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ABSTRACT 

Evaluation of infrasonic detection capability for the International Monitoring System of the 
Comprehensive Test Ban Treaty (IMSKTBT) is made with respect to signal analysis and global 
coverage. Signal analysis is anecdotally reviewed with respect to composite power, correlation 
and F-statistic detection algorithms. In the absence of adaptive pre-filtering, either cross- 
correlation or F-statistic detection is required. As an unbounded quantity, the F-statistic offers 
potentially greater sensitivity to signals of interest. With PURE state pre-filtering, power 
detection begins to become competitive with correlation and F-statistic detection. Additional 
application of simple post-filters of minimum duration and maximum bearing deviation results in 
unique positive detection of an identified impulsive infrasonic signal. Global coverage estimates 
are performed as a useful deterministic evaluation of networks, offering an easily interpreted 
network performance, which compliments previous probabilistic network evaluations. In 
particular, adequate coverage (2 sites), uniform coverage, and redundant coverage (3 to 4 sites) 
provide figures of merit in evaluating detection, location and vulnerability, respectively. 
Coverage estimates of the I60 network have been performed which indicate generally adequate 
coverage for the majority of the globe. Modest increase of station gain (increase of number of 
elements from 4 to 7) results in significant increase in coverage for mean signal values. 
Ineffective sites and vulnerability sites are identified which suggest further refinement of the 
network is possible. 
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OBJECTIVES 

A global infiasound network, referred to here as 160, has been proposed for the International 
Monitoring System (IMS) [“International Monitoring System, Report of the Expert Group”, 
CD/NTB/WP.283, GE.96-600371 by the United Nations Conference on Disarmament (CD) as 
one of the International Monitoring System’s (IMS) technological monitors of compliance of the 
Comprehensive Test Ban Treaty (CTBT), presently under negotiation. We discuss here signal 
filtering, detection, and discrimination with regard to the distinct nonstationary character of 
infiasonic noise and the anticipated low-yield nuclear detonation (NUDET) signals of interest to 
the CTBT. We further discuss global coverage estimates of NUDET detection which are 
performed as a useful deterministic evaluation of infrasonic networks. 

In general, simple power detection schemes are compromised by infrasonic wind noise. It is 
found that some form of “correlator~’ is advised for infrasonic systems within the detection 
algorithm. Indeed, correlation was a requirement of “analysis” (i.e., detection) in the prior global 
infrasonic detection system of 25 years ago [,‘I Equipment Operating Instructions”, 15 Nov. 
19731. Anecdotal comparison of average power, composite power, average cross-correlation, and 
the F-statistic [“‘An Automatic Event Detector at the Tonto Forest Seismic Observatory”, R. R. 
Blandford, Geophysics, 2, 633 (1974)l is presented here with respect to review of robust 
detection. In addition, adaptive PURE state pre-filtering [“‘Noise Suppression using Data- 
Adaptive Polarization Filters: Applications to Infrasonic Array Data”, J. Acoust. SOC. Am. 72, 
1456 (1 982)] and simple post-filtering are also reviewed here. 

Evaluations of proposed networks in the past relied partially on a baseline detection range of 
2500 km for a four element array of infrasonic sensors, as accepted by the CD 
[CD/NTB/WP.224]. Other more detailed detection criteria have also been used [R. R. Blandford 
and D. A. Clauter, “Capability Estimation of Infrasound Networks”, AFTAC, p. 5, July 1995, 
and D. A. Clauter, private communication, October, 19951. This detailed detection criteria 
contains wind eddy noise as the noise floor of the system, power threshold detection, and 
demonstrated powerhange dependence of explosion infrasonic signatures. Global contour maps 
of explosion yield associated with a chosen probability of detection by two sites, and location 
accuracy, are plotted. French studies have made use of similar two-site detection probabilities 
[“Detectability of the Infi-asound Monitoring System”, France, Dec. 15, 19951. In this report, a 
more deterministic evaluation of networks is composed with the expressed intent of offering an 
easily interpreted network performance, which compliments the previous probabilistic network 
evaluations. Though relying on the same empirical data sets of explosion signals and wind noise 
as in previous work, as well as on the same power detection algorithm, the present network 
performance simulation is formulated simply on the “coverage” of the network. Network 
coverage is defined as the number of monitoring sites which contain a given location within their 
detection ranges. Hence, the sites contributing to detection, and the associated vulnerability of the 
network to loss of a particular site, are explicitly depicted in the final coverage maps. The I60 
network proposal is evaluated here. 
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Signal Analysis 

A typical example of infrasonic data, illustrating the issues of detection and discrimination for the 
stationary and nonstationary character of infrasonic noise, is presented in fig. 1. Fig. 1 shows the 
normalized (to unit power), bandpassed (0.5-1.0 Hz) signal fiom a 4 element array operated at 
St. George, Utah on day 186 of 1995, with sensor separation of - 100 m. In general, fig. 1 
depicts repeated bursts of power associated with wind'eddies. These bursts occur at similar 
times at the different sensors, but with different signatures at each sensor. An event identified as 
the signal arrival from an equivalent explosion of 30 T (Minuteman missile demolition) arrives at 
19:32. This signal is obfuscated by the wind noise in the signal data. 
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Figure 1. Typical infrasonic data consisting of normalized (to unit power), bandpassed (0.5-1.0 
Hz) signal from a 4 element array operated at St. George, Utah with typical sensor separation of 
100 m. 

Figure 2 shows the results of beam-forming analysis for direct comparison of potential detection 
algorithms: the average power, the composite power, the average cross-correlation, and the F- 
statistic. The beam is steered over ,a 41 x 41 slowness grid (l/velocity grid), ranging from 150 to 
2500 m/s and 0 to 360 deg. Analysis is performed over 20 sec windows stepped every 10 sec. 
Correlation shows a strong feature at the appropriate time of the 30 T signal, though the power is 
very limited at this time. An additional, unidentified impulsive infrasonic signal is visible in the 
cross-correlation analysis at - 18:28. This signal is suspected to be a 1 T explosion at Nellis 
AFB, west of the infrasound array. Very short duration, correlated signals at - 18:34 and - 19:44 
are unidentified. The power traces appear to be ineffective in distinguishing well between bursts 
of noise and (correlated) infrasonic signals. In contrast the F-statistic shown in the fourth trace 
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appears to perform very well in replicating the correlated signals with less background 
fluctuations . 
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Figure 2. Power of averaged signals, the composite power, the average cross-correlation, and the 
F-statistic. 

Filtering in the discussion above consisted of a simple “fixed” bandpass filter to emphasize the 
spectral region of interest. To evaluate the use of adaptive filtering, this same data set was 
passed through a PURE state filter (courtesy J. Olson) and re-processed with the detectors 
described above. A PURE state filter identifies the spectral regions of correlated signal and 
adapts a spectral filter from data window to data window in order to enhance this spectral 
content preferentially. 

Figure 3 first displays the PURE filter applied to the last hour of the previous data set. The 
adaptive filter performs exceptionally well for this anecdotal data example in suppressing the 
dominant power of uncorrelated wind noise and enhancing the very weak, correlated, 30 T Hill 
AFB signal at - 19:32. PURE filtering will have some lower bound of SNR for effective signal 
enhancement. This bound does not appear to have been reached in this application of the filter . 

Figure 4 illustrates the detection algorithms reviewed here, as applied to the last hour of data with 
and without PURE filtering. As expected from the improvement in PURE filtered signal fidelity 
observed above, both average power and composite power analysis improves profoundly with 
the PURE filter. Correlation analysis is not significantly improved. As a bounded quantity, 
highly correlated signals remain comparably highly correlated with PURE filtering. Moreaver, 
the background fluctuations of noise correlation show a small increase. The F-statistic, as an 
unbounded quantity, again enjoys significant enhancement with PURE filtering. 
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Figure 3. Signals before (left) and after (right) PURE adaptive filtering. The initial data is 
bandpassed from 0.5 to 1 .O Hz, and the final data uses a 4000 point smoothing window. Signals 
are normalized to unit power. 
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Figure 4. Power of averaged signals, composite power, average cross-correlation and F-statistic 
without (left) and with (right) PURE adaptive filtering. 
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Proceeding to apply threshold detection to composite power, cross-correlation and F-statistic, 
figure 5 illustrates the potential improvement of these detectors when used in conjunction with 
PURE filtered data. Power detection is seen to improve dramatically, from ineffective detection 
in the presence of wind noise bursts, to a detection capability comparable to correlation and F- 
statistic detection. Some minor improvement in correlation and F-statistic detection is observed. 
For this particular example data, additional application of the post-filters minimum duration and 
maximum bearing deviation would result in similar results for all detectors shown in figure 9; i.e., 
unique detection at the 30 T signal event of interest. 
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Figure 5. Azimuths associated with threshold detection triggers for a composite power threshold 
of 2.25 (upper traces), a correlation threshold of .75 (middle traces), and an F-statistic threshold 
of 5 (lower traces), without (left) and with (right) PURE adaptive filtering. 

Coverage Estimates 

Network coverage is defined as the number of monitoring sites which contain a given location 
within their detection ranges. Hence, the monitoring station sites contributing to detection and 
location, as well as the associated vulnerability of the network to loss of a particular site, are 
visibly depicted in the final coverage maps. Detection confidences related to signal variance and 
mean winds are calculated as described previously [“Evaluation of Global Infrasound Networks”, 
W. T. Armstrong, LA-UR-96-1520, 19961. 



Detection ranges are estimated based on empirical data sets of both explosion signal dependence 
on yield and range, and on dominant natural noise [“Performance of a U.S. Proposed 50 Station 
Infiasound Sensor Network”, USA, Dec. 2,19951. Variance in both the signal and the noise may 
be associated with two different wind effects. Variance of signal may be associated with 
seasonally variable mean winds at high altitudes (typically near or below the stratopause), which 
may lead to preferential directions of infrasonic ducting; i.e., diurnally and seasonally variable 
signal strengths. In the present work, high altitude winds are addressed only through 
construction of a confidence factor for detection with respect to the variance of the signal data 
base. Future work may include seasonal high altitude winds explicitly. The dominant naturally 
occurring noise arises from wind eddies at the ground based sensors. Variance of this noise may 
be associated with sporadic “weather” fionts as well as seasonal fluctuations. As a standard for 
comparison, but not the ultimate algorithm for implementation, a threshold amplitude signal-to- 
noise ratio (SNR) of 1.5 is used as a detection criteria for each site incorporating the mean local 
ground winds as the dominant noise. 

Figure 6.  The I60 network. 

The I60 network is presented in Figure 6, wherein specific location and mean ground wind values 
are tabulated in CD Working Papers. In this figure, a Delaunay triangulation (nearest 3 sites) has 
been performed within the map boundaries to aid in visual assessment of the site distribution 
(triangulation is distorted near the poles and is not extended across the dateline). The relative 
size of triangles indicates the relative reliance of detection and location on the neighboring sites. 
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Similarly, the number of lines emanating from a site indicate the relative reliance of detection and 
location on that site in the adjoining triangles. 

Coverage maps are presented with the number of sites within detection range of a given 
geographical location evaluated on 1 degree grid spacing, with coverage values indicated on the 
maps, and a 1 kT yield explosion assumed. Mean ground wind values are courtesy of D. Clauter 
(for sites with unavailable wind data, a value of mean wind of 5 knots is assumed). Figure 7 uses 
a confidence value of 50 %; Le., the mean of the signal pressurehange distribution for explosion 
data referenced earlier. Adequate coverage for detection purposes, defined as 2 site coverage or 
more, is obtained over the great majority of the globe. However, many “pockets” of inadequate 
coverage are distributed throughout the oceans. Many “noisy” and ineffective sites are visible; 
e.g., MARQ, IL, VERD, and HOBA. 

Figure 7. I60 coverage with confidence = 50 YO, and 4 element station sites. 

Figure 8 presents coverage with the number of elements in an array increased from 4 to 7. 
Coverage is observed to increase to a level of 4 sites, globally; i.e., approximately uniform and 
redundant. With the exception of the Pacific and Indian oceans, the network would appear to 
thereby not be vulnerable to single site dropouts and to have improved location accuracy 
capability. 
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Figure 8. I60 coverage with confidence = 50 YO, and 7 element stations. 

To estimate “worst case” propagation conditions, coverage for a confidence value of 90 % and 4 
element stations is given in figure 9. The poor coverage indicated in figure 9 effectively includes 
the worst propagation conditions reflected in the variance of the signal data sets. Hence, fig. 9 
may represent an overly pessimistic view in which measurements are “always upwind”. Indeed, 
it is anticipated that detection ranges around a particular site will generally take the form of an 
ellipse, elongated with the high altitude winds near the infrasonic reflection height. However, 
figure 9 does portray a conservative view of potential problem areas of regional coverage. 
Moreover, additional sites with high ground wind noise and negligible contribution to global 
coverage, which were obscured by neighboring large detection range sites, are now visible. These 
additional noisy sites include: MDW, SECO, COCO, TUNI, and SPA. Sites with low wind 
noise are seen to be potential vulnerability points in the network in the case of their loss. These 
potential vulnerability sites include: NEW, KOG, DBIC, and KERG. Coverage improvement 
from figure 9 with 7 element stations is incremental; i.e., significant coverage improvement is 
realized with gain increase (increased number of elements) only when modest coverage already 
exists (modest overlap of detection ranges). 
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Figure 9. I60 coverage with confidence = 90 YO, and 4 element stations. 

CONCLUSIONS AND RECOMMENDATIONS 

Infrasonic signal detection has been anecdotally reviewed with respect to power, correlation and 
F-statistic detection algorithms. In the absence of adaptive pre-filtering, either cross-correlation 
or F-statistic detection is required. As an unbounded quantity, the F-statistic offers potentially 
greater sensitivity to signals of interest. With PURE state pre-filtering, power detection begins 
to become competitive with correlation and F-statistic detection. 

Coverage estimates are found useful as a deterministic evaluation of networks offering an easily 
interpreted network performance, which compliments previous probabilistic network 
evaluations. In particular, adequate coverage (2 sites), uniform coverage, and redundant coverage 
(3 to 4 sites) provide figures of merit in evaluating detection, location and vulnerability, 
respectively. Coverage estimates of the I60 network have been performed which indicate 
generally adequate coverage for the majority of the globe. Modest increase of station gain 
(increase of number of elements from 4 to 7) results in significant increase in coverage for 50 % 
confidence corresponding to mean signal values. For 90 YO confidence of detection, corresponding 
to unfavorable propagation conditions, coverage is found to be sparse. Several noisy, ineffective 
sites are identified. In addition, several potential vulnerability sites and areas of redundant sites 
are identified. These ineffective sites and vulnerability sites suggest further refinement of the 
network is possible. Relocation of noisy sites may be accommodated by careful site selection 
within a very local region (10-20 km) without significantly effecting the network site distribution. 
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