l-VlT     m %?%' ^   The 10 
magnitude range 5.0-5?^.      V (2) The 10 shocks in 
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f ?\  f:?'  Normali2ed acceleration power spectra (aster- 
Ü^itmi™*^"90 (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 from NORSAR. (3) The 9 events of 
the event set SOUTH OF HONSHU in the magnitude range 3?9-5 L 
The events are within a 50 km radius from 33.2 N, 141.0 E,V 

at a distance of 78 degrees. X«X.ü B, 
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isko1^;^' Normali*ef acceleration power spectra (aster- 
sit EAS^^z^ri (CirCl?f ^ (1) 3 **^o*ions  of the event set EASTERN KAZAKH in magnitude range 3.9(NORSAR) - 4.4 m, . 
ranJ ^P10^0;8 of Jhe **"*  «vent set in the magnitude % 

ItTtikl*:  5*8A; ^TERN KAZAKH is a small source region 
at a distance of 58 degrees from NORSAR. (3) The 15 s}--ks 

6 0 m STSiE CENTRAL ASIA in the ^nitude range 5.0 - 6.0 ir^ and distance range 36-56 degrees. 
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The explosions at different sites, even when within similar mag- 

nitude limits, show differenc-a in the relative amounts (figs 

III.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. 

III.7) display a minimum at frequency 1.5 Hz, which appears as 

—p. T~T—r n [ rr 

1.: ^r^ 

T-T 
•   *1 

*      • 

10dB 

2.,r^-.   . 

•       ••    ... 

0.2 
I—J I'll 

0,5 1,0 2,0 
5'0hz 

l^t* I11-7-    N°™ali«ecl acceleration spectra   (asterisks) 

seth^siE^eRUiiir
1n! f *i*:mra "£»•*«££««* 

3.2(NORSAR)   - J «I    »)Jl,?VfntS ln the ma9nltucle range 
eOe^smhe 

4^tS2 tiZTl-Vr^lll tttl^     (2)   3 18-25 degrees. ^ange  a.x  b.3 n^ and distance range 
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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 clooe distances. 

Comparison between EASTERN KAZAKH explosions and CENTRAL ASIA 

earthquakes indicates clearly differing spectral shapes (fig. 

III.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 fig. 

III.6. It will be further discussed later. The average explosion 

spectrum has a power ratio between 0.5 and 5 Hz {P^/P       )   20 dB 

larger than the corraspending ratio for the earthquakes, ex- 

cluding event 229. but 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.III.8). For the 

NEVADA explosions the large variation of spectra from earth- 

quakes in southwestP,i.n North America makes any unambiguous com- 

parison difficult. Ihe presumed explosions in WESTERN RUSFIA 

have very strong high-frequency 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.11). 

The large scatcer and apparent increase of power at high fre- 

quencies fröre 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 ..oise 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 

f 9 mV?LAsIf m^ KAZAK; in the ma^itude range 3.1  - 
I'J.  «WK   ^i 1 A Presumed explosion in the same event 
set with magnitude 6.0m.. The WESTERN KAZAKH events lie 
at an approximate distance of 25 degrees. (3) The 2 events 
of event set EASTERN CAUCASUS with magnitudes 4.9 and 5 1 
and at distance of 30 degrees. (4) The CRIMEA e^ent with 
magnitude 4.6 and distance 22 degrees 
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Fiq. III.10.  Normalized acceleration power spectra (aster- 
isks) with averages (circles). (1) The 4 shocks in event 
set ITALY in the magnitude range 4.8 - 5.2 and distance 
range 16-18 degrees. (2) The event in GIBRALTAR w.-i th magni- 
tude 4.7 and distance 29 degrees. 
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fx9.   III.U.     Normalized acceleration power  soecfrs   f*^^ 

range  b.o-5.5 and  in distance range 46-61 degrees! 

s^trfw^h^,0110^9,^9^'  Nor^lized acceleration power spectra with averages   (circles).   (1)   The  4  evente:  in Vh^ 
event set NEVADA in the magnitude range 4.0-5 S(2? ThJ  2 
events  in the same set with magnitudes  5  4  and 5 5    TM! 
event set  is at distance 75 decrees     (3)*3 even^ In t^ 
UrThe5^ even^0^ 2? -^udes T.S NoS    *4??- 
tude range r5-f  4^^^ H?t.GULF 0F CALIF0RNIA in magnT^ 
above 2-?e„   •Le^ons?dearedi^renJLblen9e  ^ ^^  R^ltS 
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III.12   (for text  see preceding page). 
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Finally, some ratios between different spectra are displayed. 

Fig. III.13 shows the ratio of the average spectrum of 6 events 

in the set WEST COAST OF NORTH AMERICA to the average spectrum 

of 10 events in the set CENTRAL ASIA (the anomalous event 229 

excluded). Over the frequency range 0.2 to 4 Hz the ratio de- 

creases by 20 dB, and the decrease has closely the shape of 

an exponential function. If the decrease is assumed to be due 

to a larger attenuation on the path North America - NORSAR 

than on the path Central Asia - NORSAR, we get for the t* 

parameter a difference of At* = 0.279 between the two paths by 
fitting the function 

exp (irfAt*) (III.l) 

to data. The corresponding curve is plotted to the figure. It 

approximate' the observations wich a 0.5 dB r.m.s. scatter. 

The implied assumption is the similarity of the two average 

source spectra. All events are within the magnitude range 4.8- 

6.0. The spectra are smoothed over a bandwidth of 0.62 Hz. 

Fig. III.14 shows the ratio of the average of 6 explosion spec- 

tra in the set EASTERN KAZAKH to the average of 10 earthquake 

spectra in the set CENTRAL ASIA. The ratio increases by 20 dB 

over the frequency range 0.5 to 5 Hz. A simple exponential 

function which gave an excellent fit to the previous ratio does 

not fit now, even if we disregard the ripples and consider only 

the trend of the ratio. The best-fitting exponential function 

is plotted to the figure. The best fitting function of the form 
-2in . 

ar  where f is frequency and a, m are constants to be deter- 

mined is also plotted. For m is obtained the value 1.0. The k-y 

question is apparently whether fig. III.14 means that the source 

spectra of earthquakes and explosions are systematically differ- 

ent up to the frequency 6 Hz, i.e. frequencies much higher than 

the corner frequency, which for these events with magnitudes 
above 5.0 is situated at or below 1.0 Hz. 
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RATIO  W.NORTH AM. /c.ASIA QUAKES 
 7 '■ 

AT*-0.279±0.004 

RMS = 0.05 

AM = -1.19+0.04 

RMS »0.11 

0.2 0.5 

HZ 
■Jr-> 

Fig. III.13.  Ratio of the average spectrum of earthquakes 
on west coast of North America to the average spectrum of 
earthquakes in Central Asia. The broken line describes the 
best fitting exponential function and the solid line the 
best fitting power AM of frequency. 
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PL./ RATIO EXPL./QUAKES   IN CENTRAL ASIA 

LOG10P 

AT*- -0.133*0.008 

RMS = 0.23 

AM» 0.99 ±0.03 

RMS=0.13 

0.5 

HZ 
J L 

Fig. III.14.  Ratio of the average spectrum of Eastern 
Kazakh explosions to the average spectrum of Central Asian 
earthquakes. The broken lines describes the best fitting 
exponential function and the solid line the best fitting 
power A M of frequency. t"«^ 
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IV.  EXPERIMENT WITH A DISCRIMINANT 

The most striking variation among spectra from different re- 

gions was found in the relative levels of high and low frequen- 

cy energy. The underground explosion spectra also differ from 

earthquake spectra by the relative deficiency of low-frequency 

energy, when events of equal magnitude are compared. To de- 

scribe these differences quantitatively, the logarithm of the 

normalized third moment of signal power about the frequency 
23 

origin  was computed for all spectra. This quantity will be 

called LTM. Weichert  used the third moment of amplitude spec- 
13 trum for classification, and Anglin  added a kind of noise 

correction to his definition. The definition of LTM is 

LTM = log 10 

i (Z(f) - N(f))fJdf 

.1 
(4.1) 

(Z(f) - N(f)) df 

whore Z(f) is an estimate of the power spectrum of the time 

interval contalninq the wantod signal, and N(f) is an •■timate 
of the background noisr spectrum. Thus tho Integrals in (4.1) 

contain no bias due to nolso. Because of the variances of esti- 

mates Z(f) and N(f) their difference can be positive even when 

the signal power is nonexistent. In app. 2 the computation of 

the confidence limits for deciding whether signal power is 

really present is described. The comparison of the integrated 

powers to the respective confidence limits indicates whether 

the LTM measurement is significant. 
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It turned out that when the low frequency band with largest 

noise was rejected by defining the frequency limits as f ■ 
0.5 Hz and f2 = 5 Hz, the LTM values were almost without ex- 

ception significant for the analyzed events, several of which 

were on the fringe of detection and location. 

In table VI.1  20 event sets are listed, each from a different 

region. For each region the average value of LTM with standard 

deviation and coefficient of correlation with event magnitude 

are shown. Magnitude and distance information are also given. 

For the sets with significantLTM,mb correlation parameters 

of regression line fits to data are given in table VI.2. 

Comparing the geographically wide EASTERN ASIA set to the 

geographically limited SAKHALIN, KURILES and SOUTH OF HONSHU 

event sets it can be observed that the limited sets have 

smaller LTM standard deviations and larger LTM,mb correlation 

coefficients, and that the average value of LTM differs signif- 

icantly among these sets. These observations are explained by 

regional variations of LTM values within the wide EASTERN ASIA 

set. These variations hide the LTM^ correlation in that set. 

The regional averages of LTM are plotted to fig. IV.1 as func- 

tion of distance. It is apparent from the figure that for earth- 

quakes there is no correlation with distance, that the regional 

differences in LTM are significant and that the strong regional 

effects destroy the usability of LTM as a classifier, if re- 
gional corrections are not included. 

A major cause of these regional variations is probably varia- 

tion of the total anelastic attenuation between the respective 

ray paths. If the total attenuation parameter t* differs by 

0.1 between two ray paths, this will produce a difference of 
0.2 in the LTM value, in average. 
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Table IV.2.  Regression line fits to LTM values 
as function of magnitude for the regions with 
significant correiatic: between the two varia- 
bles. N = number of events, a and b are para- 
meters of the equation LTM = a + bm^,. The r.m.s. 
scatter around the regression line is also given, 
(e) stands for presumed explosions. 

REGION N r.m.s 

SAKHALIN 

KURILES 

WESTERN RUSSIA (e) 

TURKEY 

NEVADA (e) 

20 1.05 -0.169 0.109 

12 2.08 -0.278 0.139 

6 2.15 -0.210 0.139 

9 0.869 -0.148 0.061 

6 1.613 -0.280 0.173 
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Fig. IV.1.  Regional averages of the LTM, a measure of rel- 
ative amount of high-frequency energy, with standard devia- 
tior.s. Groups of presumed or known underground explosions 
are plotted with filled circle, earthquakes with open cir- 
cle. Small circles denote single earthquakes. 

Tlw fllopo of tho rrqroBHlon lino fitted to tho LTM, nu obser- 

vatlona (table IV.2) is typically clone to 0.2. Variation oi 

magnitude over the whole observed ramje 3.H - 6.3 will tlujn 

produce an LTM variation of 0.5 units. This is only half of 

ti e observed regional variation of LTM (of signal high-frequen- 

cy contents). E.g. the average LTM values for the event sets 

MID-ATLANTIC RIDGE and KÜRILES are -0.23 and 0.72 respectively, 

Comparing earthquakes with underground explosions in Eurasia 

it is observed that explosions have generally higher LTM val- 
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Fig. iv.2.  p wave signals recorded at NORSAR subcirray 06B 
trom a Central Asian earthquake with normal LTM value 
(quake A), from the anomalous event 229 in Sinkiang (quake B) 
and from an explosion in Eastern Kazakh. 

ues than earthquakes at comparable distances, as expected. It 

is difficult to decide whether this is caused by regional va- 

riation of wave transmission capability at high frequencies, 

or whether it is a source effect because no earthquakes have 

occurred adjacent to explosion sites. There is a variation of 

LTM values over relatively short distances, e.g. between Italy 
(low LTM), Greece (high LTM) and Turkey (low LTM). 

The event 229 of the CENTRAL ASIA event set has an LTM value 

of 1.01 which is higher than the mean LTM for explosions in 
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Eastern Kazakh. Event 229 has been located by NOAA to 42.00ON, 

84.58 E, only 20 km from the location of event 108 (41.80N, 

84.5 E) which has a perfectly normal LTM value 0.49. This 

should exclude the possibility of anomalously low attenuation 

under event 229. The P wave signals recorded at a subarray of 

NORSAR from event 229 are compared in fig. IV.2 to signals from 

another Central Asian earthquake and an E.Kazakh explosion. It 

is easy to see that the signals of event 229 resemble closely 

the explosion signals, and that the high value of LTM is really 

describing the physical reality. The M /nu discriminant sug- 

gests this event to be an earthquake (at Nurmijärvi station in 

Finland Ms = 4.7, m^NOAA) » 5.1). The existence of an earth- 

quake having so anomalous P wave ^oectrum siows that in addi- 

tion to attenuation variation, the jarthquake spectrum can also 

vary quite unexpectedly. 

It is disturbing that the earthquakes closest to the explosions 

in western and southwestern Russia also have high (explosion- 

like) LTM values (event sets CRIMEA and CAUCASUS). 

When the Nevada explosions are compared to earthquakes in 

western North America, the astonishing fact appears that earth- 

quakes in the continental U.S. have relatively more high-fre- 

quency energy (higher LTM values) than Nevada explosions. If 

one corrects for the effect of event magnitude by takinq the 

LTM to increase by 0.2 units when magnitude decreases by 1.0 

units, as sugcTestcd above, the ranges of the LTM values for 

the two data sets become equal. The earthquakes in the Gulf of 

California and at the west coast of North America behave well 

giving lower LTM values than Nevada explosions, in average. 

Western North America is a tectonically complex region. Lateral 

variation in body wave transmission capability have been re- 

ported in terms of P wave magnitude anomalies25'26 and of an- 

elastic body wave attenuation under seismic stations27. In 
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Fig. IV.3.  Observations on P wave attenuation in the western 
U.S.. Attenuation above average is deno .ed by open symbols, 
attenuation less than average by filled symbols. Squares mark 
the stations where attenuation of long period body waves was 
studied^^, triangles mark earthquakes used in P wave magni- 
tude anomaly studies 5'6 and circles mark the earthquakes for 
which the LTM values were computed in this study. The asterisk 
denotes the Nevada test site. 
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fig. IV.3 those observations are shown together with observa- 

tions made in this study, plotted on a map of the western U.S.. 

Observations indicating poor P wave transmission are shown 

with open symbols, good transmission is indicated by filled 

symbols. A region with poor P wave transmission runs in north- 

south direction, comprising the Basin and Range region and 

the region around and east of the Gulf of California. The 

Nevada test site is situated near the border of this region. 

As poor body wave transmission capability attenuates most the 

high-frequency waves, it is apparent why the earthquakes in 

eastern Utah and Dakota tend to have high LTM values and the 

Gulf of California shocks have low values. The position of the 

Nevada test site is intermediate to these, and there is again 

the difficulty of telling how great actually is the source ef- 
28 

feet on the LTM values. Manchee  observed spectra of Nevada 

and the Gulf of California events and concluded that a short- 

period spectral discriminant can be used to separate explosions 

in Nevada from the Gulf of California shocks. Apart from any 

improvement stemming from his particular definition of a short- 

period discriminant, it seems that a part of the separation 

comes from the strong attenuation of high frequencies at the 
Gulf of California region. 

A correlation of LTM variation with tectonics appears when it 

is observed that high values of LTM are associated with re- 

qlons whero intermodiatc or deep earthquakes occur in addition 

to shallow Khocks. Examples of this are the event sots GREECE 

(average LTM 0.50), KURILES (0.72), SOUTH OF HONSHU (0.41). 

Low values of LTM are associated with seismically active re- 

gions where only shallow quakes occur. Examples are TURKEY 

(0.19), (northern) ITALY (0.08), MID-ATLANTIC RIDGE (-0.23), 

WEST COAST OF NORTH AMERICA (-0.21), and also SAKHALIN (0.21). 

This correlation can be explained as caused by increased rigid- 

ity of the upper mantle in regions with deep shocks. The rigid 
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mantle can produce tensions necessary for earthquakes, and 

does not attenuate strongly the high-frequency waves. From the 

point of view of plate tectonics, one could say that the P 

waves propagate along the cold and rigid plates through the 

upper mantle. In case of weakly seismic regions or boundary 

zones between seismic and aseismic regions our present know- 

ledge is not sufficient to predict the expected range of IAM 

values. If the upper mantle has a very small attenuation (high 

rigidity) under the aseismic regions where the explosions in 

Eurasia occur, the LTM (and TMF) difference between these ex- 

plosions and the earthquakes of the seismic belt could be 

mainly due to a difference of attenuation in the upper mantle. 

In figures IV.4 (a-c) LTM values of the earthquakes closest to 

the explosion sites are plotted as a function of distance from 

the explosion site. The LTM values are corrected for magnitude 

by using a d(LTM)/d(mb) of 0.2 and reducing the LTM values to 

a IY = 5.0 earthquake. The figures would be essentially similar 

without correction. When the earthquake-explosion site distance 

decreases, the separation between earthquake and explosion LTM 

values also decreases. It seems that for an earthquake occurring 

close to the explosion site, or vice versa, classification using 

LTM measure would be very uncertain. Comparison with measure- 

ments made at Hagfors station29'30 indicate that no improvement 

is achieved by use of the original TMF discriminant. 

It is concluded that the LTM discriminant is unsuitable for 

separating earthquakes and explosions because its separation 

distance is small compared with effects of regional attenuation 

variations. Because the TMF discriminant24 gives results which 

are (after taking logarithm of TMF) linearly correlated with 

the LTM measure (for a sample of 25 events30 the correlation 

coefficient was 0.88 between the two measures) it is expected 

that the same difficulties are met when using that discriminant. 
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A discriminant employing short period P wave spectrum should 

either make use of that part of the wave spectrum which is not 

strongly influenced by variations in attenuation (i.e. fre- 

quencies below 1-2 Hz) or should have some kind of built-in 
correction for attenuation effects. 
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V.  SUMMARY AND CONCLUSIONS 

A large seismic array was used for estimation of the spectra 

of P wave signals with proper corrections made for the influ- 

ence of noise and instrument response. The spectra computed for 

earthquakes follow in principle the predictions from analytical 

models of the seismic source. The properties flat power spectrum 

at low frequencies, at hi<h frequencies an average power de- 

crease proportional to w  where probably n = 2 and between 

these trends a corner frequency which is associated with the 

source size agree well with the spectra presented in chapter II. 
31 

According to Randall  both the dislocation and stress-relaxa- 

tion models exhibit these features. 

A five-fold variation of corner frequency (0.2 - 1.0 Hz) for 

shocks of magnitude 5.6 is observed. If the event 229 in Sinkiang 

with anomalously strong high-frequency waves is interpreted as 

having a very high corner frequency of 4 Hz, the  range of varia- 

tion is even larger for events within a rather narrow magnitude 

range. With an inverse proportionality between source size and 
5 31 

corner frequency '   this would imply a strong variation in 

earthquake fault lenghts. 

The oxploslon-qenorated P wave signal spectra agree in principle 

wllh analytical modelt of Muollnr and Murphy, and nf Haikell 

(rovlow<»d .tml ravlsed by SoqMorn and Blandford ). The spectra 

predicted by these models also hav^ a corner frequency an.] 

an w ' fall-off at high frequencies. The main difference from 

the predicted earthquake spectrum is at frequencies below the 

corner frequency, where the explosion power may decrease towards 

zero frequency, so that a maximum appears at the corner frequen- 

cy  . In most cases the explosion P wave signals did not have 

measurable power at frequencies below the corner frequency due 
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to noise interference. This was a difficulty in the analysis 

of the explosion spectra, together with the fact that the spec- 

tra at the high corner frequencies of explosions began to be 

distorted by the anelastic attenuation. 

:roni When the corner frequencies were estimated visuall 

explosion spectra, allowing for a slight effect of attenuation, 

they were observed to lie at roughly three times higher frequen- 

cies than the corner frequencies of earthquakes with similar 

magnitudes. This causes the low-frequency levels of the explo- 

sion spectra to remain below those of the earthquake spectra. 

The difference may be heightened by a decrease of explosion pow- 

er from corner frequency towards zero frequency. At frequency 

0.3 Hz the spectral power of Eastern Kazakh explosions in mag- 

nitude range 5.2 - 5.8 is systematically 20 dB less than the 

spectral power of earthquakes in Central Asia with similar mag- 

nitudes. It is impossible to say how this ratio develops at even 

lower frequencies because the earth noise covers there the explo- 

sion signal. 

Up to here we have discussed a frequency range where the effect 

of anelastic attenuation during wave transmission is of minor 

importance. But in the comparison of spectra at frequencies above 

2 Hz, the attenuation of high frequencies becomes a dominant fac- 

tor. The attenuation variation within the Earth probably rwa 

the systematic regional variation in the relative levels of .Ugh 

and low frequency energy noted when frequencies up to 4 or 6 Hz 

are observed. This conclusion is supported by the following ar- 

guments: (a) In comparing the spectra from events of same type 

and magnitude but at different regions, the shape j£ the differ- 

ence in spectra could well be explained by a different amount of 

frequency-independent Q type attenuation on the respective propa- 

gation paths, (b) Spectra rich in high frequency energy were ob- 

served from regions where in addition to shallow seismic activity 

also deeper shocks occur. Deep shocks are an indication of in- 
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creased mantle rigidity which is expected to be coupled with 

smaller anelastic attenuation of seismic waves. 

The possibility of systematic variation in the earthquake source 

spectra between the different regions should not be neglected, 

though reasons for such a variation are not apparent. The varia- 

tion of the relative high-frequency contents within source re- 

gions very small in extent should reflect true variation in the 

source spectra. This was studied using three event groups in 

Eastern Asia, each less than a degree wide. The high-frequency 

contents of each event was indicated by a measure termed LTM. 

After an empirical magnitude correction was made to the LTM val- 

ues, their distribution around the event group mean value resem- 

bled closely a normal distribution. But the case is not always 

this simple, quite unexpectedly one of the earthquakes (229) in 

Central Asia displayed an LTM value and spectral shape greatly 

differing from other events in the Central Asian population. It 

seems that in addition to a 'normal' source variation of the 

relative high-frequency contents (LTM value) within an event 
group, outliers may also appear. 

The LTM measure is a logarithm of the noise-corrected normalized 

third moment of power in respect to frequency origin. It is thus 

a modification of the TMF discriminant24, the motive for a new 

definition is to achieve a sound noise correction. Values of LTM 

and log(TMF) are linearly correlated, so the conclusions made 
for LTM apply also to TMF. 

In comparing values of LTM for explosion and earthquake signals 

it was observed that the regional variations of both earthquake 

and explosion LTM values are so large that general comparison 

is impossible. It was not possible to find really comparable 

earthquake and explosion transmission paths. It seems that the 

events should not be separated by more than 1-2 degrees, for un- 

ambiguous comparison30. The earthquakes closest to explosion 
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Sites also had the most explosion-like (high) LTM values. 

We can roughly divide the present event source regions to three 

types: one with only shallow seismicity (low LTM values of 

earthquakes), a second with both shallow and intermediate or 

deep seismicity (high LTM values of earthquakes) and as a third 

type aseismic platforms (very high LTM values for explosions). 

In the almost complete absence of absolute information on an- 

elastic attenuation, the possibility cannot be denied that the 

LTM value differences also between explosions and earthquakes 

in Eurasia are mainly due to transmission path differences, 

caused by a (hypothetical) very low wave attenuation under a 

stable platform. At least it seems apparent that if earth- 

quakes in high-attenuation regions of only shallow seismicity 

are compared to explosions on stable platforms for assessment 

of the classification capability of classifiers like TMF, far 
too positive results are obtained. 

It is concluded that event classifiers using only P waves can 

best be designed by using in some suitable manner the one dif- 

ference between earthquakes and explosions well documented both 

by theory and observation, the difference in the respective 

corner frequencies of spectra, maybe together with the (less 

well documented) behaviour of the spectra at frequencies below 

the corner frequency. It will be necessary to take into account 

the predicted variation of corner frequency with event magni- 

tude. Future work will be directed along these lines. 
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APPENDIX 1 

SIGNAL-TO-NOISE RATIOS, BEAM LOSSES AND STABILITIES 

Estimates on P wave signal-to-noise ratio (SNR) and beam loss 

(due to incoherency of signals across the array) as functions 

of frequency have been made for 6 explosions in E.Kazakh and 

9 earthquakes in Central Asia. The results reviewed here have 

been published  . Events are in the magnitude range 5.0-6.0 m, . 

Power spectra of P waves recorded by all single sensors of 

NORSAR were computed and averaged over the sensors, for each 

event. The average signal spectra were then noise-corrected, 

smoothed, normalized and averaged within each group of events. 

The average earthquake and explosion spectra were then compared 

to an average of noise spectra measured at 15 random dates and 

times of year. Table 1 summarizes the SNR results. The column 

marked f   gives the frequency of maximum SNR and columns f,- max 12 
give frequencies at which SNR is 12 dB down from the maximum 

Table 1. Summary of SNR measurements 
for Central Asia 

event type 12 max 12 

earthquakes 

explosions 

0.7 Hz 

1.4 Hz 

2.0 Hz 

2.6 Hz 

4.5 Hz 

5.2 Hz 

The beam losses were also computed separately for explosions 

and earthquakes. For each event, the signal power spectrum 

of the array beam was compared to the average signal power 

spectrum of the single sensors. Their ratio is the beam loss. 

The losses were averaged within each group of events. The av- 
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erage of the subarray beam spectra was similarly compared to 

the average of the single sensor signal spectra for each event, 

and the subarray beam losses again averaged within each event 

group. The results are shown in figs Al.l and Al.2. The figures 

show that the signal losses approach the suppression of a ran- 

dom signal at the frequency 5 Hz (random signal is expected to 

be suppressed by 21 dB in the array beam and 7.8 dB in a sub- 

array beam). The length of time intervals taken for spectral 
analysis was 6.4 sec. 

1       2 

FREQUENCY ICPS) 

reLtti:1^ Ihf l0SS 0f S^gnal pOWer in array beamforming relative to the average signal power at the single sensor 
ivpr ;/S a1

function of frequency. The losses a?e averaged 
over several events. They are computed separately for Central 
Asian earthquakes (closed circles with standard dev?ationsr 
and explosions (open circles). aeviations) 
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FREQUENCY (CPS) 

rel^tti;  ;o Hi 0f  St9naJ pOWer in subarray beamforming 
flÜ? ^ *he ayera9e signal power at the single  sensor 
level,   as a  function of  frequency.  The losses are averaged 
over all  subarrays and several events.  They are computed sep- 
standi^,^ ^ra\Asian earthquakes   (closed circles with P 

standard dovintions)   and explosions   (open circles). 

'Vim olmmi*** HNR «nd torn  loan w«,« „^.i   i,, tfi« rt«i m,.-,.L... ... 
stabilities of spectra computed by different  fornw  o|   array 

processing.   The  following equations given by Lacoss  and Küster 
give  the  stabilities sp and sb of the single sensor average 
signal  spectrum and beam signal  spectrum,  respectively. 
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r 
Kr' 

s ■ 
P 

sb = 

4 (r + (1 + f)) 

(Kr 2 
g /  

4 {^+ (1 + i)) 

where K is the number of sensors used in averaging the signal 

spectra or forming the beam, r is twice the ratio of single 

sensor signal power to noise power, g"1 is the beam loss and L 

is the number of blocks used in estimating the noise power spec- 

trum. The stability of the average of subarray beams is 

s = a 

N(^;2 

e 

4 (f + (l + i)) 

where N is the number of subarrays, M is the number of sensors 

in each subarray, e is the average subarray beam loss and r 
and L are as above. 

The beam loss and SNR observations for Central Asian earth- 

quakes were put to the equations above, the SNR being scaled 

suitable for a 4.8 magnitude shock. The resulting stabilities 

as functions of frequency are shown in fig. Al.3. It is con- 

cluded that the average of subarray beams has a good stability 

at a wide range of frequencies, processing does not use an ex- 

cessive about of computing time and the observed spectrum is 

not distorted by more than 6-7 dB in the worst case. It is 

54 

   --  -* 



wm  

1000 

100-- 

>■       . 

-J 

10-. 

2    - 

0J l 
i—I   i  I l » 

MEQUENCY (CPS) 

Fig. Al.3.  Stabilities for different forms of precessing 
array data, computed from loss and SNR observations for the 
earthquakes in Central Asia, scaled to m. 4.8. Continuous 
line is beamforming, broken line is spectraforming and dotted 
line is spectraforming of subarray beams. 
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selected as the short period array processing method used in 
this study. 

The stabilities of the signal spectrum on long period beam and 

of the average of LP single sensor spectra were also computed 

using the equations given above. It was concluded that because 

the LP beam loss is apparently small (not more than a few dB) 

beamforming is the better LP processing method at all signal- 
to-noise ratios. 
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APPENDIX 2 

NOISE-CORRECTION,NORMALIZATION AND AVERAGING OF SPECTRA 

Z(f) is taken to be the power spectrum of a section of recording 

which is supposed to contain a transient signal and noise (f = 

frequency). The power spectrum of the pure signal is assumed 

to be |S(f) | . Y(f) is the power spectrum of a section of the 

same recording, containing only noise. The noise is assumed to 

be a stationary random Gaussian process with zero mean and un- 

correlated with the signal. The noise power Y(f) has at each 

frequency, by definition, a probability density distribution 
2 

identical to a multiple of the X distribution with two degrees 
22 of freedom  . The recordings from which these sections are taken 

may be from a single sensor, a subarray beam or the array beam. 

An estimate of signal power is made by subtraction 

P(f) = Z(f) - Y(f) (1) 

The expected value of P is 15 

E(P) = |S (2) 

whnre the Implicit depondencc on Fraquency is not written, for 

brevity. 

2 
If |s|' - 0 then E(P) is also zero and two estimates of noise 

power are being subtracted from each other. Because the esti- 

mates are less than perfect, values of P larger than zero can 

occur. We want to be on guard against the situation where such 

occurrence is taken to indicate signal power, while true signal 

power is zero or practically zero. 
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The stability of the estimates of Z and Y can be improved by 

ensemble averaging and frequency smoothing. Considering ensem- 

ble averaging, if there are available N parallel channels re- 

cording the same signal but different realizations of noise, 

as is the case with an array station, the signal and noise 

section stabilities can be improved by averaging over these. 

Because several noise sections at different times can be ana- 

lyzed from each channel, the number M of noise sections can be 

larger than N. Even though the noise is here assumed to be 

roughly an ergodic process, the ergodicity is in all probabil- 

ity so incomplete that one does best by including all channels 
to noise averaging in equal proportions. 

The averages are 

N 

N /_ 
n=l 

n 

M 

41 
m=l 

m (3) 

When 
^ 0 the probability density distributions for both 

are multiples of x distributions with 2N and 2M degrees of 
freedom. 

The variance of P oiven |Q|
2
 _ A ..U  T, . given |S|  _ o, when P is estimated as 

P = Z-Y, is the sum of the variances of Z and Y. These can be 
deduced from their 

variance of p 
density distributions. We get for the 

('2(P) " ^+R)[800] (4) 

When N,M»1 the probability density distributions of the quan- 

tities Z, Y and P approach closely normal distributions. Then 

it is easy to define confidence limits for P given |s|2 - o 
The 99% confidence limit has been used, or if 
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p "  2-58 ( ^ + R )2 Y (5) 

we were 99% confident in making the right decision when it was 

concluded that signal power is present. When P did not fulfil 

inequality (5), the power estimate at that frequency was re- 
jected. 

When the array beam is used, N = 1 by necessity. To decrease 

the variance of P, M can be increased either by analyzing sev- 

eral successive noise sections of the beam recording, or by 

analyzing the constituents of the array beam, the single sensor 

or subarray beam recordings, and then simulating the noise ro- 

duction in beamforming by dividing their average power by the 

number of sensors or subarray beams used in forming the array 

beam, respectively. 

When estimating the spectra from recordings of long period sen- 

sors presented in this paper, the latter way was used. In addi- 

tion to the signal section spectrum from the long period array 

beam, noise spectra from M single sensor recordings were com- 

puted, averaged and divided by N. Usually M was 10, the sensors 

of the outermost sensor ring of NORSAR were used to avoid any 

local noise anomalies. 

Whon N is as small as 1 the probal llity density distribution of 

'/. tlovlatoa from th.> normal distribution, in computlnq tho lon-r 

period Hpoctra with N - I, this deviation was neglected and 

ineq. (5) used. Usually some frequency smoothing was made and 

in the summing of the different frequency components the central 

limit theorem was shaping the distribution of Z towards normal 
distribution. 

Spectra from both long and short period sensors were smoothed 
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over frequency. The purpose was twofold: the most rapid varia- 

tions of the spectra were not needed at this level of the ana- 

lysis of data, also smoothing increases the stability of the 

noise estimates making possible to dig deeper to noise for sig- 
nal. 

The variances of power P given |s|2 = 0 at frequencies f-^f, 
fk are ^iven by eq. (4) . The variance of the average power P. 
over K frequencies is then 

^V = <i + s > K' 

K 

k=l 
Y2(fk) (6) 

If all Y(fk) are equal, the variance of the average power is 

decreased by a factor of K relative to the individual variances, 

Usually this is not the case, however, the variance always de- 

creases in smoothing, with a corresponding narrowing of the 

confidence limits of PA. The confidence limits of P can easily 

be estimated because of its normal probability distribution. 

To average spectra from several, say J, events each spectrum 

is first normalized. For an event j the. normalizing factor is 
computed as 

Fj =/ ZjCf) - YjU) df 

Power of noise and signal spectra averaged over events is 

r    11^ Zi(f) 

ave Oi («J 

The average pure signal power P. is then 
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PA = aveCZ^f)) - ave(x.(f)) 

with variance 

a, = 
N   M Fi 

where the individual signal and noise spectra are assumed to 

come from ensemble averaging over N and M channels and to be 

smoothed over K frequency components. If the individual spectra 

resemble each other the stability is increased in averaging 
over events. 

Eq.(4.1) for computation of the third moment of power has integ- 

rals over power in denominator and nominator. The variance a2 

of the denominator integral (written as sum over K frequency 
components) is 

a2 = ( S + S > ^ ^ v ,fk, = 

The variance of the integral in nominator is similar save the 

absence of factor fj. From the central limit theorem follows 

that the probability density distributions of the two integrals 

are normal, and confidence limits for both can thus easily be 
computed from the standard deviations. 
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APPENDIX  3 

In the following table the events discussed in this report are 

listed. They are grouped geographically, the groups containing 

up to 23 events. Events in Asia are listed first, then events 

in Europe and then events in North America. Some large events 
are separately added to the end of the list. 

Preceding page b'i<k 
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