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I. INTRODUCTION

This report includes two sections that describe separate seismological
studies. The first (Section II) is entitled, "High Frequency P Wave
Attenuation Along Five Teleseismic Paths from Central Asia." This is a
manuscript which has been submitted for publication in the Geophysical
Journal of the Royal Astronomical Society. It describes an analysis of
P wave spectra from E. Kazakhstan explosions recorded at four United
Kingdom (EKA, GBA, WRA and YKA) arrays and the NORSAR array. The
spectra are stacked across the array and for many explosions in the
same part of the test site. They are then corrected for the source
spectrum. In this way we obtain spectra that essentially display the
effect of attenuation. The attenuation effect appears to be nearly the
same for all five paths in the 0.5 to 3 Hz band. From 3 to 8 Hz the
four paths to the United Kingdom arrays are nearly the same, but the
NORSAR path is quite different in that the source-corrected spectrum is
nearly flat. This means that the path average Q is nearly proportional
to frequency in this band. Models for Q are constructed for all five
paths using an absorption band model to match -he low frequency
behavior. For the paths to the United Kingdom arrays we superimpose a
second Q that is essentially independent of frequency above 3 Hz to
match the high frequency behavior. This apparently represents ampli-
tude attenuation primarily by scattering.

Section II is entitled, "An Investigation of teh Degradation of
Teleseismic Detection Capability Caused by Large Earthquakes.” [t
describes an analysis of a ten-year global sesimicity bulletin con-
structed by Ringdal (1984) by reprocessing ISC Bulletin data from a
network of 115 stations selected for their distribution and consistent
reporting. Maximum 1ikelihood my were computed for all 74000 events in
this bulletin. Our objective is to estimate the extent to which large
earthquakes inhibit the detection of small earthquakes. This is done
by comparing the number of earthquakes detected immediately after large
earthquakes to the number expected, based on average seismicity over
the ten-year period. Aftershocks of the large earthquakes are deleted.

...................
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The results show that the detection capability of this 115 station
network is significantly degraded for periods up to an hour or more for
earthquakes as small as mp 5.8. During these periods fewer than 80% of
the events expected with mp < 4.5 are detected. There appears to be
Tittle or no effect on the capability to detect events with mp > 4.5.

The motivation for this study is to develop some empirical basis for
assessing the effrectiveness of the "Hide-in-Earthquake" (HIE) scheme
for evading detection of a clandestine nuclear test. Taken alone,
these results add marginally to such an assessment. One reason is that
effects of the large earthquakes are only seen for events with my below
the 90% incremental detection threshold (my 4.46) of the bulletin, so
the number of events that fail to be detected due to network deficienc-
ies is usually larger than the number hidden b, signals from large
earthquakes. Another reason is that this experiment demonstrates that
small earthquakes can be hidden by larger earthquakes, but explosion
signals from events of the same size have characteristics that may make
them easier to detect. Some theoretical analysis involving simulations
is necessary to quantitatively assess the Tlikely effectiveness of the
HIE scenario. The greatest value of these results is most likely to be
in providing a basis for normalizing simulations to actual network
perfarmance.
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HIGH FREQUENCY P WAVE ATTENUATION ALONG FIVE
TELESEISMIC PATHS FROM CENTRAL ASIA

Thomas C. Bache
Science Applications International Corporation
10210 Campus Point Drive
San Diego, California

Steven R. Bratt
Science Applications International Corporation
10210 Campus Point Drive
San Diego, California

Hilmar Bungum
NTNF/NORSAR
P.0. Box 51

N-2007
Kjeller, Norway

-y

. .E.'~.'F'- kA i Rl - R

-




Summar

A model for the attenuation of high frequency (0.5-8 Hz) P waves is
developed for teleseismic paths from eastern Kazakhstan to five seismic
arrays. Four are the UKAEA arrays in Scotland (EKA), Canada (YKA),
India (GBA) and Australia (WRA) and the attenuation effects on these
paths were studied in an earlier paper (Bache et al., 1985). Here we
add the path to NORSAR (Southern Norway) and extend the analysis by
introducing explicit corrections for the source spectrum. The events
are underground explosions at the Soviet Semipalatinsk test site and
the source corrections are based on the Mueller and Murphy (1971) model
which is normalized to U.S. experience. Averaging spectra from many
array elements and many explosions leads to smooth spectra that
essentially display tne effects of attenuation on each path. There are
three major features. First, from 0.5 to 3 Hz the attenuation effects
are nearly the same for all five paths and indicate strong frequency
dependence in Q. Second, from 3 to 8 Hz the four UKAEA paths are
nearly the same, but the NORSAR path is quite different in that the
source-corrected spectrum is nearly flat. This means that the path-

average Q is nearly proportional to frequency in this band. Finally,
above 7-8 Hz some additional attenuation effects are seen in the NORSAR
data. Thus, for this teleseismic P wave path the maximum signal/noise
occurs at 7 or 8 Hz. The attenuation effects from 0.5 to 8 Hz can be
represented with absorption band models. For the paths to the UKAEA
arrays the preferred model has to* (travel time/Q at long period) about
0.6 seconds and Tm about 0.05 seconds. Superimposed on this is a
frequency-independent t;* of about 0.1 seconds. This dominates the
high frequency (f > 3 Hz) attenuation and appears to represent attenua-
tion primarily by scattering. For the NORSAR path a single absorption
band (to* = 0.7, Tm = 0.045) is adequate for the 0.5 to 7 Hz band. We
have no explanation for why this path is so different, but it appears
to be associated with some difference in the contribution of scattering
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to the attenuation of the initial P wave.
Introduction

Regional attenuation variations are important because they
cause systematic variations in seismic wave amplitudes. For short
period P waves these amplitude variations are very difficult to see in
the amplitude (or m,) data because there are much larger amplitude
variations due to elastic effects. This is best seen in data from the
large arrays like LASA (Chang and Von Seggern, 1980) and NORSAR
(Ringdal and Husebye, 1982). However, attenuation or Q is a dominant
factor controlling the shape of short period P wave spectra. Thus,
spectral shape variations have been used to map regional attenuation
variations (Der et al., 1982, 1985). It is somewhat easier to deter-
mine the differences between paths than to determine the average-path
Q on any particular path because of tradeoffs with other factors
(especially the source spectrum).

OQur objective is to estimate the average-path Q on five teleseismic
paths, using the spectrum of short-period P waves from underground
nuclear explosions. The frequency band is 0.5 to 8 Hz and the paths
are from the Soviet test site in eastern Kazakhstan to the four United
Kingdom Atomic Energy Authority (UKAEA) arrays and the NORSAR array in
southern Norway. The advantage of data from arrays is that recordings
from the individual elements can be stacked to suppress uncorrelated
noise and signal features due to near-receiver structure. When the
sources include many similar events (such as underground nuclear
explosions within a test site), the event spectra can be averaged to
suppress uncorrelated source region effects. The result of such a
double-averaging process is a P-wave spectrum shaped almost entirely by
attenuation effects and the mean source spectrum. For underground
nuclear explosions the source spectrum is rather simple and can be
assumed to be a proportional to -2 above the source corner frequency
(e.g., Mueller and Murphy, 1971; von Seggern and Blandford, 1972).
This corner frequency usually occurs at frequencies from 1 to 3 Hz,

5




depending on the explosion yield and depth and on properties of the

near source geology. Thus, when the corner frequency 1is known, an
average path spectrum can be computed that essentially displays the '
effect of attenuation.

The medium aperture UKAEA arrays EKA (Scotland), YKA (Canada), GBA o
(India) and WRA (Austraiia) are especially useful for computing average ] koo
path spectra for high frequency P waves because of the array design

(element spacings of 1 to 2.5 km) and the seismometer response (es-

sentially flat to velocity for frequencies above 2 Hz). Bache et

al. (1985, hereafter called Paper I) computed P wave spectra at these v
four arrays for a large suite of E. Kazakhstan explosions and deter-
mined a Q model for these paths. In this paper we extend the analysis
of Paper I by introducing explicit source corrections, and also by
adding the path to NORSAR.

: "“l' .o P,

Unfortunately, NORSAR data are not nearly as well-suited for this
purpose as the UKAEA array data. The relatively short operating e
history of NORSAR, the clipping levels, and the frequency response of oo«
the system all act to reduce the number of useful data. Nevertheless, S
there are adequate data to demonstrate that this path is quite dif-

ferent from the paths to the UKAEA arrays for frequencies above 3 Hz. ,

In particular, the NORSAR recordings are extraordinarily rich in high ﬁll:;:
frequency energy. Below 3 Hz the effect of attenuation is quite fl;5§
similar on all five paths. .

In this paper we first summarize the key results for the four E. Ka- EJ
zakh-UKAEA array paths from Paper I. We then analyze the spectra for
NORSAR recordings of some of the same E. Kazakh events and introduce
source corrections so attenuation effects are isolated for all five DR
paths. The epicentral distance to NORSAR is about 38 degrees, so those - (_‘.L
P waves penetrate to a depth of about 900 km. The epicentral distances
to the UKAEA arrays range from 36 (GBA) to 85 (WRA) degrees, so the
penetration depths range from about 850 to 2500 km. The apparent
attenuation effects on these five paths are compared and interpreted in

6
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terms of an average-path Q model. As an important byproduct of this
study, we also consider the signal-to-noise characteristics of explo-
sion P-waves recorded at NORSAR.

i q
P-Wave Spectra at the UKAEA Arrays
In Figure 1 average path spectra are plotted for paths from the eastern P
Kazakhstan test site to the four UKAEA 20-element arrays. These are
computed in the following way. For each element seismogram energy

density spectra are computed for very short (typically 2.2 to 2.5
seconds) time windows isolating the first arriving compressional wave.
The power spectrum of a 3.8 second noise window just before the signal
is subtracted from this energy density spectrum. The Fourier spectrum
for the event is then computed from the average of these "corrected"
energy density spectra for all elements of the array. This gives a
more accurate estimate for the high frequency signal energy than the
spectrum of an array beam, since beaming suppresses incoherent high
frequency signal energy. Also, Paper I shows that if the noise is
stationary and uncorrelated with the signal, its contribution to this
spectral estimate diminishes as the number of e.ements increases.
The final step is then to average spectra from similar events in a
small source region to suppress uncorrelated source effects.

The spectra obtained this way (e.g., Figure 1) are quite smooth and are
almost entirely shaped by the average source spectrum and the effect of
attenuation along the path. Accurate attenuation estimates depend on
accurate corrections for the source, which is more straightforward for
underground explosions than for earthquakes. For both, the source
spectrum for the direct P wave should be roughly proportional to f-P
above some corner frequency. There remains some controversy about the
value of n for explosions, but most of the evidence supports n = 2, and
we shall see that the NORSAR spectra appear to confirm that value. The
total source spectrum is modulated by interference between the direct
and reflected (mainly from the surface) phases, and modified by any
energy added by secondary sources (such as the triggered release of

7
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Figure 1

LOG AMPLITUDE

100t

YKA(SALMON)

—— S.W.SHAGAN
— — N.E.SHAGAN

......... DEGELEN
20 40 6.0 80

FREQUENCY, Hz

Path-average spectra are shown for the paths from the Soviet
E. Kazakhstan test site to the United Kingdom Atomic Energy
Authority (UKAEA) arrays. Also shown is the spectrum for the
US SALMON event at YKA and a line with slope corresponding to
t* = 0.14 (reproduced from Bache et al., 1985).
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stored tectonic stresses) that may occur.

A1l spectra shown in Figure 1 have been multiplied by 2 to correct for
the source. Spectra plotted this way should decrease with decreasing
frequency below the corner frequency where the f2 correction is
invalid. This is exemplified by the spectrum for SALMON, which is
known to have a corner frequency near 3 Hz (Springer et al., 1968).
Thus, the highest corner frequencies occur for the Degelen explosions,
and the lowest for the explosions in S.W. Shagan.

| O
oL,

The explosions included in the spectra shown in Figure 1 are listed in
Paper I. Except at YKA (where data are few because mp > 5.5 events are
clipped), they are divided into three populations representing dif-
ferent portions of the eastern Kazakhstan test site. The total number
of explosions processed at each station is 37(EKA), 36(GBA), 28(WRA)
and 16(YKA). Therefore, about 1800 individual seismograms are re-
presented in the figure.

Vv
>

Data from NORSAR

Since 1976, the NORSAR array has consisted of seven subarrays spread
over an area of about 3,000 km. Each subarray has six vertical short
period seismometers _paced about three km apart. Between 1971 and 1976
the array was much larger and included 22 subarrays (Ringdal and
Husebye, 1982). The standard digital sampling rate is 20/second and
;' the displacement response of the standard instrumentation increases
faster than frequency up to 4.75 Hz. At that point a strong anti-
aliasing filter (18 dB/octave) is applied. Since the maximum reso-
lution of the digitization (0.0427 nm/count) covers only 42 dB (an
i additional 36 dB is provided by gain ranging), signal spectra cannot be
recovere: with confidence for frequencies much above 5 Hz (Bungum et
al., 1975). However, beginning in 1978, one seismometer at each
‘ subarray was altered so the response continues to increase to 8 Hz
;' where the 18 dB/octave filter is applied. The sensitivity to 8 Hz is
thereby increased by a factor of 10. The results to be presented are

9




from these "8 Hz" instruments.

The data are recordings of the explosions listed in Table 1. Marshall
et al. (1984) computed locations and mp (including station corrections)
for most of them. Nearly all are in the Degelen Mountain portion of
the test site (near 499N 780F). Also listed in the table are the ISC
mp and the number of 8 Hz instruments that provided usable data.
Events larger than those listed are clipped on all channels. For the
last explosion on the list (30 May 1983) the data were logged on two
separate systems. In addition to the standard 20 sample/second
recording, the data were digitized at 62.5 samples/second on a Kine-
metrics PDR-2 system, adding an additional 42 dB amplification. Also,
the anti-alising filter was moved to 25 Hz (see Bungum et al., 1985,
for details). Our conclusions about signal spectra above 10 Hz are
based on the recordings of this explosion.

The first six explosions in Table 1 are among those processed in Paper
I. Typical NORSAR seismograms are shown in Figure 2. Single elements
of the UKAEA arrays record superficially similar waveforms for these
explosions.

NORSAR Data Analysis

The spectra computed from five 8 Hz seismometers for two of the larger
explosions in Table 1 are shown in Figure 3. Also shown is the noise
spectrum computed from the average noise power (based on a 3.8 second
sample of noise before the signal on each element). The properties of
the noise at NORSAR and surrounding areas have been carefully studied
for frequencies up to 40 Hz (Bungum et al., 1985). At quiet sites
(i.e., no local noise sources) the noise (Py) is represented by the
Tine Jog Py o« - 5 log f, with Py = 1023 mZ/Hz. The Fourier spectrum
equivalent (correcting for normalization by the sample window length)
of that noise model is plotted, and agrees well with these samples.

The signal spectrum is nearly flat from 3 to beyond 7 Hz when plotted

10
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TABLE 1 o
EASTERN KAZAKHSTAN EXPLOSIONS :;ii
MARSHALL fﬁfj
EVENT DATE ISC My et a) mp ELEMENTS T
1 26 March 1978 5.6 5.61 4
2 22 April 1978 5.3 5.28 5 L
3 28 July 1978 5.7 5.66 3 ;
4 31 October 1978 5.2 5.22 5 3
5 31 May 1979 5.3 5.24 3 =
6 18 October 1979 5.2 5.19 3 l
7 14 December 1978 4.8 4.71 4
8 20 December 1980 4.7 4.67 5 .
9 30 November 1979 4.5 4.47 5 il
10 26 December 1980 4.5 4.25 2 R
11 27 May 1981* 5.5 5.46 2 R
12 20 September 1978** 4.3 .- 4 ?g'
13 30 May 1983 >5 .- 2 ﬁ
*Shagan River area near 50N 79°F Kt
**Konystan area near 500N 78°E
F
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Figure 3 The spectra for two of the events of Table 1 are shown
together with the average noise in a window just before the P
onset. A horizontal dashed line is sketched through each
signal spectrum and the NORSAR noise model of Bungum et
al. (1985) is sketched through the noise.




with the f2 source correction. The spectra for the other Degelen
events with mp > 5.2 look much the same as is demonstrated in Figure
4. These are very different from the spectra for the four paths in
Figure 1, which all decay at a nearly constant rate above 3 Hz. For
the path to NORSAR the apparent attenuation has almost no frequency-
dependent effect between 3 and 7 Hz. Since attenuation cannot be
negative, spectra like this confirm that the source spectrum decays no
faster than -2 above the corner frequency. The only other possibility
is that the explosion is accompanied (nearly simultaneously) by small
energetic earthquakes with corner frequencies near 8 Hz. But the
results in Figure 1, especially their consistency for events in
different areas, seem to rule this out.

Near 7 Hz the signal/noise is a factor of 30 or so for these events,
and is clearly decreasing above 8 Hz. This suggests that the capa-
bility to detect small events might be enhanced by designing the
instrumentation to emphasize frequencies around 7-8 Hz, rather than the
much Tower frequencies that dominate the seismograms from current
instrumentation. To further explore this question, we need to examine
spectra from smaller events and higher sampling rate instrumentation.

In Figure 5 we show the spectra for events 7-12 in Table 1. Four are
smaller Degelen explosions and two are explosions in other parts of the
eastern Kazakhstan test site. Various combinations of elements were
available for computing these spectra, so in that sense the computa-
tions are not entirely consistent. The four Degelen spectra are
similar to those in Figure 3. The only significant difference is at
low frequency where the smaller mp event spectra behave as expected for
higher source corner frequency. The maximum signal/noise occurs
around 7 Hz and decreases at higher frequencies. For the explosions at
Konystan and Shagan River the signal spectrum does not decay so
obviously above 7-8 Hz. It is difficult to know whether this is a
general feature without data from more events. However, the maximum
signal/noise still occurs near 7 Hz because the noise is increasing
(that is, the noise is falling off at a rate less than f-2),

14
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Figure 4 P wave spectra are plotted in order of ISC my for the first
six Degelen explosions in Table 1. The number at the right
is the event number in the table and the asterisk marks the
two ipectra repeated from Figure 3. Al1l have been multiplied
by f¢. The position with respect to the amplitude scale is
arbitrary.
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The 30 May 1983 Degelen explosion was recorded on two 8 Hz seismometers
in subarray 0lA, one at the surface and the other one at the bottom of
a 60 m deep borehole at the same location. The output of these
seismometers was digitized in the usual way (20 Hz) and was also
digitized at 62.5 samples/second by the PDR-2 system (Bungum et al.,
1985). Comparison of spectra from the two systems, (Figure 6) demon-
strates that NORSAR spectra like those in Figures 3-5 are unbiased to
near the Nyquist frequency of 10 Hz. Also, the spectrum for this )
Degelen explosion is similar to the others shown earlier. At the ,;_;J
bottom of Figure 6 we plot this spectrum to 20 Hz. It decays with a : Q
nearly constant slope above 7 Hz and is lost in the noise by 12 Hz. o

Source Corrected Spectra

Three major features of these Spectra determine the attenuation model
for the E. Kazakh-NORSAR path. First, at low frequencies they are
influenced by source corner frequency effects, and a correction for
them must be introduced. Second, the source-corrected spectra are
essentially flat in the band between 3 and 7 Hz. The third feature,
the spectral decrease above 7-8 Hz, is less well-defined since we have
only one good observation of it (Figure 6). However, we note that the
Tine representing t* = 0.14 is a reasonable approximation for the rate
of decay, and that this line closely follows the spectral slope above
2.5 Hz for the four paths to the UKAEA arrays (Figure 1).

To interpret the NORSAR spectra in terms of an attenuation model we
need to add information developed from the much larger data base from
the UKAEA arrays. The Q models for the paths from E. Kazakhstan to the
UKAEA arrays given in Paper I were fit to spectra which had no explicit
source correction. Rather, the Q models were fit to a subset of events
for which the f2 source correction appeared to be valid for frequencies
above 1.5-1.8 Hz. Some allowance was made for the expected source
effect at lower frequencies. However, for the small Degelen events in
our NORSAR data base we cannot do this very convincingly because source
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Figure 6 Signal and noise spectra are plotted for Degelen explosion
recordings digitized at two different sampling rates.
The higher sampling rate spectra are compared to the lower
rate spectra (top) and are then replotted on a different
frequency scale (bottom). On the bottom plot a line with
slope corresponding to t* = 0.14 is drawn through the
high frequency portion of the signal spectrum.
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corner frequency effects can be seen up to 3 Hz. Thus, we introduce a ;5;°?§
source correction and use the full suite of data to develop confidence FSNCN

in its validity.

A substantial effort has been made to determine the characteristic
source spectrum for underground nuclear explosions (e.g., see the

review by Bache, 1982). Analytical formulations have been suggested by EREY
many authors including Haskell (1967), Mueller and Murphy (1971), von ?A'l':"
Seggern and Blandford (1972), and Helmberger and Hadley (1981). It f ~fg
appears that current ideas about the explosion source spectrum and its i

dependence on yield and burial depth are best represented by the ,ﬂ,
Mueller and Murphy (1971) source potential (Murphy, 1977; Bache, 1982), :L‘_-:i‘:l
so we will use it to make the source corrections. However, we should 'fflﬁ
note that the empirical validation of the Mueller-Murphy source has SRS
been mainly with data from explosions in the velcanic rocks at the . ;g!!

Nevada Test Site. Also, the scaling laws are better constrained than
the absolute amplitude and corner frequency at any particular depth and R
yield. IR

There is a strong tradeoff between source corner frequency and atten-
uation effects on the spectrum, particularly when the effective Q is
frequency dependent. We assume that the source spectrum is the same at
all stations for each event. Then the range of admissible source
spectra is constrained by assuming that the attenuation effects are
the same for all events on a particular path. This assumption effec-
tively constrains the scaling of the corner frequency when we have
events over a large range of mp (i.e., yield).

N e e

We have tested various choices for the source spectrum and its scaling
using the large set of UKAEA data described in Paper I. We find
that good results are obtained with source spectra that scale as e
indicated in Figure 7. Shagan River explosions are represented by the i
Mueller-Murphy granite source which is scaled by assuming that m, 6.0
corresponds to a yield (W) of 150Kt, that mp « 0.9 Tog W, and that the
depth is 122 wl/3 meters. The absolute yield and depth values have

B SR
. R A
1
Aeeg?
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Figure 7 The reduced velocity potential (RVP) spectra used to correct
for the source contribution to the observed P wave spectra
are shown for three my values. The RVP is proportional to
the far-field displacement (von Seggern and Blandford,
1972). While the plot shows actual RVP amplitudes, the
corrections are made without reference to the amplitude, and
only the spectral shape is important.




significance only to the extent that the Mueller-Murphy source accu-
rately represents explosion coupling to seismic waves in the Shagan
River geology. It is primarily the spectral shape and its dependence
on mp that are constrained by these data. The peak amplitude and
corner frequency (f.) scale with W-0.19; that is, log fo < -0.21 my.
The events in the Shagan River data set have 6.2 > mp > 5.3 (Paper I),
and the spectral characteristics at low frequency clearly depend on
mp. The assumed scaling successfully removes most of these differ-
ences.

The Degelen events recorded at the UKAEA arrays have 6.0 > my > 5.1.
We assume that the apparent attenuation effect is the same for the
Degelen and Shagan River data. Source models with frequencies that
cube-root scale (f. « w-1/3; that is, log fo o« -0.37 my) appear to be
more consistent with the Degelen data than models (like that used for
Shagan River) which have weaker mp scaling. In the context of the
Mueller-Murphy model, cube-root scaling implies that the explosions are
at nearly the same depth of burial. 1In particular, the assumptions are
the same made for Shagan River, except that the .'epth is fixed at
650 meters, the value chosen for my 6.0 events at Shagan River. Then
Degelen events with mp < 6.0 have higher corner frequencies than Shagan

River events with the same mp. For example, at my 5.4 the Degelen -

corner frequency is 25% higher. If the characteristic Degelen depth of
burial is less than that for an my 6.0 event at Shagan River, this
implies that there are some material property differences between the
two sites (e.g., the corner frequency is expected to be higher for
higher strength materials).

The source correction and stacking procedure are illustrated in Figure
8 for the GBA recordings of S.W. Shagan and Degelen events. When the
spectra are plotted as in the Teft panel, the low frequency behavior
changes with mp as it should if the source corner frequency were
decreasing with increasing m,. The m, for several events is indicated
in the figure to illustrate this. The source corrections (Fiqure 7)
also multiply the spectra by £2 above the source corner frequency, but
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because they depend on mp, substantially reduce the spectral variations
at low frequency.

The source-corrected path spectra are plotted for all event popula-
tions being considered in Figure 9. The right panel in Figure 8
illustrates how each of these is calculated. The mean and sample
standard deviation is calculated at each frequency, assuming no error
in the event spectra. But since each event spectrum is an average of
up to twenty array element spectra, this error should be small. Ignor-
ing this approximation, the 95% confidence limits on the mean spectra
in Figure 9 vary from 1.05 times the standard deviation (which is
plotted) for the smallest set (n=6) to 0.60 times the standard devi-
ation for the largest set (n=14).

The source-corrected path spectra in Figure 9 essentially display the
effects of attenuation on these five paths. There are some modula-
tions, presumably due to source (e.g., pP) and path effects, but the
spectra are generally quite smooth and consistent. The apparent
attenuation effects are essentially the same for all three portions of
the E. Kazakh test site, as they should be (Figure 9a). An interesting
result is that the attenuation effect is remarkably similar for the
paths to all four UKAEA stations (Figure 9b-d). In Paper 1 the
effective attenuation on these paths was examined without making an
explicit source correction. One conclusion was that the attenuation
effect is about the same for GBA and WRA, which seems consistent with
the data in Figure 9. Another was that the effective t* in the 0.5-3.0
Hz band is somewhat less for EKA and somewhat more for YKA. There is
some suggestion of these differences in the source-corrected spectra in
Figure 9, but the differences do not appear large enough to be signifi-
cant. The one truly exceptional feature in Figure 9 is the character
of the NORSAR spectrum above 4 Hz. However, at lower frequencies the
NORSAR spectrum is about the same as the others.
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Figure 9 Source corrected path spectra are plotted for each data set

considered. In (a) we compare the path spectra from different portions
of the test site at each UKAEA station (at YKA there are too few data
to bisect the Shagan River site). In (b-d) the mean spectrum for each
path is shown with dotted line indicating the sample standard
deviation. At the bottom of each of these is shown a comparison of the
mean spectra for the paths from that particular source area to each
station.
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Attenuation Models

The spectra in Figure 9 can be fit with two effective attenuation .
models, one for the E. Kazakh-NORSAR path, and one for the paths to the igﬁ
UKAEA stations. An attenuation model for the latter was determined in ;
Paper I and is based on the absorption band model of Minster (1978). i:$4
To match the constant slope decay above 2.5 Hz, it was necessary to aud _

a second Q distribution which dominates the attenuation at high
frequency. This two-part model is formulated in terms of three
parameters (to*, T, and ty* ). The ty* and T, specify the absorption
band, with ty* the ratio of travel time (T) to Q at long periods. The
Ty = (27rfm)’1, where fp, is the frequency where T/Q = 0.5 ty*. The ty*
js the T/Q for the second portion of the attenuation model. There are
strong tradeoffs, and the data are not adequate to resolve these three
parameters with much precision. However, an advantage of this two-part . :,
model is that it appears to represent an important distinction between
attenuation mechanisms. That is, the absorption band seems to repre-
sent attenuation by energy absorption, while the t;* appears to
represent attenuation mainly due to scattering (Paper I).

In figure 10 we show effective attenuation models for these paths.
For the UKAEA paths we use the preferred model of Paper I. For the
NORSAR path the spectral flattening at high frequency results from (-
eliminating the t;* from the model. When Q o« f, as it is at high .
frequency in the absorption band model, the effect of attenuation is to
multiply the spectrum by a constant. While tj* is absent from the i
NORSAR model, scattering attenuation can still be contributing to the -
attenuation at high frequency if it is represented by Q « f. Indeed, -
models for single scattering by distributed random inhomogenieties A
indicate that Q has this form at sufficiently high frequency (e.g., E-N
Sato, 1984). L.

In Figure 11 we plot the spectral effect of the attenuation models with AR
the source-corrected path spectra for Degelen explosions recorded at 'y
NORSAR and GBA. Also plotted are spectra for synthetic seismograms e
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which have been processed with the same time window and source correc-
ted. The synthetics were computed with simple plane-layered structures
at the source and receiver, so the spectrum is shaped almost entirely
by the attenuation model and P-pP interference. The P-pP lag time
chosen is consistent with a depth of 600 meters in a granite with an
average overburden velocity of 5 km/sec. Generally the peaks and nulls
indicative of pP interference are not clearly seen in explosion P
wave spectra. In fact, they are even suppressed in theoretical seismo-
grams when the source is obtained from numerical simulations that
include near-source nonlinear behavior (e.g., Bache, 1982). The NORSAR
Degelen spectrum may be unusual in this respect since it seems likely
that the trough and peak near 3.5 and 7 Hz are associated with P-pP
interference. Note that the same feature is not seen consistently in
the UKAEA Degelen spectra (Figure 9b).

Figure 11 shows that the selected attenuation models fit the data
rather well, especially when we consider that the synthetic spectra
exaggerate the influence of pP inteference and omit all other features
(e.g., source and receiver region reverberations) that modulate the
spectrum. The two attenuation models were selected to be as nearly
similar as possible. Variations of ty* by 0.1 seconds (or more on the
high side) are easily accomodated by changing T by amounts on the
order of 0.01. Some of these tradeoffs are illustrated in Paper I.

Spectra for Long Window

In Paper I spectra for the short (typically 2.5 seconds) time windows
were compared to spectra computed the same way but with 10 second
windows starting just before the P onset. In most cases long window
spectra have more high frequency energy above 2.5 Hz, indicating that
the coda is much richer in high frequencies than the initial P wave.
This is evidence that scattering attenuation is important at high
frequency.

A similar comparison of short and long time window NORSAR Degelen
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spectra is made in Figure 12. The only important difference between
the two is that the broad null between 3 and 6 Hz is much less promi-
nant in the long window spectrum. This supports the earlier conjecture
that this trough is associated with pP interference, since a longer
window would bc expected to reduce the influence of this interference.

Discussion

Stacking the recordings from the array elements and then from similar
sources {(in this case underground nuclear explosions), we are able to
compute smooth spectra shaped almost entirely by the path attenuation
and the source spectrum. The key feature of the source spectrum
is its corner frequency, which varies with yield (or my) and depth of
burial. It can also vary with the properties of the local geology, but
we assume these variations are not important within the eastern
Kazakhstan test site. We corrected these data with the Mueller and
Murphy (1971) granite source. This appears to account for spectral
differences that correlate with my. Also, the apparent attenuation
effects are nearly the same for explosions occur-ing in different
portions of the test site.

The source-corrected spectra are shown in Figure 9 and are all nearly
the same below 3 Hz. Above 3 Hz the NORSAR spectrum is the one excep-
tion and has much more high frequency energy. This feature is indepen-
dent of the assumptions about the source spectrum. Also, the signal
and noise spectra shown in Figures 3-6 all show this feature and
include no indication of any instrumentation or processing errors.

The similarity of the attenuation effects at low frequency for all five
paths is a robust feature of the data. However, the precise nature of
this effect is dependent on assumptions about the source spectra. For
example, if we assumed the corner freguency was uniformly (by some
small fraction) higher for every event, we would get source-corrected
spectra that are just as consistent, but more steeply sloping at low
frequency. The models are constrained by the requirement for con-
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Figure 12 The path average spectrum obtained by stacking the event
spectra in Figure 4 (based on individual element spectra
computed with 2.2-2.3 second time windows) is compared to a
path average spectrum computed the same way from element
spectra computed with 10 second windows.
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sistency among events at different my and in different areas. We have
not fully explored the tradeoffs, but uniform changes in corner
frequency of up to 50% are difficult to rule out, based on spectral
consistency alone.

The path attenuation effects fall into two classes, and these are fit
with attenuation models in Figure 11. The main difference between the
two is that the t;* is omitted for the NORSAR path model. This allows
Q to become nearly proportional to frequency at high frequency. Since
physical mechanisms for absorption must have Q o f above some high
frequency limit on the relaxation spectrum, absorption band models
anticipate behavior of this type (e.g., Anderson and Given, 1982).
These NORSAR spectra show that such behavior does indeed exist. For
most paths it is difficult to observe, perhaps because it is usually
masked by scattering attenuation. This seems to be the case for the
paths to the UKAEA stations.

Frequency dependence of Q is important in the 0.5-3.0 Hz band. It can
be represented by an absorption band with long period ty* of 0.6-0.7
seconds and a Ty near 0.05 seconds. There are tradeoffs between the
to* and Ty and between the attenuation model and the assumptions about
the characteristic source function, but these estimates seem most
consistent with results from other studies of explosion source theory
and attenuation.

We have no explanation for why the high frequency attenuation is so
different for the NORSAR path, but it appears to be associated with
difference in the contribution of scattering attenuation. The compari-
son of long and short window spectra in Paper I and Figure 12 support
this hypothesis. We note that the NORSAR spectrum dops show the effect
of some additional attenuation above 7 Hz as is seen clearly in the one
example where the spectrum could be computed to 20 Hz. A better
understanding of attenuation mechanisms and their spectral effect at
high frequency is needed to understand why this occurs.
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As an important sidelight of this investigation, we note that the :?féf
maximum signal/noise occurs at frequencies greater than 5 Hz for these

NORSAR recordings of teleseismic P waves. When Q is nearly propor- R
tional to frequency, the P wave spectrum is nearly proportional to £-2, f{:;f
the spectral decay of the source function. At NORSAR the noise Tiﬁﬁl
spectrum often decays as f‘z, and on quiet days it decays as £-2.5 o ) Ej:f:

frequencies beyond 10 Hz (Bungum et al., 1985). Thus, the signal/noise AT
will not decrease until some additional attenuation effect begins to o
degrade the P wave spectrum and/or the noise spectrum flattens to less , :
than f-2 decay. The computed spectra indicate that some additional R
attenuation effect does become important above 7 Hz. Also, we see that
increasing noise often degrades the signal/noise above 7 Hz. Thus, it
appears that the maximum signal/noise occurs at 7-8 Hz for P waves on
this path. If this is typical of Eurasian paths, this observation ,
suggests that P wave detection capability would be enhanced by more S
emphasis on data at these high frequencies.
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Introduction

Our objective is to determine the extent to which the detection capa- RS
bility of a worldwide monitoring network is degraded during the period o
immediately after a large earthquake. The motivation is provided by
the need to assess the seismological capability to monitor treaties
banning or limiting underground nuclear explosion testing. Estimates
of the detection threshold of the monitoring network play a crucial

role in that assessment. We expect the detection threshold of a
network to increase for a time after a large earthquake, and this -

«
o
-

raises the possibility that a determined (and patient) state could ,}ﬁ
conduct a clandestine nuclear test by hiding its seismic signature in - ffj
the signal of the larger earthquake. This is called the “Hide-in- ?: ;ij
Earthquake” (HIE) evasion scheme and has been discussed in many - ii

previous studies and reviews of nuclear test monitoring capability
(e.g., Filson, 1973; Blandford, 1977; Evernden, 1976a,b).

While the HIE evasion scheme is a recognized problem for nuclear test
monitoring, we are not aware of any empirical study that demonstrates
the actual effect of large events on the capability to detect small
ones. The main reason is that it is difficult to design an experiment
to estimate how many events are not detected by a network. One way to
circumvent this problem is to study a large data base and compare the
seismicity after large earthquakes to the average seismicity level.
With enough data, deviations from the average will provide a measure of
undetected events. This is the experiment we have chosen to conduct.

Data

The International Seismic Centre (ISC) Bulletin cataloging worldwide
seismicity provides a large data base. However, this bulletin is
poorly suited for examination of changes in the seismicity Tlevel
because of temporal variations in the network configuration and
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inconsistencies and bias in the magnitude data. For example, Burnetti
and Rivers (1984) analyzed the ISC Bulletin, but found that the
scatter in the ISC data was too large to permit meaningful conclusions
about HIE effects.

Our study uses a bulletin derived by Ringdal (1984) which is designed
to reduce the many of the inconsistencies that affect the ISC Bulletin.
Ringdal’s bulletin was constructed by reprocessing 10 years of data
(1971-1980) reported to ISC by 115 stations selected for their global
distribution, consistency, and high quality reporting. The bulletin
includes all earthquakes which were reported by at least four stations,
with at least one at a range between 21 and 100 degrees. A total of
74109 events meet these criteria, including nearly all earthquakes for
which any teleseismic reports are listed in the ISC bulletins.

The mp in the ISC bulletins are computed by averaging the mp from all
stations reporting P amplitudes. However, such magnitudes can be
significantly biased because of network truncation. Since stations
typified by low amplitude signals are less likely to detect signals,
an arithmetic mean will tend to be biased toward higher m,. This bias
in the mp of small events will then lead to bias in the estimated
detection threshold for the network. The maximum Tikelihood technique
(Ringdal, 1976) is designed to minimize this bias by including bounds
on the P wave amplitudes at non-detecting stations derived from
empirical estimates for the detection threshold at each station.
Ringdal (1984) computed the maximum likelihood mp for each event in his
bulletin, and it is these magnitude data that we examine in this
study.

The maximum 1ikelihood m, are about the same as the ISC mp for mpy >
5.2. At lower magnitudes, the ISC my are biased high, with the typical
difference becoming as Targe as 0.4-0.5 when the maximum 1ikelihood my
is 4.0-4.5. Ringdal (1984) also estimated the global teleseismic
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detection threshold of his network. Requiring a 90% probability of
detection by at least four stations, the incremental thresholds vary
from 3.9-4.4 (maximum likelihood mp) in the northern hemisphere to
4.3-4.7 in the southern hemisphere. Globally, the threshold is 4.45.

Cumulative statistics for events in Ringdal’s bulletin are shown in
Figure 1. A fit to these data (constrained to have a 0.90 slope) is:

Tog Nc = 7.44 - 0.90mp (1)

where mp is the maximum likelihood magnitude and N, is the cumulative
number of events with magnitude > my.

Experiment

We investigate the effect of large earthquakes on the detection
threshold of Ringdal’s (1984) network by comparing the number of events
reported after large events to the number expected, based on the
seismicity averaged over the ten years of the bulletin. The latter is
represented by the expected number of events per unit time, or recur-
rence frequency, Fo. Assuming a constant level of seismicity and
excluding periods after large events, this is given by:

Fooo Mm) - n(mM.t), (2)
e T-kt

where T is the total time (ten years) and k is the number of earth-
quakes with maximum 1ikelihood mp > M during that time. The N(m) is
the total number of earthquakes in an increment about magnitude m, and
n(m,M,t} is the number of events in the same magnitude increment within
time t after all earthquakes exceeding magnitude M. For the cases of
interest, n and kt are relatively small. Then Fo is not much different
from N/T, which is the average number of earthquakes per unit time in
the entire bulletin.
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The recurrence frequency, Fq, for events actually detected following

large earthquakes is given by:

nf{m.M.t} - a(mMt.r) 3
Fd = kt )

This includes a correction for aftershocks, a(m,M,t,r), which is the
number of events occurring within time t and radius r of the n(m,M,t)
large earthquakes. Exclusion of aftershocks from Fq permits us to
isolate the effects of great earthquakes on the detection of events
occurring elsewhere in the world.

It is clear from (3) that Fq is sensitive to a(m,M,t,r), and therefore
to the choice of r. Ambiguity in the physical definition for what
constitutes an aftershock and location inaccuracies make it difficult
to do this on a physical basis. Instead, we empirically determined an
r that appears to encompass most aftershocks. This was done by
calculating a(m,M,t,r) for several values of t and r. We then approxi-
mated the number of aftershocks per unit length alona the fault by the
relation:

p a(m.M,.t.r), (4)
ac 2 r

where P, is the number of additional aftershocks added to the total
by increasing the radius of the presumed aftershock circle by Ar.
Thus, Fg should approach some small constant number as r increases
beyond the radius that encompasses most aftershocks. Figure 2 shows P,
for M = 6.2 and t = 0.5 and 5.0 hr. It is plotted for discrete
values of r from 50 to 750 km. The figure shows that A, becomes
nearly constant for r >200 km. Therefore, the vast majority of the
aftershocks are located within this radius. Based on Figure 2, we
assume r to be 200 km in most of the calculations, but we will also
show how Fq changes when r = 100 km.
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A useful method of comparing the detected (Fy) and expectei (F,)
recurrence frequencies is through a ratio of the two quantities:

RoEd (5)
Fe

We consider R both in an incremental sense, in which Fq and F, are
as previously described, and in a cumulative sense, where N(m),
n(m,M,t), and a(m,M,t,r) are replaced by the total number of events
less than magnitude m. In either case, R represents the fraction of
the expected number of events of (or less than) magnitude m actually
detected by the network following earthquakes larger than magnitude M.

Before examining the results, consider some of the advantages and 2 A
limitations of this procedure. First, the 10 years of earthquake data e
provide a large sample, and therefore a good estimate for the expected )
recurrence frequency, Fo. Also, equation (3) provides a ten year i{fiﬁ
average of Fq. However, though the largest effects on the network s,z,!
threshold are expected after the largest earthquakes, there are o
relatively few of these earthquakes. Thus, there is a trade-off in

selecting the magnitude M, with larger values preferred to determine -
the maximum effect on the network threshold, and smaller values pre- :«
ferred to obtain large samples and more reliable statistics. li

We also note that even when events are detected after large earth- §§ .
quakes, we might expect some magnitude bias due to network truncation, g,TT!
since stations where the signals are unusually large are more likely to Sg;v7

report the signals from the smaller events. Ringdal’s maximum likeli-
hood mp calculations are based on average station detection thresholds,
and so do not account for the increased "noise"” levels caused by the
large earthquakes.
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Results

| We have calculated recurrence frequencies, Fq, Fg, and their ratio R
for three values of M (6.2, 6.0, 5.8) and for three time intervals (t =
0.5, 1.0, 5.0 hr) following the events with mp > M. The event statis-
tics used for these calculations are summarized in Table 1. The Fg and

i Fq were cal-ulated for 0.1 increments of m, then smoothed with a

N three-point moving average. They were also normalized to 1000 hours
(Fe and F4 are multiplied by 1000/kt), so recurrence frequencies for
different M and t can be conveniently compared.

Figure 3 shows F4q and Fg, and there are a number of interesting
features in this figure and Table 1. For example, there are 96 events
in the bulletin with my > 6.2, so 0.55% of the total duration (T = 10
years) of the bulletin falls within 5 hr of these earthquakes. We
removed from consideration 507 "aftershocks" that occurred within 5 hr
and 200 km of these 96 earthquakes. These earthquakes represent 0.68%
of the total number of events recorded during the 10 year period.
Thus, the seismicity level due to aftershocks alone is slightly above
average worldwide levels.

The curves shown in Figure 3 exhibit consistent trends for all three M,
even though the statistical sample varies from quite small (there are
only 26 events within one-half hour of mp > 6.2 earthquakes) to rather
large (there are 2704 earthquakes, or 3.7% of the total in the bul-
letin, within 5 hours of my > 5.8 earthquakes). For t = 0.5 hr, Fy is
less than Fg for all values of m. Also, the differences between Fyq and
Fe diminish as t increases.

An initially surprising aspect of these curves (which complicates the
interpretation) is that Fy is less than Fo for mp > 4.7 in most cases.
There is no plausible physical reason why this should be a real
feature of earthquake recurrence statistics. In fact, we would expect
Fq to approach Fg in this magnitude range. One possible cause of the
apparently low value of Fy is the choice of aftershock radius r. As is
evident from equation (3), if r is too large, a(m,M,t,r) will also be
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.i TABLE 1
|
‘l Event Statistics for Three Time Intervals and Three M
Total Time Total Events** Aftershocks

j M k* Interval (t) Time (kt) a(m,M,t)
i 6.2 96
N 0.5 hr 48 hr 23 49

1.0 96 56 117

5.0 480 346 507

6.0 290

'I 0.5 hr 145 hr 76 122

1.0 290 183 272

5.0 1450 1091 1080

5.8 694

0.5 hr 347 hr 185 219
I 1.0 694 462 470

5.0 3470 2565 1558
.," *Total number of events with mp > M in the ten-year bulletin
**In the notation of Equations (2) and (3), this is n(m,M,t) - a(m,M,t)
]
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Figure 3 The incremental number of events expected (Fe) and

detected

(Fg) per 1000 hr is plotted for three M

and three t. The assumed aftershock radius r is
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too large. Fg will then underestimate the true number of inde-
pendent earthquakes. To test this hypothesis, we computed Fy using
several smaller values of r. Figure 4, for example, shows Fq compared
to Fe for M = 6.2 and r = 100 km. With this smailer r, f4 is nearly
equal to fg for my > 4.7. There is also a region between mp 4 and 5
where Fy is much larger than Fo. This is almost certainly due to r
being too small, and Fq being biased by including aftershocks. This is
just what should be expected from the results in Figure 2. Thus, the

r = 200 km data (Figure 3) give more reliable results.

The only features of the data in Figure 3 that are difficult to explain
are Fyq < Fo for mp > 4.7, and Fy > F, in the mid-magnitude range for
some cases. The most likely cause is that the eérthquakes in Fq have
biased my. That is, it seems likely that the mp for the small earth-
quakes in Fq are biased high, and the my for the larger earthquakes
contributing to Fy are biased low. The result is a concentration of Fy
in the mid-magnitude range. Note that the maximum likelihooc mp used
in this study were calculated with estimates for the average station
detection thresholds. However, the coda of large earthquakes will
substantially raise the station detection thresholds. This will
truncate the sample by deleting stations with weaker signals, thus
causing the maximum likelihood my to be biased high for small events
detected in the coda of much larger ones (Ringdal 1978, pointed out
this problem). An analogous effect at high mp, is probably the cause
for Fq < Fo for my > 4.7. We note that Ringdal (1984) made no attempt
to correct for the bias introduced by network truncation caused by
clipping of strong signals (von Seggern and Rivers, 1978) at some
stations. Great events are more likely to be clipped at stations
typified by large signals, so these stations will not provide amplitude
data. The effect is bias, or mp saturation, and is clearly seen in the
cumulative recurrence curve of Figure 1. There will be a period of
time where nothing can be measured on the records at these stations, so
no amplitude data will be reported for smaller earthquakes either.
Thus, we expect the average magnitude from those stations that do
report amplitude data to be biased downward. While this bias in Fq
makes interpretation more difficult, some estimates can be made. This
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is because the bias changes the shape of the Fq curves, but should not
have much effect on the total area beneath them. For t = 0.5 and 1.0
hr in figure 3, the area under F4 is substantially less than the area

under Fo, so some events are clearly being missed by the network. The
same effect can also be seen by studying the ratio R (equation 5).
This ratio indicates the number of events actually detected, compared
to the number that would have been detected by this network (assuming
uniform seismicity), if the earthquakes with mp > M had not occurred.
In Figures 5 and 6, R is plotted in terms of incremental and cumulative
statistics, respectively. These plots extend only to mp 4.5, which is
just above the peak in the curves in Figure 3.

Several robust trends are seen in the cumulative ratios of Figure 6.
Comparing the plots for different M, it is clear that the larger M are
associated with smaller R; that is, larger earthquakes tend to cause
relatively fewer events to be detected. The ratio is smallest in the
first 0.5 hr after large earthquakes, and increases with the length of
time (t) considered. Also, the ratio increases with m; that is,
relatively more small events are hidden than large on:s. These are all
features we expect to see, and their consistency lends credibility to
the results.

We can estimate the fraction of hidden events smaller than some
magnitude m by computing the ratio (R.) of the cumulative recurrence
frequencies at m. The reliability of this estimate depends on the
value of m. If we chose the upper bound (m,) for the presence of
upward bias in the m, of the events in Fq, then R. at m, will be an
unbiased estimate for the proportion of undetected events. It is
difficult to estimate my with any precision, but it is likely to be
between mp 4.0 and 4.5, since this is the range where Fy sometimes
exceeds Fg. [If the bulge in the F4 curve were mainly due to downward
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Both Fq and Fo are computed cumulatively, so each
; is then the number of events with mp < m per unit
" time. The R is their ratio.
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bias in the my for larger events, then m, would be close to 4.0. If it S
is mainly due to upward bias in the my for smaller events, then m, sl
would be close to 4.5. The symmetry in the curves in Figure 3 suggests
that my s somewhere between the two extremes.

The fraction of events that fail to be detected (1-R.) can be estimated
directly from the cumulative ratio curves in Figure 6 for any estimate

of my. The fraction of missed events is given in Table 2 for each case

considered and also for two choices of my, 4.0 and 4.5. There are two Co
values for each case. One is the fraction, which can be read as a -
percentage. For example, about 36% of events with mp < 4.5 that would
normally be detected by this network are missed in the half-hour
periods following my > 6.2 events. The other value given in the table L
is an estimate for the number of events missed. For example, over Lilhl

these ten years there were 48 hours following mp > 6.2 events. During . ff
this time 25 events were expected, and 16 were detected. Hence, we g
estimate that 9 events were missed. -

The two values in Table 2 have different significance. The fraction is SOPK
an indication of how the network detection threshold changes. High B
fractions ( > 0.2) occur for larger events or shorter time intervals.
On the other hand, the number missed is mostly controlled by the length
of the time period considered. Thus, even a small increase in the
network detection threshold (i.e., fraction < 0.2) can cause a large
number of events to be missed if the time period is long so a large R
number is expected. The fraction is a much more significant quantity FERPY
for the HIE evasion scenario.

The fraction of events apparently hidden by the large earthquakes
‘ indicates the effect of these earthquakes on the network detection
< capability, though it is difficult to quantify. It seems clear that
the detection capability of the network is significantly affected
X for periods up to at Teast one hour following events with m, > 6.0 and
: ' at least 30 minutes following events with my > 5.8. Of course, the

actual number of events that were apparently hidden during these
Q: periods is rather small. For example, where the fractions are greater

..............................................
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TABLE 2

Fraction of Events Apparently Hidden by Large Earthquakes

Time Fraction* (Number) Missed in Ten Years
M k Interval (t) Mny=14.0 my_=4.5

0

1

5
6.0 290

0

1

5

5.8 694

* 1 - Re, where Re is the cumulative ratio plotted in Figure 4 at my = my. ;;E:
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than 0.3, the number missed is no more than 3/year. The reason this
number is so small is that large earthquakes are rare, and we expect
few earthquakes to occur within hours of them.

Earthquake Swarms

OQur results indicate that the detection threshold is usually back to
near normal within five hours after large earthquakes. However, there
are occasions when swarms of fairly large earthquakes can raise the
worldwide network threshold for days, or even weeks. An excellent
example of a series of events which had a major effect on the network
detection threshold is the Great Sumba earthquake and its aftershocks.
The Sumba series began with an my 5.7 event at 5:09 GMT on August 8,
1977, and was followed by the my 6.4 main shock about one hour later.
The main event was located beneath the inner wall of the Java Trench
(11.10S, 118.49E) at a depth of about 20 km (Fitch et al., 1981) and is
believed to be the largest event since the Great Alaskan earthquake of
1964. During the next five days, 61% of the earthquakes in Ringdal’s
bulletin are aftershocks of the Great Sumba earthquake. In fact, from
August 19 to November 30, almost 15% of all earthquakes in the bulletin
were located within 10 Jatitude and longitude of the Sumba main shock.
Of the 108 aftershocks occurring within 5 days of the main event, 29
were larger than my 5.0.

It is likely that many earthquakes in other parts of the world failed
to be detected and cataloged during the Sumba swarm, particularly in
the first 5 days. The evidence for this is summarized in Table 3.
The 10 year mean and standard deviation for the number of events per 5
day period (excluding periods containing mp > 6.2 events) is listed,
along with the number of events within and outside the Sumba vicinity
during the 5 days after the main shock. For example, we expect to
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TABLE 3

Earthquakes Detected During Five Days Following The
Great Sumba Earthquake

mp_< 4.0 my_< 4.5 mp_> 4.5

Sumba Vicinity 8 51 57

Worldwide (excluding R
Sumba) 15 44 27 RN
Expected during five <
days (worldwide) 28.7110.6* J7.3117.5 32.6%11.0 ‘::

Ratio 0.52 0.65 0.83

Confidence 90% 90% 70%
that Ratio < 1

*standard deviation X
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record 28.7%10.6 earthquakes of mp < 4.0 during any 5 day period.
However, only 15 such events, or 52% of the expected number, were
detected outside of Sumba during 5 days immediately following the main
Sumba earthquake. For earthquakes with mp < 4.5, only 65% of the
expected number were detected. Thus, for both cases we can say that
post-Sumba seismicity was significantly (at the 90% confidence Tevel)
below normal outside the Sumba vicinity. While the number of Tlarger
(mp > 4.5) earthquakes is about 83% of that expected, we cannot say
with high confidence that the ratio is significantly less than unity.
The examination of the Sumba series demonstrates that there can be
extended periods of time during which the network detection threshold
is significantly increased.

Discussion

The bulletin used in this study (Ringdal, 1984) provides perhaps the
best estimate of current global detection capability, so it is clear
from our results that large earthquakes and their aftershock swarms
cause small eart