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ABSTRACT

We investigate propagation and reflection loss using hydroacoustic waves from explosion sources in the Indian
Ocean recorded at the International Monitoring System’'s (IMS) hydrophone stations. We devel oped a discovery
procedure that searches the automatic processing results from the International Data Centre (IDC) for signals that
match explosive characteristics. Potential candidate explosions are confirmed by examination of the raw waveform
data. Using this procedure, we have identified hundreds of explosions throughout the Indian Ocean Basin. The
instigators of the explosions are not known, but the locations and characteristics of the explosions lend themselves to
likely candidates. These include military exercises, construction, geophysical exploration, and local fishing
practices.

We examined hydroacoustic data covering a 6-year period and identified 305 separate explosions. Of these, 25 were
recorded at three hydrophone triads — Cape Leeuwin, Australia (HO1W), Crozet Island (HO4N) and Diego Garcia
(HO8S) — 79 were recorded at two triads— HO4N and HO8S — and 201 were recorded at asingle triad. In addition, we
have observed many airgun surveys, but they are not of interest here due to their local nature. We are able to locate
explosions observed at three or two triads using direct arrivals. In some cases, we can |locate explosions recorded at a
single triad using observed reflections. Absolute arrival times can be estimated to less than 2 seconds, and relative
times for closely spaced explosions can often be estimated to within afew samples (4 to 12 milliseconds). Back-
azimuth uncertainty estimates range from afew tenths of a degree to several degrees depending on the frequency
content of the signal and noise conditions at the triad.

The explosions are distributed in three general locations: the Arabian Sea off northwestern India, the Bay of Bengal,
and along the islands of western Indonesia. The explosionsin the Arabian Sea and the Bay of Bengal are likely of
military origin, while the western Indonesian explosions are more likely from blast fishing. The Arabian Sea
explosions occur near atest firing range off shore from Dwarka, India. The Indonesian explosions occur in clusters
that correspond to the islands ranging from Simeulue Island in Aceh Province to the northwest tip of Java.

Received signals have energy distributed in frequency starting at 2 to 10 Hz and continuing up to the Nyquist
frequency (125 Hz). Peak received levels from the explosions range from 105 to 150 dB rel. 1 uPa. Basic
attenuation corrections indicate the yield sizes range from less than one to tens of kilograms. Bubble pulse estimates
place atrade-off constraint on source size and depth. The bubble pulse delay time estimates range from

0.1 to 0.5 seconds. The explosions along Indonesia have bubble pulses clustered near 0.2 seconds suggesting that the
explosions have similar sizes and depths. Bubble pulse estimates for the same explosion measured at different triads
(HO4N and HO8S) agree to within afew milliseconds.

The explosions are located so that paths to different stations intersect different bathymetry. Most have direct deep
water paths to at least one of the hydrophone triads. Attenuation estimates can be made by comparing amplitudes
between stations. Relative amplitudes between triads for closely spaced explosions are stable (to within 3 dB) and
demonstrate the robustness of attenuation estimates. Attenuation is observed to vary for paths that intersect specific
bathymetric features, many of which do not reach the Sound Fixing and Ranging (SOFAR) channel axis. Thisis
particularly evident for paths crossing near the Afanasiy-Nikitin Seamount south of Sri Lanka. Small changesin
path (within 100 km) are observed to cause attenuation differences of as much as 20 dB.
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OBJECTIVES

This project is designed to improve discrimination of underwater seismic events and improve location of
hydroacoustic sourcesin or just above the water column. This is accomplished by analyzing hydroacoustic data from
amultitude of explosion sources to assess high-frequency (>30-50 Hz) signal loss of hydroacoustic energy
propagating in the SOFAR channel, from reflections off coastlines, and interaction with bathymetric obstacles along
path. We use variations in the observed residua amplitudes to identify important environmental factors that
influence high-frequency transmission loss. This alows for better prediction of the reflected wave field and better
understanding of the robustness of explosion-characteristic measures from reflected or highly attenuated signals.

RESEARCH ACCOMPLISHED
Data Set of In-Water Explosions

We have discovered 438 explosion signals from 305 distinct in-water explosion sources detonated by other partiesin
the Indian Ocean and recorded on hydrophone stations of the International Monitoring System (IMS)

(Figure 1, Table 1). To identify candidate explosions, we examined results of our automatic processing of Indian
Ocean hydrophone stations for the period September 2004 to March 2005 (Hanson et al., 2007). We a so examined
automatic processing results by the IDC for the period November 2001 through May 2007. The IDC processed data
separately from each of the triad hydrophones, whereas our processing treated the triads as arrays. Array processing
allowed identification of signals with lower signal-to-noise ratio (SNR), due to array gain, and the estimation of
arrival azimuth and slowness.

To find previously unknown in-water
explosions, we developed search
criteriabased on our previous
experiences studying long-range
propagation of signals produced by
small in-water explosions

(e.g., Reasoner et al., 2005; Hanson et
al., 2001; Brumbaugh and LeBras,
1998). These criteria exploit signal
features routinely measured in our
own automatic processing of transient
hydroacoustic signals (Hanson and
Bowman, 2006) or by automatic
processing results from the IDC
(seeeg., Hanson et al., 2001). The
criteriaincluded significant peaksin
the estimated cepstrum, broadband
energy content (significant energy to

at least 80 Hz), short signal durations, 80 &y 70 BE 80 d00 b
and phase velocities consistent with Figure 1. Locations of explosions (numbered squar es) recorded at
horizontally propagating waves. oneor more IM S hydrophones (yellow triangles). Numbers

. . indicate sets of explosionsin close proximity to one-another.
We conducted an intensive search for P P y

in-water explosions in two parts. The first, more comprehensive, search covered a seven-month period of data that
spanned from September 2004 through March 2005. These data were processed in-house using the algorithms
described in Hanson and Bowman (2006). Signals matching our criteria were examined regardless of peak energy
level. The second part of our search covered a six-year period from 2001 to 2007. For this search, we used the
automatic processing results from the IDC and further constrained the search criteriato find only larger explosions
with apeak received level > 140 dB rel. 1 uPa

Our search criteria admit some ice events, shallow earthquakes and other unidentified transient signals. Signals from
all candidate explosion signals were examined to confirm or refute explosion characteristics. Figure 2 shows
spectrograms for three arrivals confirmed as explosions, owing to their high frequency content, scalloped spectra,
and short durations. Because the explosions are generally low yield, they are often only detected at one hydrophone
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triad by automatic processing. However, more detailed examination of data at other triads, assuming likely source
areas, enabled us to find arrivals from the same explosions at multiple stations. In addition, reflected energy is
observable for many explosions (Figure 2). We are able to locate many of the explosions based on the multiple
arrivals.

Of the 305 explosions we discovered, 25 were recorded at three or more hydrophone triads, 79 were recorded at two
triads (HO4N and HO8S), and 201 were recorded by a single triad. Explosion signals are observed most commonly at
Crozet Iland North (HO4N) and Diego Garcia South (H08S). In addition to the explosionsin Table 1, we observed
many airgun surveys, but did not investigate them because their signals are generally recorded only by asingle,
nearby hydrophone triad and are not useful for studying long-range transmission loss. The 305 explosions found in
this study dramatically increase the number of known in-water explosionsin the Indian Ocean from the 17
explosions detonated on a 2003 traverse from Cape Town to Cocos-Keeling Island (Blackman et a., 2003) and two
explosionsin 2004 in the Bay of Bengal (Graeber and Firbas, 2005; Spiliopoulos and Jepsen, 2005; Reasoner et al.,
2005; Bowman et al., 2005).

Table 1. Explosion arrivalsin the Indian Ocean basin ~ The explosionsin the Indian Ocean basin are

Hvdrophone Triad Numb distributed in three general locations. the Arabian Sea
ydrophone Tria umBber off northwestern India, the Bay of Bengal, and along
Cape Leeuwin (HO1W) 60 the islands of western Indonesia. Figure 1 shows the
Crozet Isand North (HO4N) 156 number of explosions observed in each source area.
Explosions offshore of Indonesia are often observed at
Crozet Island South (H04S) 4 two or three triads. In contrast, because of signal
Diego Garcia North (HO8N) 42 blockage, explosions offshore of northwestern Indiaare
; : observed by asingle triad, HO8N, and offshore of
Diego Garcia South (HO8S) 176 Myanmar, only by HO8S. L ocations for some of these
Total 438 explosions are estimated using back-azimuths and

differential arrival times of direct and reflected signals
(Hanson and Bowman, 2006). The 38 explosions shown in the Arabian Sea offshore of Dwarka, India are those for
which HO8N arrivals had valid estimated back-azimuths.

Theinstigators of the explosions are not known, but the locations and characteristics of the explosions lend
themselves to likely candidates. These include local fishing practices (particularly off Indonesia), military exercises
(e.g., off India), construction and demolition, and geophysical exploration.
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Figure 2. (L eft) Spectrogram and wavefor m of two explosionsrecorded at Diego Garcia North (HO8N). The
direct arrivalsare broadband signals with frequencies extending from 2 Hz to greater than 100 Hz
and arefollowed by lower amplitude, lower frequency reflected arrivals. (Right) Spectrogram and
waveform of an explosion recorded at HO8N. Thedirect arrival and first reflected arrival show
clear scalloping from the bubble pulse.

709



29th Monitoring Research Review: Ground-Based Nuclear Explosion Monitoring Technologies

Characterization of Explosions

Explosion signals have energy distributed in frequency starting at 2 to 10 Hz and continuing up to the Nyquist
frequency (125 Hz). Peak received levels from the explosions range from 105 to 150 dB rel. 1 uPa. Basic
attenuation corrections indicate the yield sizes range from less than one kilogram to tens of kilograms. The
explosion signals are concentrated during the daylight hours in the Indian Ocean (Figure 3). Thisis consistent with
our interpretation that these events are man-made explosions.

W50 o Tomwoa Weinitialy estimated the locations of
.g a0 I Dwarka H 102 Indonesian explosions using the measured
Sag/ AEisakhapamam | arrival times and back-azimuths with a standard
S 50, :isg:fg?é;ngal | location algorithm that used the IDC's 2D,
5 o ' seasonal, travel-time tables. Although two arrival
5 “’ﬂ = time estimates and two back-azimuth estimates
0, 3 5 P 2 s 18 a1 are technically enough to uniquely locate events,
Local time (hours) the uncertainties in back-azimuth—a few tenths
Figure 3. Time of day di_stribution of explosions color of adegree to several degrees depending on the
coded by location. frequency content of the signal and the noise

conditions at the triad—projected over thousands
of kilometers provide little constraint on locations. However, absolute arrival times can generally be estimated to
within 2 sor less. Therefore, we used arrival times as the main data constraint and back-azimuth estimates to
confirm associations.

Figure 4 shows how the different data constrain locations. The back azimuths are consistent with locations along
Sumatra and Java, but do not put tight constraints on actual locations as seen in Figure 4a, which shows locations
based on projected back-azimuth crossing points. Although the arrival time differences between two stations can be
measured precisely and the model errors are likely small, atwo station time difference does not constrain the
location to a point but instead to a continuous curve such that the travel time difference between the two stations
remains constant. Because there is no closed form solution on an ellipsoid, we determined these curves by iterative
search. In Figure 4b, curves using the arrival time differences between HO8S and HO4N are shown for each
explosion as they intersect Indonesia. The lines overlie one another such that the 102 explosionsfall into tight
clusters. The uncertainties from measurement error are no wider than the plotted lines. Different assumptionsin
travel time model can shift the curves by tens of kilometers, but all in the same direction. Although most explosions
have only two observations, 23 explosions were observed at HO1W in addition to HO4N and HO8S. These
explosions can be located accurately (Figure 4c) and lie just off the coast of the western islands. Since we suspect
that the explosions are used for fishing, it is reasonable to expect that the explosions are not far from the islands.
Thus, the intersection of the two-station, time-difference curves with the coast is likely close to the actual location.
To stabilize our final locations we chose to use the intersection with the 500 meter depth contour—intersections with
shallower bathymetry contours are more ambiguous because of their high curvature. Since the bathymetry in the
areais steep, the 500 meter contour is only 10 to 20 km from the coast, and thus our locations are likely only slightly
biased to the west. Figure 4d shows our final explosion locations.

The explosions occur in clusters that correspond to the islands ranging from Simeulue Island in Aceh Provinceto
western Java (Figure 4d). The events collect into six main groups (Iabeled A-F), but within each group there are
several smaller clusters. Groups A through D appear associated to the islands off western Sumatra and roughly
correspond with Simeulue, Nias, Batu and Mentawi Islands, respectively. There is agap in the explosions between
3°30'S and 6°30'S which corresponds to a gap in the western islands with the exception of the lightly popul ated
Enggano Island. If explosions have also been detonated offshore of Sumatra itself, then their signals have been
blocked by the bathymetric ridge that extends south of the offshore islands. The explosionsin Group E are near
Panaitan island in the Ujung Kulon National Park, aworld-renowned surf break, and Group F occurs off the coast of
West Java Province.
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Figure 4. Location determination of 102 explosionswest of Sumatra and Java. Seventy-nine
explosions are observed at HO8S and HO4N, and 23 explosions are, in addition,
observed at HOIW. (a) Back-azimuth locations ar e consistent with Sumatra or Java
sour ces, but with large uncertainty. (b) Constant arrival time difference curvesfor
arrivalsat HO4N and HO8S. (c) Three-station time-based locationsfor 23 explosions
that liealong the western islands. (d) L ocations based on location curvesin (b)
intersecting the 500 m bathymetry contour (red line).

The cepstral delays of the explosion arrivals are tightly clustered near 0.2 s at both HO4N and HO8S, suggesting that
the explosions have similar sizes and depths. Bubble pulse estimates place a trade-off constraint on source size and
depth. The bubble-pulse delay time estimates range from 0.1 to 0.5 s (Figure 5). The right panel of Figure 5 shows
representative depth-yield tradeoff curves for cepstral delays from 0.10 to 0.25 s, which correspond to small or deep
sources. Explosions with yields of 10 kg or less with a 0.2 s delay would have had to occur at depths less than 50 m.
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Figureb. (a) Histogram of cepstral delaysfor all HO1W, HO4N and HO8S arrivals
associated to explosions offshore of Sumatra and Java. (b) Representative depth-
yield tradeoff curvesfor selected cepstral delays.

The cepstral delay time values are useful in confirming the arrival associations. The cepstral delays estimate the
bubble pulse periods of the explosions and, hence, should be independent of path and receiver effects. The mean
difference in cepstral delay times estimated at HO4N and HO8S for 75 Sumatra and Java explosionsis essentially
zero with a standard deviation of less than 2 milliseconds. Thisis less than the sampling rate of the instruments
(4 milliseconds between samples), which is possible because we interpolate the delay time.

The hypothesis that the Indonesian explosions are largely from blast fishing is somewhat surprising since we would
expect these explosions to be small, shallow, and in shallow water, none of which are properties conducive to basin
wide propagation. We conducted preliminary modeling to help determine how, or if, the signals from these
explosions could make it into the sound channel. Figure 6 shows the sound speed profile for three depth ranges from
the Generalized Digital Environmental Model (GDEM) offshore of equatorial Sumatra (blue ling). The left panel
shows the sound speed profile for the entire water column. The middle and right panels show the thermocline and
mixed layer profiles, respectively. The red lineis asimplified model for future sensitivity experiments that
represents the surface duct as a single gradient defined by points at the surface and 75 meters, and the thermocline as
a negative gradient defined by points at 100 and 200 meter depths. These two gradients are a good approximation to
the GDEM data.
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Figure 6. Sound speed profilefrom GDEM (blue) and ssimplified version (red) used in modeling hydr oacoustic
propagation in the equatorial I ndian Ocean offshore of Sumatra.

We used the sound speed profile described above to model propagation with different source bathymetry to examine
the possibility of getting energy from shallow explosions trapped and propagating horizontally in the sound channel.
Figure 7 shows results from Gaussian beam ray tracing using BELLHOP (Porter and Bucker, 1987). The source
frequency used for all modelsis 50 Hz, and the source depth is 25 meters. Rays were calculated for take-off angles
ranging from -20 to +20 degrees. Thefirst model (a) is for arange independent ocean (5,300 meters deep). It isclear
that the sound bounces vertically with some energy trapped in the surface duct, but no energy is trapped in the deep
sound channel. The next model (b) starts with a 6-degree wedge, which isatypical overal slope for the Sunda
Trench. The wedge is effective at converting steep raysto horizontal rays, and then, because the ocean is degpening
so quickly, the rays are trapped by the sound channel and do not interact with the seafloor. The third model (c) isthe
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same as (b) except the first 5 km is a 100-meter deep shelf. Energy still manages to enter the deep sound channel.
The bottom model (d) uses an example of a more realistic trench bathymetry profile perpendicular to Sumatra (from
ETOPO?2). It is aso effective at trapping energy into the deep sound channel. Bottom properties, including shear
velocity, attenuation, and roughness, can diminish or enhance transmission into the sound channel, but it is clear that
the bathymetry and sound speed profile near Sumatra conspire to allow small shallow explosions to be heard at
basin-wide distances. Although shallow sources add complication to interpretation, they are probably more
representative of realistic explosion monitoring type problems.

Depth (m) Depth (m) Depth (m)

Depth (m)

0 25 50 75 100 125 150
Distance (km)
Figure7. Transmission loss predicted from ray tracing for a source at 25 m depth and a frequency of 50 Hz
for (a) open ocean, 5,300 m depth, (b) a 6° continental slope, (c) a 6° continental slope and a
continental shelf 5 km wide, and (d) bathymetry from ETOPO2 (Smith and Sandwell, 1997).

Transmission Lossfor Direct Arrivals

The explosions are located so that paths to different stations intersect different bathymetry. Most have direct deep
water pathsto at least one of the hydrophone triads. Attenuation estimates can be made by comparing amplitudes
between stations. Explosions in Group A, near Simeulue Island, can be further divided into five sub-groups based on
arrival time differences between HO4N and HO8S (Figure 4b). Figure 8 shows an example of observed variationsin
therelative received level for closely spaced events. Each panel shows the frequency dependent amplitude ratios
between HO4N and HO8S relative to the expected loss based on distance traveled assuming cylindrical spreading and
0.5-10°® dB/km intrinsic attenuation (Urick, 1979). The explosions are separated by less than 100 km (small when
compared to the 2,900 and 6,900 km paths to HO8S and HO4N, respectively). However, the relative amplitudes vary
by more than 20 dB. Paths to both stations are generally deep and are rarely less than 2,000 m (except at the source).
Conventional wisdom would expect little difference in attenuation among these paths. It isimportant to understand
how these high frequency amplitude variations arise from such small differencesin path.
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Paths from Group A explosions to
HO8S cross two potentialy significant
bathymetric features: The Ninety East
Ridge and the Afanasiy-Nikitin
Seamount (Box 1 and 2 in Figure 9).
Paths to HO4N only cross the Ninety
East Ridge (Box 3). These sections of
the Ninety East Ridge arerelatively

- - deep. The Afanasiy-Nikitin Seamount
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Figure 8. Frequency dependent received level (RL) differences channel axis, it is still a significant

between HO8S and HO4N for five dightly different pathsin ) ; .

Group A. Thearrival time differences (dt) and the number |mp_ed|ment to s_ound propagation. The
of events (cnt) are specified for each path. The water level section of the Nmety_ EEFS‘ Ridge that
isset to the expected RL difference assuming no obstacles these paths intersect is likely tgo d%p
(~6 dB). Red indicates that the signal issmaller than to have much effect on transmission.
expected at HO8S and green indicatesthat thesignal is
smaller than expected at HO4N.
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Figure 9. Significant bathymetry along Group A explosions pathsto HO8S (northern dashed lines) and HO4N
(southern dashed lines). Thefive pathsarefor the clusterswithin Group A (Figure 4)—the northern
most path correspondsto the left most panel in Figure 8. Pathsto HO8S inter sect the
Afanasiy-Nikitin Seamount (Box 1) and the Ninety East Ridge (Box 2). Pathsto HO4N also inter sect
the Ninety East Ridge (Box 3). The bathymetry isfrom ETOPO2.

Modeling hydroacoustic transmission loss (TL) can be adifficult problem. Although there has been much success
with TL modeling provided enough environmental constraints, general basin-wide TL modeling is not yet practical.
Not only do global databases lack the necessary resolution in bathymetry and accuracy in seafloor properties, but
also unknowns in source factors make highly precise, and not necessarily accurate, modeling of dubious value. We
are taking a more statistical approach to the problem that if properly calibrated should be of use for understanding
the uncertainties in hydroacoustic monitoring capabilities. At the distances and frequencies of most interest to
nuclear-test monitoring (2 to 100 Hz) intrinsic attenuation is small, and most attenuation other than geometrical
spreading is caused by interaction with the seafloor or sea-surface. The sound that propagates thousands of
kilometers will consist of a narrow set of rays. The angles of the ray bundle as measured at the sound channel axis
will generally be less than 10 degrees. Assuming the rays have constant horizontal slowness, the grazing angle at the
seafloor will be less than 10 degrees, which is generally less than the critical grazing angle for typical compressional
velocities. Thus, reflection loss will be due to intrinsic P-wave attenuation or due to the seafloor supporting shear
Waves.

Our approach isto approximate the seafloor interaction at any given point as afunction of ray angle measured at the
sound channel axis. Using aray theoretical model, we define the signal loss per distance traveled as a function of ray
parameter, p, for agiven sound speed profile, v(z), and sea bottom depth, z,, as

x(p:v(z),z,)=N(p) BL(6(p:z=z,)) where BL =-10-10g(R(€)) 1)
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N isthe number of ray interactions per distance traveled, and R is the reflection coefficient as a function of grazing
angle, 6. We assume that the bottom loss is proportional to the vertical slowness, which at small anglesis
proportiona to the grazing angle. The number of ray interactions per distance traveled can be calculated from the
eikonal equation assuming constant ray parameter and integrating along path (e.g., Lay and Wallace, 1995):

1

N(p)= 2pf[72 +p? [Pz @

where z, istheray’ s turning point, and y is slowness as afunction of depth. We are most interested in estimating a
reasonable variance on the signal loss along the path. We use the sensitivity of our modeled signal loss to grazing
angle at the seafloor as a measure of uncertainty by assuming that the attenuation per reflection is proportional to the
grazing angle. For shallow grazing angles (which rays at long distance must be), thisis areasonable first
approximation. By taking partial derivatives with respect to the grazing angle at the seafloor, a variance in bottom
loss with distance can be estimated:

ON ’
var(BL) = o’ — 6+ N | 66° ©)
206
Figure 10 shows the function of seafloor interaction Munk Sound Speed Profie

versus depth and take-off angle for two sound speed
profiles. The first sound speed profileis the Munk
Profile (1974), and the second is an equatorial Indian
Ocean profile extracted from GDEM. The areain
white indicates zero interaction (rays turn before
hitting bottom), and the areas in red indicate strong
seafloor interaction. The Indian Ocean sound speed
profile has abroader sound channel as indicated by
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Equatorial Indian Ocean Sound Speed Profile

the width of bluein the figure. The ray interaction for H— 10
a2,500-meter deep seafloor in the equatorial Indian s 8
Ocean only begins for angles greater than 6 degrees, 000y E ls
but a 1,750-meter deep seafloor hasray interaction bt g ;
starting at 2 degrees. This may seem like a small 2000/| Bl

difference, but it is alarge proportion of aray packet s | ’
that travels long distance. P00 tss0 0
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In the case of shallow explosions, like those west of
Indonesia, steeper ray angles between 2 and 6 degrees
are critical, as can be seen from the ray tracing results
in Figure 7. This helps explain the strong sensitivity
of received levelsto dight variationsin the paths
crossing the Afanasiy-Nikitin Seamount observed in
Figure 8. If the seamount were in an areawith a more
typical sound speed profile, such asfound at higher
latitudes, it would probably cause little attenuation of
the signal.

Figure 10. Contour plot of the number of bounces per
100 km as a function of take-off angle and
water depth for (upper panel) the Munk
(1974) sound speed profile (shown to left),
and (lower panel) a GDEM profilefor the
equatorial Indian Ocean. The sound speed
profilefor the Indian Ocean increasesthe
maximum bathymetric depth predicted to
interact with explosion signals.
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CONCLUSION AND RECOMMENDATION

We developed a discovery procedure that searches automatic processing results for explosion-like signals. From this
procedure, we identified 305 previously unknown explosions located in three general areas of the Indian Ocean. The
explosion signals are broadband and often contain reflected signals. We have shown that small shallow explosions
can, given the right source geometry, propagate signal s to basin-wide distances. Many of the direct arrivals are
observed at multiple stations, which we have used to determine precise locations. The observed attenuation can be
very sensitive to dlight variations in bathymetry, which is probably enhanced due to the sound speed profiles of the
equatorial Indian Ocean and the shallow nature of the sources.
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