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1. SUMMARY

The principal goals of this investigation are to identify problems with the detection of
explosion-generated infrasonic signals at stations in the global infrasound monitoring
network and to develop new techniques that will enhance the use of infrasound for the
detection, location and discrimination of atmospheric nuclear explosions. This work is
focused primarily on a detailed investigation of three important problems. The first part is
concerned with problems associated with the loss of higher frequency signal components
in the primary monitoring passband (0.4 to 1.2 Hz) when wave propagation is restricted
to a thermospheric waveguide. The second part is focused on the limitations imposed on
array detection of explosion-generated infrasound by the loss of signal correlation
between elements in large sparse arrays. Finally, the third part of this investigation
encompasses the long-standing problem in the field of infrasound monitoring of
unacceptably high levels of background noise caused by wind-generated turbulence. This
study is also concerned with the identification and classification of the fundamental
physical processes that result in background noise at all frequencies at infrasound
monitoring stations. The results of this study are based on a thorough analysis of a large
infrasound database comprising six years of archived data from [S07 Warramunga in
northern Australia, three years of archived data from IS05 Hobart in Tasmania, a one-
year archive of data from IS04 Shannon in southwest Australia, shorter periods of
selected data from other IMS infrasound stations and data collected during a number of
field experiments in Australia using a portable infrasonic array.

The complete loss of higher frequency signal components from distant explosions in
the primary monitoring passband is a potentially serious problem. This problem usually
occurs when wave propagation is restricted to a thermospheric waveguide. There has
been a tendency in recent years to restrict the routine analysis of data from the global
infrasound network to frequencies that lie above the microbarom passband. We have
found, however, that thermospheric signals from distant explosions can often be detected
in a long-period passband centered at frequencies below the microbarom passband. In
some cases, we have detected both high frequency stratospheric and low frequency
thermospheric signals from distant explosions. The detection of these two phases can be
used to improve location estimates and to help in the identification process. It is clear that
both high frequency and low frequency passbands should be used in routine detection
algorithms.

We have found good agreement between observations and the predictions of the
Mack and Flinn (1971) coherence model and have applied this model to arbitrary array
configurations to determine the predicted azimuthal distribution of the array-averaged
correlation coefficient. The predicted array-averaged correlation coefficient provides a
unique characteristic of the array configuration, which can be used as a measure of array
performance. An examination of the azimuthal distribution of the predicted array-
averaged correlation coefficient for IMS arrays with a small number of widely separated
array elements shows that that loss of signal correlation between array elements in these
arrays can seriously limit the reliable detection of infrasound generated by distant



explosions in the primary monitoring passband. We have also applied this analysis to
typical IMS infrasound arrays with a large number of array elements and have found that
signal correlation problems usually result in some loss of detection capability.
Furthermore, in some cases, the analysis shows that the sensitivity of an array
configuration may exhibit a significant azimuthal dependence. The design of infrasound
monitoring arrays needs to be optimized to eliminate both spatial aliasing problems and
signal coherence problems. We have developed 8-element and 9-element optimized
infrasonic arrays designs, which are suitable for use in the global monitoring network.

Considerable progress has been made on the development of a noise-reducing system
that can strongly attenuate, and in most cases, effectively eliminate wind-generated
background noise in the monitoring passband at infrasound monitoring stations. Wind-
generated noise is a serious problem, especially during the daytime, at many infrasound
stations. Work on wind-noise reduction in the past has been primarily concerned with the
development of improved wind-noise-reducing pipe-array systems. It is clear that further
refinements to these pipe array systems will not lead to a significant improvement in
wind-noise-reducing capability since the size of these arrays and the number of inlet ports
have reached practical limitations. We have therefore developed a new type of wind-
noise-reducing system which mechanically attenuates and degrades turbulent eddies that
generate noise in the primary monitoring passband. The design and performance of a
wide variety of these turbulence-reducing systems is given in this report along with
recommendations for the use of these systems. The latest version of this system has
proven to be very effective. Indeed, tests have shown that this system almost completely
eliminates wind noise in the primary monitoring passband under typical daytime wind
conditions at an unsheltered semi-desert site. In addition, we have found, in some
circumstances, that these turbulence-reducing enclosures may be used with only a single
inlet port as effective stand-alone wind-noise reducing systems that do not require a pipe
array.

2. INTRODUCTION

The primary objectives of this research project are:

e To identify problems with the detection, location and discrimination of atmospheric
nuclear explosions and

e To develop techniques using infrasound technology that will improve detection,
location and discrimination capability for nuclear explosions in the atmosphere.

This project is concerned with the detection capability of the global IMS infrasound
network for small nuclear explosions. The establishment of the IMS infrasound network
is proceeding rapidly (see Figure 1). The average separation between nearest neighboring
IMS infrasound stations is 1920 km in the Northern Hemisphere and 2027 km in the
Southern Hemisphere. It is clear, however, that good detection capability is required for
small nuclear explosions located at distances of more than 2000 km. For example, the
distance between stations on opposite sides of the vast open ocean areas in the Southern
Hemisphere may exceed 7000 km. Stations that monitor the open ocean areas in the
Southern Hemisphere therefore need to have good detection capability for nuclear
explosions that occur at distances of at least 4000 km.
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Figure 1. Current status of the 60-station IMS infrasound network.

At the present time, the global infrasound network is limited to two-station detection
for nuclear explosions with a yield of 1-kiloton or more. Global three-station detection
capability for a 1-kiloton explosion is desirable since this would greatly enhance the
reliability of the network, lower the global detection threshold and significantly reduce
location errors.

A brief description of the type and location of the sources and infrasound recording
stations used in this project is given in Section 3.

Much of the research in this project is based on a survey of signal detection capability
and background noise characteristics of certified Australian IMS monitoring stations.
This survey has highlighted three important problems that may limit the performance of
stations in the global monitoring network:

a) Distant explosions may be detectable only as longer period signals (Christie et al.,
2005a) when wave propagation is restricted to a thermospheric waveguide.
Problems associated with the decay of higher frequency signal components at a
given station will depend on the location and distance to the source and the
seasonal waveguide characteristics between the source and the monitoring array.
The detection of thermospheric signals from distant explosions is discussed in
Section 4.1.

b) The optimum monitoring passband (Christie et al. 2005b; 2006) for stratospheric
arrivals from regional and distant explosions is limited to a frequency range
extending from about 0.4 Hz to slightly above 1.0 Hz. The lower frequency limit
depends on the intensity of microbarom infrasonic signals and the high frequency



limit is determined by both spatial aliasing of higher frequency signals and
problems with signal coherence between array elements. The detection of higher
frequency signals depends critically on the design of the array configuration.
Spatial aliasing problems can be eliminated by using an eight- or nine-element
array configured in the form of a logarithmic spiral or in the form of a larger
aperture pentagon array with a smaller aperture triangular sub-array (or centered
triangle sub-array) located at the center of the main array. Signal coherence
between array elements at higher frequencies also depends on the array
configuration. Results obtained to date have shown that detection capability for
regional and distant explosions at existing monitoring stations with a small
number of array elements and a large aperture will be marginal due to the low
degree of signal coherence between array elements. The study of signal coherence
is proving to be a fairly complex subject. The goal of this part of the project is to
provide an accurate signal coherence model that can be used to optimize the array
design at infrasound monitoring stations. Problems with signal coherence and the
development of a method that can be used in the design of an optimal infrasound
array are described in Section 4.2. This method is used to determine optimal array
configurations that are suitable for use in the global infrasound monitoring
network.

c) Wind-generated background noise has long been recognized as the most
important technical issue in the field of infrasonic monitoring. More than half of
the stations in the global monitoring network are subject at times to unacceptably
high levels of wind-generated background noise. It is clear that the development
of a system that will significantly reduce and possibly eliminate wind-generated
noise at infrasound monitoring stations would greatly enhance the performance of
the IMS infrasound monitoring network and would lower the global monitoring
threshold. The use of an effective and reliable wind-noise suppressing system at
IMS infrasound stations would probably result in global three-station detection
capability for 1-kiloton nuclear explosions. The development of a new and very
effective wind-noise-reducing system is described in Section 4.3. Results from
this new noise-reducing system suggest that the use of this system, either as a
stand-alone system, or in conjunction with existing pipe arrays, can nearly
eliminate wind-noise in the primary monitoring passband.

This investigation has led to a number of conclusions and recommendations regarding
the design of infrasound monitoring stations and the processing of infrasonic data. The
conclusions are discussed in Section 5 and a list of recommendations is given in Section
6.



3. METHODS AND PROCEDURES

3.1. Sources of Data

The research in this project is based primarily on a detailed investigation of
explosion-generated infrasonic signals recorded at certified Australian IMS monitoring
stations and at a number of temporary stations established for short periods of time at
carefully selected locations on the Australian continent using a portable infrasonic array.

Five IMS infrasound monitoring stations are located on Australian territory. Three of
these stations, [IS04 Shannon, IS05 Hobart and ISO7 Warramunga, have been in operation
for some time. Work on the construction of a 4th Australian station, IS06 Cocos Islands,
is underway and it is expected that the last Australian station in the IMS network, IS03
Davis Base in Antarctica, will be established in early 2009. The locations of the three
certified infrasound stations on the Australian mainland, the location of the most
important open-cut mines, and the sites of the temporary infrasonic arrays are shown in
Figure 2. The locations of the New South Wales bolide on 5 December 2004 and the
Manam Volcano explosion on 27 Jan 2005 are also shown on this map, along with the
location of a 0.027 kT chemical explosion at the Woomera Test Range. Only the most
significant open-cut mines and mining areas are shown in Figure 2. A large number of
smaller mines have been omitted since explosions at these mines tend to be of lower yield
and signals from these explosions are usually detected only at local or near-regional
distances. The data set also includes signals from a number of minor volcanic eruptions
located in the active volcanic arc to the northeast, north and northwest of the Australian
continent, signals generated by large earthquakes, and a few other bolide explosions. The
locations of these events have also been omitted from the map in Figure 2.

= ._,__,,re- FQ\';—}:{\ Manam | T
" o, polcane ._
= N a [ Infrasonic Array Stations

» & '--\_ -1 ® Certified IMS Infrasound Station
= o Temporary Infrasonic Array

. :
seayie
S IS07Q" ™" & Cersomy

2 — Bald Mine | ~—h L= 3
L Granites Gakd Mine -"him!-:i-:? ooz A == Open-Cut Mine
Bowen Basin|_ ¢ et
Coal Mines Open-Cut Mining Area

’ y +* Manam Volcano 27 Jan. 2005

Westen Brishane:

fusalla _ -Msl.l!.m;e ____—.L— * New South Wales Bolide 5 Dec. 2004
ELC aanl Perth e AMley NSW
il . o Mo Bolide
Yy Iy Adeinide NWS Sypdney

N Medbourme

e
bl ISUS
L

o 1800

o= 120¢ 1307 140

180°
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regions, the sites of temporary infrasonic arrays, and the locations of the Woomera Test
Range, Manam Volcano and the New South Wales bolide.



3.1.1. IMS Infrasound Stations in Australia

The three certified IMS stations in Australia, ISO4 Shannon in southwest Australia,
IS05 Hobart in Tasmania and ISO7 Warramunga in the Northern Territory, are arranged
in a roughly equilateral triangle on the Australian continent (see Figure 2). The average
separation between these stations is about 2600 km, which is significantly larger than the
average station separation distance in the global network (approximately 1970 km).
These stations form a local network that effectively monitors the Australian mainland and
the area around Australia, including the vast open ocean areas to the west and south of
the Australian continent. These stations need to have good monitoring capability for
explosions that occur at distance of up to at least 4000 km.

The detection characteristics, array configurations and background noise properties of
IS04 Shannon, ISO5 Hobart and IS07 Warramunga differ substantially. As can be seen
from the array configurations presented in Figure 3, the overall aperture of each of these
arrays is approximately the same, but the configurations are completely different. ISO7
Warramunga was one of the earliest stations to be established in the IMS infrasound
network. In this case, the 8-element array is configured in the form of a “low-frequency”
4-element centered triangle 2-km aperture main array (shown in blue in Figure 3) with a
smaller aperture centered triangle “high-frequency” sub-array (shown in red in Figure 3)
located in the center of the main array. The array at ISO5 near Hobart is configured in the
form of a 1.7 km aperture pentagon main array with a small aperture 3-element sub-array
located outside the main array. The array configuration at S04 is again different with a
1.8 km aperture centered triangle main array and a 5-element, roughly pentagon-shaped,
small aperture sub-array located on the edge of the main array. The somewhat unusual
array configurations at IS04 and IS05 have been installed to accommodate local
conditions. The array response for all arrays (see Figure 3) is quite good with fairly
reasonable side-lobe suppression. Spatial aliasing will not be a problem except in the case
of higher frequency signals with low-signal-to-noise ratios. In this case, the technique
developed by Kennett et al. (2003) can be used to minimize spatial aliasing and lower
detection thresholds.

Infrasound stations 1S04, IS05 and ISO7 are located in essentially different
environments with substantially different noise characteristics (see Figure 4).

Background noise levels at IS04 are almost always very low. The example of higher
noise levels shown in Figure 4 was recorded at S04 during a storm. In contrast, noise
levels at ISO5 tend to be fairly high at all of times. The background noise levels at ISO7
are generally high during the daytime and usually very low at night. The minimum
background noise level at all of these IMS stations at high frequencies is limited by the
electronic noise floor of the MB2000 microbarometer sensors that are used at each of
these stations. The Chaparral 5.1 infrasonic microbarometer sensor has a much lower
electronic noise floor than the MB2000 and measurements made at ISO7 show that the
minimum noise level at high frequencies is substantially less than the minimum noise
level obtained with a MB2000 sensor. An example of the exceptionally low background
noise levels at high frequencies recorded at ISO7 with a Chaparral 5.1 sensor in zero wind



conditions is shown in Figure 30 in Section 4.3. These observations provide a new low-
noise model for the atmosphere at higher infrasonic frequencies.

IS04 is located in the Shannon National Park inside one of the tallest forests in
Australia. The tall dense forest at Shannon provides very good shelter from the ambient
winds. Microbaroms generated by storms over the Southern Ocean can be detected at all
times of day in the data from IS04, including data recorded near noon under conditions of
maximum daytime convection.
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It is worth noting that long-period background noise levels at frequencies in the
passband from about 0.01 to 0.1 Hz are unusually low at ISO4.There are therefore two
potentially good monitoring passbands at IS04, one at frequencies of about 0.03 to 0.1 Hz
below the microbarom passband and one at frequencies above 0.4 Hz. The monitoring
capability at frequencies above 1.5 Hz may be limited on occasion by higher frequency
surf-generated noise. Longer period semi-continuous auroral-generated infrasonic signals
are also observed at S04 from time to time. The exceptional low-noise conditions at IS04
suggest that this station will play a valuable role in the monitoring of the open ocean
regions in the South Indian and Southern Oceans.

Noise conditions at ISO5 in Tasmania are not nearly as good as those found at IS04.
This station is located in a fairly open eucalypt forest which provides some shelter from
the ambient winds, but noise levels tend to be relatively high at all times of day and to
vary significantly from one array element site to the next. The nocturnal inversion at the
array site, if any, tends to be weak and intermittent. High frequency noise associated with
surf activity along the eastern coast of Tasmania is frequently observed. As with IS04,
microbaroms generated by intense storms over the Southern Ocean tend to have high
amplitudes, but, in contrast with [S04, microbaroms cannot be detected at all times due to
wind-generated background noise.
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Figure 4. Power spectral density for very low wind noise (dark red) and high wind noise
(green) conditions at IS04 Shannon, ISO5 Hobart and ISO7 Warramunga.

[S07 at Warramunga in the Northern Territory is located in a sparsely vegetated semi-
desert environment. Some protection from the ambient winds is provided by long grass,
bushes and a few small trees, but wind-noise levels are almost always unacceptably high
during the daytime. Winds in the boundary layer are decoupled from the surface shortly
after sunset with the rapid development of an intense nocturnal radiation inversion. Noise
levels therefore tend to be very low at night except when the radiation inversion is
destroyed by thunderstorm activity or by propagating highly nonlinear mesoscale solitary
waves and internal bore wave disturbances (Christie, 1989). Highly nonlinear gravity
waves of this type are frequently observed at ISO7. They also occur on occasion at [S04
Shannon, but only rarely at ISO5 Hobart.

The results of the critical examination of the Australian infrasound monitoring
stations indicate that ISO4 Shannon has very good performance characteristics. This can
be attributed to the generally low background noise levels at this station. This survey also



suggests that ISO7 at Warramunga is probably, on average, a much better monitoring
station than IS05 Hobart. The detection capability for explosion-generated infrasonic
waves from distant explosions appears to be significantly greater at ISO7 than at IS05. In
particular, we note that the vast majority of explosion-generated events detected at IS05
originate on the island of Tasmania. Despite the high frequency of large mining
explosions on the Australian mainland, very few of these events have been detected to
date at IS05. This is an unexpected result. It may be due to the fact that signals from
many sources on the Australian mainland can only propagate to IS05 in a thermospheric
waveguide, or it may simply be a manifestation of the background noise conditions at
IS05.

3.1.2. Field Experiments

A 4-element portable infrasonic array has been assembled, tested and deployed at a
number of carefully selected sites on the Australian continent. The portable array
infrasonic experiments were designed to:

a) Identify the source of infrasonic signals observed at IMS infrasound stations in
the Australian region;

b) Provide data that will help to delineate the various mechanisms that contribute to
infrasonic background noise in a wide variety of environments;

c) Test procedures that can be used to minimise the influence of background noise;

d) Provide data that can be used in conjunction with data from existing IMS
infrasound stations to delineate the signal coherence properties of explosion-
generated infrasound from a wide range of sources at different azimuths and
distances under a variety of waveguide conditions.

The sites of the various portable array experiments, along with the locations of the
certified Australian IMS stations, are shown in Figure 2. The first portable array
experiment (NSW1) was carried out in late February and March 2006 at a site in New
South Wales located between the Hunter Valley open-cut coal mining region north of
Sydney and infrasound station ISO5 Hobart in Tasmania. This experiment was motivated
by the observation that very few mining explosions on the Australian mainland are
observed at IS05. In contrast, infrasonic waves generated by open-cut mining explosions
at mines located at distances of 1000 km or more are observed frequently at ISO7. A large
number of mining explosions at near and regional distances were recorded during the
NSW1 experiment, but none of these events were detected at IS05. The second temporary
array (WRA1) was established about 18 km north of ISO7 Warramunga in early April
2006. This array was operated for a period of about 6 weeks and with sampling rates of
both 20 and 100 Hz. This experiment was designed to identify local infrasound signal and
noise sources at ISO7. Numerous local sources of small explosions were identified during
this experiment, most of which were located around the town of Tennant Creek at a
distance of about 40 km from IS07. A short experiment (QLD1) was then conducted near
the Mount Isa Mines smelter and the Mica Creek coal-fired power station in western
Queensland to see if significant infrasound was being generated by this industrial
complex. The results of this experiment indicate that relatively small amplitude



infrasound signals are generated by these installations at frequencies above 2 Hz. It
appears that infrasound from these sources will not be detectable at distances beyond 100
km. Finally, a temporary array (QLD2) was established for a six-week period nearly half
way between IS07 and the extensive Bowen Basin coal-mining region in eastern
Queensland and almost due south of the Century Zinc Mine in far north Queensland. This
experiment was designed explicitly to extend the observational database for correlation
studies to different distances and different propagation paths.

3.2. Portable Infrasonic Array Equipment

A 4-element portable infrasonic array was constructed with a Chaparral Physics
Model 5.1 microbarometer located at each array element. In most cases the arrays were
deployed in an irregular centered triangle configuration with an aperture of about 300 m.
Data was recorded (usually at 20 and 100 Hz) on Refraction Technology 24-bit model
130-01 digital recorders located at each array element. Power is supplied at each array
element by a solar power system and time is maintained at each site to within 5
microseconds using independent GPS clocks.

The Chaparral Physics Model 5.1 microbarometer has a particularly low sensitivity to
seismic vibrations and the electronic noise floor is several orders of magnitude below that
of the MB2000 microbarometer. MB2000 microbarometers are used at all IMS stations in
Australia. The microbarometers at each site in the portable array are connected to an
efficient wind-noise-reducing system constructed from four 15-m lengths of porous
garden hose arranged in a spiral configuration around the microbarometer. Porous hose
systems provide effective wind noise reduction and these systems do not usually exhibit
unwanted resonances. We have found, however that porous hose wind noise reducing
systems do not work if the hose is saturated by rain. The properties of these hoses may
also change substantially if they are used in a dusty environment or under conditions
where they are immersed in silt-laden groundwater.

3.3. Data Processing

All data from infrasound stations IS0O4 Shannon, IS05 Hobart and IS07 Warramunga
and data recorded during the portable array experiments have been processed using a
standard automatic signal detection algorithm developed by Dr. David Brown at
Geosciences Australia. Signals are identified using pre-set thresholds on both the array-
averaged correlation coefficient and the Fisher F-statistic.

The analysis is carried out in 11 overlapping passbands (see Table 1) that span all
infrasound frequencies. Passband 4 (0.2 — 0.7 Hz) is used only with array elements in the
large aperture sub-array at IMS stations in an attempt to improve detection capability on
the high frequency side of the microbarom peak. This procedure can be expected to
improve detection for signals from distant explosions since the spatial correlation
between array elements in this larger aperture array is reduced for microbarom signals.
The longer period passbands centered at frequencies below 0.06 Hz will be of interest
from a monitoring perspective only in the case of very large explosions. Infrasonic
signals detected in these very long period passbands are of scientific interest, however,
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since they include long-period auroral-generated signals, orographically-generated
signals and other poorly understood long-period infrasonic signals.

Table 1. Analysis Passbands Used in Routine Data Processing

Passband Comment
1. |1.6—-7.0Hz High-Frequency Passband: Used with high-frequency
small aperture sub-array only.
2. 108-2.0Hz All array elements
3. 104-12Hz Primary monitoring passband. All array elements.
4. 10.2-0.7Hz Used with large-aperture 4-element sub-array only
5. 10.1-0.5 Microbarom passband. All array elements
6. 10.06-0.1 Hz Long-period monitoring passband. All array elements.
7. 10.03-0.07 Hz All array elements
8. 10.016-0.033 Hz All array elements
9. 10.007-0.02 Hz All array elements
10. | 0.002 - 0.007 Hz All array elements
11. | 0.0017 —0.004 Hz All array elements

All data recorded to date at IMS infrasound stations [S04, IS05 and IS07, including
the very large archived data set from IS07 has been processed. The starting date for each
IMS station data set is given in Table 2. This analysis has resulted in the detection of a
very large number of infrasonic signals, including signals from local, regional and distant
mining explosions, earthquake-generated infrasonic signals, aircraft-generated signals,
signals from volcanic explosions, bolide-generated signals, continuous monochromatic
signals of unknown origin, signals from industrial activity, microbaroms generated by
intense storms over the Southern Ocean, tropical cyclones off the east and west coasts of
Australia and typhoons north of Papua-New Guinea, orographically-generated infrasound
and auroral-generated infrasound.

Table 2. Operational Starting Date for IMS Infrasound Stations in Australia

Station Operational Starting Date
1S04 Shannon 01 April 2006

IS05 Hobart 01 July 2004

IS07 Warramunga 21 March 2001

4., RESULTS AND DISCUSSION

As noted in the Introduction, the work carried out during this project has identified
three potentially serious problems that may limit detection capability at IMS infrasound
stations:

a) Problems associated with the loss of higher frequency signal components in the
primary monitoring passband,
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b) Detection problems associated with a low degree of signal coherence between
array elements and

c¢) Problems with high levels of wind-generated background noise.

These problems and proposed solutions to these problems are discussed in the
following sections.

4.1. Decay of Higher Frequency Infrasonic Signal Components

The establishment of the International Monitoring System (IMS) for verification of
the Comprehensive Nuclear-Test-Ban Treaty has led to an emphasis on the detection of
small nuclear explosions with yields of less than a few kilotons. Since the dominant
frequency of infrasonic waves observed from smaller nuclear explosions at distances
comparable to the average separation of stations in the IMS network is relatively high,
there has been a tendency in recent years to focus only on the detection of explosion-
generated infrasonic waves at high frequencies (> 0.5 Hz) only. The initial work in this
project showed that the detection of longer-period thermospheric infrasound components
from regional and distant explosions should not be ignored. Indeed, good detection
capability at frequencies both above and below the microbarom passband is essential to
ensure that atmospheric nuclear explosions at any place on the globe can be reliably
detected and located by the 60-station IMS infrasound monitoring network. In some
circumstances, longer period thermospheric components may be the only detectable
waves observed at an infrasound monitoring station. Even if the higher frequency
stratospheric components are detected, the detection of a thermospheric phase provides
additional information that can be used to reduce source location error estimates. Good
detection capability for longer period thermospheric infrasound is essential for the
reliable monitoring of the vast open ocean regions in the Southern Hemisphere.

A good example of the need for good detection capability at long periods is provided
by observations of signals at ISO5 Hobart from the explosive eruption of Manam volcano
located near the northern coast of Papua New Guinea (see Figure 2) on January 27, 2005.
In the case of the Manam volcano eruption, the only signals observed at IS05 at a
distance of 4261 km were long-period (0.01 to 0.1 Hz) thermospheric infrasonic waves.
All high frequency signals were eroded away completely along the essentially meridional
propagation path between Manam Volcano and the ISOS5 array. In contrast, both high
frequency stratospheric signals and low frequency thermospheric signals were detected at
IS07 Warramunga at a distance of 2103 km. Record sections showing the low-frequency
infrasonic signals observed at IS05 and the high-frequency and low-frequency
observations at IS07 are shown in Figures 5 and 6 respectively. A series of bandpass
filtered signals spanning the frequency range from 0.03 Hz to 9.0 Hz is shown in Figures
7 and 8 for data recorded at ISO5 and ISO7. As can be seen from these examples, signals
with large signal-to-noise ratios were observed at both ISO5 and IS07 at low frequencies.
However, stratospheric signals with frequencies above 0.1 Hz were not detected at ISOS5.
It is interesting to note that signals from Manam volcano were detected in routine
automatic processing of data from IS07 at frequencies of up to at least 2.0 Hz. Signals at
IS07 were also detected at frequencies in the microbarom passband between 0.06 and 0.1
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Hz. A careful examination of the Manam volcano data recorded at ISO7 shows that very
high frequency signals with significant energy content were recorded at frequencies of up
to at least 5 Hz. However, the degree of signal correlation between the array elements at
IS07 for signals with frequencies above 2.0 Hz is very small. This potentially serious
problem is discussed in detail in Section 4.2. Signals from the Manam eruption were also
recorded at several other distant IMS arrays (Campus et al., 2005) and in almost all cases,
these distant observations were also restricted to long-period thermospheric waves.
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Figure 5. Low-frequency (0.05 to 0.1 Hz) thermospheric infrasonic signals observed at
IS05 Hobart from the explosive eruption of Manam Volcano on 27 January 2005.
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Figure 6. High frequency and low-frequency infrasonic signals observed at ISO7
Warramunga from the explosive eruption of Manam Volcano on 27 January 2005.
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Figure 7. Bandpass filtered signals observed at ISO5 Hobart from the explosive eruption
of Manam Volcano on 27 January 2005.
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Figure 8. Bandpass filtered signals observed at IS07 Warramunga from the explosive
eruption of Manam Volcano on 27 January 2005.
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A second example of the detection of longer period signals from an atmospheric
explosion is provided by observations at IS05 and IS07 of infrasonic waves generated by
a spectacular bolide that was visually observed along the southeast margin of Australia at
about 04:15 AM local time (18:15 UT) on Dec. 5, 2004. The event was located over the
New South Wales coast at about 31.7 °S, 152.6 °E, roughly halfway between Port
Macquarie and Taree (see Figure 2). Higher frequency stratospheric signals generated by
this bolide explosion were observed at both ISO5 and IS04. In contrast with the
observations at IS07, delayed long period thermospheric signals were also observed at
IS05 at frequencies below 0.1 Hz. No signals were detected in the microbarom passband
(0.1 to 0.5 Hz) at IS0S.

The high-frequency stratospheric waves and delayed low frequency thermospheric
waves observed at ISO5 Hobart are illustrated in Figure 9. The high- and low-frequency
observations of the New South Wales Bolide at ISO7 Warramunga are shown in Figure
10. Long-period waves with frequencies below 0.1 Hz cannot be seen in the long-period
record section and this is verified by the complete lack of detections at frequencies below
0.1 Hz in the routine processing of data from IS07. Reports in the media indicate that the
New South Wales bolide was accompanied by a number of separate audible explosions.
This may account for the observed morphology of the signals shown in Figures 9 and 10.

The frequency content of the observed bolide signals at ISO5 and IS07 is shown in
greater detail in Figures 11 and 12. As in the case of infrasound detections of the Manam
explosion at IS05, the high level of background noise due to coherent microbaroms
precluded any detection of signals in the passband from 0.1 to 0.5 Hz. The presence of
signals can be seen in the 0.1 to 0.5 Hz filtered data shown in Figure 12 for IS07 and
these signals were easily detected during the automatic processing of data from this
station.
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Figure 9. High-frequency and low-frequency observations at ISO5 Hobart of the New
South Wales bolide on Dec. 5, 2004. The distance to the station is 1270 km. All long-
period signals recorded after 18:32 are thermospheric signals.
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Figure 10. High- and low-frequency observations of the New South Wales bolide on Dec.
5, 2004 at ISO7 Warramunga. The distance to the station is 2260 km. Long-period waves
with frequencies of less than 0.1 Hz were not detected at ISO7.
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Figure 11. Bandpass filtered signals recorded at ISO5 Hobart from the New South Wales

bolide on Dec. 5, 2004. The weak thermospheric signals recorded in the 0.03 to 0.1 Hz
passband are highly coherent over the array.
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Figure 12. Bandpass filtered signals from the New South Wales bolide on Dec. 5, 2004
recorded at ISO7 Warramunga.

The higher frequency signals observed at IS05 at a distance of 1270 km from the New
South Wales bolide are predominately stratospheric with a trace velocity of about 348
m/s. These signals are incoherent between array elements in the large aperture pentagon
sub-array at ISO5 at all frequencies above 0.5 Hz. The low frequency (f < 0.1 Hz) signals
detected at ISO5 are dominated by delayed coherent thermospheric signals with a trace
velocity of about 380 m/s. The higher frequency stratospheric signals observed at IS07 at
a distance of 2260 km are also incoherent between elements in the large-aperture
centered-triangle L array at ISO7.

The observations presented above show that the higher frequency components in
explosion-generated infrasonic signals decay fairly rapidly with distance from the source
and may not be detectable at frequencies above 0.1 Hz at distances that are comparable
with distances between stations in the global IMS infrasound monitoring network. The
spectral content of signals in this distance range will depend strongly on prevailing
atmospheric waveguide conditions and on the distance from the source. It is clearly
essential to ensure that routine data analysis procedures include a search for longer period
signal components at frequencies below the microbarom passband. These initial
observations also emphasize the need for a good understanding of the spatial correlation
properties of infrasonic waves generated by regional and distant explosions.
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The essential conclusions that can be drawn from this initial investigation are:

a)

b)
c)

d)

Higher frequency infrasonic signal components from atmospheric explosions
decay fairly rapidly with distance. Observations of distant explosions may be
limited to longer period components when propagation is restricted to a
thermospheric waveguide;

The optimal detection passband will depend on the distance to the source;
Detection capability for higher frequency signal components from distant
explosions may be significantly reduced by the loss in signal coherence between
array elements;

Automatic routine signal processing for the monitoring of explosions should be
carried out in passbands that span the complete frequency range from 0.01 Hz and
2.0 Hz;

All infrasonic phases, including longer period thermospheric phases should be
detected and used in location and discrimination algorithms.

4.2. Signal Correlation and Optimal Infrasonic Array Design

The results described in Section 4.1 for observations of infrasound from the Manam

explosive eruption on 27 January, 2005 and the New South Wales bolide on Dec. 5, 2004
indicate that the small degree of signal correlation between array elements at frequencies
above 0.5 Hz may limit the detection of small nuclear explosions when automatic
processing of infrasonic array data is based on correlation algorithms. This problem is
illustrated in Figure 13 for infrasonic signals recorded at ISO7 from the Manam Volcano
explosion with frequencies in the passband from 0.8 to 2.0 Hz.

1307 Warramunga_Manam Volcano 27 Jan. 2005
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Figure 13. Comparison of highly correlated signals from the Manam Volcano explosion
on 27 January 2005 recorded at sites in the small aperture H-array at ISO7 with
uncorrelated signals recorded at sites in the large aperture L array. Data has been
bandpass filtered between 0.8 and 2.0 Hz.
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As can be seen from Figure 13, the high-frequency signals recorded at a distance of
2103 km from the Manam Volcano explosion have a fairly high degree of correlation
between elements in the small aperture H-array and a much smaller degree of correlation
between elements in the large aperture L-array. Array sites H2, H3 and H4 in the small
aperture sub-array are separated by about 380 m. Sites L2, L3 and L4 in the large
aperture array are separated by about 2 km. In this case, automatic signal detection using
correlation techniques is essentially limited to data recorded on the small aperture sub-
array. The addition of the central element H1 significantly improves the detection
capability of the small aperture sub-array in the 0.8 to 2.0 Hz passband.

It might be expected that the degree of signal correlation between array elements from
explosion sources that lie at near regional distances from the monitoring array would be
much larger than the degree of correlation observed for sources that lie at distances of
more than 2000 km. We have found, however, that the degree of signal correlation
between array elements may also be significantly attenuated even when the source lies at
distances of less than 500 km. This is illustrated in the high-frequency bandpass filtered
data shown in Figure 14 for infrasonic waves generated by a mining explosion located at
a distance of 482 km from ISO7. The degree of signal correlation is fairly high (> 0.8)
between elements in the small aperture (380 m) sub-array (H1, H2, H3 and H4) and fairly
low (< 0.5) between all elements in the large aperture (2.0 km) sub-array (L2, L3, L4).
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Figure 14. Coherent (H-array) and incoherent (L-array) infrasonic signals observed on 20

September 2002 at ISO7 from an open-cut explosion at the Granites Gold Mine. Data has
been bandpass filtered between 0.4 and 2.0 Hz. The distance to the source is 482 km.
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It seems clear that the optimal design of an infrasonic monitoring array will depend
critically on a good understanding of the properties of infrasonic signal correlation as a
function of frequency and distance between the array elements. The spatial coherence of
infrasonic signals has been studied extensively since the pioneering work of Gossard
(1969), Gossard and Sailors (1970) (see also Gossard and Hooke, 1975) and Mack and
Flinn (1971). Mack and Flinn (1971) have provided convincing evidence to show that the
observed loss of signal coherence along the direction of wave propagation is due to a
small variation, £ AC, in the velocity of the waves while the observed loss of coherence
along the wavefront is due to a small variation, £ A&, in the azimuth of the waves. The
coherence parameters AC and A@ may be frequency and range dependent and the loss in
coherence parallel to the wavefront is significantly greater than the loss in coherence
normal to the wavefront. This relatively simple model captures the essential physics of
the subject and will be adopted here. The physical processes that give rise to spatial
decorrelation of infrasonic signals remain poorly understood. It seems reasonable to
assume that decorrelation is mainly due to propagation effects associated with wave
propagation through an inhomogeneous medium with turbulence and/or small-scale
variations in wind speed.

Mack and Flinn (1971) compared model predictions with observations of relatively
long-period infrasound generated by large distant nuclear explosions. Blandford (1997,
2000, 2004) extended the work of Mack and Flinn to higher frequency infrasound and
further studies have been reported by Armstrong (1998), McCormack (2002), and
Christie et al. (2005a, 2006, 2007). Observations of signal correlation between sensors
aligned roughly parallel and perpendicular to the wavefront were used by Mack and Flinn
to determine the model parameters Ac and AO. Blandford’s parameters for higher
frequency infrasound differ slightly from those found by Mack and Flinn. Typically, for
large distances, Ac = 15 m/s and A8 = 5° (Blandford, 1997). However, there is some
uncertainty in the choice of Ac and A0 since the observations exhibit considerable scatter.

The model of Mack and Flinn (1971) is based on the assumption that the signal is
described for a given frequency, f, by a normalized uniform distribution, F(k,f), defined
by the window £ Ac and £ A@ in frequency-wavenumber space. Integrating the spatial
Fourier transform of the wavenumber spectrum F(K,f) over the area where F(K,f) # 0, and
normalizing the result to unity when |r| = 0, gives an expression at frequency, f, for the
coherency, v, and correlation, C, between two sensors separated by vector I, which can
be written in the form:

2 2
[sin(27xsin(A8) /T )| |sin(27yac/(cT ¢ + Ac))

‘ 27X SIH(AQ)/CT ‘ ‘ 27Z'yAC /(CT (C + AC) ‘ (1)
2

c(r,T)=+2(r.7)=

Here, T is period, c is the mean phase velocity, ) © is squared coherence, Ac and A6
are model parameters for the deviations in velocity and azimuth, and X and y are the
components of the vector separation, I', of the infrasound sensors. Mack and Flinn note
that more realistic F(K,f) distributions can be used to define wave amplitudes that
gradually reduce to zero from a central maximum, but the results obtained using these
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distributions are essentially the same as those described by expression (1). The Mack and
Flinn model predicts that signal correlation will depend only on Ac when sensors are
aligned normal to the wavefront and only on A® when sensors are aligned parallel to the
wavefront when Ac and A are small.

Expression (1) can be plotted for y = 0 and constant T to give the Mack and Flinn
limiting curve for the variation of correlation between two sensors as a function of sensor
separation for sensors aligned parallel to the wavefront. Similarly, a plot of expression (1)
with x = 0 and constant T gives the Mack and Flinn limiting curve for the variation of
correlation as a function of sensor separation for sensors aligned normal to the wavefront.
Examples that illustrate these two limiting curves are shown in Figure 15 for 0.5, 1 and 2
Hz infrasonic waves. This figure is adapted, in part, from Blandford (2000) and includes
data from two different shuttle launches recorded at DLIAR (2500 km) and IS10 Lac du
Bonnet (2800 km). The Mack and Flinn limiting curves shown here are calculated for
Ac=12,15and 18 m/s and A@ =5°, 6° and 7°. As can be seen from this Figure, signal
correlation between two array elements is strongly dependent on the separation between
the elements and on the frequency of the wave. The data illustrated in Figure 15 for
periods of 0.5 and 1.0 seconds exhibit considerable scatter, but the overall trends are
clear. The degree of signal correlation between sensors decreases rapidly as sensor
separation increases and as frequency increases. In addition, the degree of signal
correlation depends strongly on the alignment of the sensors with respect to the
wavefront at large sensor spacing or at high frequencies. The parameters adopted by
Blandford (2000), Ac= 15 m/s and A@ = 5°, provide a reasonably good fit to the data,
but they may be slightly too restrictive. We shall however continue to use Blandford’s
parameters in the correlation calculations presented below.
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Figure 15. Correlation of 0.5, 1.0 and 2.0 Hz infrasonic signals parallel and perpendicular
to the wavefront as a function of sensor spacing (adapted in part from Blandford (2000)).

The Mack and Flinn model provides a good description of the observed decrease in
signal correlation between two infrasonic sensors as the distance between the sensors is
increased, the dependence of correlation on sensor pair orientation with respect to the
wavefront, and the rapid decrease in correlation with increasing frequency. In view of the
simplified representation, F(K,f), used in the derivation of the Mack and Flinn model to
model the distribution of waves in the wavenumber domain, it must be expected that the
model will only provide an approximate fit to signal correlation observations. However,
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the functional form of expression (1) does provide a reasonable description of all
observed signal correlation properties.

The comparison of data illustrated in Figure 15 is an example of the traditional
method that has been used in the past to compare infrasonic wave coherence observations
with theory. This method works well when it is possible to find pairs of array elements
separated by a range of distances and aligned both along and perpendicular to the
wavefront. The method is less useful when the array contains a small number of array
elements where few, if any, array element pairs are aligned normal and perpendicular to
the wave propagation direction. We have therefore decided to use a different comparison
method that can be applied directly to any array configuration and which includes
implicitly a contribution from all array element pairs. The method, which is based on the
use of the predicted azimuthal variation of the array-averaged correlation coefficient, also
allows the model predictions at a specified frequency to be compared directly on the
same plot with observed infrasonic wave correlation data corresponding to sources
located at any azimuth.

An important feature of the predicted array-averaged correlation coefficient
distribution is that this polar distribution provides a unique array characteristic, which can
be used to measure array performance. This then provides a basis for the design of an
optimal infrasonic array.

Consider first the azimuthal variation of the signal correlation between two sensors as
predicted by the Mack and Flinn model. The predicted azimuthal variation as defined by
expression (1) is plotted in Figures 16 in polar coordinates as a function of both sensor
separation distance and wave period. These curves have been calculated with the same
parameters as those used by Blandford (2000) and the results at the extremes can be
compared with the limiting Mack and Flinn curves shown in Figure 15.

The curves shown in Figure 15a correspond to a sensor separation of 1.0 km. In this
case, the azimuthal variation of the predicted correlations is almost isotropic when the
period exceeds 2.0 seconds, although the maximum reduction in correlation along the
wavefront direction is still significant for T = 2.0 seconds. The degree of anisotropy in
the azimuthal distribution increases rapidly as period decreases below 2.0 seconds. This
indicates that the dominant contribution to the overall array-averaged correlation
coefficient at higher frequencies will come from array element pairs that are aligned more
or less in the wave propagation direction and suggests that some array configurations
may exhibit azimuthally-dependent detection characteristics. This will be illustrated
further in the results presented below.

The results illustrated in Figure 16b for the azimuthal variation of the correlation
between two sensors as a function of sensor spacing are similar in form to those shown in
Figure 16a. The azimuthal distribution is essentially isotropic at a frequency of 1 Hz
when the sensor separation distance is less than about 0.3 km and highly anisotropic
when the separation is more than about 1.0 km. Again these results suggest that certain
array configurations may exhibit detection characteristics that are azimuthally biased at
higher frequencies.
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Correlation as a function of period, T, for  Correlation as a function of sensor
two sensors separated by D = 1.0 km. separation, D, for T =1 second.

Figure 16. Predicted azimuthal variation of signal correlation between two sensors as a
function of a) wave period, T, and b) station separation, D. Ac= 15 m/s and A8 = 5°.

The predicted degree of correlation between any pair of sensors in an array with a
separation vector I for infrasonic waves from all azimuths is specified, at a given
frequency, by expression (1). Thus, the predicted correlations for all wave back-azimuths
can be calculated for each individual sensor pair in the array in a common geographic
coordinate system where the wave back-azimuth is measured from north. The results for
each sensor pair can be then be averaged over the array to give a predicted normalized
array-averaged correlation coefficient for all wave back-azimuths. The resulting polar
distribution of the array-averaged correlation coefficient is thus a unique characteristic of
the array configuration, the parameterization of Mack and Flinn theory, and the specified
frequency. As noted above, each sensor pair in the array contributes to the predicted
array-averaged correlation coefficient for any wave back-azimuth direction and thus the
observed normalized array averaged correlation coefficients from all sources can be
plotted on the same diagram and compared directly with the theoretical predictions.

In order to illustrate this procedure, we focus initially on the predicted results for
arrays with a small number of array elements in order to emphasize potential problems
with the reliable detection of infrasonic signals from regional and distant explosions.
More specifically, we choose for illustration the following tripartite sub-arrays from IMS
infrasound station ISO7 Warramunga (see Figure 3):

a) A large aperture (about 2.0-km) array defined by array elements L2, L3 and L4,

b) A medium aperture (about 1.5 km) array defined by array elements H2, L3 and L4
and

c) A small aperture (about 0.3 km) array defined by array elements H2, H3 and H4.

This procedure allows us to compare directly the theoretical predictions of the array-
averaged correlation coefficient for sparse arrays with array averaged signal correlations
of infrasonic signals observed at ISO7. The predicted azimuthal distributions of the array-
averaged correlation coefficients for this set of sub-arrays at IS07 at three different
frequencies along with the specific sub-array configurations are shown in Figure 17.
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Figure 17. Predicted azimuthal variation of the array-averaged correlation coefficient for
a large-aperture (~2 km) sub-array (in green), a medium aperture (~1.5 km) sub-array (in
red) and a small aperture (~0.3 km) sub-array (in blue) at [ISO7 Warramunga, Australia.
Azimuth is measured from north. The calculations are based on Ac = 15 m/s and A = 5°
as found by Blandford (1997).

As noted above, the azimuthal distribution of the array-averaged correlation
coefficient provides a unique characteristic of the array configuration, which can be used
to assess array detection capability. The results presented in Figure 17 show that the
array-averaged correlation coefficient for sparse arrays may be strongly anisotropic at
higher frequencies when the array aperture is large. The results also indicate that regional
and distant explosions may not be detected reliably on larger aperture triangular arrays at
frequencies above 1 Hz.

Examples of the comparison between signal correlation observations and model
predictions for the large-, medium- and small-aperture sub-arrays at ISO7 are shown in
Figures 18a, 18b, 19a, and 19b for both naturally-occurring distant explosions and
regional and distant mining and other chemical explosions.

The observations shown in Figures 18 and 19 are in fairly good agreement with
model predictions. Observed signal correlation decreases rapidly with increasing
frequency and with increasing array aperture in agreement with theory. The observations
confirm that the degree of signal correlation of infrasound from regional and distant
explosions is very low on sparse arrays with apertures of about 1 km or more at
frequencies above 1 Hz. The degree of signal correlation will also be unacceptably small
at all frequencies in the primary monitoring passband (0.4 to 1.2 Hz) if the array aperture
exceeds 2 km.
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Figure 18a. Comparison of predicted and observed array-averaged correlation
coefficients for 2.0 Hz infrasonic signals from distant volcanic and bolide explosions
recorded on small, medium and large aperture sub-arrays at ISO7 Warramunga.
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Figure 18b. Comparison of predicted and observed array-averaged -correlation
coefficients for 0.5 and 1.0 Hz infrasonic signals from distant volcanic and bolide
explosions recorded on small, medium and large aperture sub-arrays at IS07.
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Figure 19a. Comparison of predicted and observed array-averaged correlation
coefficients for 2.0 Hz infrasonic signals from regional mining and other chemical
explosions recorded on small, medium and large aperture sub-arrays at IS07.
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Figure 19b. Comparison of predicted and observed array-averaged correlation
coefficients for 0.5 and 1.0 Hz infrasonic signals from regional and distant mining and

chemical explosions recorded on small, medium and large aperture sub-arrays at [SO7.

26



The results presented in Figures 18 and 19 show that the monitoring capability of
triangular arrays with apertures of more than 2 km for small nuclear explosions will be, at
best, marginal.

As part of this investigation of infrasound signal correlation properties, we have
carried out a thorough survey of all detected explosion-generated events at certified IMS
infrasound stations in Australia. An important result of this survey is the observation that
the optimum passband for the detection of infrasound from regional and distant
atmospheric explosions with yields of less than a few kilotons is restricted to a frequency
range from about 0.4 to 1.2 Hz. The lower limit on this passband is determined by the
presence of microbarom signals and the upper limit is set by the loss in signal correlation
between array elements at higher frequencies. We will refer to this passband as the
primary monitoring passband. The optimal detection passband for larger explosions may
lie at frequencies below 0.1 Hz.

The predicted azimuthal distribution of the array-averaged correlation coefficient
will now be used to determine the detection capability of 4-element rectangular and
centered triangle infrasonic arrays, representative 8-element IMS arrays and 8- and 9-
element pentagon arrays with triangular high-frequency sub-arrays.

The predicted azimuthal variation of the array-averaged correlation coefficient for a
1.5 km x 0.5 km rectangular array (Figure 20) provides a good example of an asymmetric
sensitivity pattern at frequencies in the primary monitoring passband. The predicted
correlation coefficient is also substantially attenuated at all azimuths at a frequency of 1.0
Hz. Spatial aliasing is a serious problem with 4-element array configurations of this type.
The performance of rectangular arrays is very poor and they should not be used for
explosion monitoring purposes.

0.5 x 1.5 km Rectangle Array

1.5 Km

Figure 20. Azimuthal distributions of the array-averaged correlation coefficient predicted
by the Mack and Flinn (1971) model for a 1.5 x 0.5 km rectangular array at frequencies
0f 0.3, 0.5 and 1.0 Hz. The correlation model parameters are Ac = 15 m/s and AB = 5°
(Blandford, 1997).

A number of infrasonic arrays in the global monitoring network have been
established as 4-element arrays with symmetrical centered triangle configurations. It is
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well known that spatial aliasing of higher frequency signals is a potentially serious
problem with these symmetrical 4-element arrays and existing arrays of this type in the
IMS network are gradually being upgraded to 8-element arrays. We now examine the
performance characteristics of centered triangle arrays from a signal correlation
perspective. The calculated azimuthal distribution of the array-averaged correlation
coefficient for centered triangle arrays with apertures of 1.0, 2.0 and 3.0 km are compared
in Figure 21 for signals with frequencies of 0.5, 1.0 and 2.0 Hz.

g Centered Triangle Arrays with Apertures of 1.0, 2.0 and 3.0 km
0.5 Hz 1.0 Hz 2.0Hz

1.0 Km Aperture

N

2.0-Km Aperture 270°

240°

3.0-Km Aperture 2.0 Km 3.0 Km 20Km 3.0 Km 2.0 Km 3.0 Km

Figure 21. Azimuthal distributions of the array-averaged correlation coefficient predicted
by the Mack and Flinn (1971) model for symmetrical centered triangle array
configurations at frequencies of 0.5, 1.0 and 2.0 Hz. Results are shown in blue for a 1.0-
km aperture array; in green for a 2.0-km aperture array and in red for a 3.0-km aperture
array. The correlation model parameters are Ac = 15 m/s and A0 = 5° (Blandford, 1997).

The predicted azimuthal array-averaged correlation patterns illustrated in Figure 21
for symmetrical centered triangle arrays are all reasonably isotropic. However, the
predicted array-averaged correlation coefficient shows that there is a serious loss in signal
correlation between array elements in most cases. The signal correlation results indicate
that centered triangle arrays will have reasonable signal detection capability (ignoring the
spatial aliasing problem) at a relatively low frequency of 0.5 Hz provided the array
aperture is 2.0 km or less. The array correlation coefficient for 3.0-km arrays is
significantly attenuated at 0.5 Hz. Detection capability for distant explosions will be
reasonably good for 1.0-km aperture arrays, but very limited, at best, for 2.0- and 3.0-km
aperture arrays at 1.0 Hz. The results presented for a frequency of 2.0 Hz show that signal
correlation will be very small for all centered triangle arrays with apertures of 1.0 km or
more at frequencies of 2.0 Hz or more. Higher frequency signals from distant explosions
will not be detected reliably on centered triangle arrays with apertures of 1 km or more
using automatic processing algorithms based on signal correlation

It might be expected that infrasound monitoring stations with 8 array elements
arranged in a configuration with reasonable side-lobe suppression would have generally
acceptable signal correlation properties. However, we have found that this is not
necessarily true. This can be illustrated by the correlation properties for the three
operational 8-element IMS infrasound monitoring stations, IS04, IS05 and IS07, located
on the Australian continent. As can be seen from the array responses for each of these
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stations (Figure 3), the array configurations at S04, IS05 and IS07 exhibit fairly good
side-lobe suppression. Each of these stations is configured in the form of a large aperture
(“long-period”) array with a small aperture (‘“high-frequency”) sub-array. However, the
array configurations at each of these stations differ substantially. The calculated polar
distributions of the array-averaged correlation coefficients for the arrays at IS04, ISO5
and ISO7 are shown in Figure 22 for frequencies of 0.5, 1.0 and 2.0 Hz.

1S04 IS04 Shannon, IS05 Hobart and 1IS07 Warramunga IMS Infrasonic Arrays
. 0.5 Hz 1.0 Hz 20 Hz

Figure 22. Azimuthal distributions of the predicted array-averaged correlation coefficient
for 8-element IMS infrasound arrays at [S04, ISO5 and IS07 at frequencies of 0.5, 1.0 and
2.0 Hz. The azimuthal variation of the array-averaged correlation coefficient is shown in
green for the array at IS04; results in red correspond to the array at ISO5 and results in
blue correspond to the array at ISO7. The array configurations are shown on the left hand
side of the diagram. Calculations were carried out with Ac = 15 m/s and A = 5°.

As can be seen from Figure 22, the signal correlation properties of all arrays are fairly
good at a frequency of 0.5 Hz, but the arrays at [S04 and IS05 exhibit some asymmetry in
the azimuthal distribution of the array-averaged correlation coefficient. In addition, the
array correlation in each case is attenuated, which reflects a loss in signal correlation
between some site pairs in the array. The loss in signal correlation is much more
pronounced at a frequency of 1.0 Hz. The polar distributions of the array-averaged
correlation coefficient for [ISO4 and ISOS5 are also anisotropic at 1.0 Hz, which means that
the sensitivity of these arrays is azimuthally dependent. The results for all arrays at a
frequency of 2.0 Hz show that contributions to the array correlation coefficient are almost
entirely due to site pairs in the high frequency sub-array. Thus, each of these arrays is
reduced effectively to a small aperture sub-array at high frequencies. Detection at a
frequency of 2.0 Hz is still possible at these arrays, but overall capability is reduced and
the error on azimuthal measurement is increased. The array at ISO7 with the small
aperture sub-array embedded inside the main array has better performance characteristics
than the arrays at IS04 and IS05. Small aperture “high-frequency” sub-arrays should not
be located outside the main array configuration.

The procedures outlined above will now be used to determine optimal infrasonic
arrays for monitoring regional and distant explosions. It is easy to design an optimal array
with acceptable response and correlation characteristics when the number of array
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elements is large. However, cost considerations in the IMS limit the number of array
elements to a maximum of about 9. The search for an optimal array design will therefore
be primarily concerned with 8- and 9-element arrays. We assume that the overall aperture
of the array should be between 1.0 and 3.0 km and the array should be optimized for
detection in the primary monitoring passband (0.4 to 1.2 Hz). The first step in this
process is to determine a basic array configuration with an acceptable array response.
This initial problem is essentially resolved for arrays with 8 or more array elements.
Arrays with good side-lobe suppression can be designed using a larger aperture pentagon
main array with an enclosed smaller aperture triangular sub-array, arrays in the form of a
logarithmic spiral and arrays with randomly configured array elements. In recent years,
there has been a tendency to install new 8-element arrays in the IMS in the form of a
small aperture triangular array embedded inside a larger aperture pentagon array. We
shall adopt this well-known basic configuration along with a similar 9-element
configuration as basic designs for a suitable IMS infrasound monitoring array. The
parameters that need to be optimized are the overall aperture of the main array and the
size of the enclosed triangular sub-array. The array configuration and typical response of
the 8- and 9-element pentagon arrays are illustrated in Figure 23. The response of each of
these arrays is quite good. Both arrays have a few problematic side-lobes, but these can
be effectively eliminated by using either (or both) slightly irregular central triangles or
slightly irregular pentagons. The 9-element array is more robust than the 8-element array
since the 9-element array will continue to have fairly good performance characteristics
even when one of the array elements is down.

Examples of the predicted azimuthal variation of the array-averaged correlation
coefficient for each of these basic array designs are presented in Figures 24 and 25 for
overall array apertures of 1.0, 2.0 and 3.0 km, a triangular sub-array aperture of 0.3 km
and frequencies of 0.5, 1.0 and 2.0 Hz. The results found for the 9-element array are only
slightly better than the results found the 8-element array. In all cases, the azimuthal
correlation patterns are nearly isotropic, even at high frequencies. However, in the case of
the 2-and 3-km aperture arrays, the correlation coefficient at frequencies of 1.0 Hz or
higher is attenuated and dominated by contributions from the small aperture triangular
sub-array. In contrast, the 1.0 km aperture array has fairly good correlation characteristics
even at a frequency of 2.0 Hz. We have examined the performance of each of these
configurations for a wide range of sub-array apertures. The performance of the 8-element
array deteriorates at higher frequency when the aperture of the central triangular sub-
array exceeds about 250 m. The performance of the 9-element array at higher frequencies
is largely independent of the size of the centered triangle sub-array up to an aperture of
about 300 m. The size of the central sub-array should be chosen to be as large as possible
in order to minimize the error on azimuthal measurements at high frequencies. Hence, we
conclude that the optimal design parameters for pentagon arrays are:

a) 8-element array: 1 km overall aperture with a 0.25-km aperture triangular sub-array.

b) 9-element array: 1 km overall aperture with a 0.30-km aperture centered triangle sub-
array.
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Figure 23. Array configuration and response of 8-element and 9-element pentagon arrays.

@ 8-Element Pentagon Arrays with Apertures of 1.0, 2.0 and 3.0 km
0.5Hz 1.0 Hz 2.0Hz

1.0 Km Aperture

3.0-Km Aperture 2.0 Km 3.0 Km 20Km 3.0 Km 2.0Km 3.0 Km

Figure 24. Azimuthal distributions of the array-averaged correlation coefficient predicted
by the Mack and Flinn (1971) model for 8-element pentagon array configurations at
frequencies of 0.5, 1.0 and 2.0 Hz. Results are shown in blue for a 1.0-km aperture array;
in green for a 2.0-km aperture array and in red for a 3.0-km aperture array. The
correlation model parameters are Ac = 15 m/s and A® = 5° (Blandford, 1997).
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@ 9-Element Pentagon Arrays with Apertures of 1.0, 2.0 and 3.0 km
0.5 Hz 1.0 Hz 2.0 Hz

1.0 Km Aperture

3.0-Km Aperture 2.0 Km 3.0 Km 2.0 Km 3.0 Km 2.0 Km 3.0 Km

Figure 25. Azimuthal distributions of the array-averaged correlation coefficient predicted
by the Mack and Flinn (1971) model for 9-element pentagon array configurations at
frequencies of 0.5, 1.0 and 2.0 Hz. Results are shown in blue for a 1.0-km aperture array;
in green for a 2.0-km aperture array and in red for a 3.0-km aperture array. The
correlation model parameters are Ac = 15 m/s and AO = 5° (Blandford, 1997).

Other array configurations with at least 8 array elements can also be found with
acceptable responses and good performance characteristics. Two possible examples are
illustrated in Figure 26. In both cases, the optimal array design consists of a relatively
small sub-array with an aperture of about 300 m enclosed inside a larger aperture array
with an overall aperture of about 1 km. We recommend the use of the pentagon arrays
described above for nuclear explosion monitoring purposes since these arrays have a
well-defined geometry that can be easily implemented in the field.

(a) Logarithmic Spiral Arrays  (b) Random Configurations

Figure 26. Typical examples of logarithmic spiral arrays and arrays with randomly
configured elements.

As noted above, arrays with a large number of array elements can be designed with
excellent performance characteristics. A few examples are illustrated in Figure 27. The
14-element array shown in (b) and the 19-element array shown in (d) in Figure 27 are
particularly interesting since these arrays provide accurate measurements of signal
azimuth at high frequency. This is accomplished by arranging the array elements in small
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aperture clusters around the outer periphery of the array. The error on azimuthal
measurements of signal azimuth at longer periods can also be reduced in arrays of this
type by using an overall aperture that is larger than 1 km.

Arrays with a Large Number of Elements
@ ® ., © ° @ e,
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Figure 27. Typical examples of arrays with a large number of array elements.

In conclusion, the results presented in this Section show that the low degree of signal
correlation between array elements in arrays with a small number of array elements may
limit the reliable detection of regional and distant explosions at frequencies of 1.0 Hz and
higher. These results also show that the optimum passband for the detection of infrasound
from atmospheric explosions with yields of less than a few kilotons spans the frequency
range from about 0.4 to 1.2 Hz. The study of the signal correlation properties of typical
IMS arrays with a larger number of array elements shows that, even when an 8-element
array has good side-lobe suppression characteristics, signal correlation between array
elements may be reduced substantially and the sensitivity of these arrays may exhibit
significant azimuthal anisotropy at higher frequencies. An investigation of the properties
of 8- and 9-element pentagon arrays leads to the conclusion that arrays of this type have
good performance characteristics when the overall aperture of the array is 1.0 km and the
size of the inner triangular sub-array is set to an aperture of 0.25 km (8- element array) or
0.30 km (9-element array)

4.3. An Effective Wind-Noise-Reducing System

A number of different processes contribute to infrasonic background noise, including:

a) Wind-generated micropressure fluctuations associated with turbulent eddies in the
atmospheric boundary layer;

b) Microbarom infrasonic waves in the 0.1 to 0.4 Hz passband,
¢) Surf-generated infrasonic noise (usually at frequencies above 1.0 Hz);
d) Auroral-generated infrasound (usually at frequencies below 0.1 Hz);

e) Infrasonic noise generated by traffic, trains, aircraft, industry and other cultural
sources (usually high frequency);

f) Various naturally occurring infrasonic sources such as on-going volcanic
eruptions, forest fires, waterfalls etc.
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g) Mountain-generated infrasonic waves (frequencies below 0.1 Hz);

h) Long-period micropressure fluctuations associated with slowly propagating
gravity waves;

It is generally agreed that wind-generated noise is by far the most important source of
infrasonic background noise. In this Section, we describe a new technique for wind-
noise-reduction that has the potential to completely eliminate wind noise at infrasound
monitoring stations.

Wind noise is a serious problem at most infrasound monitoring stations in the global
network. At the present time, even with the use of current state-of-the-art wind-noise
reduction systems, turbulent wind noise will prevent the detection of infrasonic signals
from atmospheric explosions over significant periods of time if the array elements are
exposed to the ambient winds. The problem is particularly serious at stations located on
remote barren wind-swept islands and at stations located at high latitudes in the Arctic
and Antarctic. Continental stations located in open fields or in semi-desert areas with
sparse vegetation are also subject to high levels of wind noise, especially during the
daytime. Noise levels at these stations may be much lower during the night when the
upper level winds are decoupled from the surface by an intense nocturnal radiation
inversion. Wind noise levels will usually be within acceptable limits at infrasound
monitoring stations located in tall dense forests.

Typical background noise conditions at IMS infrasound monitoring stations can be
illustrated by the noise conditions at the three operating infrasonic monitoring stations in
Australia, 1S04, IS05 and IS07. The environment and background noise conditions (see
Figure 4) at each of these stations are described briefly in Section 3.1.1. ISO4 Shannon is
located in a very tall dense forest. Wind noise levels at this station are usually very low at
all times of day and night. Thus, this well-sheltered station has exceptionally good
detection capability in the primary monitoring passband. ISO5 Hobart is located in a fairly
sparse eucalyptus forest, which provides some shelter from the ambient winds. However,
the forest has been cleared around the array elements and this results in rapidly changing
wind-generated noise levels at most times of day and night which reduce the detection
capability for atmospheric explosions. The diurnal variation and erratic behavior of the
background noise at ISO5 can be seen in the typical wideband array record section
illustrated in Figure 28. ISO07 at Warramunga is located in a semi-desert environment with
little shelter from the ambient winds. Wind-generated noise levels are invariably high at
this station under daytime convective conditions when the boundary-layer winds are
coupled to the surface. The well-mixed boundary layer is replaced at night by a deep
stable nocturnal radiation inversion, which effectively decouples the boundary layer
winds from the surface and often results in very low noise conditions. The detection
capability of this station is generally poor during the daytime, but may be exceptionally
good at night. The diurnal behavior of the background noise levels at IS07 is illustrated in
Figure 29. ISO7 is also subject to sporadic nocturnal wind noise bursts associated with
highly nonlinear mesoscale solitary waves and internal bore wave disturbances (Christie,
1989) that propagate on the nocturnal inversion layer. A variety of these unusual
disturbances can be seen in the records shown in Figure 29.
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Figure 28. Typical wide-band micropressure signatures recorded at ISO5 Hobart over a
24-hour period. Time is given in UT (LT = UT + 10:00).

IS07 Warramunga 27 Sept. 2002
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Figure 29. Typical wide-band micropressure signatures recorded at IS07 Warramunga
over a 24-hour period. Time is given in UT (LT = UT + 09:30).
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The investigation of signal correlation described in Section 4.2 has shown that the
optimum passband for the detection of infrasound from regional and distant atmospheric
explosions spans the frequency range from about 0.4 to 1.2 Hz. It is convenient to
consider noise levels at a frequency of 1.0 Hz in order to discuss and assess the
importance of wind noise on the detection capability of infrasound monitoring stations.
Assuming that the signal-to-noise ratio for reliable detection of infrasound from regional
and distant atmospheric nuclear explosions with a yield of 1 kiloton must be at least 1.0
or higher leads to the requirement that power spectral density estimates of background

noise at 1.0 Hz must be less than about 0.5x10-5 Pa2/Hz. We note that this background
noise level at monitoring stations equipped with the best conventional noise-reducing
systems will be exceeded if the ambient winds (at a height of 2.0 m) are higher than about
2.5 m/s. We also note that average wind speeds during the daytime at typical unsheltered
continental monitoring stations are usually in the range from about 2.5 to 4.0 m/s. These
stations will therefore have poor detection capability during the daytime.

These remarks can be illustrated by the infrasonic background noise conditions at
IS07 (see Figure 30). All of the IMS stations in Australia, including IS07, use DASE
MB2000 infrasonic microbarometers with standard 18-m diameter, 96-port (or, in the
case of the L-array sites at IS07, 70-m diameter, 144 port) CTBTO rosette noise-reducing
pipe arrays (see Christie et al., 2001) on the input to the microbarometer. The lower limit
on the noise at these stations in very low wind conditions is governed by the electronic

noise floor of the MB2000 microbarometer (~4x10-7 Pa2/Hz at high frequencies). This
lower limit is clearly shown by the red curve corresponding to zero wind conditions in
Figure 30. For comparison, we have also included the power spectral density estimates
(blue curve) of background noise recorded simultaneously in zero wind conditions using
a Chaparral Physics Model 5.1 microbarometer. This microbarometer has a much lower
electronic noise floor than the MB2000 microbarometer and this is reflected in the
significantly improved performance of the Chaparral Physics Model 5.1 sensor at all
frequencies above 0.9 Hz. It is interesting to note that the high frequency observations
given by the blue curve in Figure 30 of background noise under zero wind conditions
appear to be the lowest observations made to date of background noise in the atmosphere
at frequencies between 0.9 and 10 Hz. Thus the blue curve in Figure 30 provides a new
low-noise model for infrasonic noise at frequencies above 0.9 Hz.

It is often stated that the noise floor of the MB2000 microbarometer does not present
a limitation to the overall sensitivity of IMS infrasound monitoring stations since wind
noise levels at most stations are almost always higher than this limit. We disagree with
this statement for two reasons. The first is that even at existing IMS stations, noise levels
at night under stable boundary layer conditions may be much lower than the noise floor
of the MB2000 at higher frequencies. Secondly, the results presented below indicate that
background wind noise can be essentially eliminated at most (if not all) infrasound
monitoring stations. This means that the use of more sensitive infrasonic sensors can
potentially improve detection capability at IMS stations.
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Figure 30. Power spectral density of infrasonic background noise recorded at site H2 at
IS07 Warramunga. Curves shown in red correspond to the DASE MB2000
microbarometer used with a standard 18-m diameter rosette noise-reducing system on the
input to the microbarometer. The blue curve corresponds to data recorded in zero wind
using a Chaparral Physics Model 5.1 microbarometer.

The observations presented in Figure 24 show that the average noise levels at 1 Hz at
I1S07 range from about 2x10-0 Pa2/Hz at night in very low wind conditions to about
3x10-3 Pa2/Hz during the daytime. Since noise levels at 1.0 Hz should be less than 5x10-

5 Pa2/Hz in order to meet essential monitoring requirements, the 1.0 Hz noise levels at
typical unsheltered continental IMS infrasound stations equipped with conventional
wind-noise-reducing pipe arrays need to be further reduced by at least two orders of
magnitude.

Most of the methods that have been used in the past to reduce wind noise have been
based on a spatial averaging of the micropressure field over a limited area surrounding
the array element location using pipe arrays with a large number of discrete inlet ports or
pipe arrays constructed from sections of porous hose (see, e.g., Alcoverro, 1998; Christie
et al., 2001; Christie, 2002; Hedlin et al., 2003, Alcoverro and Le Pichon, 2004).
Examples of the pipe arrays that have been designed for use in the IMS infrasound
network are shown in Figure 31. Effective noise reduction has also been achieved
(Zumberge et al., 2003, Walker et al., 2007) using a distributed optical fiber infrasound
sensor (OFIS) to average pressure fluctuations along a line.
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Figure 31. Wind-noise-reducing pipe arrays used at stations in the IMS infrasound
network. The 18-m diameter rosette design shown in (a) is installed at all sites in IS04
and ISO5 and also at the H-sites at [IS07. The 70-m diameter rosette design shown in (b) is
installed at the L sites at ISO7. The rosette pipe array designs shown in (a) and (b)
(Christie et al. 2001) are used at many other IMS infrasound stations. The design
illustrated in (c) (Alcoverro, 1998) is also used at a large number of IMS infrasound
stations. The specialized design illustrated in (d) (Christie, 2002) is used at IS27
Neumayer Base in Antarctica. This pipe array is constructed from sections of porous hose
enclosed in perforated pipes and is designed to operate under snow cover in Arctic and
Antarctic conditions.

Almost every conceivable wind-noise-reducing pipe array design has been tested
during the last 40 years (Christie, 2006). It seems very unlikely that further refinements to
pipe array designs will lead to significant improvements in performance since the size of
the area that can be used and the number of inlet ports have reached practical limits. The
use of compact arrays consisting of a large number of individual sensors and digitizers
combined with adaptive signal processing has been proposed as an enhanced noise-
reducing technique (Tamadgee et al. 2001; Bass and Shields, 2004, Shields, 2005). This
procedure will undoubtedly provide some improvement, but it seems unlikely that noise
levels can be reduced by more than two orders of magnitude over that which is provided
by existing wind-noise-reducing systems. Wind barriers based on the original design
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pioneered by L. Liszka at the Swedish Institute of Space Physics in 1972 have also been
used to reduce wind noise and enhance signal-to-noise ratios (ReVelle, 1998; ReVelle,
private communication, 2000; Hedlin and Berger, 2002, Hedlin and Raspet, 2003). These
noise-reducing systems are effective at higher frequencies, but provide little improvement
at frequencies in the primary monitoring passband. Finally we note the important work of
Bedard et al. (2003) who successfully used a porous wind fence with corrugations to
reduce wind noise during an investigation of higher frequency infrasound generated by
tornadoes.

It seems clear that a new approach is required to resolve the wind-noise problem at
infrasound monitoring stations (Christie, 2007). New and effective techniques have
therefore been developed that essentially eliminate the wind-noise problem. These
techniques are based on:

a) The lifting of the turbulent boundary layer above the sensor inlet or inlets,

b) The transformation of wind-generated turbulent eddies into smaller scale eddies
that produce micropressure fluctuations that lie outside the monitoring passband,
and

c) The extraction of energy from turbulent eddies at all frequencies in the monitoring
passband.

All tests on the development of new wind-noise-reducing systems have been carried
out at [ISO7 Warramunga located in the arid interior of the Northern Territory of
Australia. As noted above, IMS infrasound station IS07 is invariably subject to
unacceptably high levels of wind-generated noise during the daytime with average
daytime wind speeds in the range from about 2.7 to 4 m/s (as measured at a height of 2.0
m). The wind noise conditions encountered at Warramunga are typical of wind noise
conditions found at many IMS infrasound stations. The primary goal of this project is to
develop a wind-noise-reducing system which will effectively reduce wind noise to
acceptable levels at all times of day or night at infrasound monitoring stations, such as
Warramunga, that are located in areas with little shelter from the ambient winds. We
anticipate that the techniques that are developed for use at Warramunga can also be
adapted for use at stations located in higher wind environments. It is clear that the
development of a wind-noise-reducing system that is capable of reducing wind noise at
ISO07 Warramunga to acceptable levels in the monitoring passband has the potential to
resolve wind-noise problems at more than 90% of all IMS infrasound monitoring
stations.

The first attempt to develop an improved wind-noise reducing system was based on
the use of surface screens, which lift the turbulent boundary layer over the inlets in a
conventional pipe array system. This system (see Figure 32) eliminates any unwanted
dynamic pressure contributions and may reduce the influence of daytime convection. The
system effectively improves noise reduction at a frequency of 1 Hz by a factor of about 3
in winds of 3.5 m/s, which is probably more than the reduction that could be achieved by
any refinement to existing pipe array designs. However, the reduction in wind noise is
much less that that required for reliable signal detection at stations located in high wind
environments.
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Figure 32. Wind-noise-reducing surface screen.
4.3.1 Turbulence-Reducing Enclosures

It was decided at this point that it might be possible to develop an effective wind-
noise-reducing system by using a screened enclosure with multiple walls to remove
energy from turbulent eddies in the atmospheric boundary layer. Two versions (Versions
1 and 2) of a turbulence-reducing enclosure were constructed and tested. These initial
designs are illustrated schematically in Figure 33. The design of these enclosures is based
on the following criteria:

a) The interaction of the enclosure with the ambient flow should not create unwanted
turbulence. This can be achieved by using porous walls, which allow part of the
ambient wind to flow through the structure. We have used screening materials with
porosities between 30 and 50 % without any problems. The precise value of the
porosity does not appear to be important. However, solid walls must not be used
since this will generate unwanted turbulence and may attenuate signals.

b) The top of any porous wall in the structure should not be horizontal since the flow
will fold over this boundary normal to the edge and create turbulence at lower levels
behind the boundary. Bedard et al. (2003) used solid vertical corrugations along the
upper edge of their wind fence in an attempt to avoid this problem. Here, we use a
modified version of this technique, which should be more effective. The porous
walls in the enclosures illustrated in Figure 33 are constructed with deep porous
serrations along the top edge. The ambient turbulent flow will fold normally over the
edge of each of these serrations and the residual flow will tend to cancel on the back
side of the serrations. Note that the deep serrations in this case are inclined away
from the center of the enclosure (see the cross section of the walls in Figure 33). This
is done for the following reason. If the serrations are vertical or inclined towards the
center of the enclosure, the normal flow over the edge of the serrations will have a
downward component. Any residual turbulence that is left behind the serrations will
then be mixed to lower levels in the interior of the enclosure. On the other hand, if
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the serrations are inclined away from the center of the enclosure, the residual
disturbances behind the serrations will have an upwards component which will
hopefully carry the residual turbulent eddies into the undisturbed flow aloft that is
sweeping over the structure. We have also incorporated a noise-reducing surface
screen into the design of these turbulence-reducing enclosures.

Serrated Conventional 6-arm porous hose
walls 70% pipe array noise reducing system

shade cloth\ Inclined serrations
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Figure 33. Schematic diagram illustrating two versions of a turbulence-reducing
enclosure combined with a surface noise-reducing screen. Version 1 of the enclosure is
1.6 m high with two porous walls with overlapping deep serrations inclined away from
the center of the enclosure. Version 2 of this system is 2.4 m high with 3 rows of inclined
overlapping deep serrations arranged on two porous walls. The plan view shows the
layout of the conventional 6-arm porous hose pipe array system, which was used to
evaluate the performance of these noise-reducing systems.

These wind-noise-reducing systems were evaluated by simultaneously comparing
measured background noise data recorded using a conventional 6-arm porous hose noise-
reducing pipe array located on the surface inside the enclosure with data recorded
simultaneously using an identical porous hose pipe array located in an open area near the
enclosure.

The performance of the 1.6-m high turbulence reducing enclosure with two rows of
serrations is summarized in Figure 34. As can be seen from the results shown in this
diagram, the 1.6-m high turbulence-reducing enclosure provides a significant reduction in
wind noise in low and moderate winds. However, the efficiency decreases rapidly when
wind speeds exceed 3.2 m/s. Furthermore, while the degree of wind-noise reduction in
modest winds is significant (a little over 1 order of magnitude in winds of 3.2 m/s), the
performance of this enclosure does not meet the necessary requirements for wind noise
reduction at stations located in high wind environments. The results show that the
performance of this enclosure might be good enough for infrasound stations that are
located in sparse forests or other partially sheltered environments where the ambient
winds are less than 2.5 m/s.
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Figure 34. Power spectral density of background noise recorded using a conventional
porous hose pipe array system located inside Version 1 of the enclosure with 1.6-m high
walls (red curves) compared with the power spectral density of background noise
recorded simultaneously on an identical pipe array system located outside the enclosure
(green curves) for wind speeds (at a height of 2.0 m) 0of 0.0, 3.2 and 5.5 m/s.

In view of the relatively limited performance of the 1.6-m high enclosure, we decided
to enhance this design by increasing the height of the enclosure to 2.4 m and adding a
further row of overlapping serrations. These changes resulted in a significant
improvement in the performance of this structure. An example of noise suppression in the
frequency range from 0.4 to 6.0 Hz provided by Version 2 of the enclosure is shown by
the waveform data presented in Figure 35.

0.2 Pa

r r ‘ : r
Pipe array inside turbulence-reducing enclosure

WWWWMWWMWMW

Unsheltered porous hose reference pipe array

Wind Speed: 4.0 m/s
Filter: 0.4 - 6.0 Hz
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03:46:30 03:47:00
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Figure 35. Waveform data showing the large reduction in background noise in the
frequency range from 0.4 to 6 Hz provided by the 2.4-m high turbulence-reducing
enclosure (Version 2) for a wind speed of 4.0 m/s.
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A summary of the performance of Version 2 of the enclosure in winds of up to 6.0
m/s is presented in Figure 36. As can be seen from these results, background noise
reduction in the monitoring passband is enhanced considerably when a conventional pipe
array system is placed inside the turbulence-reducing enclosure, especially when the
ambient winds are less than about 4 m/s. Indeed, these results suggest that the use of this
type of turbulence-reducing device in conjunction with a conventional pipe array system
will reduce the degree of wind noise in the primary monitoring passband to acceptable
levels for nuclear explosion monitoring when the ambient winds are less than about 4
m/s. To be more specific, the results in Figure 36 show that background wind noise levels
are reduced by more than two orders of magnitude at 1.0 Hz in winds of up to 4.5 m/s
over the level of noise reduction obtained by a conventional noise-reducing pipe array
alone. We also note that the noise level obtained using this turbulence-reducing enclosure
in conjunction with a conventional noise-reducing pipe array in a wind speed of 4.5 m/s

is less than 5x10-3 Pa2/Hz, even though the conventional noise-reducing system used to
evaluate this system is of smaller diameter and less efficient than the 18-m diameter
rosette noise reducing pipe arrays used at most existing IMS stations. Since many IMS
monitoring stations are subject to average wind speeds of up to about 4 m/s, the use of
noise-reducing enclosures of this type in conjunction with existing pipe arrays can
potentially resolve wind noise problems at these stations.

However, while the results presented in Figure 36 show that the enclosure continues
to provide enhanced noise reduction as the winds increase above 4 m/s, the results also
show that the performance of the system will not be good enough to ensure the reliable
detection of signals from distant explosions when the system is used in high wind
environments. As with Version 1, the efficiency of Version 2 of the system also decreases
in higher ambient winds starting at about 4.5 m/s. There is still some noise reduction at
1.0 Hz in ambient winds of 6.0 m/s, but this amounts to only about a factor of about four
and does not reach the requirements for reliable nuclear explosion monitoring. The
results suggest that Version 2 of the turbulence-reducing enclosure will have virtually no
noise-reducing capability in the primary monitoring passband when the ambient winds
exceed about 7 m/s. We therefore conclude that Version 2 of the wind-noise-reducing
system will not be useful at nuclear explosion monitoring stations that are subject to
sustained winds of greater than about 5 m/s. Again, however, we note that the use of
Version 2 of the system in conjunction with a conventional pipe array can potentially
resolve wind-noise problems at about 90% of the monitoring stations in the IMS.

The comparison of the performance of Version 1 (1.6-m high) and Version 2 (2.4-m
high) suggests that an increase in the height of the enclosure is beneficial. We therefore
increased the height of the enclosure to 3.2 m in an attempt to improve performance in
high winds. The inner wall in this design (Version 3) was increased to a height of 3.2 m
with a third row of inclined serrations along the top edge. We also changed the design of
the “conventional” porous hose pipe array systems in an attempt to enhance performance
at longer periods. In the original spiral array configuration, the porous hoses were
connected to the microbarometer using a 2-m section of impervious hose. The length of
the impervious hose section on each arm was increased to 5 m so that most of the porous
hose occupies the outer perimeter of the available area inside the enclosure.
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Figure 36. Comparison of power spectral density of infrasonic background noise for
conventional pipe array systems located inside and outside the 2.4-m high (Version 2)
turbulence-reducing enclosure for wind speeds up to 6.0 m/s
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Version 3 of the enclosure was tested for only a short period of time. Since flow through
the walls at higher levels below 3.2 m was judged to be turbulent, Version 4 of the
enclosure was constructed by including a new outer 3.2-m high wall. Schematic
illustrations of Versions 3 and 4 of the turbulence-reducing enclosure are shown in Figure
37.

Serrated Conventional 6-arm porous hose Turbulence-Reducing Enclosure

walls 70% pipa-aimy.noise feaucing systam Version 3 With Single 3.2-m high wall
shade cloth Inclined serrations

Microbarometer / facing/oumis\‘

32m
Surface
screen
over i
, . A
porous
hose Cmoss Section Side View of Walls Cross Section
of Walls of Walls
Plan View
13m |
Serrated Qoﬂve”‘ionﬂ',ﬁ-are'g porous h‘:*‘ Turbulence-Reducing Enclosure
ipe array noise reducing system . i p
:ﬁ;';e"'glz“m KRS ST i Version 4 With Two 3.2-m high walls

Inclined semations

/ facing outwards
) / /

Microbarometer

r AR A NS SR RSB AL R Y

32m
Surface
screen
over v
porous ; 2 o
hose Cross Section Side View of Walls Cross Section
of Walls of Walls

Figure 37. Schematic diagram illustrating the design of Versions 3 and 4 of the
turbulence-reducing enclosure. The inside wall in Version 3 has been extended to a
height of 3.2-m with an additional row of deep overlapping inclined serrations along the
top edge. Version 4 has a new outer 3.2-m high outer wall with larger outward facing
inclined serrations along the top.

Version 4 of the enclosure was tested at ISO7 in ambient winds of up to about 5.8 m/s.
Some serious difficulties were encountered with the “conventional” porous hose pipe
arrays that were being used to evaluate the performance of the new enclosure system after
the onset of monsoonal storms in northern Australia during the test period. In particular,
we found that these conventional pipe array systems fail to work reliably once they
become saturated by heavy rain and covered with silt-laden ground water. In order to
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avoid these problems, we replaced the porous hose pipe array systems inside and outside
the enclosure with more robust 6-port pipe array systems. The performance of Version 4
of the noise reducing enclosure with 3.2-m high walls was found to be virtually the same
as the performance of Version 2 of the enclosure with 2.4 m high walls at 1.0 Hz in
ambient winds of up to about 4.5 m/s. The performance of this enclosure at 1.0 Hz is
marginally better than Version 2 at wind speeds above 4.5 m, but, again, the performance
starts to deteriorate in higher winds when ambient winds exceed about 5.5 m/s.

It would appear that there is little point in increasing the height of the walls in these
enclosures beyond 3.2 m. The ambient boundary layer winds increase fairly rapidly with
height above the surface. An examination of the flow inside the enclosure showed that
the upper serrations on the top of the 3.2-m walls are interacting with the higher winds at
this height and this in turn has resulted in further unwanted turbulence that is being mixed
to lower levels inside the enclosure. This effect was manifested in higher ambient winds
as a fairly low intensity induced irregular turbulent flow that circulates around the inside
of the enclosure.

At this point we decided: a) to examine the micropressure noise field in more detail
inside the enclosure, b) to devise techniques that will eliminate induced flows and
turbulence inside the enclosure and c) to examine the merits of using only a single inlet
port system inside the turbulence reducing enclosure.

The noise survey inside the enclosure showed that the maximum noise levels at 1.0
Hz occur at the midway point between the center and the inner walls of the structure.
They also showed that noise levels in the corners of the hexagonal structure (see Figure
37) at the wall are significantly lower than the noise levels at any other point in the
enclosure. These observations provide the basis for using a simple 6-port pipe array
system with the inlet ports located in the vertices of the hexagonal structure.

As a first attempt to further reduce turbulence inside Version 4 of the enclosure, we
constructed an inner chamber with 1.8-m high screened walls surrounding a single inlet
port system located near the center of the enclosure. The damping of the turbulent flow
inside the structure due to these interior walls resulted in only a minor improvement in
observed noise levels on both the single inlet port system and the pipe array system. We
then introduced a series of twelve 2.0-m high symmetrically positioned radial baffles
inside the structure to reduce the induced turbulent circulations in the interior of the
enclosure. As can be seen from the results shown in Figure 38, the radial baffles improve
background noise reduction at all frequencies above about 0.1 Hz. These baffles are,
however, more effective at higher frequencies.

We were somewhat surprised to find that the noise levels recorded on the single inlet
port system located near the center of the enclosure are only slightly reduced when this
port is surrounded by a small open enclosure with 1.8-m high screened walls. We
therefore decided to isolate this single port system by installing a screened roof over the
inner structure. As shown by the results presented in Figure 39, the addition of a screened
roof to the inner structure resulted in a significant improvement in the performance of the
single inlet port system, especially at higher frequencies.
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Figure 38. Comparison of power spectral density estimates of infrasonic data recorded
with a conventional pipe array located inside Version 4A of the turbulence reducing
enclosure before (light blue curve) and after (dark blue curve) the installation of 12 radial
vertical baffles. The average wind speed at the time of these measurements was 5.6 m/s.
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Figure 39. Comparison of power spectral density estimates of infrasonic data showing the
influence on background noise levels of a screened roof over the inner chamber
surrounding a single inlet port system located near the center of Version 4A of the
turbulence-reducing enclosure.
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We shall refer to the version of the open enclosure with the changes described above
a Version 4A. This version was tested under a wide range of wind conditions over a
period of about 4 weeks. The results of these tests showed that the single centrally located
inlet port system is surprising effective and may even perform better than a conventional
pipe array at high frequencies. This can be attributed to the turbulence-reducing influence
of the closed inner chamber that surrounds this single inlet port.

The results shown in Figure 38 show that the construction of a screened roof over the
inner chamber resulted in a fairly substantial reduction in background noise levels. We
therefore decided to install a screened roof over the entire interior of the enclosure at a
height of 2.0 m above the surface. The installation of this roof removed almost all traces
of the low intensity induced swirling flow inside the enclosure, even in the highest
ambient winds. We also decided to further isolate the central inlet port with a second
smaller enclosure located inside the inner chamber in hopes that this might improve the
performance of a single-port system. All of these changes, including the 6-port hexagonal
pipe array, are shown in the schematic diagram of the enclosure presented in Figure 40.
This version of the turbulence-reducing enclosure will be referred to as Version 4B.
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Figure 40. Schematic diagram illustrating Version 4B of the turbulence-reducing
enclosure with 3.2-m high walls, radial baffles, interior screened chambers around a
single-port system, a porous roof over the inner structure and a 6-port pipe array. Version
4B of the enclosure was tested over a six-week period in ambient winds in the range from
0.1 to 5.5 m/s. The results of these tests are presented in Figure 41. The overall
performance of Version 4B of the enclosure is significantly better than the performance
of Version 4A of the enclosure. This increase in performance can largely be attributed to
the presence of the screened roof over the entire interior of the enclosure. Turbulence
levels inside the enclosure were observed to decease dramatically after this roof was
installed. As can be seen from the results shown in Figure 41, noise levels recorded inside
the enclosure increase only very slowly as the ambient winds increase from 0.0 m/s to
about 3.7 m/s
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Figure 41. Comparison of power spectral density estimates of infrasonic data recorded
with a 6-port pipe array system (light blue curve) and a single inlet port system (green
curve) located inside Version 4B of the turbulence-reducing enclosure with power
spectral density estimates of background noise data recorded simultaneously on a single
inlet reference port located outside the enclosure (orange curve).
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The performance of Version 4B of the enclosure with either a single inlet port system
or a 6-port pipe array system is remarkably good in ambient winds of less than 3.7 m/s.
Furthermore, the noise levels in this wind range are less than 5x107° Pa?/Hz at 1.0 Hz,
which is the essential design requirement for the upper bound on background noise at 1.0
Hz. Since the average maximum ambient winds during the daytime at IS07 over the year
is about 3.5 m/s, Version 4B largely meets the requirements for a satisfactory wind-noise-
reducing system at ISO7 Warramunga. It is interesting to note that the performance of the
single port system is generally better than the 6-port pipe array system at frequencies
above 1.0 Hz in winds of around 2 m/s. The 6-port pipe array is, however, more effective
than the single port system at lower frequencies. The performance of Version 4B is also
very good in higher winds of up to about 5.2 m/s. However, as with all earlier versions of
the enclosure, the performance starts to decrease rapidly as the ambient winds increase
above 5.5 m/s. We believe that this can again be attributed to the interaction of the
serrations on the top of the main walls of the enclosure with the higher wind levels at 3 m
above the surface.

The results obtained to this point indicate that the inclined serrations on the top of the
3.2 m high walls on the outside of the enclosure may not be beneficial in higher winds.
We therefore decided to make a major change in the design of the enclosure in order to
avoid the direct interaction of the serrations with the ambient flow at higher levels.
However, we recognize that we cannot simply remove these serrations from the upper
edge of the structure since the incoming flow, which is partially blocked by the structure,
will generate turbulence as the flow folds over the horizontal upper boundary of the
structure.

In order to overcome this fundamental problem we have constructed Version 5 of the
turbulence-reducing enclosure by:

a) Removing the portions of the outer serrated walls that extend above the 2.0 m high
roof of the structure;

b) Introducing horizontal outward facing screened serrations in-line with the roof of
the structure to limit the generation of turbulence in the flow over the upper edge
of the enclosure. Since these serrations are horizontal, they do not interact with the
incoming flow.

¢) Introducing larger scale downward and outward facing screened serrations
attached at the base of the serration to the upper edge of the outer wall of the
structure. The purpose of these serrations is to degrade and break up incoming
turbulent eddies before they reach the outer wall of the structure and also to further
limit turbulent flow over the upper boundary of the structure.

d) Extending the main screened roof over the structure to cover the area between the
two outside concentric walls, thus creating a fully closed enclosure. This should
enhance the performance of the 6-port pipe array inside the structure.

A schematic illustration of Version 5 of the turbulence-reducing enclosure is given in
Figure 42.
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Figure 42. Schematic diagram illustrating Version 5 of the turbulence-reducing enclosure.
All higher serrations on the outer walls have been replaced by (a) horizontal outward
facing serrations and (b) larger scale outward facing and downward inclined serrations
attached to the upper edge of the outer wall.

Version 5 of the wind-noise-reducing system has been tested in the relatively high-
wind semi-desert environment at ISO7 Warramunga in ambient winds ranging from 0.0
m/s to 6.0 m/s. A survey of the wind noise-reducing performance of this simplified, but
highly effective, lower profile turbulence-reducing enclosure is presented in Figure 43.
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Figure 43. Comparison of power spectral density estimates of infrasonic data recorded
with a 6-port pipe array system (light blue curve) and a single inlet port system (green
curve) located inside Version 5 of the turbulence reducing enclosure with power spectral
density estimates of background noise data recorded simultaneously on a single inlet
reference port located outside the enclosure (red curve).
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A comparison of the results presented in Figure 43 for Version 5 of the enclosure with
the results presented in Figure 41 for Version 4B of the enclosure for background noise
levels recorded in the same ambient wind speeds shows that Version 5 of the noise-
reducing system has significantly better noise-reducing characteristics than Version 4B.
We note that background noise levels recorded inside Version 5 of the enclosure at high
frequencies are now at or below the electronic noise floor of the standard MB2000
microbarometer in winds of up to 3.8 m/s in the case of both the single inlet port system
and the enclosed 6-port pipe array. The performance of the single inlet port system
located inside the inner chambers near the center of the enclosure is almost always better
than the performance of the enclosed 6-port pipe array at frequencies above 1 Hz. It is
interesting to note as well that noise levels recorded on the single inlet port system at high
frequencies are equal to or less than the electronic noise floor of a MB2000
microbarometer for ambient winds of up to at least 5.1 m/s. As in the case of Version 4B,
the enclosed 6-port pipe array almost always performs better than the centrally located
single port system at frequencies below 1.0 Hz. The single port system tends to have
slightly better performance characteristics at 1.0 Hz than the 6-port array, but the 6-port
pipe array is slightly more effective at 1.0 Hz in very high winds. Both systems exhibit
very good noise-reduction characteristics at 1.0 Hz in ambient winds of up to about 5
nm/s. In this case, wind-generated noise is attenuated by up to 4 orders of magnitude. The
performance in higher winds is also significantly better than the performance found for
Version 4B of the enclosure. Version 4B of the system was found to deteriorate rapidly
when the ambient winds exceed about 5.5 m/s. Version 5 of the system is still very
efficient at higher frequencies in ambient winds of 6.0 m/s, but performance at lower
frequencies is starting to diminish at this point.

The high degree of noise reduction that has been achieved in the monitoring passband
can be seen in the comparison of waveforms shown in Figure 44, which were recorded
near noon in typical daytime wind conditions at ISO7 Warramunga. The two upper traces
in the diagram were recorded on the shielded single inlet port system and the 6-port pipe
array located inside Version 5 of the enclosure. The bottom trace in this diagram was
recorded simultaneously using a single inlet reference port system located outside the
turbulence-reducing enclosure. It is clear from the results presented in Figure 44 that
wind-generated noise in the primary monitoring passband has been dramatically reduced
by Version 5 of the turbulence-reducing enclosure.

In view of the wavelengths involved and the porosity of the screens used in the
construction of the turbulence-reducing enclosures, it can be anticipated that these
structures will be virtually transparent to infrasonic signals with frequencies in the
monitoring passband. The influence of Version 5 of the enclosure on the morphology of
recorded infrasound signals has been examined in detail for a wide variety of signals at
all frequencies of interest. In all cases, it was found that enclosures of this type have no
observable influence on the waveform of infrasonic waves. This is illustrated in Figure 45
by a comparison of a typical signal generated by a small mining explosion recorded
simultaneously both inside and outside the enclosure. The recorded signals are essentially
the same with no indication of any phase shifts. We therefore conclude that the
turbulence reducing enclosure is essentially transparent to infrasound and does not
attenuate or distort infrasonic signals at frequencies in the monitoring passband.
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Figure 44. Comparison of background noise in the monitoring passband recorded on a
single inlet port system and a 6-port pipe array system located inside Version 5 of the
turbulence-reducing enclosure with background noise recorded simultaneously on a
single inlet reference port located outside the enclosure. All traces have the same
amplitude scale. The results clearly show that noise levels have been dramatically
reduced by the turbulence-reducing enclosure.
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Figure 45. Comparison of infrasonic signals recorded simultaneously on a) single port
systems located inside and outside the turbulence-reducing enclosure and b) a 6-port
pipe array system located inside the enclosure. The signal was generated by a small
mine explosion. This comparison shows that the closed turbulence-reducing enclosure
does not attenuate or distort infrasonic signals
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Version 5 of the wind-noise-reducing enclosure provides very effective wind-noise
reduction in the primary monitoring passband. The performance of this relatively small
enclosure with either a single port or a 6-port pipe array is significantly better than the
performance of existing IMS pipe arrays. Pipe arrays have a number of disadvantages.
They are relatively expensive to install and require a substantial area around each array
element. In addition, pipe arrays are fairly complex acoustic systems with a number of
unwanted resonances and the response of these systems is not always accurately known.
They also distort and attenuate higher frequency signals, thus limiting the high frequency
response of an infrasonic array. Wind-noise can be virtually eliminated at most
infrasound stations by using Version 5 of the enclosure to enhance the performance of
existing pipe arrays. We note as well that Version 5 can also be used in some cases as an
effective stand-alone noise-reducing system that does not require a pipe array. Version 5
of the turbulence-reducing enclosure is 14 m in diameter. In contrast, existing pipe arrays
at IMS infrasound stations are usually 18 m in diameter. The performance of the
enclosures at longer periods is governed by the diameter of the structure. Turbulence-
reducing enclosures that are 18-m in diameter will provide much better noise suppression
at longer periods (and also at higher frequencies) than 14-m diameter enclosures.

4.3.2. Practical Considerations for the Construction of Turbulence-
Reducing Enclosures

The following list provides some practical advice on the construction of turbulence-
reducing enclosures for use at permanent infrasound monitoring stations:

a) The roof and all walls, including internal vertical baffles need to be constructed
from porous screens. It is essential that the flow in and around the enclosure
should not be completely blocked. The experimental structures described in this
Report have been constructed using agricultural shade-cloth, a long-lasting robust
product that is completely stable to ultraviolet radiation. All screens used in this
project have a blockage factor between 50 and 70 %. The precise value of this
blockage factor does not appear to be important, but it should probably not exceed
70%. Metal weatherproof screens (preferably industrial grade) may be used
instead of shade-cloth at permanent installations. All screens should be as rigid as
possible.

b) The screens should be supported on a rigid framework. This can be constructed at
permanent stations using stainless-steel cables supported by galvanized fence
posts with cement footings.

c) The supporting structure should be as rigid as possible. Torsional and lateral
mechanical resonances need to be suppressed. These resonances can be removed
by using appropriate stainless-steel guys at each corner post. Guys should also be
used to secure the enclosure in high wind environments.

d) There should be no holes or gaps in the screening.
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5. CONCLUSIONS

This investigation has been concerned primarily with the detection capability of
stations in the global infrasound monitoring network for regional and distant nuclear
explosions and the development of techniques that can be used to improve the
performance of the global infrasound monitoring system.

The first part of this study is focused on problems associated with the decay of higher
frequency signal components. It was found that observations of distant explosions may be
limited to longer period components when propagation is restricted to a thermospheric
waveguide. The essential conclusions from this study are:

a) Automatic routine signal processing for the monitoring of explosions should be
carried out in passbands that span the complete frequency range from 0.01 Hz and
2.0 Hz, and

b) All infrasonic phases, including longer period thermospheric phases should be
detected and used in location and discrimination algorithms.

The second part of this investigation is focused on problems associated with the low
degree of signal correlation at higher frequencies between array elements in many
existing infrasound monitoring arrays. It was found that the low degree of signal
correlation between array elements in arrays with a small number of array elements may
limit the reliable detection of regional and distant explosions at frequencies of 1.0 Hz and
higher. These arrays need to be upgraded to 8- or 9-element arrays. The results of the
signal correlation survey also show that the optimum passband for the detection of
infrasound from atmospheric explosions with yields of less than a few kilotons spans the
frequency range from about 0.4 to 1.2 Hz. It was also found that, even when an array has
good side-lobe suppression characteristics, signal correlation between array elements in
typical IMS arrays with 8 elements may be reduced substantially and the sensitivity of
these arrays may exhibit significant azimuthal anisotropy at higher frequencies. A
procedure was developed to calculate the predicted azimuthal distribution array-averaged
correlation coefficient of arbitrary arrays with any number of array elements. This
distribution provides a unique measure of the correlation properties of an array. This
procedure was then used to design optimal infrasonic array configurations for monitoring
regional and distant nuclear explosions. It was found that an optimal 8-element array for
explosion monitoring is provided by an array configuration in the form of a 0.25-km
aperture triangular sub-array located at the center of a 1.0 km aperture pentagon array. An
optimal 9-element array is provided by a configuration in the form of a 0.30-km aperture
centered triangle sub-array surrounded by a 1-km aperture pentagon array.

The third part of this investigation is focused on an attempt to completely resolve the
infrasonic wind-generated background noise problem. It is clear that the elimination of
wind noise at IMS infrasound monitoring stations would greatly enhance the monitoring
performance and reliability of the global infrasound network. A large number of
turbulence-reducing enclosures have been tested and the results are very encouraging.
The latest version of the enclosure provides very effective (up to four orders of
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magnitude) wind-noise reduction in the primary monitoring passband. The results
described in Section 4.3 of this Report show that wind-noise can be virtually eliminated
at most infrasound stations by using Version 5 of the enclosure to enhance the
performance of existing pipe arrays. We note as well, however, that Version 5 can also be
used at some infrasound monitoring stations as an effective stand-alone noise-reducing
system that does not require a pipe array.

6. RECOMMENDATIONS

a) Automatic processing of data from the global infrasonic network should include:
- A primary monitoring passband spanning the frequency range from 0.4 to 1.2
Hz, and
- A long-period passband spanning the frequency range from about 0.04 to 0.1
Hz. Monitoring in this passband is required to ensure that signals can be
detected from distant explosions when wave propagation is restricted to a
thermospheric waveguide.

b) Signal correlation should be included explicitly in the design of infrasonic
monitoring arrays.

c¢) New and upgraded infrasound arrays in the global monitoring network should be
configured either in the form of a 0.25-km aperture triangle sub-array at the center
of a 1-km aperture pentagon array or a 0.30-km aperture centered triangle array
surrounded by a 1.0 km aperture pentagon array.

d) Large aperture arrays in the IMS infrasound network with a small number of array
elements should be upgraded to one of the optimized pentagon arrays noted in (c).

e) The wind-noise-reducing techniques described in this Report should be
implemented at all IMS stations with wind-noise problems. In order to effectively
eliminate wind noise in the primary monitoring passband, we recommend that
turbulence-reducing enclosures should be used in conjunction with 18-m diameter
pipe arrays.
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