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21 Locations of the seismic stations and events used in this study. The filled circles 
show GSETT-3 stations which provide continuous data to the Prototype 
International Data Center (PIDC) in Arlington, Virginia. The stations NIL, HFS, 
SPITS and APAO (open circles) do not provide continuous data to the PIDC. 
The filled and open stars indicate the locations of the Indian and Pakistani 
explosions respectively, and the filled square shows the location of the main 
shock of the earthquake sequence in northern Afghanistan 36 

22 Panel showing NIL recording of the Indian nuclear test of 11 May 1998. The two 
lower traces show the STA traces used for representing the amplitudes of the P 
and Lg phases. Notice that different STA lengths were used for P and Lg 38 

23 Observations of the 18 May 1974 and of the 11 May 1998 explosions at the Indian 
nuclear test site. Pairwise seismograms at single sites of NORSAR are shown. 
All traces were 1 - 3 Hz band-pass filtered, normalized, and aligned visually to a 
common onset time 38 

24 Site-specific threshold monitoring of a 6-hour time interval around the Indian nuclear 
test, using the processing parameters given in Table 10. The plot shows the individual 
P-phases (STA traces) for 8 selected stations, with the combined network threshold 
trace on top (Primary). The time tolerances were set to accommodate a target area 
with a radius of 25 km around the explosion site. The only significant peak on the 
network threshold trace corresponds to the nuclear test 40 

25 The plot shows magnitude thresholds for a four-hour time interval around the 
announced Indian nuclear test of 13 May 1998. The upper trace corresponds to 
the GSETT-3 90% network detection capability (requiring at least 3 P-detections), 
whereas the lower trace is the TM result (i.e. the 90% upper limit of any event that 
could have occurred at this site). For the time interval 06:00 to 08:00 data from the 
Pakistani station NIL are included in both calculations. The largest TM peak around 
07:10 is caused by the P-phase from an mb 4.5 event located in Java, Indonesia 41 

26 Site-specific threshold monitoring of a 7-hour time interval around the first Pakistani 
nuclear test, using the processing parameters given in Table 11. The plot shows the 
individual P-phases (STA traces) for each of the 8 arrays, with the combined network 
threshold trace on top. The time tolerances were set to accommodate a target area 
with a radius of 25 km around the explosion site. Notice that for the network trace 
the only significant peak corresponds to the nuclear test 43 

27 The panels illustrate the difference in 90% network magnitude thresholds for a 2 hour 
time interval around the second Pakistani nuclear test when using different 
processing parameters. See text for details 44 

28 This figure illustrates how the site-specific threshold monitoring method can be used 
to identify events in an aftershock sequence. The processing parameters are obtained 
from the main event, and in this case using time tolerances corresponding to a target 
region with a radius of 25 km. See text for details 46 



29 Results from threshold monitoring of the Novaya Zemlya Test Site for 18 May 1999. 
The network trace on top is the combined threshold trace, using P phases for all arrays 
and in addition S phases for ARCES and SPITS. The traces for each of the four 
stations (P phases only) are shown below the network trace. The results from manual 
analysis of the threshold peaks are shown. "Blue" events are located at teleseismic 
distances from the station network, whereas the "red" event is located at Severnaya 
Zemlya, in the Russian region of the Arctic Ocean 49 

30 Site-specific Threshold Monitoring of the NZ test site for 18 May 1999. The plot 
shows the 4 individual station thresholds (P-phases), with the combined threshold 
trace on top. Peaks exceeding the running magnitude limit (in blue) are shown 
in red 51 

31 Illustration of the procedure for defining the time intervals used for finding matching 
detections. For each station/phase considered, we find the peak detection intervals 
overlapping the peak detection intervals of the network threshold trace, and use the 
union as the time interval used for search for each station. When searching the 
detection lists for signals associated with the threshold peaks, we have to shift 
the detection times in accordance with the expected phase travel time from the NZ 
test site to the actual array 52 

32 Results from correlating peaks of the NZ magnitude thresholds (upper two panels) 
with information from the signal detector at ARCES (lower four panels). Threshold 
peaks exceeding the running magnitude limit (in blue) are red. The critical ranges of 
slowness (ray parameter) and azimuth are indicated in yellow, and the bold dashed 
lines indicate the expected values of P-phases from the NZ test site. The bottom panel 
indicates the differences in horizontal slowness between the detected and expected 
values (in s/deg), with the approximate range of interest for NZ P-phases shown 
in yellow. Signals falling within either the critical azimuth or the slowness ranges 
are shown in green. Signals satisfying both the azimuth and slowness criteria would 
be shown in red. Notice that no detections satisfies both the azimuth and slowness 
criteria 54 

33 Results from correlating peaks of the NZ magnitude thresholds with information 
from the signal detector at FINES. More details are given in the caption of Figure 32. 
Notice that for the network threshold peak around 8:20 p.m. there are two FINES 
detections with azimuth and slowness estimates that fall within the critical range for 
P-phases from NZ events (shown in red symbols) 55 

34 This figure provides an overview of the results after associating the network threshold 
peaks to signals detected at each individual array. Red peaks indicate the presence 
of critical detections; green peaks indicate non-critical detections only (see text 
for details). After comparing the matching detections to the automatic NORS AR 
bulletin, we find that the red threshold peak at 20:20 is caused by an event north of 
Severnaya Zemlya. For this particular location, P-phases recorded at FINES and 
NORES have azimuth and slowness estimates comparable to the values from 
events at the NZ test site 56 

35 Summary of threshold monitoring of the NZ test site for 13 January 1996. The 
red peak around 17:17 is caused by an event located about 200 km north of the 
test site. See text for interpretation of the figure 58 



36 Summary of threshold monitoring for the location of the event occurring at 17:17 
GMT (about 200 km north of the NZ test site). See text for details. The network 
peak around 13:00 GMT is red because FINES has an associated detection where 
the azimuth and slowness match the critical range for this location 59 

37 Travel-times and group velocities of PIDC MS measurements at ARCES for 
continental propagations paths 63 

38 Difference between manual log(A/T) measurements made on the ARCES 
KS-36000 instrument, and log(STA) made on the same data filtered between 17 
and 24 seconds. X-axis: log (A/T).        cal 

Y-axis: log(A/T)KS36000 - log(5 • STA ■ —^), where cal20 is the sensitivity 
in nm at 20 seconds 64 

39 Map showing the locations of the station network, and the Turkey and Lovozero 
events 65 

40 NOA, ARCES and SPITS recordings of the Turkey event. Different types of 
seismometers are used; NOA - KS54000, ARCES - KS36000, SPITS - CMG-3T. 
The epicentral distances are given above each trace 66 

41 Simulated KS36000 traces at NOA and SPITS for the Turkey event. The ARCES 
recording is shown in its original form (KS36000) 66 

42 Bandpass filtered (17 - 24 s) recordings of the Lovozero event 67 

43 Bandpass filtered (8 -12 s) recordings of the Lovozero event. The epicentral 
distances are given above each trace 67 

44 Surface threshold monitoring for the location of the Lovozero event of 17 August 
1999, using data filtered between 17 and 24 s. The lower three traces represent 
thresholds (upper 90% magnitude limits) for each of the three stations; the top trace 
shows the combined network threshold. The peaks corresponding to the Lovozero 
event are indicated on each trace 69 

45 Surface threshold monitoring for the location of the Lovozero event for 17 August 
1999, using data filtered between 8 and 12 s. The lower three traces represent 
thresholds (upper 90% magnitude limits) obtained for each of the three stations, 
whereas the top trace shows the combined network thresholds. The peaks 
corresponding to the Lovozero event are indicated on each trace 70 

46 Comparison between surface wave threshold monitoring using two different filter 
bands; red: 17 -24 s, green: 8-12 s. See captions of Figure 44 and 45 for details 71 

47 Flowchart of processing within the proposed OSSTM system. Text in bold describes 
the different processes, whereas text in italic describes the results and the type of 
storage. The names of the different processes (programs) are underlined in the 
figure 73 

48 Flowchart of the proposed process (TMexp) which produces daily statistics from the 
OSSTM system 75 



Tables 

Table Page 

1 TM processing parameters for the NZ test site 9 

2 Theoretical back-azimuth, travel-time and slowness of NORES P-phases from events 
at the NZ test site  10 

3 Theoretical back-azimuth, travel-times and slownesses of ARCES P- and S-phases 
from events at the NZ test site  15 

4 Theoretical back-azimuth, travel-time and slowness of FINES P-phases from events 
at the NZ test site 16 

5 TM processing parameters for FINES 20 

6 Theoretical back-azimuth, travel-times and slownesses of SPITS P- and S-phases 
from events at the NZ test site  21 

7 Events in the NZ region recorded at SPITS 23 

8 Magnitude calibration factors at SPITS 26 

9 Event information from the Reviewed Event Bulletin (REB 35 

10 TM Processing Parameters Derived from Recordings of the 11 May 1998 Indian 
Nuclear Test 39 

11 TM processing parameters derived from recordings of the 28 May 1998 Pakistani 
nuclear test 42 

12 Definition of critical azimuth and slowness ranges for phases from events near the 
NZ test site  53 

13 Definition of the critical threshold peaks shown in Figure 34. The phases with 
critical slownesses and azimuths are given in the lower part of the table. These 
phases are all associated with a magnitude 4.5 event located north of Severnaya 
Zemlya 57 



Section 1 
Summary 

Continuous seismic threshold monitoring is a technique that has been developed over 
the past several years to assess the upper magnitude limit of possible seismic events 
that might have occurred in a geographical target area. The method provides continu- 
ous time monitoring at a given confidence level, and can be applied in a site-specific, 
regional or global context. 

We address the problem of optimizing the site-specific approach in order to achieve the 
highest possible automatic monitoring capability of particularly interesting areas. Sec- 
tion 2 addresses the application of the method to cases where a regional monitoring 
network is available. We have in particular analyzed events from the region around the 
Novaya Zemlya (NZ) nuclear test site to develop a set of optimized processing param- 
eters for the arrays SPITS, ARCES, FINES, and NORES. From analysis of the calibra- 
tion events we have derived values for beamforming steering delays, filter bands, 
short-term average (STA) lengths, phase travel-times (P and S waves), and amplitude- 
magnitude relationships for each array. By using these parameters for threshold moni- 
toring of the Novaya Zemlya testing area, we obtain a monitoring capability varying 
between mh 2.0 and 2.5 during normal noise conditions. 

The advantage of using a network, rather than a single station or array, for monitoring 
purposes becomes particularly evident during intervals with high global seismic activ- 
ity (aftershock sequences), high seismic noise levels (wind, water waves, ice cracks) or 
station outages. For a selected two-month time period (November-December 1997), all 
time intervals with network magnitude thresholds exceeding mh 2.5 were visually ana- 
lyzed, and we found that all of these threshold peaks could be explained by teleseis- 
mic, regional, or local signals from events outside the Novaya Zemlya testing area. We 
could therefore conclude within the confidence level provided by the method that no 
seismic event of magnitude exceeding 2.5 occurred at the Novaya Zemlya test site dur- 
ing this two-month time interval. 

As an example of particular interest in a monitoring context, we apply optimized 
threshold processing of the SPITS array for a time interval around the 16 August 1997 
mb 3.5 event in the Kara Sea. We show that this processing enables us to detect a sec- 
ond, smaller event from the same site (mh 2.6), occurring about 4 hours later. This sec- 
ond event was not defined automatically by standard processing. 

Section 3 addresses the application of the optimized site-specific threshold monitoring 
method to regions covered by a teleseismic or a combined regional-teleseismic net- 
work. We apply the method to the Indian and Pakistani nuclear test sites, and show 
results during the periods of nuclear testing by these two countries in May 1998. Since 
the coverage by regional stations in these areas is poor, an optimized approach requires 
the use of selected, high-quality stations at teleseismic distances. 

To optimize the threshold monitoring of these test sites, we use as calibration events 
either one of the nuclear explosions or a nearby earthquake. From analysis of the cali- 
bration events we derive values for array beamforming steering delays, filter bands, 
short-term averages (STA) lengths, phase travel-times (P waves), and amplitude-mag- 
nitude relationships for each station. By applying these parameters, we obtain a moni- 
toring capability of both test sites that is in the range mh 2.8-3.0 using teleseismic 



stations only. When including the nearby Nilore station to monitor the Indian tests, we 
show that the threshold can be reduced by about 0.4 magnitude units. In particular, we 
demonstrate that the Indian tests on 13 May 1998, which were not detected by any 
known seismic station, must have corresponded to a magnitude (mb) of less than 2.4. 

We also discuss the effect of a nearby aftershock sequence on the monitoring capabil- 
ity for the Pakistani test sites. Such an aftershock sequence occurred in fact on the day 
of the last Pakistani test (30 May 1998), following a large (mb 5.5) earthquake in 
Afghanistan located about 1100 km from the test site. We show that the threshold mon- 
itoring technique has sufficient resolution to suppress the signals from these interfering 
aftershocks without significantly affecting the true peak of the nuclear explosion on the 
threshold trace. 

The research described in Section 4 has focused on the development of a fully auto- 
matic peak explanation facility for analysis of the magnitude threshold traces. There 
are often instances when the monitoring threshold is temporarily increased because of 
signals from events located outside the region of interest. For complete monitoring, we 
have until recently manually investigated the cause of these threshold peaks. The pro- 
cedure used has been to compare the time intervals of the short duration threshold 
peaks to event and signal detection information found in standard event bulletins or 
signal detection lists. If a threshold peak could confidently be associated with an event 
located outside the target area, we considered it highly unlikely that another event 
simultaneously took place within the target area. 

The purpose of the automatic peak explanation facility is to minimize the need for 
manual classification of the threshold peaks such that manual analysis will only be 
necessary when events within the actual target region occur. Although the focus is the 
Novaya Zemlya test site, the method will be directly applicable to any geographical 
areas like the other underground nuclear test sites. 

The first step in an automatic analysis of the threshold traces is to identify significant 
threshold peaks. In order to accommodate both undulations in the long-term back- 
ground noise level and noise variability, we have developed a peak detection method 
based on estimates of the noise variance and the long-term trend of the threshold trace. 
For the NZ test site, the peak detection threshold is typically around mb 2.0. Secondly, 
we have developed a procedure for association of network threshold peaks with arriv- 
als detected at each individual station. If we can confidently state that these arrivals 
originated outside the target area, the corresponding threshold peak can reasonably be 
discarded from further consideration. 

For arrivals detected at array stations, the estimated azimuth and apparent velocity can 
effectively be used as criteria for sorting out arrivals originating outside the target area. 
An additional criterion for sorting out non-critical arrivals is a confident association 
with an event located outside the target area. Such phase associations are currently 
available in the PIDC Reviewed Event Bulletin (REB) and the NORSAR automatic 
regional bulletin. 

Section 5 is entitled "Continuous assessment of upper limit Ms ". It describes a new 
application of the continuous seismic threshold monitoring technique (TM) to long- 
period data, for the purpose of obtaining a continuous assessment of surface wave 
magnitude (Ms). We present initial results from investigating the relation between 
PIDC station magnitudes and STA based estimates calculated from bandpass filtered 
data, as well as a case study with monitoring of surface waves from a mining area on 



the Kola peninsula during and after a Ms 7.6 earthquake in Turkey. 

An important result of this study is the demonstration of the significant benefits of 
using a shorter period band (8-12 seconds) instead of the traditional processing band 
(17-24 seconds) for processing surface waves at regional distances during an after- 
shock sequence. In this study, we have used the three IMS arrays ARCES, NOA and 
SPITS, and applied a site-specific technique to investigate the threshold trace during a 
large earthquake sequence. A natural follow-up of this work would be to include addi- 
tional long-period and broadband IMS stations for the same time interval, in order to 
assess the improvements in monitoring capability when using a network with better 
azimuthal coverage. 

As in the short period case, there is a trade-off between optimizing the TM process for 
site-specific studies and developing a more general TM application for global surface 
wave monitoring. Among the main issues is the sharpness of the beam lobe, which 
depends upon the filter setting, the STA time windows and the tolerance for travel-time 
deviations. Another issue is the need for regional corrections, which may be greater 
than in the short-period case. For example, the significant difference between oceanic, 
continental and combined oceanic-continental paths are important for surface wave 
propagation, but have little or no counterpart in analyzing short-period P and S waves. 

Section 6 provides advice on how the methods developed under the current contract 
can be integrated into the processing pipelines at the PIDC. In 1998 NORSAR released 
a global variant of the Threshold Monitoring (TM) method to be used for continuous 
assessment of event detection capability of the CTBT International Monitoring System 
(IMS). The system is currently running within the continuous processing pipelines at 
both the International Data Center (IDC) in Vienna, Austria, and the Prototype Interna- 
tional Data Center (PIDC) in Arlington, VA, USA. Our recommendations are building 
on the developments made and the experience gained during the implementation of the 
global TM system. 



Section 2 
Optimized Threshold Monitoring of the Novaya Zemlya 

Test Site 

2.1   Introduction. 

Continuous seismic threshold monitoring (TM) is a technique that has been developed 
at NORSAR over the past decade to monitor a geographical area continuously in time. 
Data from a network of arrays and single stations are combined and "steered" toward a 
specific area to provide an ongoing assessment of the upper magnitude limit of seismic 
events that might have occurred in that area.The basic principles have been described 
by Ringdal and Kvaerna (1989,1992), who showed that this method could be useful as 
a supplement to event detection analysis. Recently, Kvaerna and Ringdal (1999) have 
shown the potential of using the TM method for global network capability estimation. 

The main purpose of the TM technique is to highlight instances when a given threshold 
magnitude is exceeded, thereby helping the analyst to focus on those events truly of 
interest in a monitoring situation.The analyst can then apply traditional tools in detect- 
ing, locating and identifying the source of the disturbance. The capability achieved by 
the threshold monitoring method is in general dependent upon the size of the target 
area, and it is convenient to consider three basic approaches: 

Site-specific threshold monitoring: A seismic network is focused on a small area, such as 
a known test site. As discussed in this paper, this narrow focusing enables a high 
degree of optimization, using site-station specific calibration parameters and sharply 
focused array beams. 

Regional threshold monitoring: Using a dense geographical grid, and applying site-spe- 
cific monitoring to each grid point, threshold contours for an extended region are com- 
puted through interpolation. In contrast to the site-specific approach, it is usually 
necessary to apply regionally averaged attenuation relations, and the monitoring capa- 
bility will therefore not be quite as optimized. 

Global threshold monitoring: Using a global seismic network, and taking into account 
that phase propagation time is up to several tens of minutes, global travel-time and 
attenuation tables are applied, possibly with regional corrections, with a much coarser 
geographical grid than in the regional approach. 

A main goal of the current contract has been to further develop the site-specific 
approach, by optimizing the monitoring capabilities for a given target site, using cali- 
bration events to optimize parameters such as bandpass filters, beam steering parame- 
ters, and window lengths for short term averaging. We thus aim at utilizing the full 
resources of the monitoring network to focus on a specific target site in order to enable 
monitoring of this target site with as high a capability as the network and available cal- 
ibration information will allow. We will in this section address the case of a regional 
monitoring network, with special application to the Novaya Zemlya (NZ) test site. 

The area around Novaya Zemlya is characterized by generally low natural seismicity. 
However, during the last decades a few small events have been observed and several 
studies have been conducted to locate and characterize these events (e.g., Marshall et 
al.,(1989); Ringdal (1997); Ringdal et al., 1997). Some of these events were only 
detected at the regional arrays operated by NORSAR. 



We show that threshold monitoring using this network can be used to achieve a high 
capability for continuous monitoring of this site. 

2.2  Method Description. 

2.2.1 Generating the Threshold Trace. 

Let us assume that a network of seismic stations is available for monitoring a specified 
target site. For simplicity of presentation, we will assume that these are all array sta- 
tions, able to provide phase velocity and back-azimuth information for detected sig- 
nals. Extension to the single-station case is straightforward. The stations can be located 
either at regional or teleseismic distances. 

Following Ringdal and Kvaerna (1989), let us consider a network of seismic stations 
(i=l,2....,N) and a number of seismic phases (j=l,2,...,M). For a seismic event of mag- 
nitude mb=m an estimate m-. of w is given by 

mu = \ogSu + bj(A,h) (i) 

where S. • is a measurement of the signal amplitude of the j-th phase at the i-th station 
and b (A, h) is a distance-depth correction factor for the j-th phase. 

In standard formulas for magnitude, the measured amplitude S ■ is usually estimated 
as A/T, i.e., amplitude of ground displacement divided by dominant signal period. In 
our case, we will use the short-term average (STA) at the expected signal arrival time 
as a measurement of signal amplitude, so that STA- - Si}■. The value is measured on 
an array beam or a single channel filtered in an appropriate frequency band. 

Traditionally, relation (1) is defined only for the time window corresponding to a 
detected seismic event. We will now consider the right-hand side of (1) as a continuous 
function of time. Define the threshold parameter a--(t) as follows: 

au{t) = logSTA^t) + bj(\ h) (2) 

Equation (2) represents a function which can be considered as a continuous representa- 
tion of the upper magnitude limit for a hypothetical seismic event at a given geograph- 
ical location (target region). It coincides with the event magnitude estimate if an event 
occurs at that site. The function is, by definition, tied to a specific station and a specific 
phase. 

The threshold parameter traces are then time-aligned in accordance with the expected 
travel-time of the considered phase, such that the time reference for all threshold 
parameter traces is the origin time at the target region. For each time sample we obtain 
a network-based representation of the upper magnitude limit by considering the func- 
tion: 

(/«-«,.,(?))>.. 
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where m is event magnitude, c •. is the standard deviation of the assumed magnitude 
distribution for the i-th station and j-th phase, and <J> denotes the standard (0,1) normal 
distribution function. This network-based representation assumes statistical indepen- 
dence among the different station/phase observations, and the function g(m,t) is dis- 
cussed in more detail by Ringdal and Kvaerna (1989). 

The function g(m, t) is the probability that a given (hypothetical) seismic event of 
magnitude m at time / would generate signals that exceed the observed noise values at 
at least one station of the network. For a given t, the function g(m, t) is a monotoni- 
cally increasing function of m, with values between 0 and 1. A 90 per cent upper limit 
at time t is defined as the solution to the equation 

g{m, t) = 0.90 (4) 

The solution is a function of t, which we will denote mnm(t). We call this the threshold 
trace for the network and target region being considered. 

It is important to interpret the 90 per cent limit defined above in the proper way. It 
should not be considered as a 90 per cent network detection threshold, since we have 
made no allowance for a signal-to-noise ratio which would be required in order to 
detect an event, given the noise values. Rather, the computed level is tied to the actu- 
ally observed noise values and to the fact that any hypothetical signal must lie below 
these values. Our 90 per cent limit represents the largest magnitude of a possible hid- 
den event, in the sense that above this limit, there is at least a 90 per cent probability 
that one or more of the observed noise values would be exceeded by the signals of such 
an event. 

Although not intuitively obvious, it follows from eqs. (3) and (4) that the threshold 
trace is dominated by the "best" stations in the network (i.e., the stations with the high- 
est sensitivity for events in the target area). Thus, the resulting value of the computed 
threshold trace remains essentially unchanged if a station with poor detectability is 
added to the network. In practice, we have found that a cost-effective approach is to 
select the 5 -10 most sensitive stations, preferably with good azimuthal distribution, to 
monitor a given target area. 

An example might serve to illustrate the threshold monitoring principle. Suppose that 
we are monitoring the NZ test site, and thereby aligning the threshold traces of the net- 
work stations in accordance with the expected travel-times of the considered phases. If 
an interfering event occurs in Scandinavia, the signals will cause significant increase 
on the Scandinavian stations. But due to travel-time differences the threshold traces 
will not line up as expected for an event at the target site (NZ), and consequently there 
will at any time be stations in the network that are little affected by the interfering 
event. If these stations have normal background conditions, they can be used to show 
that any hypothetical event at the NZ test site is likely to have been very small. 

2.2.2 Tuning the Threshold Trace. 

Let us consider threshold monitoring of a specific target area of limited geographical 
extent. The size of the target area may vary depending upon the application, but typi- 
cally such an area might be a few tens of kilometers in diameter. 



A basic assumption is that the target area is defined such that all seismic events within 
the area show similar wave propagation characteristics. 

Parameters such as travel-times of the different phases and steering delays for array 
beamforming are typically obtained by processing previous events located in the target 
area. However, our experience has shown that these parameters can be well estimated 
on the basis of standard earth models. The most critical parameters for threshold mon- 
itoring are the filter frequency bands, the STA window lengths and the magnitude cali- 
bration, which are discussed below. 

Filter bands and STA lengths 

The optimum frequency filters and STA window lengths for signal level estimation are 
derived from analysis of previous events located in the region. Several different filters 
and STA window lengths are tested by comparing the maximum STA value of the sig- 
nal to the mean and variance of the background noise. The analysis procedure is as fol- 
lows: 

• Select a number of representative time intervals with background noise, band- 
pass filter and create STA traces. We assume a lognormal distribution of the STA 
data, and convert to a normal distribution by taking the logarithm of each sample 
STA value. 

• Determine the mean (\og(STA)mean) and standard deviation (ano(ve) of the 
noise observations. 

• Determine how many standard deviations the calibration signals are above the 
noise level by calculating the quantity 

nstdev = (\og(STA)max-\og(STA)mean)/<5noise , where   \og(STA)max is 
measured at the maximum of the signal. A high nstdev value indicates a low 
probability of having noise peaks approaching the level of the signals. 

• Compare the nstdev measurements for different bandpass filters and STA lengths 
and use this number as an indicator for selecting the optimum STA length and fil- 
ter band. 

In general, there is a trade-off between the STA window length and the sharpness of 
the focusing on the target site. A long STA window will make it more likely that off- 
site events will produce significant peaks on the threshold trace. This trade-off must be 
seen in conjunction with the desire to maximize the variable nstdev defined above. 

Magnitude calibration 

The distance-depth correction factors b:(A, h) in (1) and (2) can either be determined 
by using globally averaged values (e.g., Veith and Clawson, 1972), by applying a 
regional model, or by calibration for path effects to the specific target area. The latter 
method is the most accurate and is preferable, assuming that data from previous cali- 
bration events are available. We then obtain the necessary magnitude calibration fac- 
tors from processing previous events with known magnitudes, using the relation 

bij = rhj-log(STAij) (/ = 1, ...,K;j= 1, ...,L) (5) 

where b: .• is our estimate of the magnitude correction factor for phase / and event j, 
»> j 



m . is the estimate of the magnitude for event; (based on independent network obser- 
vations), and     STA,J   is our estimate of the signal level at the predicted arrival time of 
phase i for event/ K is the number of phases considered (there might be several sta- 
tions and several phases per station), and L is the number of events. 

The magnitude correction factor to be used for phase / is then given by 

b: = 
L I h 

j= i 

(6) 

2.3   Calibrating the Network for Monitoring Novaya Zemlya. 

We have implemented a site-specific monitoring capability for the Novaya Zemlya 
(NZ) test site by deriving optimized processing parameters for the four arrays ARCES, 
SPITS, FINES and NORES (see Figure 1). 

Figure 1. Map of Novaya Zemlya and the locations of the four arrays (SPITS, 
ARCES, FINES, and NORES) used to monitor the region around the 
former underground nuclear test site. 

For all arrays except SPITS, the processing parameters could be derived from previous 
recordings of underground nuclear explosions at the test site. In particular, the mb 5.7 
nuclear test of October 24, 1990 was well recorded by these three arrays, and the data 
from this event will be used to derive the optimum parameters for threshold monitor- 
ing. For SPITS no recordings of NZ nuclear tests are available, and we have to use 



recordings of other events in the region to derive the optimum processing parameters. 
A detailed map of the Novaya Zemlya target area and selected seismic events in the 
region is shown in Figure 2. 
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Figure 2.     Map of Novaya Zemlya and the monitoring region around the former 
underground nuclear test site. The radius of the circle is 25 km. Also 
shown are the locations of selected events in the region. 

In the following we describe the calibration data used for each of the four arrays, with 
a summary of the processing parameters Table 1. 

Table 1. TM processing parameters for the NZ test site. 

Station 
Distance 

(km) 
Phase 

Obs. 
slowness 
(s/deg) 

Obs. back 
azimuth 

(deg) 

Frequency 
band (Hz) 

STA 
length 

(s) 

Travel 
time 
(s) 

Travel 
time 

tolerance (s) 

Mag. 
calib. 

St. dev 
of calib. 

NORES 2267.3 P 10.9 33.6 1.5-3.5 1.0 281.4 ±4* 2.68 0.3 

ARCES 1108.6 P 11.2 62.2 3.0 - 5.0 5.0 147.5 ±4s 2.84 0.3 

- - S 23.2 64.3 3.0 - 5.0 3.0 254.2 ±6s 2.99 0.3 

FINES 1776.9 P 11.6 29.6 2.0 - 4.0 1.0 224.2 ±4s 2.78 0.3 

SPITS 1154.2 P 14.8 109.6 3.0-5.0 5.0 152.6 ±6s 2.95 0.3 

- - s 23.0 97.6 3.0 - 5.0 3.0 263.0 ±8* 3.11 0.4 



2.3.1 Processing Parameters for NORES. 

The ISC event information for the October 24,1990 explosion is the following: 

Date Time Latitude Longitude Depth mb Ms 

24/10/90 14:57:58.3 73.360 54.674 0.0 5.7 4.3 

At NORES, only the P-phase is clearly observed from explosions at the NZ test site 
(see Figure 3), and the theoretical travel-times and slownesses of the Fennoscandian 
crustal and upper mantle model (Mykkeltveit and Ringdal, 1981) are given in Table 2. 
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Figure 3.     The lower trace is a NORES P- beam of data from the Oct. 24, 1990 
event, filtered in the optimum frequency band 1.5-3.5 Hz. The upper trace 
is the short-term-average (STA) functions of the filtered beams. The maxi- 
mum amplitudes given together with the trace labels are the original digi- 
tal counts multiplied by the NORES calibration constant (0.006838 nml 
counts) at 1 Hz. 

Table 2. Theoretical back-azimuth, travel-time and slowness of NORES P-phases 
from events at the NZ test site. 

Distance 
Back- 

azimuth 

P 
travel- 
time 

P slowness 

2267.3 km 34.4 deg 279.4 s 13.06 s/deg 

10 



The actual processing parameters found from analysis of the event are given in the first 
row of Table 1, and we will in the following discuss the derivation of these parameters. 

The target region for monitoring is a circular region with a radius of 25 km centered 
around the northern Novaya Zemlya test site, see Figure 2. Optimum processing will 
be achieved in this target area. At distances greater that 25 km from the central target 
point, the monitoring capability will gradually decrease, but will still be significant. 

Back-azimuth and slowness 

The back-azimuth and slowness used for beamforming are taken from f-k analysis of 
the P-phase. As seen in Table 1, these values (33.6 deg, 10.9 s/deg) differ somewhat 
from the theoretical values given in Table 2. Structural inhomogeneities along the 
propagation path and estimation uncertainties at arrays are the causes for this differ- 
ence. The time window used for f-k analysis is centered around the peak amplitudes of 
the phase. 

Filter band 

For optimum monitoring capability we would like to filter the data in the frequency 
band where we expect to have the highest signal-to-noise ratio (SNR) for small events. 
In Figure 4 we show for the Oct. 24,1990, event the NORES P-spectrum (of the P- 
beam) together with a beam spectrum of the noise preceding the phase. For this event, 
the best SNR was found in the 1.5 - 3.5 Hz frequency band. 

In order to determine if the best SNR is expected to occur at higher frequencies for 
smaller explosions at the Novaya Zemlya test site, we have calculated P-wave spectra 
of NORSAR recordings (seismometer 01A01) of six Novaya Zemlya explosions of 
varying magnitudes. These events were also used by Ringdal (1997) for investigation 
oftheP/S ratios. 

The spectra are shown in Figure 5, together with an average background noise spec- 
trum. The SNRs of the different P-arrivals relative to the background noise are shown 
in Figure 6. Although we can not interpret the spectra above the cutoff frequency of 
the anti-aliasing filter (4.75 Hz), it seems that for the smallest event there is a slight 
increase in the frequencies providing the best SNR. 

ii 



Figure 4. 
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This figure shows the spectrum of the P-phase beam of the 24 Oct. 1990 
event recorded at NORES, together with a spectrum of the background 
noise preceding the P-phase for the same beam. 
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Figure 5.     P-spectra ofNORSAR recordings (seismometer 01A01) of six Novaya 
Zemlya explosions of varying magnitudes. An average background noise 
spectrum from seismometer 01A01 is also plotted. Notice the strong anti- 
aliasing filter at NORSAR with a cutoff at 4.75 Hz. 
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Figure 6.     Signal-to-noise ratio (SNR) calculated from the NORSAR signal and 
noise spectra shown in Figure 5. 

Traditionally, the site-specific TM algorithm has made use of only one frequency band 
for each station-phase combination. If an event occurs for which the "best" frequency 
band (i.e. the band with best SNR) happens to be outside of the chosen band, it will 
result in a situation where the signal for the event may not be seen as a clear peak on 
the resulting threshold trace. 

For example, in earlier site-specific monitoring studies of the NZ test site, we have for 
NORES used the frequency band 1.5-3.5 Hz. However, for the "new year's eve" event 
on 31 Dec. 1992, located about 35 km north-east of the test site, the NORES beam had 
a detectable signal only above 4 Hz. As a result, the NORES TM trace did not show a 
clear peak for this event. Nevertheless, the calculated threshold (upper 90% limit) was 
quite accurate, since the signal energy in this band (comparable to nuclear explosions) 
was definitely below the calculated upper threshold. 

A clear peak in the TM trace would, in this case, have occurred if we had used, e.g., a 
4-8 Hz filter for the site-specific monitoring. The trade-off would have been that opti- 
mum performance would not have been achieved for any nuclear explosion with "stan- 
dard" frequency characteristics. 

Travel-times, travel-time tolerances, and STA lengths 

For traditional detection and location processing, the onsets of the different phases are 
the important parameters. On the other hand, for threshold monitoring we focus on the 
maximum amplitude of the different phases, and the travel-times to the phase maxima 
are the parameters used. 

For the Oct. 24, 1990 event, the travel-time to the peak STA of the P-phase was mea- 
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sured at 281.4 s (see Table 1). Along with the travel-time, we also introduce a time tol- 
erance to accommodate for differences in travel-time for events within the source 
region. From the theoretical ray-parameter (see Table 2), we find that for NZ events at 
NORES the change in travel-time is 13.06 seconds per degree, such that for events 
within a circular radius of 25 km, the corresponding tolerance is about ±35. To accom- 
modate a possible change in the position of the peak signal energy we have increased 
the travel-time tolerance to ±4s. 

As seen from Figure 3, the main signal energy has a rather short duration at NORES 
(distance 2267 km), and we believe that an STA length of 1 second will be close to 
optimum. 

Magnitude calibration and uncertainty 

In earlier studies (e.g., Kvaerna, 1996) we have shown that the STA measurement can 
be used as a very good approximation of A/T (amplitude/period) commonly used for 
estimating the body-wave magnitude 1% The magnitude relation then becomes 
mh = log(7t/2 • STA ■ calib) + b, where calib is the calibration constant at the refer- 
ence period and b is a correction factor. The global average magnitude of the 24 Oct. 
1990 event was reported by ISC as 5.7. By substituting this into the magnitude relation 
given above, we find a b correction factor of 2.68 mb units for NORES P-phases. 

Along with the correction factor b, the calculation of the 90% magnitude thresholds 
requires an estimate of the uncertainty (standard deviation) of the magnitude measure- 
ments. According to Ringdal (1977) the standard deviation of the logarithm of signal 
amplitudes is found to be slightly below 0.2 mb units among NORSAR sensors cover- 
ing a circular area with a radius of approximately 25 km. By using the reciprocity prin- 
ciple, a similar standard deviation can be assumed for events originating within the 
Novaya Zemlya target area, as shown in Figure 2. In addition to the inherent o of 
about 0.2 for events in the target region, the log amplitude observation of the Oct. 24, 
1990 event is associated with the same uncertainty. By adding these variances together, 
we get a a close to 0.3 which will be used in the calculation of the 90% magnitude 
thresholds. 

2.3.2 Processing Parameters for ARCES. 

At ARCES, both P-and S-phases are clearly observable from explosions at the Novaya 
Zemlya test site (see Figure 7), and the corresponding theoretical travel-times and 
slownesses are given in Table 3. The TM processing parameters for ARCES have been 
derived along the same lines as for NORES, and the results are summarized in Table 1, 
rows 2 and 3. 

As seen by comparing Figure 7 with Figure 3, the main P-wave energy at ARCES has 
a longer duration than at NORES, and a 5 second STA length was chosen for TM pro- 
cessing. For the S-phase, the main energy had a duration of about 3 seconds in the 3 - 5 
Hz filter band. 
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Figure 7.     Traces no. 2 and 4 from the top of the figure are ARCES P- and S-beams 
from the Oct. 24, 1990 event, filtered in the optimum frequency band 3.0 - 
5.0 Hz. Traces no. 1 and no. 3 are short-term-averages (STAs) of the fil- 
tered beams. 

Table 3. Theoretical back-azimuth, travel-times and slownesses of ARCES P- and 
S-phases from events at the NZ test site. 

Distance Back- 
azimuth 

P travel- 
time P slowness S travel- 

time S slowness 

1108.6 km 54.2 deg 142.2 s 13.52 s/deg 246.4 s 22.97 s/deg 

Concerning the optimum filter bands, we show in Figure 8 the ARCES P- and S-spec- 
tra (measured on the P- and S-beams) together with an average noise spectrum of the 
beams for the Oct. 24,1990 event. The highest SNR for both phases is found in the 
passband 3 - 5 Hz, which is the filter to be used for TM processing. 
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This figure shows beam spectra of the P- and the S-phase of the Oct. 24., 
1990 event recorded at ARCES, together with an average beam spectrum 
of background noise preceding the P-phase. 

2.3.3 Processing Parameters for FINES. 

At FINES, the signals from the Oct. 24, 1990 explosion were clipped, but there were 
undipped data available on the low-gain channel FIA0_sl, which was damped 30 dB 
relative to the regular channel FIA0_sz. A plot of the P-wavetrain at FINES is shown in 
Figure 9. 

At this distance around 16 degrees, the first P-waves have their turning points in the 
depth range of 150 to 400 km. Further P-onsets arrive from other discontinuities in the 
upper mantle (e.g., 400 km, 670 km). The strongest signal arriving about 10 seconds 
after the first P, is most likely associated with the critical point of the 400 km triplica- 
tion. A higher apparent velocity from f-k analysis supports this interpretation. The the- 
oretical travel-time and slowness according to the model of Mykkeltveit and Ringdal 
(1981) are given in Table 4 

Table 4. Theoretical back-azimuth, travel-time and slowness of FINES P-phascs 
from events at the NZ test site. 

Distance Back- 
azimuth 

P travel- 
time P slowness 

1776.9 km 30.1 deg 221.6 s 13.18 s/deg 
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Figure 9.     FINES data from the Oct. 24, 1990 event. Phases PI and P2 are clipped 
on the regular channel (FIA0_sz) and array beam (P-beam) traces. Trace 
no. 2 is the low-gain (FIA0_sl) data filtered between 2.0 and 4.0 Hz, 
which is the frequency band providing the highest SNR. The upper trace is 
the corresponding STA trace. 

Back-azimuth and slowness 

A detailed picture of the P-wavetrain at FINES is shown in Figure 10. For the array 
data we have estimated by f-k analysis the back-azimuth and slowness of both the 
clipped PI and P2 arrivals, as well as the undipped arrival preceding PI, called PO. 
The clipping does, of course, influence the f-k results to some degree, but our general 
experience is that even for clipped data quite accurate back-azimuth and slowness esti- 
mates can be obtained. For P0 and PI, the estimated apparent velocities are close to 
8.5 km/s, whereas for P2 the estimate is 9.6 km/s. Because of the relatively small 
diameter of the FINES array (about 2 km), the effect of a slight mis-steering of the 
beams has little effect on the resulting beam amplitude. When comparing the P0 
amplitude on the beam (using the steering parameters of P2) with the P0 amplitude of 
the center array element FIA0_sz, we find an amplitude reduction of less than 0.1 dB. 
We will therefore use a single beam in the TM analysis, with steering parameters 
derived from P2, for representing the signal amplitudes of both PI and P2. 
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Figure 10.   FINES data from the Oct. 24, 1990 event, filtered between 2.0 and 4.0 Hz. 
The traces are scaled with the calibration constants at 1 Hz. Notice that 
the amplitudes of PO are approximately equal on all three traces, validat- 
ing our strategy of deriving TM processing parameters like magnitude 
calibration, STA lengths and travel-times from the single low-gain chan- 
nel FIA0_sl. 

Filter band 

In Figure 11 we show the FINES (FIA0_sl) spectra of the main P arrivals PI and P2 
for the Oct. 24, 1990 event. When comparing the signal spectra with the spectrum of 
the preceding noise, we find the highest SNR between 2 and 4 Hz. Although the noise 
spectrum is somewhat lowered on the beam, the SNR still attains its highest value in 
the 2 - 4 Hz band. 

Travel-times, travel-time tolerances, and STA lengths 

The travel-times and travel-time tolerances have been set along the same lines as for 
NORES. From Figure 10 we find that the main energy of the signals PI and P2 has a 
duration between 1 and 2 seconds. An STA length of 1 second will be used for thresh- 
old monitoring purposes. 



■a 
3 

"5. 
E 
< 

1000 

100 

10   - 

0.1 

0.01   - 

0.1       0.2 1.0      2.0 10.0 

Frequency (Hz) 

Figure 11.   This figure shows spectra of the two main F'-arrivals from the Oct. 24, 
1990 event recorded at FINES channel FIAOjsl, together with a spectrum 
of the preceding noise. 

Magnitude calibration and uncertainty 

During the fall of 1993, the FINES array was upgraded with a new system, such that 
the system currently running is different from the one which recorded the 24 Oct., 
1990 event. But as seen from Figure 12, the velocity response curves have similar 
shapes above 1 Hz. This should enable us to still use the magnitude-amplitude relation 
mb ~ log(7t/2 • STA ■ calib) + b, but now with a calib of 0.01 nm/count instead of 
0.0226 nm/count as for the old system. 
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Figure 12.   Velocity responses of the systems used for monitoring of the Novaya Zem- 
lya test site. FINESA was the name of the FINES system prior to Nov. 
1993. Notice that the velocity responses of both FINES and SPITS are 
almost flat in the passband above 1 Hz, whereas the NORES and ARCES 
systems are slightly curved with a peak between 3 and 5 Hz. 

With the lack of additional Novaya Zemlya explosions recorded at FINES, we can not 
rule out the possibility that the large amplitude of the secondary P-arrival P2 may be 
caused by a local source focusing effect. E.g., the 31 December 1992 event (mb ~ 2.7) 
located about 25 km north of the test site provided a FINES P magnitude of only 2.2 
when using the P2 magnitude calibration (see Table 5) derived from the 24 October 
1990 explosion. This observation indicates that the monitoring levels based on the P2 
magnitude calibration may be somewhat low when considering an area with a radius of 
25 km around the test site. In order to be conservative with respect to the estimated 
magnitude thresholds, we will only consider the PI phase and its associated magnitude 
calibration (see Table 5 and Table 1). 

Table 5. TM processing parameters for FINES. 

Back- 
azimuth 

Slowness Filter band 
STA 

length 
Travel time to 

peak STA 
Travel-time 

tolerance 
Magnitude 
calibration 

St.dev of 
magnitude 
calibration 

PI 29.6 deg 11.6s/deg 
(9.6 km/s) 

2.0-4.0 Hz Is 224.2 s ±4.s 2.78 0.3 

P2 29.6 deg 11.6s/deg 
(9.6 km/s) 

2.0-4.0 Hz Is 232.6 s ±4.5 2.35 0.3 
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2.3.4 Processing Parameters for SPITS 

The Spitsbergen array (SPITS) became operational for the first time during the fall of 
1992, and thus has no recordings of nuclear explosions from the Novaya Zemlya test 
site. The SPITS array is located at approximately the same distance from the Novaya 
Zemlya test site as the ARCES array (see Figure 1), and analysis of other events in the 
Novaya Zemlya region has revealed remarkably similar waveforms both with respect 
to observable phases (P and S) and frequency content of the signals. As an example, in 
Figure 13 we show the SPITS and ARCES recording of the mb 3.5 event of 13 June 
1995, located about 200 km north of the test site. In order to make the waveforms more 
directly comparable, the ARCES recording has been has adjusted to the SPITS 
response function (see Figure 12). The distances to SPITS and ARCES are 1065 km 
and 1290 km, respectively. When comparing the single channel observations SPA0_sz 
with ARA0_sz (traces no. 3 and 6 from the top, respectively), we find slightly higher 
amplitudes at SPITS, but the general seismogram characteristics with distinct P- and S- 
phases remain the same. Also notice that the reduction of the beam amplitudes at 
ARCES is larger that at SPITS, which is due to the larger aperture of the ARCES array. 

The theoretical travel-times and slownesses from the Novaya Zemlya test site to SPITS 
according to the model of Mykkeltveit and Ringdal (1981) are given in Table 6 below. 

Table 6. Theoretical back-azimuth, travel-times and slownesses of SPITS P- and 
S-phases from events at the NZ test site. 

Distance 
Back- 

azimuth 
P travel- 

time P slowness S travel- 
time 

S slowness 

1154.2 km 97.6 deg 147.3 s 13.26 s/deg 255.2 s 22.97 s/deg 

Our strategy for deriving the SPITS processing parameters for monitoring of the 
Novaya Zemlya test site is to analyze the recordings of the two m^ 3.5 events located 
north and south-east of the test site. The locations of these events are shown in Figure 
2. For discussion of the magnitude estimates of the reference events, see Ringdal 
(1996, 1997). 

For the 13 June 1995 event, shown in Figure 13, the SPITS recording contains clear P- 
and S-phases, where the S amplitude slightly exceeds the P-amplitude. For the other 
reference event of 16 August 1997, shown in Figure 14, the S amplitude is signifi- 
cantly smaller than the P amplitude, and the P amplitude is about half the amplitude of 
the 13 June 1995 event. 

In order to explain the differences in SPITS amplitudes for the two reference events, 
there are several factors involved. First, there is a difference in distance for the two 
events, 1065 km versus 1290 km. Second, the propagation path from the 16 August 
1997 event crosses the structure of the Novaya Zemlya island, which may lead to a sig- 
nificant attenuation of the phase amplitudes. In addition, there are also differences in 
P- and S- excitation of the two sources as well as local structural effects. 
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Figure 13.   SPITS and ARCES recordings of the 13 June 1995 event (mh 3.5) located 
about 200 km north of the Novaya Zemlya test site. To make the data 
directly comparable, the ARCES recording has been converted to the 
SPITS response. The maximum amplitudes given together with the trace 
labels are the original digital counts multiplied by the calibration con- 
stant at 1 Hz. The distances to SPITS and ARCES are 1065 km and 1290 
km, respectively. 

The propagation path from the Novaya Zemlya test site to the SPITS array is quite sim- 
ilar to the propagation path from the 13 June 1995 event. Both are located on the west- 
ern side of Novaya Zemlya and the propagation paths to SPITS do not include the 
crossing of any major geological structures. The 13 June 1995 event is, however, 
located about 90 km closer to SPITS than the Novaya Zemlya test site. 

As mentioned earlier, the propagation path from the 16 August 1997 event includes the 
crossing of the structure of the Novaya Zemlya island, and the distance to SPITS is 
about 135 km longer than for events at the test site. 

In order to be conservative with respect to the estimation of the magnitude thresholds 
at the Novaya Zemlya test site, we will for SPITS use the mean calibration factors 
derived from the two reference events. To accommodate the uncertainty in the magni- 
tude estimates of the reference events, we will in addition increase their magnitudes by 
0.2 mb units to 3.7. And finally, the standard deviation associated with the S amplitude- 
magnitude relation is increased from 0.3 to 0.4 mb units. 
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Figure 14.   SPITS recording of the 16 August 1997 event (mb 3.5) located in the Kara 
Sea, south-east of the Novaya Zemlya test site. The maximum amplitudes 
given together with the trace labels are the original digital counts multi- 
plied by the calibration constant at 1 Hz. The distance to SPITS is 1290 
km. 

Back-azimuth and slowness 

For estimation of the expected back-azimuths of phases from events at the NZ test site, 
we have analyzed P-phases from four events located in the vicinity of the test site. 
These are given in Table 7, together with the P-phase azimuth and slowness estimates 
from the automatic f-k analysis. 

Table 7. Events in the NZ region recorded at SPITS. 

Date Time (GMT) Lett Urn 
Delta 
(km) 

Azi 
Theo 

Slow 
Theo 

Azi 
Obs 

Slow 
Obs 

Azi 
Diff 

Slow 

Diff 

95/06/13    19.22.37.9 75.2    56.7   1065 87.4 13.52   98.7 15.03   11.3 1.51 

96/01/13    17.17.23.0 

97/08/16   02.11.00.0 

97/08/16   06.19.10.0 

75.2    56.7   1065 

72.5    57.6    1290 

72.5    57.6    1290 

87.4 

97.5 

97.5 

13.52    98.9 

13.25    112.1 

13.25    109.0 

15.23   11.5 

15.03    14.6 

14.26    11.5 

1.71 

1.78 

1.01 

Avg. 12.22 1.50 

Also given are the azimuths and slownesses predicted from the local model used for 
locating events in the Barents region (Mykkeltveit and Ringdal (1981)). As seen from 
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Table 7, the differences between the observed and predicted values are consistent for 
the four events. A plot of the mislocation vectors is shown in Figure 15, which illus- 
trates this very consistent behavior. In addition, the events given in Table 7 are located 
on both the east and west sides of the island of Novaya Zemlya (see Figure 2) such 
that the average mislocation vector derived from these events should also be represen- 
tative for the NZ test site. The distance from SPITS to the NZ test site is 1154 km, and 
as seen from Figure 15, the theoretical azimuth and slowness for the NZ test site 
equals the values for the Kara Sea events. 

By applying the mean mislocation vector to the theoretical azimuth and slowness of 
NZ P-phases (97.4 deg, 13.26 s/deg), we end up with values of 109.6 deg for the back- 
azimuth and 14.76 s/deg for the slowness of P-phases. For S-phases, no such studies 
have been conducted, and the theoretical steering parameters, given in Table 6, will be 
applied for beamforming. 

w 

'■"' s' North of NZ 
,. ^^' 

/ 

-'''" ■  2 • 
& i^ 

■; . .   .   .   i; 

-        4    , 

Kara Sea / 

10 

r^' 
      12 

1 J 
. - ■ '              ^ 

16 
- ■ ■                 ^ 

1» -■ 

2(1 ...--- "' 

Figure 15.   SPITS mislocation vectors for the four events given in Table 1. The theo- 
retical azimuths and slownesses of P-phases from the events are given by 
the filled squares and the observed values from fk-analysis are given by 
the open circles. The theoretical azimuths and slownesses of P-phases 
from the NZ test site equal the theoretical values from the Kara Sea 
events. The distance from SPITS to the NZ test site is 1154 km, 1065 km to 
the two events located to the north of the test site, and 1290 km to the 
events in the Kara Sea. 
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Filter band 

In Figure 16 we have plotted the P spectra and the spectra of the preceding noise for 
the two reference events recorded at channel SPA0_sz. For the 13 June 1995 event the 
best SNR is found for frequencies above 3 Hz. For the 16 August 1997 event the noise 
level is higher and the best SNR is found above 6 Hz. In order to retain compatibility 
with the ARCES processing parameters, we will also use the 3 - 5 Hz filter band for 
SPITS. For intervals with high noise levels, this may not be optimum with respect to 
threshold monitoring, but as explained by Ringdal (1996) it ensures a more correct 
magnitude scaling when moving from large to small events 

Frequency (Hz) 

Figure 16.   P spectra and the spectra of the preceding noise for the two reference 
events recorded at channel SPA0_sz. 

STA lengths 

From analysis of the waveforms of the two reference events we find it reasonable to 
use the same STA lengths as used at ARCES. The durations of the main P and S energy 
of the reference events recorded at SPITS are quite similar to the durations of P and S 
signals of the October 24, 1990 explosion recorded at ARCES (see Figure 7, 13. and 
14). 

Travel-times and travel-time tolerances 

We have shown that recordings at SPITS and ARCES from events near in the Novaya 
Zemlya region exhibit the same wavetrain characteristics. In addition, the distance 
from the Novaya Zemlya test site to SPITS and ARCES differ by only 46 km. It is 
therefore reasonable to assume that the main signal amplitudes at SPITS from potential 
events at the Novaya Zemlya test site will have the same delay relative to the predicted 
arrival times as observed at ARCES for the October 24, 1990 event. 
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To accommodate the additional uncertainty for the travel-time to the signal maxima, 
the search interval for both P and S is increased with ±2s compared to the numbers for 
ARCES (see Table 1). 

Magnitude calibration and uncertainty 

Under the assumption that the magnitudes of the reference events are both 3.7, we have 
derived the magnitude calibration factors shown in Table 8. For each event the P- and 
S-beams were steered with back-azimuths and apparent velocities from f-k analysis of 
the phases. The data were bandpass filtered between 3 and 5 Hz, and the STA lengths 
were 5 seconds for P and 3 seconds for S. 

Table 8. Magnitude calibration factors at SPITS. 

Event P amplitude P magnitude 
calibration S amplitude 

S magnitude 
calibration 

June 13, 1995 4.45 2.86 5.90 2.73 

August 16, 1997 2.95 3.03 1.04 3.49 

Mean calibration - 2.95 - 3.11 

2.3.5 Remarks on the Derivation of Processing Parameters. 

During the derivation of optimum processing parameters for threshold monitoring of 
the Novaya Zemlya test site we have also tried to be conservative with respect to the 
estimation of the magnitude thresholds. Even though the uncertainties in the ampli- 
tude-magnitude relation are included in the calculations, we have in particular avoided 
taking advantage of the strong secondary P arrival at FINES under the assumption that 
this may be due to a very local source focusing effect. In addition, for the events used 
for tuning of the SPITS parameters, we have increased the magnitude estimates from 
3.5 to 3.7. 

It should also be emphasized that the target region for monitoring is a circular area 
with a radius of 25 km centered around the Novaya Zemlya test site. For monitoring 
outside this area, the current parameter setting derived in this paper is not directly 
applicable. 

Further precision in the parameter setting for ARCES and NORES can possibly be 
obtained by analyzing all nuclear explosions recorded at these arrays. 
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2.4  Monitoring Examples for the Novaya Zemlya Test Site. 

In order to investigate the utility of the TM method in an operational environment, we 
have implemented continuous calculation of the threshold level for the NZ test site 
using the four arrays shown in Figure 1. Plots have been generated for each day pro- 
cessed, beginning 1 November 1997. Figure 17 shows as an example results for 9 Feb- 
ruary 1998. 
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Figure 17.   Example of site-specific threshold monitoring of the Novaya Zemlya test 
site for 9 February 1998. See text for detailed explanation. 
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The plot shows the magnitude thresholds for P-phases at each of the four arrays, with 
the combined network threshold monitoring trace on top. We have also included S- 
phases for the two closest arrays (SPITS and ARCES) in the threshold monitoring cal- 
culations for Novaya Zemlya, but these traces are not shown on the plot. The network 
trace is a composite trace taking into account the individual traces for P and S on 
SPITS and ARCES, P for FINES and P for NORES. 

We note that the individual arrays have a number of peaks corresponding to both 
regional and teleseismic events. For example, a sequence of peaks during the middle of 
the day (marked on the figure) is especially pronounced on FINES, ARCES, and 
NORES. These peaks are caused by a sequence of presumed underwater explosions in 
the Baltic Sea. We note that this sequence of peaks is effectively suppressed on the 
combined network threshold trace, since the phase arrival times do not correspond to 
the predicted time pattern for the target area. In fact, the network threshold trace has 
only three significant peaks, which can all be associated with seismic events detected 
and located by conventional processing. The peaks numbered 1 and 3 result from 
earthquakes at teleseismic distances (Sea of Okhotsk and Hindu Kush, respectively). 
Peak number 2 corresponds to a presumed underwater explosion in the Barents Sea, 
near the northern coast of the Kola Peninsula. Otherwise, the threshold trace is well 
below mb 2.5, thus showing that the monitoring capability is below this level for essen- 
tially the entire time period. Within the uncertainties inherent in the statistical formula- 
tion, and taking a reservation for the short time instance surrounding the interfering 
event, we can therefore conclude that no seismic event of mb 2.5 or larger occurred at 
the test site for this day. 

Figure 18 shows a second example, which covers 16 December 1997. Two important 
features are illustrated in this figure. First, the key array SPITS happened to be out of 
operation, resulting in a general deterioration of the combined network capability. Sec- 
ond, there was an unusually large increase in the background noise level at the other 
key array, ARCES. This increase was caused by a very strong storm system moving 
through northern Norway at that time, producing increased microseismic noise at 
ARCES over the entire frequency spectrum. In spite of the coincidence of these two 
unfavorable factors, we note that the network threshold trace still, in general, remains 
below magnitude 2.5. There are about 10 peaks slightly exceeding 2.5 on this day, but 
they can all be "explained" as resulting from interfering events. 
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Figure 18.   Example of site-specific threshold monitoring of the Novaya Zemlya test 
site for 16 December 1997. See text for detailed explanation. 
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During a two-month period (November and December, 1997), we analyzed the results 
in detail, and found 90 peaks on the network threshold trace that exceeded mb 2.5. Of 
these, 73 were caused by teleseismic earthquakes, and in particular by a large after- 
shock sequence near Kamchatka. The remaining 17 peaks were correlated with small 
earthquakes close to SPITS and some local events in Fennoscandia (mostly mining 
explosions). 

During these two months, the continuous TM method was able to provide results that 
enabled monitoring of the NZ test site down to mb 2.0 for most of the time period. All 
peaks exceeding mb 2.5 were correlated to events outside the target region, so we can 
therefore conclude at the confidence level inherent in the method that no seismic event 
of magnitude exceeding 2.5 occurred at the NZ test site during this time period. 
Although we have not continued to analyze subsequent months in the same detail, we 
have been able to confirm, within the uncertainty previously discussed, that no seismic 
event significantly above mb 2.5 occurred near the test site during all of 1998. 

The site-specific threshold monitoring technique can be successfully applied even 
when using only a single station. This is of particular interest in cases where one sta- 
tion has a much higher capability than other network stations. As an example, in Fig- 
ure 19 we show the results of optimized threshold monitoring, using the SPITS array, 
of the region around the location of the Kara Sea event on 16 August 1997 (Hartse, 
1998; Richards and Kim, 1997). Our main reason for using SPITS only is that the other 
key array, ARCES, was out of operation at the time. Furthermore, we have calibrated 
the SPITS array to the main event (mb 3.5) at 02.11 GMT, which was detected and 
located by the prototype International Data Center in Arlington, Virginia. 

The traces in the figure show the magnitude thresholds for the first 12 hours of 16 
August 1997. Four peaks stand out on the trace, and the causes of these peaks are the 
following: 

1) The main Kara Sea event (the strongest peak) 
2) A series of small disturbances very close to the SPITS array 
3) A local/regional event at a distance of about 250 km from SPITS 
4) A second, smaller event from the same location as the main Kara Sea event 

Thus, in this case we are able, by carefully analyzing the peaks on the threshold trace, 
to detect and locate the second, smaller Kara Sea event (mb 2.6), which was not auto- 
matically associated and located by either the prototype IDC (Bache et al., 1990) or by 
the regional detection processing routinely carried out at NORSAR (Mykkeltveit at al., 
1990). The reason that this event was not in the NORSAR list of located events is that 
only the SPITS P-onset was automatically detected, while the S-phase did not exceed 
the detection threshold. Thus the event did not satisfy the event definition criteria used 
at NORSAR, which requires at least two matching phases (1 P and 1 S) from the same 
array or detections at two different arrays. 
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Figure 19.   An example of optimized threshold monitoring of the region around the 
location of the Kara Sea event, using data from SPITS alone for the first 
12 hours of 16 August 1997, calculated when using parameters derived 

from the event on 02:11 GMT. 

Figure 20 shows waveforms of the two Kara Sea events, as recorded by SPITS. With 
the appropriate filters and beamsteering, it is quite clear that these two events are from 
very nearly the same location. This conclusion was further confirmed after analyzing 
data from the Amderma station in northern Russia (Ringdal et al., 1997). Both the P 
and S phases at SPITS can be identified visually, and with the aid of additional f-k 
analysis the coinciding locations of these two events can be further confirmed. We 
might note that such additional f-k analysis is a useful supplement in the threshold 
monitoring procedure, and such analysis has indeed confirmed that the additional 
peaks in Figure 19 are not consistent with a Kara Sea location. 
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Spitsbergen Array Beam - Kara Sea Events 16 August 1997 
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Figure 20. SPITS array beams filtered in the band 4-16 Hz for the two seismic events 
in the Kara Sea on 16 August 1997. In order to enhance the S-phase, both 
traces have been steered using an S-type velocity (4.5 km/s) together with 
the appropriate azimuth. 

2.4.1 Discussion. 

As stated by Kvaerna and Ringdal (1999) it is important to be aware that the main pur- 
pose of the threshold monitoring method is to call attention to any time instance when 
a given threshold is exceeded. This will enable analysts to focus their efforts on those 
events that are truly of interest in a monitoring situation. The analyst will then apply 
other, traditional analysis tools in detecting, locating and characterizing the source of 
the disturbance. Thus, the threshold monitoring method is a supplement to, and not a 
replacement of, traditional methods. 

In principle, site-specific threshold monitoring, given enough calibration data and 
computer resources, could be expanded to be applied on a global level. However, in 
practice, there will be a need to apply both the site-specific and the regional or global 
approaches in day-to-day monitoring. Nevertheless, the site-specific method could be 
further optimized, e.g., by considering different filter bands in parallel and applying 
specially generated digital filters to search for signals conforming to predetermined 
characteristics. We are currently investigating the feasibility and benefits of this type of 
optimization. 

In studies of network detection capability, the question of "false alarms" is an impor- 
tant consideration, and in general there is a trade-off between detectability and false 
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alarm rate. In the threshold monitoring application, no "detection threshold" is set, and 
the question of "false alarms" therefore has a different meaning. The "peaks" seen on 
the threshold plots could be defined as false alarms if they correspond to seismic events 
outside the target area. However, it is important to remember that these peaks corre- 
spond to time intervals of high "noise" values due to signals from interfering events, 
and therefore are an integral part of the overall background threshold level. The possi- 
bility that on-site events could be "hidden" during such times of interference must be 
considered, and it is a question of judgement whether realistic "evasion scenarios" 
could be provided in practice in this connection. 

The excellent capability of the site-specific threshold monitoring technique as demon- 
strated in this paper is due, to a large part, to our emphasis on high-frequency pass- 
bands in the regionally based site-specific monitoring. High-frequency arrays as used 
in our example from Novaya Zemlya have the advantage of suppressing the noise (or 
signal coda) from interfering events, and retain signal coherency even at high frequen- 
cies. This adds to the capability of detecting small events in the background of interfer- 
ing events. 

The optimized site-specific threshold monitoring technique is especially suited to mon- 
itor earthquake activity at low magnitudes for sites of special interest, and could also 
be useful for monitoring earthquake aftershock sequences. This paper has focused on 
the application of the method to a regional seismic network. As will be discussed in 
Section 3, the method is equally applicable to a teleseismic network, or a combination 
of the two. We will be continuing these studies in order to expand the scope and char- 
acterize the long-term capabilities of the threshold monitoring method. At the same 
time, we are working on streamlining and optimizing the technique, in order to further 
improve performance. 

To obtain a fully automatic monitoring procedure, we have also investigated the possi- 
bility of utilizing detector information for labelling the threshold peaks. The results, 
provided in Section 4, indicate that the azimuth and slowness estimates of the detected 
phases at the individual arrays can be effectively used for such labelling. It is, however, 
important to quantify the quality of these azimuth and slowness estimates, to take into 
account the possibility of incorrect estimates. 
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Section 3 
Optimized Threshold Monitoring of the Indian and 

Pakistani Test Sites 

3.1 Introduction. 

In Section 2 we gave a general description of the continuous seismic threshold moni- 
toring technique that has been developed at NORSAR over the past several years to 
monitor a geographical area continuously in time. Data from a network of arrays and 
single stations are combined and "steered" toward a specific area to provide an ongo- 
ing assessment of the upper magnitude limit of seismic events that might have 
occurred in that area. 

While the case of optimized seismic threshold monitoring using a regional network 
was discussed in Section 2, we will in this section present results from applying the 
method to a teleseismic network or a combined regional-teleseismic network. In par- 
ticular, we apply the method to selected time intervals during India's and Pakistan's 
nuclear tests in May 1998 (Barkeret al., 1998; Schweitzer et al, 1998; Wallace, 1998) 
using data from the GSETT-3 network (Ringdal, 1994) transmitting data to the Proto- 
type International Data Center in Arlington, VA for joint processing. We carefully 
select a subset of the stations in the GSETT-3 global network which have the highest 
detection capabilities for these regions, and calibrate these stations with regard to the 
basic processing parameters. We show that the network can be used to achieve a high 
capability for continuous monitoring of the test sites, and we include a brief discussion 
of the relationship between the traditional detection capability estimates and the 
threshold monitoring levels. 

3.2 Method Description. 

3.2.1 Selecting the Network. 

The basic principles for the site-specific threshold monitoring method were given in 
Section 2, and are equally applicable to the regional case and to the teleseismic or 
combined approach discussed here. There are, however, some differences in selecting 
the network to be used. In either case, it is naturally important to select a network com- 
posed of stations with high detection capability for the site to be monitored, and with a 
good azimuthal distribution around the site. In the teleseismic case, there is, neverthe- 
less, a need to limit the number of stations to be included in the threshold computa- 
tions. This is for three main reasons: 

• The main contribution to lowering the threshold trace will come from the sta- 
tions with the highest sensitivity to the target area. There is no need to include 
stations that will contribute essentially nothing. 

• The optimization of the processing parameters is a very time-consuming task, 
and even small mistakes can cause erroneous results when combining date from 
several stations. 
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•       The projected International Monitoring System will comprise 170 primary and 
auxiliary stations worldwide. Making probability calculations based upon such a 
large number of stations could easily lead to calculations at the tail of the magni- 
tude distribution, where the basic normality assumptions may not be valid. 

For these reasons, we recommend limiting the number of stations to around 10, and we 
will stay with approximately this number of stations in the examples shown. 

3.2.2 Tuning the Threshold Trace. 

As in the regional case discussed in Section 2, we consider a specific target area of 
limited geographical extent. The size of the target area may vary, but typically such an 
area might be a few tens of kilometers in diameter. A basic assumption is that the target 
area is defined such that all seismic events within the area show similar wave propaga- 
tion characteristics. When using a teleseismic network, a typical target area may usu- 
ally be somewhat larger than in the regional case, because small shifts in travel time 
patterns or azimuths may correspond to a relatively larger shift of the geographical 
aiming point. 

As in the regional case, parameters such as travel-times of the different phases, steer- 
ing delays for array beamforming, filter frequency bands, the STA window length and 
the magnitude calibration values are obtained on the basis of processing results for a 
set of calibration events. The procedure for developing such optimized parameters is 
similar to the regional case, and will not be repeated here. 

3.3   Data. 

In May 1998, India and Pakistan conducted several underground nuclear tests. Figure 
21 shows the station network used in this study, the locations of the Pakistani and 
Indian nuclear tests, and the location of the Afghanistani earthquake (main shock) 
occurring about 30 minutes ahead of the second Pakistani test. The corresponding 
event information from the Reviewed Event Bulletin (REB) of the Prototype Interna- 
tional Data Center is given in Table 9. 

Table 9. Event information from the Reviewed Event Bulletin (REB). 

Origin time Lat Lon Depth mb Nsta Flinn-Engdahl Region 

1998/05/11 10:13:44.2 27.0716 71.7612 0.0 5.0 50 India-Pakistan Border Reg. 

1998/05/28 10:16:17.6 28.9032 64.8933 0.0 4.9 60 Southwestern Pakistan 

1998/05/30 06:22:25.7 37.1570 70.0682 0.0 5.5 33 Afghanistan-Tadjikistan Bord. Reg. 

1998/05/30 06:54:57.1 28.4948 63.7814 0.0 4.6 51 Southwestern Pakistan 

We have used available data from these nuclear explosions to test the performance of 
the threshold monitoring technique for selected time intervals. Both the Indian and 
Pakistani explosions provide interesting case studies, for a number of reasons: 

•       The Indian explosions on 11 May 1998 occurred at the same site as the nuclear 
explosion on 18 May 1974. This provides for a very detailed and instructive 
comparison between the recorded waveforms for the 1974 and 1998 events. 
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The second set of Indian nuclear explosions, on 13 May 1998, were not detected 
seismically by any station available to us. The threshold monitoring technique 
can therefore be used to provide an estimate of the upper magnitude limit of 
these explosions. 
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Figure 21.   Locations of the seismic stations and events used in this study. The filled 
circles show GSETT-3 stations which provide continuous data to the Pro- 
totype International Data Center (PIDC) in Arlington, Virginia. The sta- 
tions NIL, HFS, SPITS andAPAO (open circles) do not provide 
continuous data to the PIDC. The filled and open stars indicate the loca- 
tions of the Indian and Pakistani explosions respectively, and the filled 
square shows the location of the main shock of the earthquake sequence 
in northern Afghanistan. 
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• The two sets of Pakistani explosions, on May 28 1998 (Explosion PI) and May 
30 1998 (Explosion P2) were located about one degree apart, and it is interesting 
to investigate how the TM method performs for Explosion P2 when the tuning 
parameters from Explosion PI are used. 

• The origin time of Explosion P2 was about 38 minutes after the origin time of an 
mb 5.5 earthquake in Afghanistan, followed by numerous large aftershocks, and 
this gives us an opportunity to study the performance of the TM method during a 
strong interfering earthquake sequence. The earthquakes were located 9-10 
degrees away from the explosion sites. 

Very limited data at local and regional distances were available for these explosions. In 
fact, for the Indian explosions, only one such station (NIL in Pakistan) was in opera- 
tion, whereas for the Pakistani explosions, only teleseismic data were available. The 
available station geometry should provide us with important information on the char- 
acteristics of site-specific monitoring at teleseismic distances. 

3.4  Monitoring India's Nuclear Test Site. 

During the Indian nuclear tests on 11 and 13 May 1998, the GSETT-3 monitoring net- 
work had in operation a number of sensitive stations at teleseismic distances. However, 
only one station was available within the local or regional distance range. This station, 
a GSETT-3 auxiliary station in Nilore, Pakistan (NIL), is located 6.7 degrees away 
from the Indian test site and provided the P-phase with the highest SNR (937.4) of any 
station in the global network for this event. The NIL vertical-component recording of 
the Indian test is shown in Figure 22. The highest SNR relative to the background 
noise level was found between 1 and 2 Hz for both the P and the Lg phase, and this fil- 
ter was used prior to the calculation of STA traces. A 1.5 second STA length was used 
for P, and for the longer duration Lg phase an STA length of 8 seconds was used. 

The remaining 12 stations used for monitoring were all located at teleseismic dis- 
tances, and only P-phases were considered for calculation of the magnitude thresholds. 
A typical example of teleseismic recording is the observations at the large-aperture 
NORSAR array (NOA). The recordings of the 11 May 1998 test and the test conducted 
at the same site on 18 May 1974 are illustrated in Figure 23, which shows a pairwise 
comparison of NOA P-wave recordings for both events. The data were band-pass fil- 
tered between 1 and 3 Hz, the traces were aligned visually, and sorted by the NOA 
sites, with the upper bold trace for each site corresponding to the 1998 event and the 
lower trace corresponding to the 1974 event. 

The 1974 event was a single explosion, whereas the 1998 event comprised three sepa- 
rate explosions, apparently detonated simultaneously. It is interesting to note the 
remarkable similarity of the two event recordings at each NOA site. In contrast, the 
variability of the waveform shape across the NOA array is rather large, and we 
attribute this variation to near receiver scattering/focusing effects. Another interesting 
observation from the NOA recordings is that the amplitudes of the two events are not 
very different, with the 1998 event having true amplitudes 1.5-2 times larger than the 
1974 event. 
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Figure 23.   Observations of the 18 May 1974 and of the 11 May 1998 explosions at 
the Indian nuclear test site. Pairwise seismograms at single sites of NOR- 
SAR are shown. All traces were 1 - 3 Hz. band-pass filtered, normalized, 
and aligned visually to a common onset time. 
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The list of stations and the TM processing parameters derived from the recordings of 
the 11 May 1998 explosion are given in Table 10. Figure 24 shows the results from 
site-specific threshold monitoring of a five-hour time interval around the 11 May 1998 
Indian nuclear test, using the processing parameters derived from the nuclear test itself. 
The top trace shows the combined network thresholds, and the following eight traces 
show the thresholds derived from each of eight station selected (P-phase only). 

Table 10. TM Processing Parameters Derived from Recordings of the 11 May 
1998 Indian Nuclear Test. 

Station Distance 
(deg) 

Phase 
SNR 

in 
Run 

Tlico. ray 
parameter 

(s/deg) 

Obs. 
slowness 
(«Alcg) 

Obs. back 
azimuth 

(dog) 

Frequency 
hand (11/) 

STA 
length 

(.») 

Travel 
lime 
(s) 

Mag. 
calib. 

St dev 
of calib. 

NIL 6.68 P 937.4 13.73 - 1.0-2.0 1.0 102.0 1.55 0.15 

- - i-e (3.8) 33.04 - 1.0-2.0 8.0 223.5 2.18 0.15 

NRIS 43.05 p 191.1 8.10 - 2.0-4.0 1.0 481.6 3.16 0.15 

HNHS 45.87 p 80.3 7.90 7.34 120.37 2.0 - 4.0 1.0 504.5 3.48 0.15 

KSAR 47.96 p 51.4 7.75 7.66 269.29 1.5-3.0 1.0 521.3 3.93 0.1S 

GI-RI-S 49.39 p 43.3 7.65 6.95 95.05 1.0-2.0 1.0 532.3 4.08 0.15 

ARC1-S 50.16 p 182.6 7.59 7.53 125.88 2.0 - 4.0 1.0 538.3 3.29 0.15 

NOA 52.49 p 48.0 7.41 7.52 101.84 1.2 - 3.2 1.0 554.3 3.63 0.15 

BOCA 55.19 p 174.0 7.23 - 1.5-3.5 1.0 575.6 3.59 0.15 

WRA 76.54 p 314.1 5.66 5.35 318.10 1.0-3.0 1.0 713.8 3.59 0.15 

AS AR 78.39 p 199.3 5.53 5.67 307.30 1.0-3.0 1.0 724.1 3.52 0.15 

ILAR 83.65 p 157.0 5.12 3.93 323.11 1.5-3.5 1.0 750.3 4.19 0.15 

YKA 90.60 p 238.0 4.65 5.02 349.59 1.5-3.0 1.0 785.6 3.89 0.15 

The time tolerances were set to accommodate a target area with a radius of 25 km 
around the explosion site. Several distinct peaks are seen on the threshold traces for the 
individual arrays, but for the network trace the only significant peak corresponds to the 
nuclear test. The 90% magnitude thresholds during noise conditions vary around mb 

2.7-2.8. We would also like to emphasize that the peak on the network threshold trace 
caused by the nuclear test has a value that is slightly lower than the actual event magni- 
tude. In cases when an event occurs in the target region, the threshold calculations 
should be replaced by the maximum likelihood estimate of the event magnitude 
(Ringdal and Kvserna, 1992; Kvaerna and Ringdal, 1999). 

According to the Indian authorities, two explosions of 0.5 and 0.3 kt took place on 13 
May 1998, with origin time 06:51 GMT, however, no signals were detected by the 
GSETT-3 stations, and we have calculated the magnitude threshold (90% upper magni- 
tude limit) of the reported event, using the processing parameters derived from the 
Indian test of 11 May 1998. Our estimated upper magnitude limit of the reported 
explosions is mb 2.4, which is consistent with the value (mb 2.5) obtained by Sch- 
weitzer et al. (1998), calculated from NIL data alone. Using the same NIL data, Wal- 
lace (1998) estimated a slightly smaller value of mb 2.2. 
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Figure 24.   Site-specific threshold monitoring of a 6-hour time interval around the 
Indian nuclear test, using the processing parameters given in Table 10. 
The plot shows the individual P-phases (STA traces) for 8 selected sta- 
tions, with the combined network threshold trace on top (Primary). The 
time tolerances were set to accommodate a target area with a radius of 25 
km around the explosion site. The only significant peak on the network 
threshold trace corresponds to the nuclear test. 
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Figure 25 shows results from analysis of a four-hour time interval around the 
announced nuclear test, and it is instructive to compare the two traces on the figure. 
The upper trace corresponds to the GSETT-3 90% network detection capability, requir- 
ing at least 3 P-detections (Kvaerna and Ringdal, 1999). The lower trace is the TM 
result for the same 11 stations (i.e. the 90% upper limit of any event that could have 
occurred at the site). For the purpose of this comparison, we included the NIL station 
in the detection capability estimation during the two hours of available data. It is clear 
that the inclusion of one excellent station does not significantly improve the three-sta- 
tion network detection capability, which is in effect governed not by the best station, 
but by the "third-best" station in the network. In contrast, the TM approach takes full 
advantage of NIL capabilities, which cause the monitoring threshold to be lowered by 
about 0.4 magnitude units when data from this station is available. 

NIL station included 

x   5.0 
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Figure 25.   The plot shows magnitude thresholds for a four-hour time interval around 
the announced Indian nuclear test of 13 May 1998. The upper trace cor- 
responds to the GSETT-3 90% network detection capability (requiring at 
least 3 P-detections), whereas the lower trace is the TM result (i.e. the 
90% upper limit of any event that could have occurred at this site). For 
the time interval 06:00 to 08:00 data from the Pakistani station NIL are 
included in both calculations. The largest TM peak around 07:10 is 
caused by the P-phase from an mh 4.5 event located in Java, Indonesia. 

3.5 Monitoring Pakistan's Nuclear Test Sites. 

According to the official Pakistani reports, their first nuclear test consisted of one large 
explosion and four detonations of small tactical weapons. The seismic observations do 
not reveal any separate signals, so we assume in the following discussion that Explo- 
sion PI is a single event with a network mh of 4.9. Except for the Australian station 
ASAR, we only used stations with continuous data available at NORSAR in this 
threshold monitoring study. 
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The parameters derived from analysis of this event are listed in Table 11. 

Table 11. TM processing parameters derived from recordings of the 28 May 1998 
Pakistani nuclear test. 

Station 
Distance 

(deg) 
Phase 

Theo, ray 
parameter 

(s/dcg) 

Obs. 
slowness 
(s/deg) 

Obs. back 
azimuth 

(deg) 

Frequency 
band (Hz) 

STA 
length 

(s) 

Travel 
time 
(s) 

Mag. 
calib. 

St. dev 
of calib. 

FINES 41.413 P 8.21 7.91 127.7 1.5-3.0 3.0 469.6 3.71 0.3 

APAO 43.167 P 8.09 7.73 140.79 2.0 - 4.0 2.0 483.4 4.20 0.3 

GERES 43.015 P 8.06 6.84 93.20 1.0-2.0 4.0 487.7 4.22 0.3 

HES 46.269 P 7.87 5.54 146.35 1.5-3.0 4.0 508.4 3.66 0.3 

ARCES 46.492 P 7.85 8.30 130.59 2.0 - 4.0 3.0 507.0 3.82 0.3 

NORES 47.472 P 7.79 7.75 99.08 2.5 - 5.0 2.5 516.5 3.54 0.3 

SPITS 53.825 P 7.33 8.89 129.44 3.5 - 7.0 4.0 568.6 5.18 0.3 

ASAR 84.490 P 5.05 3.13 312.13 1.5-3.0 2.0 755.4 3.71 0.3 

Figure 26 shows the results from site-specific threshold monitoring of a 7-hour time 
interval around the first Pakistani nuclear test, using the processing parameters derived 
from the nuclear test itself. The plot shows the individual P-phases (STA traces) for 
each of the 8 arrays, with the combined network threshold trace on top. The time toler- 
ances were set to accommodate a target area with a radius of 25 km around the explo- 
sion site. Several distinct peaks are seen on the threshold traces for the individual 
arrays, but for the network trace the only significant peak corresponds to the nuclear 
test. During noise conditions on this day, the 90% magnitude thresholds varies around 
mb 3.0. 

The best performance of the threshold monitoring method is obtained by using pro- 
cessing parameters derived from recordings of previous events located in the target 
region. In our case we will use the processing parameters derived from Explosion PI to 
obtain a close to optimum monitoring of the target region surrounding the explosion 
site. An interesting question that arises in this context is how far away from the loca- 
tion of Explosion PI can the processing parameters effectively be used? 

In Figure 27 we show the monitoring results of a 2 hour time interval around Explo- 
sion P2. In order to investigate how sensitive the network magnitude thresholds are to 
the definition of the target area, we have calculated several network threshold traces for 
this two-hour time interval using different parameter settings: 

• In the upper panel, the processing parameters derived from Explosion PI are 
used and the time tolerances correspond to a region with 25 km radius around the 
location of Explosion PI. The peak of Explosion P2, located about 100 km from 
the center of the target region, is clearly visible. 

• In the second panel we have again used the processing parameters of Explosion 
PI, but the time tolerances are now increased to include a region with 100 km 
radius. To accommodate an expected larger amplitude variation within such a 
large region, the assumed standard deviation of the magnitude estimates are 
increased from 0.3 to 0.4. The threshold peaks are marginally higher and broad- 
ened relative to the peaks shown in the upper panel. 
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Figure 26.   Site-specific threshold monitoring of a 7-hour time internal around the 
first Pakistani nuclear test, using the processing parameters given in 
Table 11. The plot shows the individual P-phases (STA traces) for each of 
the 8 arrays, with the combined network threshold trace on top. The time 
tolerances were set to accommodate a target area with a radius of 25 km 
around the explosion site. Notice that for the network trace the only sig- 
nificant peak corresponds to the nuclear test. 
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• In the third panel, we have used processing parameters derived from Explosion 
P2 itself. The threshold peak for Explosion P2 is now slightly sharper than in the 
upper two panels, and the peak value is increased by about 0.3 mb units. 

• In the lower panel we have used the processing parameters derived from the 
main shock of the Afghanistani earthquake sequence, located about 1100 km 
away from Explosion P2. A target region with a radius of 25 km is assumed. 
Through detailed analysis we found 16 distinct peaks that have "sharp" signa- 
tures consistent with aftershocks at this location. In this case, the peak caused by 
Explosion P2 is smeared out and is clearly lower than several of the aftershock 
peaks. 

The results shown in Figure 27 indicate that for the given teleseismic station geometry, 
a shift of 100 km relative to the target location has a relatively small influence on the 
definition on the threshold peaks. The same applies to changing the radius of the target 
area by increasing the time tolerances. This implies that the processing parameters 
derived from Explosion 1 can be effectively used to monitor a radius of at least 100 km 
from the location of Explosion 1. But as seen from the lower panel in Figure 27, effi- 
cient monitoring can not be conducted when the location difference between the target 
site and the calibration site is of the order of 1000 km. 

Afghanistani earthquake (mb 5.5, MS 6.7) 
Pakistani nuclear test, mb 4.6 

cs 

cs 

0> a 

cs 

6:00 6:30 7:00 7:30 8:00 

Hours (GMT) 

30 May 1998 

Figure 27. The panels illustrate the difference in 90% network magnitude thresholds 
for a 2 hour time interval around the second Pakistani nuclear test when 
using different processing parameters. See text for details. 
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3.6 Monitoring of the Afghanistani Earthquake Sequence. 

A large earthquake followed by a large number of aftershocks often causes problems 
and a lot of work for the automatic processing and the manual data analysis at the 
PIDC. By focusing the threshold monitoring on the location of the main earthquake, 
using processing parameters derived form the earthquake itself, we should be able to 
obtain an efficient monitoring of the aftershock sequence. The results for a two-hour 
interval around the main Afghanistani event are shown in Figure 28. The top panel 
shows the network threshold trace, whereas the lower panels show the individual P- 
phase thresholds for the arrays assumed to have the best capability to detect signals 
from events in the region. 

For the aftershocks, the threshold peaks line up nicely across all panels, as indicated by 
the dashed lines. The line-up indicates that the pattern of observed phases at the differ- 
ent stations fit with the expected travel times from events in the region. In addition, the 
network threshold peaks exhibit a sharp onset. 

Network threshold peaks caused by events outside the target region are indicated by 
arrows. In these cases, the network threshold peaks are smeared out and the threshold 
peaks from the different arrays do not fit a straight line. 

The aftershocks indicated on Figure 28 were all identified by a simple visual inspec- 
tion, where the line-up of the threshold peaks across the panels and the sharpness of 
the network threshold peaks were used as criteria for declaring an aftershock. When 
comparing to the aftershocks reported in the REB, we found that all events were found 
by our method. For the time interval 06:22 - 11:00, we did in addition come up with 
more that 10 possible aftershocks that were not reported in the REB. 

3.7 Discussion. 

The results presented show that the site-specific threshold monitoring method can be 
effectively used at teleseismic distances. From observations of the 11 May 1998 Indian 
nuclear test we have derived optimum processing parameters for the 11 GSETT-3 sta- 
tions assumed to have the best detection capability for the Indian test site. Our results 
can be summarized as follows: 

• The TM magnitude threshold of the GSETT-3 primary network for the Indian 
test site is around mh 2.8 during normal noise conditions. The stations of this net- 
work are located at teleseismic distances from the test site. 

• During background noise conditions, regional data from the Nilore (NIL) station 
alone provides TM magnitude threshold of about r% 2.4 for the Indian test site 
(Schweitzer et al., 1998). Supplementing NIL data with data from the other 
teleseismic GSETT-3 stations does not lower the TM magnitude thresholds dur- 
ing normal noise conditions, but are important if interfering events occur. 

• During background noise conditions, the GSETT-3 three-station detection capa- 
bility varies around mh 3.3, both with and without the use of NIL data. This illus- 
trates that supplementing a network with one additional good station does not 
necessarily significantly improve the three-station detection capability of the net- 
work. 
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Figure 28.   This figure illustrates how the site-specific threshold monitoring method 
can be used to identify events in an aftershock sequence. The processing 
parameters are obtained from the main event, and in this case using time 
tolerances corresponding to a target region with a radius of 25 km. See 
text for details. 

Using data from the arrays located in northern Europe supplemented with data from 
the Australian array ASAR, the Pakistani test area can be monitored down to a magni- 
tude of 3.0 during normal background noise conditions. We have also verified that the 
monitoring performance is only marginally reduced for a test site located as far as 100 
km from the location of the tuning event. 
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The benefit from using a network for monitoring becomes particularly evident during 
an earthquake sequence located as close as 10 degrees from the target region. The sig- 
nals from the aftershocks are suppressed by up to 0.5 mh units, making the peak of the 
nuclear test within the aftershock sequence stand out clearly on the network threshold 
trace. 

An interesting application is to provide monitoring of an aftershock sequence. We ana- 
lyzed a five hour interval of the Afghanistani earthquake sequence, using the sharpness 
of the network threshold peaks as criteria for declaring an aftershock. When comparing 
to the aftershocks reported in the REB, we found that all events were found by our 
method. For the five-hour time interval, we did in addition identify more than 10 possi- 
ble aftershocks that were not reported in the REB. 

Another application of the TM approach would be to determine consistent magnitudes 
for the aftershocks. After introducing the region-specific magnitude calibrations from 
the main events, and subsequently using the maximum likelihood method for calculat- 
ing the network magnitudes, we expect to achieve much more precise estimates than 
those calculated by traditional averaging. 

We conclude that the optimized site-specific threshold monitoring technique is well 
suited to monitor seismic activity at low magnitudes for sites of special interest, and 
could also be useful for monitoring earthquake aftershock sequences. 
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Section 4 
Automatic Explanation Facility for Analysis of 

Threshold Traces 

4.1   Introduction 

Seismic events occurring at or near the former underground nuclear test site on Novaya 
Zemlya have been subjected to extensive investigation over the last four decades, as 
monitoring of the events in this region has been of special interest to the international 
community. Following the developments of sensitive regional arrays in northern 
Europe (see Figure 1), events with magnitudes as low as 2.5 have been successfully 
detected and located in this region. 

The development of the Threshold Monitoring (TM) method (Section 2; Kvaerna and 
Ringdal (1999); Ringdal and Kvaerna (1989, 1992)) has further improved the monitor- 
ing capability of this area. By optimizing the processing parameters from recordings of 
previous events in the region, the joint TM processing of the regional arrays ARCES, 
SPITS, FINES, and NORES place an upper bound on possible events in this area, 
which during normal noise conditions fluctuates around magnitude 2.0. A typical 
example is shown in Figure 29, where the upper trace shows the combined magnitude 
threshold for the four arrays processed. There are, however, often instances when the 
monitoring threshold is temporarily increased because of signals from events located 
outside the region of interest. For complete monitoring, we have until recently investi- 
gated the cause of these threshold peaks manually. The procedure used has been to 
compare the time intervals of the short duration threshold peaks to event and signal 
detection information found in standard event bulletins or signal detection lists (see 
Figure 29). If a threshold peak could confidently be associated with an event located 
outside the target area, we considered it highly unlikely that another event simulta- 
neously took place within the target area. 

This research has focused on the development of a fully automatic peak explanation 
facility for analysis of the magnitude threshold traces. In this way we intend to mini- 
mize the need for manual classification of the threshold peaks such that manual analy- 
sis will only be necessary when events within the actual target region occur. Although 
the focus of this paper is the Novaya Zemlya test site, the method will be directly 
applicable to any geographical areas like the other underground nuclear test sites. 
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Taiwan 
mb4.4 

New Zealand 
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1- Celebes Sea, mb 3.7 
2 - Mindanao, mb 5.1 
3 - Severnaya Zemlya, mb 4.5 
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Figure 29. Results from threshold monitoring of the Novaya Zemlya Test Site for 18 
May 1999. The network trace on top is the combined threshold trace, 
using P phases for all arrays and in addition S phases for ARCES and 
SPITS. The traces for each of the four stations (P phases only) are shown 
below the network trace. The results from manual analysis of the thresh- 
old peaks are shown. "Blue " events are located at teleseismic distances 
from the station network, whereas the "red" event is located at Sever- 
naya Zemlya, in the Russian region of the Arctic Ocean. 
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4.2 Automatic Detection of Peaks in the Network Threshold Trace. 

The first step in the automatic analysis of threshold traces is to identify significant 
threshold peaks. Our approach has been to develop a peak detection method based on 
estimates of the noise variance and the long term trend of the threshold trace. From 
experiments with various data sets, we have developed a method which comprises the 
following steps: 

• Calculate the long-term-median (LTM) of the threshold trace with a typical win- 
dow length of 30 minutes and a sampling interval of 5 minutes. 

• Calculate the overall standard deviation (SIGMA) of the threshold trace around 
the long-term-median after removing the upper 10% of the data values. The 
removal of the upper 10% of the data values is done to reduce the influence of 
the threshold peaks on the estimate of the standard deviation. 

• Define the peak detection limit as LTM + 5 * SIGMA 

• Alternatively, the peak detection limit is defined separately for each threshold 
trace using a predefined shift above the LTM. For the Novaya Zemlya network 
threshold trace we have initially found that LTM + 0.35 provides a reasonable 
peak detection limit, whereas the individual station/phase threshold traces show 
a somewhat larger variability, and LTM + 0.4 was consequently used. 

Figure 30 shows a panel with threshold traces for 18 May 1999 with predefined peak 
detection limits superimposed. Notice that several peaks are identified on the network 
threshold trace which we have to investigate in more detail. 

4.3 Association of Network Threshold Peaks with Signals Detected at 
Each Individual Array. 

In order to relate the peaks of the network threshold trace to information obtained by 
traditional signal processing at each array, we first have to determine the time intervals 
associated with each network threshold peak. Through experiments, the following pro- 
cedure has been established: 

• Detect peaks on the threshold traces calculated for each individual phase. The 
procedure is described in the preceding sub-section. 

• For each station/phase considered, find the peak detection intervals overlapping 
the peak detection intervals of the network threshold trace, and use the union as 
the time interval of interest. See Figure 31 for details. 

• The x-axes of the threshold traces show origin times at the NZ test site. When 
searching the detection lists for signals associated with the threshold peaks, we 
have to shift the detection times in accordance with the expected phase travel 
time from the NZ test site to the actual array. 
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Figure 30.    Site-specific Threshold Monitoring of the NZ test site for 18 May 1999. 
The plot shows the 4 individual station thresholds (F'-phases), with the 
combined threshold trace on top. Peaks exceeding the running magnitude 
limit (in blue) are shown in red. 
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Figure 31.    Illustration of the procedure for defining the time intervals used for find- 
ing matching detections. For each station/phase considered, we find the 
peak detection intervals overlapping the peak detection intervals of the 
network threshold trace, and use the union as the time interval used for 
search for each station. When searching the detection lists for signals 
associated with the threshold peaks, we have to shift the detection times 
in accordance with the expected phase travel time from the NZ test site to 
the actual array. 



From statistics on the distribution of slowness and azimuth estimates, we define 
for each phase a critical azimuth and slowness range for events in the vicinity of 
the NZ test site. The numbers used are given in Table 12. Detected signals with 
azimuth and slowness estimates falling outside the critical ranges are assumed to 
be caused by events located outside the NZ testing area, otherwise, further offline 
analysis will be required to determine the cause of the threshold peak. Examples 
of array signal detections associated with the network threshold peaks are shown 
in Figure 32 and Figure 33. 

Table 12. Definition of critical azimuth and slowness ranges for phases from 
events near the NZ test site. 

Array Pha Ex- Lower Higher Ex- Lower Higher 
se pected Azi- Azi- pected Slow- Slow- 

Azi- muth muth Slow- ness ness 
muth (de- (de- ness (sec/ (sec/ 
(de- grees) grees) (sec/ deg) deg) 

grees) deg) 
ARCES p 62.2 47.2 77.2 11.22 10.59 17.11 

ARCES S 64.3 49.3 79.3 23.21 19.86 31.77 

SPITS P 97.6 77.6 117.6 13.24 10.59 19.86 

SPITS S 97.6 77.6 117.6 23.16 19.86 34.75 

FINES P 29.6 11.6 47.6 11.63 10.59 14.83 

NORES p 33.6 18.6 48.6 10.85 9.27 14.26 

An overview of the results after associating the network threshold peaks to sig- 
nals detected at each individual array is given in Figure 34. For each of the P- 
phase threshold traces we have only considered threshold peaks associated with 
a network threshold peak. In the four lower panels, green indicates that we have 
found no signal detections with azimuth and slowness estimates within the criti- 
cal ranges. If one or more detections are found, the threshold peak is colored red. 
For the peaks of the network threshold trace shown on top of the figure, we have 
used a red color if at least one of the arrays has a detection with azimuth and 
slowness estimates within the critical ranges. Otherwise the peaks are colored 
green. The causes of the red threshold peaks have to be investigated in more 
detail, e.g. by comparing to existing event bulletins or by offline analysis of the 
raw seismic data. 

In order to investigate the threshold peaks having phase observations with slow- 
nesses and azimuths typical for NZ events, we have introduced the functionality 
of comparing the critical signals to phases associated to events reported in the 
NORSAR bulletin of events in northern Europe (Kvserna et al„ 1999). The criti- 
cal threshold peak at 20:20 on 18 May 1999 (see Figure 34) is'in this way found 
to be caused by an mb 4.5 event located north of Severnaya Zemlya. For this 
location, P-phases observed at FINES and NORES have azimuths and slow- 
nesses comparable with P-phases from events at the NZ test site. Detailed infor- 
mation on the critical detections is given in Table 13. 
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Figure 32.    Results from correlating peaks of the NZ magnitude thresholds (upper 
two panels) with information from the signal detector at ARCES (lower 
four panels). Threshold peaks exceeding the running magnitude limit (in 
blue) are red. The critical ranges of slowness (ray parameter) and azi- 
muth are indicated in yellow, and the bold dashed lines indicate the 
expected values of P-phases from the NZ test site. The bottom panel indi- 
cates the differences in horizontal slowness between the detected and 
expected values (in s/deg), with the approximate range of interest for NZ 
P-phases shown in yellow. Signals falling within either the critical azi- 
muth or the slowness ranges are shown in green. Signals satisfying both 
the azimuth and slowness criteria would be shown in red. Notice that no 
detections satisfies both the azimuth and slowness criteria. 
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Figure 33.    Results from correlating peaks of the NZ magnitude thresholds with infor- 
mation from the signal detector at FINES. More details are given in the 
caption of Figure 32. Notice that for the network threshold peak around 
8:20 p.m. there are two FINES detections with azimuth and slowness esti- 
mates that fall within the critical range for P-phases from NZ events 
(shown in red symbols). 
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This figure provides an overview of the results after associating the net- 
work threshold peaks to signals detected at each individual array. Red 
peaks indicate the presence of critical detections; greenpeaks indicate 
non-critical detections only (see text for details). After comparing the 
matching detections to the automatic NORSAR bulletin, we find that the 
red threshold peak at 20:20 is caused by an event north of Severnaya 
Zemlya. For this particular location, P-phases recorded at FINES and 
NORES have azimuth and slowness estimates comparable to the values 
from events at the NZ test site. 
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Table 13. Definition of the critical threshold peaks shown in Figure 34. The 
phases with critical slownesses and azimuths are given in the lower 
part of the table. These phases are all associated with a magnitude 4.5 
event located north of Severnaya Zemlya. 

Configuration Edgel Edge 2 Dura- 
tion 
(sec) 

Max. 
mag. 

Network 1999-138:20.21.28 1999-138:20.28.23 416 2.87 

FINES P 1999-138:20.22.09 1999-138:20.28.16 367 3.78 

NORES P 1999-138:20.21.27 1999-138:20.22.53 87 3.74 

Station 
Phase 

Arid Arrival time 
(Origin time) 

SNR App. Vel. 
(km/s) 

Azim. 
(deg) 

R.pwr. dS 
(s/deg) 

FINES 
P 

91336 1999-138:20.25.56.125 
(1999-138:20.22.11.925) 

45.1 10.3 12.7 0.98 3.40 

FINES 
P 

91339 1999-138:20.26.13.800 
(1999-138:20.22.29.600) 

2.9 8.7 15.9 0.97 3.13 

NORES 
P 

91473 1999-138:20.26.27.393 
(1999-138:20.21.45.993) 

3.0 11.6 23.3 0.93 2.22 

There will still be a few situations when we have threshold peaks that cannot be 
explained by the procedures outlined above. In such situations we have to carry out 
additional manual analysis to determine the cause of the event. Typical situations may 
be signal detections in the coda of larger teleseismic events. 

4.4   The 13 January 1996 Event. 

At 17:17:23 GMT on 13 January 1996 there was an event located about 200 km north 
of the NZ test site (see Figure 2). Currently the NZ monitoring region has a radius of 
25 km, and the travel-time, azimuth and slowness tolerances are set accordingly. The 
same applies to the magnitude calibrations and the corresponding uncertainties. 
Because phases from the 13 Jan. 1996 event will have travel-times significantly differ- 
ent from those produced by events at the NZ test site, we expect a "smearing" of the 
corresponding network threshold peak. The result is shown in Figure 35, where the red 
peak around 17:17 GMT is caused by the actual event. 

As an experiment we adjusted the TM processing parameters for the NZ test site to the 
location of the 13 January 1996 event. The travel-times derived for the NZ test site 
were recalculated for the new location using the travel-time model of Mykkeltveit and 
Ringdal (1981). The magnitude calibrations for SPITS, ARCES, and NORES 
remained unchanged, but for FINES the P magnitude calibration was reduced by 0.4 
mb units to compensate for a possible amplitude "bright spot" at the NZ test site. Com- 
parisons between different events in the NZ region suggest that this is the case for 
FINES. The new result is shown in Figure 36, where the amplitude of the threshold 
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peak is increased as compared to Figure 35. The network peak around 13:00 GMT has 
changed color from green to red. The reason is that FINES has an associated detection 
where the azimuth and slowness match the critical range for the location 200 km north 
of the NZ test site. 

From these results we propose to deploy a number of "small" monitoring areas cover- 
ing the island of Novaya Zemlya and adjacent seas, and run threshold monitoring for 
each of these "small" areas. The automatic explanation facility will be activated for 
each of these areas, which will be deployed so as to provide a complete monitoring of 
the entire region. 
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Figure 35.    Summary of threshold monitoring of the NZ test site for 13 January 1996. 
The red peak around 17:17 is caused by an event located about 200 km 
north of the test site. See text for interpretation of the figure. 
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Hours (GMT) 

13 January 1996 

Figure 36.    Summary of threshold monitoring for the location of the event occurring 
at 17:17 GMT (about 200 km north of the NZ test site). See text for 
details. The network peak around 13:00 GMT is red because FINES has 
an associated detection where the azimuth and slowness match the criti- 
cal range for this location. 

4.5   Discussion. 

In our applications of the automatic explanation facility, we have chosen a very conser- 
vative approach to identify peaks on the threshold trace that could be subjected to fur- 
ther analysis. In effect, we mark a network peak as "red" if at least one phase from one 
station has a detection with azimuth and slowness consistent with the target site. In 
practice, it seems sufficient to make this requirement from one or two of the closest 
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and most sensitive network arrays (in the case of NZ. it would be ARCES and SPITS). 
By this alternative approach, the increased resolution of the closest arrays in terms of 
azimuth to the target site, could be more fully explored. Also, the higher SNR at these 
two arrays would make the azimuth and slowness estimates more reliable than for the 
arrays located further away. 

A long-term study should be undertaken with the aim to determine the proper criteria 
for flagging threshold peaks, and in addition verifying the SNR threshold applied to the 
threshold trace. Time intervals of unusual noise conditions, or when one or several key 
stations have degraded capability need to be studied in particular detail. It would also 
be interesting to consider the use of possible available "local" seismic stations to sup- 
plement the TM process. This could be done either by including them continuously in 
the TM calculation, or perhaps more cost-efficiently, extract data from these stations 
only during times of threshold peaks or other time intervals of special interest. 

The benefit of the latter approach was illustrated in Section 3, when we extracted 4 
hours of data from the GSETT-3 auxiliary station NIL during the alleged time of the 
Indian nuclear explosions on 13 May 1998. In the case of the Novaya Zemlya test site, 
there are no readily available local seismic stations, although the AMD station in 
Northwest Russia could provide data to be used at least for research purposes in such a 
context. 

We have so far not discussed "evasion'* scenarios in the context of threshold monitor- 
ing. Our basic premise has been to determine the upper magnitude limit of the largest 
possible "hidden" seismic event, not to try to extract information that would single out 
such hidden events. Neither have we addressed the feasibility of actually carrying out a 
clandestine explosion at the time of the threshold peaks. Nevertheless, possible evasion 
scenarios are important, and it seems that three of these could be discussed in our con- 
text: 

Hiding a nuclear explosion in the coda of a large earthquake. 

In the case of NZ test site, there is essentially no active seismicity within almost 1000 
km from the site. Therefore, such a scenario would only apply if a sufficiently large 
earthquake occurs at a large distance from the test site. The peaks on the TM traces that 
correspond to such "teleseismic" earthquakes are generally of very short duration, and 
this is to a large extent a consequence of the rapid drop-off in the earthquake coda at 
high frequencies. In fact, the short duration of significant energy from teleseismic 
earthquakes, when monitoring a site using a regional network, is an observation of 
major importance. Based on these considerations, it would seem unlikely that a poten- 
tial evader could time the explosion accurately enough to escape detection. Addition- 
ally, the current state of "earthquake prediction" adds additional difficulties to this 
scenario. 

Setting off a small nuclear explosion simultaneously (and co-located) with a large 
mining explosion. 

Since there are no active mines at Novaya Zemlya. this scenario is not credible for the 
NZ test site. However, it is clearly feasible (at least in principle) for active mining 
areas. If the nuclear explosion is much smaller (in terms of magnitude) than the mining 
explosion, it would be difficult, if not impossible to identify it by seismic means. The 
threshold monitoring technique (when applied to the mining area as a "target site") 
would serve to give the upper limit on the size of such a potential nuclear explosion. 
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The automatic explanation facility would naturally flag the event as a potential event of 
interest for the target site, so that it would be subjected to further analysis. 

Setting off a small nuclear explosion, with the intent that it would either not be 
detected, or go unnoticed. 

This scenario would, in our opinion, be well handled by the TM technique, in combi- 
nation with the automatic explanation facility. If the explosion was significant enough 
to cause a "peak" on the TM trace, it would be flagged as a potentially interesting event 
and subjected to analysis. If it was too small to cause a peak, the TM trace would pro- 
vide an upper limit on its size. 
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Section 5 
Continuous Assessment of Upper Limit M^ 

5.1 Introduction. 

The continuous seismic threshold monitoring technique (TM) is used to provide a con- 
tinuous assessment of the size of events that may have occurred in a given geographi- 
cal area. The main application of this technique has until now been restricted to short- 
period seismic data, both at regional and teleseismic distances. 

We have recently initiated an effort to apply the continuous TM technique to long- 
period data, for the purpose of obtaining a continuous assessment of surface wave 
magnitude (Ms). In principle, this application is straightforward, but in practice one 
has to take into account many factors, not all of which apply to the short-period case, 
such as surface wave dispersion, oceanic versus continental propagation paths, the dif- 
ficulties in calculating surface wave magnitudes at regional distances, regional calibra- 
tion formulas for log(A/l) vs. log(STA) and so on. 

Nevertheless, the TM application holds promise to significantly improve monitoring of 
surface waves. One of the main considerations of TM is that it provides a realistic esti- 
mate of network detection thresholds during "unusual" noise conditions, such as in the 
coda of a large earthquake or during a large aftershock sequence. In the short-period 
case, we have demonstrated that the global detection capability can deteriorate signifi- 
cantly for many tens of minutes following a large earthquake. In the long-period case, 
this situation could be expected to be far worse, since surface waves from a large earth- 
quake can last for many hours. 

We present initial results from investigating the relation between PIDC station magni- 
tudes and STA based estimates calculated from bandpass filtered data, as well as a case 
study with monitoring of surface waves from a mining area on the Kola peninsula of 
Russia during and after a Ms 7.6 earthquake in Turkey. 

5.2 TM Measurements of Ms. 

When developing a strategy for threshold monitoring of surface waves, we have used 
the automatic surface wave measurements at the PIDC as the basis. Their procedure 
consists of the following steps: 

• Shape Rayleigh wave observations to a common response type (KS36000) 

• Search window for Rayleigh waves derived from regionalized group velocity 
models 

• Measure largest A/T with periods between 18 and 22 seconds 

• Calculate station magnitudes using the relation of Rezapour and Pearce (1998) 

Ms = log(4/r) + ^log(A) + ^log(sin(A)) + 0.0046A + 2.730 

Our experience with threshold monitoring of body waves has shown that short-term 
averages (STAs) can efficiently be used to represent the traditional A/T measurements 
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used for magnitude estimation. We will therefore attempt to adopt a similar procedure 
for surface waves. Concerning the search window for Rayleigh waves, the PIDC calcu- 
late these from a regionalized group velocity model. Currently we do not have this util- 
ity at hand and we have therefore chosen to analyze surface wave travel-time 
observations available in the PIDC database to derive the STA search windows. For 
threshold monitoring of surface waves we have established the following procedure: 

• Bandpass filter data between 17 and 24 seconds, using zero phase Butterworth 
filter of 2nd order 

• Generate short-term averages (STAs) with a window length of 30 seconds 

• Measure largest STA within a search window derived from empirical PIDC data 

• Derive A/T equivalent from the STA observation using station dependent 
empirical relations between log(A/T)KS36000 and log(STA) 

• Calculate station magnitudes using relation of Rezapour and Pearce (1998) 

In Figure 37 we show the travel-times and group velocities of PIDC Ms measurements 
at ARCES for continental propagations paths. Notice that a search window spanning 
the 2.5-3.3 km/s group velocity window covers all observations at ARCES. 
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Figure 37.   Travel-times and group velocities of PIDC Ms measurements at ARCES 
for continental propagations paths. 

Figure 38 shows the relation between a small set of manual log(A/T) measurements 
made on the ARCES KS-36000 instrument, and \og(STA) made on the same data fil- 
tered between 17 and 24 seconds. The difference between log(A/T) and log(STA) has a 
scatter with a standard deviation of 0.11 for this small data set, which is satisfactory in 
view of the scatter inherent in the magnitude-distance relation for surface waves 
(Rezapour and Pearce (1998)). 
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Figure 38.   Difference between manual log(A/T) measurements made on the ARCES 
KS-36000 instrument, and log(STA) made on the same data filtered 
between 17 and 24 seconds. 
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5.3   A First Surface Wave Threshold Monitoring Experiment. 

As an example of TM processing of surface wave data, we have selected 17 August 
1999, which was the day of the large Turkey earthquake (Ms=7.6). This earthquake 
was followed by numerous aftershocks, and therefore presents a good opportunity to 
assess the effects of such a situation on the surface wave detection capability. We focus 
our investigation on surface waves observed at the three Norwegian IMS stations 
NOA, ARCES and SPITS, as well as a TM trace based upon joint processing of the 
data from these three stations. 

We have chosen to show a site-specific approach, with a TM beam focused towards the 
Lovozero Massif, Kola Peninsula. Our reason for selecting this target area is that on 
the same day, about 4 hours and 40 minutes after the Turkey earthquake, a moderate 
earthquake (mb=4.2) occurred in this place. We will in the following show a number of 
figures illustrating the surface wave observations and the results from surface wave 
threshold monitoring using two different frequency bands. 

Figure 39 shows the locations of the station network, and the locations of the Turkey 
and Lovozero events. 

The seismograms of the Turkey event as recorded at NOA, ARCES and SPITS are 
shown in Figure 40. Different types of seismometers are used at these three stations; 
NOA - KS54000, ARCES - KS36000, SPITS - CMG-3T, and the epicentral distance to 
the three stations are 23.4, 28.9, and 37.9 degrees, respectively. Notice that the surface 
wave observations at ARCES are clipped. 
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Figure 39.    Map showing the locations of the station network, and the Turkey and 
Lovozero events. 

Figure 41 shows the same time interval as in Figure 40, but now with simulated 
KS36000 traces at NOA and SPITS. These are the data used for magnitude estimation 
at the PIDC. Bandpass filtered recordings of the Lovozero event are shown in Figures 
42 and 43. In the 17 - 24 s band (Figure 42), the Rayleigh waves have a low SNR and 
are only visible at ARCES and NOA. In contrast, clear Rayleigh waves are seen at all 
stations in the 8 - 12 s period band (Figure 43). The epicentral distance to ARCES, 
SPITS and NOA are 3.7, 11.5 and 12.1 degrees, respectively. Due to differences in the 
crustal and upper mantle structures, surface waves arrive later at SPITS than at NOA. 

The NOA array consists of seven broad-band sensors deployed over an aperture of 
approximately 60 km. The surface waves from the Lovozero event arrive at NOA with 
an estimated back-azimuth of 42.4 degrees and an apparent velocity of 3.2 km/s. For 
the threshold monitoring experiment we beamform the NOA data using the estimated 
back-azimuth and slowness, resulting in improved SNR in both frequency bands. 
Based on 20 s Rayleigh wave observations at NOA and the ESDC array in Spain, we 
estimate a surface wave magnitude of 4.2 of the Lovozero event, using the relation of 
Rezapour and Pearce (1998). 
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Figure 40.    NOA, ARCES and SPITS recordings of the Turkey event. Different types of 
seismometers are used: NOA - KS54000. ARCES - KS36000. SPITS - 
CMG-3T. The epicentral distances are given above each trace. 
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Figure 41. Simulated KS36000 traces at NOA and SPITS for the Turkey event. The 
ARCES recording is shown in its original form (KS36000). 
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Figure 42.   Bandpass filtered (17-24 s) recordings of the Lovozero event. 
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Figure 43.   Bandpass filtered (8 -12 s) recordings of the Lovozero event. The epicen- 
tral distances are given above each trace. 

Using the site-specific threshold monitoring approach for the location of the Lovozero 
event, we have derived processing parameters such as travel-times, STA lengths, and 
amplitude-magnitude relations from the actual ARCES, SPITS and NOA observations. 
The threshold processing results in the "standard" PIDC frequency band (17-24 s) are 
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shown in Figure 44. We see that the surface waves from the Lovozero event are effec- 
tively masked by the coda/aftershocks of the Turkey earthquake 

However, in a more "high frequency" filter band (8-12 s) the surface waves from the 
Lovozero event stand out very clearly, see Figure 45. This shows that "high fre- 
quency" processing of surface waves at regional distances can significantly improve 
detectability by suppressing the longer period energy from interfering distant earth- 
quakes. Figure 46 compares the threshold monitoring results for both frequency bands 
(17-24 and 8-12 s) for a 10 hour time period. This clearly illustrates that the amplitudes 
of the surface wave coda of the Turkey event decay much more rapidly at higher fre- 
quencies. 

5.4  Discussion. 

The continuous assessment of upper limits on surface wave magnitudes as described in 
this paper is an entirely new application of the Threshold Monitoring technique. Our 
results so far must be considered only as a preliminary indication of the potential of the 
method when applied to long-period seismic recordings, but it is already clear that 
there are significant possibilities for developing the TM process into a useful monitor- 
ing tool for surface waves. 

In this study, we have used the three IMS arrays ARCES, NOA and SPITS, and applied 
a site-specific technique to investigate the threshold trace during a large earthquake 
sequence. A natural follow-up of this work would be to include additional long-period 
and broadband IMS stations for the same time interval, in order to assess the improve- 
ments in monitoring capability when using a network with better azimuthal coverage. 
It would also be interesting to steer the threshold beam to other sites, including the site 
of the earthquake sequence (Turkey), in order to assess the possibility for obtaining 
magnitude estimates (or upper limits) for individual aftershocks in the sequence. 

An important result of this initial study is the demonstration of the significant benefits 
of using a shorter period band (8-12 seconds) instead of the traditional processing band 
(17-24 seconds) for processing surface waves at regional distances during an after- 
shock sequence. In future work, we will investigate further whether the use of this 
shorter period band could be applicable also during "normal" background noise condi- 
tions. In an operational setting, it is clearly an advantage to use a fixed frequency band 
for each station-site combination, but it requires a careful assessment of the relations 
between surface wave magnitudes calculated in different frequency bands. 

As in the short period case, there is a tradeoff between optimizing the TM process for 
site-specific studies and developing a more general TM application for global surface 
wave monitoring. Among the main issues is the sharpness of the beam lobe, which 
depends upon the filter setting, the STA time windows and the tolerance for travel-time 
deviations. Another issue is the need for regional corrections, which may be greater 
than in the short-period case. For example, the significant difference between oceanic, 
continental and combined oceanic-continental paths are important for surface wave 
propagation, but have little or no counterpart in analyzing short-period P and S waves. 

Since a main purpose of the MS measurements is to provide a basis for MS:mb screen- 
ing (and discrimination), it is important to assess the effects of using shorter period 
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surface waves on the MS:mb discrimination potential. Recent studies in the European 
Arctic (Krementetskaya et. al. (1998)) have demonstrated some promising results 
using regional LP data from the Apatity long-period station for historic earthquakes 
and explosions in this region, including past nuclear explosions at Novaya Zemlya. 
This type of studies should be continued, using available regional recordings for earth- 
quakes and underground nuclear explosions in various regions of the Earth. 
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Figure 44.   Surface threshold monitoring for the location of the Lovozero event of 17 
August 1999, using data filtered between 17 and 24 s. The lower three 
traces represent thresholds (upper 90% magnitude limits) for each of the 
three stations; the top trace shows the combined network threshold. The 
peaks corresponding to the Lovozero event are indicated on each trace. 
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Figure 45.   Surface threshold monitoring for the location of the Lovozero event for 17 
August 1999, using data filtered between 8 and 12 s. The lower three 
traces represent thresholds (upper 90% magnitude limits) obtained for 
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work thresholds. The peaks corresponding to the Lovozero event are indi- 
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Figure 46.   Comparison between surface wave threshold monitoring using two differ- 
ent filter bands; red: 17 -24 s, green: 8-12 s. See captions of Figure 44 
and 45 for details. 
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Section 6 
CTBT Development 

6.1   Introduction. 

Experimental utilities for calculation of magnitude thresholds have been available at 
NORSAR for many years. However, these utilities are based on different types of 
available software (DP/ER Splus) as well as experimental C and FORTRAN code, and 
do not conform with the structure of existing CTBT data processing pipelines. 

In 1998 NORSAR released a global variant of the Threshold Monitoring (TM) method 
to be used for continuous assessment of event detection capability of the CTBT Inter- 
national Monitoring System (IMS). The system is currently running within the contin- 
uous processing pipelines at both the International Data Center (IDC) in Vienna, 
Austria, and the Prototype International Data Center (PIDC) in Arlington, VA, USA. 
For details on this system we refer to the Operations Manual by Taylor et. al (1998). 

The methods developed under this contract are suitable for implementation in a CTBT 
environment, and we will in this section provide advice on how these could be inte- 
grated into the current PIDC processing pipeline. The proposed processing system will 
hereafter be referred to as the Optimized Site-Specific Threshold Monitoring 
(OSSTM) system. 

6.2   Processing Flow. 

Before starting any of the continuous processes within the OSSTM system, the pro- 
cessing environment has to be created. This is quite similar to what the program 
CreateTMSession is doing for the global TM system, and we propose to develop a 
similar functionality that creates a directory structure <Session> containing diskloops 
for storage of output from all continuous processes, as well as the necessary processing 
recipes. 

The processing within the OSSTM system is logically divided into four parts: 

1. Continuous calculation of short-term averages for the stations used for monitor- 
ing of the proposed target areas. 

2. Continuous calculation of magnitude thresholds for the given target areas. A 
flowchart of processing steps 1) and 2) is given in Figure 47. 

3. Analysis of threshold traces to automatically explain the cause of the threshold 
peaks. 

4. Generation of products from the OSSTM system with subsequent presentation 
on the World-Wide Web. 
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Figure 47.   Flowchart of processing within the proposed OSSTM system. Text in bold 
describes the different processes, whereas text in italic describes the 
results and the type of storage. The names of the different processes (pro- 
grams) are underlined in the figure. 

6.2.1 Calculation of STA Traces. 

The calculation of continuous STA traces can be done in parallel with the detection 
processing using the DFX program (Detection and Feature Extraction; Wahl 
(1996a,b)). The DFX program is run in the station processing pipeline at the IDC, typ- 
ically initiating processing of 10 minutes long data segments as soon as complete seg- 
ments are recorded and available at the IDC. For details on the overall IDC processing 
flow we refer to the current draft of the IDC operations manual (CTBT/PC/V/WGB/ 
TL/44/Rev.2 (1998)). 

In the context of the OSSTM system, DFX subjects the raw data to quality control, 
beamforming (arrays only), bandpass filtering, and short-term-average (STA) calcula- 
tions. The continuous STA data are then stored onto new diskloops located within the 
OSSTM processing environment. The sampling interval of the STA diskloops is typi- 
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cally 1 second. Data gaps and processing gaps are identified by particular null values in 
the diskloops. 

DFX must be configured to produce STA traces for the OSSTM system, and the 
parameter definitions are similar to those of the global TM system, as described by 
Taylor et. al( 1998). 

6.2.2 Calculation of MagnitudeThreshoIds. 

The calculation of network magnitude thresholds can be done by the already existing 
TMthreshold program. This program reads the STA diskloops for each of the seismic 
stations, calculates the 90% magnitude thresholds for each of the selected target areas, 
and stores the results onto a new diskloop. For the global TM system, TMthreshold 
runs in the so-called SEL-3 pipeline, currently initiating processing of 20 minutes time 
segments with a time delay of 10 hours behind real-time. 

For calculation of network magnitude thresholds for each target area, TMthreshold 
requires extensive information on how to combine the continuous STA data from each 
of the predefined seismic stations. These recipe files are created during the setup of the 
processing environment. In addition to the processing recipes, TMthreshold picks up 
a few input parameters either from the command line or from a parameter file. These 
are: 

session_directory Location of the OSSTM processing environment (required). 
tl Start time of the processing segment (required). 
t2 End time of the processing segment (required). 
verbose If present, diagnostics will be printed on stdout (optional). 
method Processing method (required): 

upplim Calculate 90% upper magnitude limit for 
non-detected events 

detection Calculate 90% detection threshold. 

6.2.3 Automatic Explanation Facility. 

A significant amount of coding would be required to develop an automatic explanation 
facility that can be implemented into the PIDC/IDC processing pipelines. The process- 
ing flow of such a program, e.g.. called TMexp, is shown in Figure 48. The automatic 
explanation facility combines information from several sources to provide information 
on the cause of the threshold peaks. The input to TMexp would be: 

• Parameter files and command line arguments 

• Continuous magnitude thresholds, computed by TMthreshold 

• Phase detection information, computed by DFX 

• Event information found in the Reviewed Event Bulletin (REB) 

The output from TMexp would typically be daily overviews of threshold levels and 
threshold peaks as shown in Figure 34. In addition, detailed information from the anal- 
ysis of the threshold peaks as shown in Figure 32, Figure 33 and Table 13 would be 
made available. 
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6.2.4 Generation of Products. 

Daily summaries of magnitude thresholds and results from the automatic explanation 
facility should be made available on the World-Wide Web. In order to accomplish this 
we need to include a process that converts the graphics from PostScript to a format 
(e.g., GIF) that is suitable for display using Internet browsers. This would be similar to 
the process used for the hourly displays of the existing global TM system. 

6.3 Surface Wave Monitoring. 

The development of surface wave threshold monitoring is still at a starting level, and a 
significant amount of research and experiments is necessary before the results should 
be made available as regular products. However, the building blocks described earlier 
in this section are quite general, and can therefore also be applied to surface waves. 

6.4 Comments. 

We emphasize that the OSSTM technique could in principle be applied to any target 
site on the globe. We are not suggesting any particular site to be selected for OSSTM 
processing in the CTBT environment. In practice, there are many interesting applica- 
tions of this technique. It could, for example, be applied to monitor earthquake 
sequences, or to monitor mining sites of special interest. The main point of an opera- 
tional implementation would be to introduce sufficient flexibility so that it would be a 
straightforward procedure to apply the technique to a specific target site and a specific 
time interval of interest. 
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