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Long range acoustic measurements of an undersea volcano
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A seamount 8 km southeast of Sarigan Island erupted on 29 May 2010 and was visually observed. The
recordings on two sets of hydrophones, operated by International Monitoring System (IMS) of the
Comprehensive Test Ban Treaty Organization (CTBTO) are analyzed. Each array is a triplet of axial
single hydrophones deployed as a 2 km triangle. Measurements of acoustic intensity for the path to the
southern triplet are on the order of 6 dB lower than those received on the northern triplet. Temporal
cross-correlation beamforming estimation is performed and the estimated arrival angles for the
two arrays, 265° and 267° were consistent with the predicted geodesic arrival of 264.6° and 267.8°,
respectively. Cross-correlation between single phones on the northern and southern arrays reveals a
peak at 266°, with a cross-correlation of 0.1. Nx2D parabolic equation modeling predicts complete
blockage due to seamount interaction along the geodesic path. Overprediction of the seamount
blockage indicates that the 2D approximation is incorrect, and three-dimensional propagation must be
used to explain the observations. This is demonstrated by the computation of the Adiabatic Mode
Parabolic Equation Transmission Loss, which predicts a 5-10 dB lower reception at the southern site.

© 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4818844]

PACS number(s): 43.30.Qd, 43.30.Ma [JAC]

I. INTRODUCTION

On 29 May 2010 an undersea volcanic eruption 8 km
southeast of the island of Sarigan occurred (Snellen et al.,
2011). Sarigan Island is a volcanic island in the central
Mariana Islands, with a maximum elevation of 538 m. As in-
dication of the volcanic event, local fisherman observed a
large plume cloud. A small tsunami was generated in the
central Pacific (U.S. Geological Survey, 2010). Based upon
bathymetry and local observations of a plume cloud, the
eruption location was determined to be 145.790278°E,
16.5889 °N.

In this paper, hydro-acoustic measurements taken on a
pair of triplet arrays north and south of Wake Island
deployed and monitored by the Comprehensive Test Ban
Treaty Organization (DeGroot-Hedlin and Orcutt, 2001;
Prior et al., 2012) are presented. The WGS-84 geodesic
paths from the volcano location to the two arrays are shown
in Fig. 1 overlaid on the ETOPO1 bathymetry. The geodesic
range from the seamount to the northern triplet is 2253 km
(2224 km to the southern). There is significant geologic ac-
tivity in the area, leading to the presence of many undersea
mountains. Measurements presented in Sec. II reveal a par-
tial blockage of paths to the south. It can be seen in Fig. 1,
that the southern path does indeed intersect a very shallow
seamount located near 17 °N, 153 °E. In an effort to under-
stand this blockage, two-dimensional (2D) Parabolic
Equation (PE) modeling is performed to examine the extent
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of the predicted blockage. The predicted blockage from 2D
propagation is over 40 dB greater than observed, raising ques-
tions of the adequacy of Nx2D propagation modeling to deep-
water acoustic propagation in the presence of seamounts. The
ability of 3D propagation to predict the observations is dem-
onstrated with the application of a low-frequency hybrid
Adiabatic Mode PE computation.

This paper is organized as follows. Hydro-acoustic
measurements and signal processing results are presented in
Sec. II. Section III contains parabolic equation modeling of
2D propagation in the 3D ocean, showing bathymetric block-
age. The 3D adiabatic mode PE model is presented to show
how 3D effects can explain the observations. Section IV is
the summary and conclusion.

Il. HYDRO-ACOUSTIC MEASUREMENTS

In an extensive effort to monitor the world oceans for
undersea testing of nuclear weapons, the CTBTO has
deployed a set of hydro-acoustic stations (DeGroot-Hedlin
and Orcutt, 2001). These H-stations, usually deployed from
mid-ocean islands, consist of a pair of triplet bottom-
moored hydrophones with real-time data feeds via a single
cable back to the island. The station of interest for this pa-
per is the Wake Island Station H11, with a triplet deployed
to the north (HI1N1-N3) and to the south (H11S1-S3) of
Wake Island. The first northern triplet has its first hydro-
phone (H1IN1) located at 19.713611°N, 166.891111 °E,
and the southern triplets first hydrophone (H11S1) is at
18.508333°N, 166.700278°E. The nominal distance
between elements in the triplet is 2 km. Acoustic measure-
ments are recorded at 250 Hz sample rate and transmitted
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FIG. 1. Bathymetry (ETOPO1) and geodesic paths from Sarigan Seamount to CTBTO receivers North (H11N1-N3) and South (H11S1-S3) of Wake Island.
There is interaction with a ridge at 148 °E. The southern path encounters a seamount at 152°24'E. The receivers are triplets on moorings extending up into the
water column.

back to CTBTO in Vienna for processing and identification Four hours of acoustic timeseries, sampled at 250 Hz, from
of events (Hanson et al., 2001). The CTBTO provides a list the H11 station is examined. In the analysis the signal spectra,
of events (without classification) to all participating nations timeseries of peaks and cross-correlation beam responses will
for further analysis and classification. The Sarigan volcano be examined. The single element spectrogram of four hours of
was recorded on both H11N1-3 and H11S1-3 and was iden- data, beginning on 29 May 2010, at 0400 UTC, is shown in

tified as an event. Fig. 2 for the first northern phone (H11NT1, upper panel) and
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the first southern phone (H11S1, lower panel). The process-
ing steps include removing the DC offset of the data, apply-
ing a Hann window and taking a 4 s Fourier transform, and
then plotting the received power in dB/luPa’/Hz. The
received spectrograms show two types of arrivals. First,
there is significant low frequency energy from 18 to 25 Hz
with received levels on the order of 70dB on H1INI and
64dB on H1IN2. There are also broadband spikes, with
occasionally substantially more energy. Note the very low
noise levels. Ambient noise in the ocean at low frequencies
is dominated by surface shipping traffic. Observations of
30dB reluPa’/Hz ambient noise at these frequencies are
well below expected shipping levels from Wenz (55dB
reluPaZ/Hz). (Wenz, 1962; Kewley et al., 1990). Clearly the
location of Wake Island, and its significant distance from
any commercial shipping lane, leads to very low noise levels
and very high detection sensitivity.

Two results are clear from Fig. 2. The first is that the
southern hydrophone is receiving less energy than the north-
ern hydrophone. Averaged across the band, in the first hour
there is 6 dB less energy arriving at the southern station com-
pared to the northern station. The other observation is that
the receptions on the two sites appear to be correlated. This
will be quantified below. Given the differences in bathyme-
try, highlighted in Fig. 1, and the 138 km meridional offset
of the two stations, this is unexpected.

In Fig. 3, 9 min of timeseries data for HI IN1 and H11S1
is presented. During this 9min, beginning at 2009-05-
29T04:15:00Z, there are 3 large bursts of broadband energy.
This signal is 15 min into the time period presented in Fig. 2.
The northern station peaks arrival arrive 18s later, corre-
sponding to the travel time over the difference in geodesic dis-
tance of 29km. The H11S1 arrivals are approximately 6 dB
lower than the HI1N1 station to the north of Wake Island.
Note the correlation between the two hydrophones for both
initial single pulses and broader later arriving pulses.

The utility of the triplet array, with 2km spatial separa-
tion in a triangle, is the ability to perform wide-band

Wake North/South Timeseries

65

62

59
56 w

o
)
g
z 53 h
o
® 50
=
3
&J 47
44
41 Mj{}(}f K
38

1 2 3 4 5 6
Arrival Time (min)

J. Acoust. Soc. Am., Vol. 134, No. 4, Pt. 2, October 2013

direction finding via time-delay-of-arrival TDOA process-
ing. Standard processing of International Monitoring Station
(IMS) data is performed using the Progressive Multi-
Channel Correlation (PMCC) algorithm developed by Cansi
(1995) and has been applied to T-phase generation site local-
ization (Graeber and Piserchia, 2004). This sophistication is
not required here. In this situation, the array is small relative
to source distance and the azimuthal ambiguity is broken by
prior knowledge of the geometric sector of the source. The
phone-to-phone correlation and bearing estimates are com-
puted (averaged across element pairs). The acoustic times-
eries are base banded to 10-50Hz and broken into 1 min
short time pings. These 1-min pings, P(f), are then pair-wise
cross-correlated using the standard normalized cross-
correlation function (Bendat and Piersol, 1999):

JPi(t)R,»(t + Ar)dt

| e o

The pairwise cross-correlation is normalized by the power in
each short-time window such that a perfect correlation gives
unity. The peak delay-time is mapped to angle by the simple
plane wave arrival formula

0,;(Ar) = cos™! {CdA’}. @)

ij

Cyj(Ar) =

&)

This analysis is applied to the northern triplet, the southern
triplet and then to the combination of northern and southern
hydrophones. The results using the same time period shown
in Fig. 2 for correlation and bearing estimation are shown in
Fig. 4 below.

The pairwise cross-correlations for the northern triplet
HIIN1-N3 are shown in the upper row of Fig. 4. For the first
2 h the correlation ranges from greater than 0.8 to 0.35. Note in
Fig. 2 that in the second 2h of data there are large broadband

FIG. 3. (Color online) Bandpassed
(10-50Hz) broadband arrivals from
the Sarigan eruption event on phone
HIIN1 (dark) and HI11S1(light).
Received power is in dB re 1 yPa’. The
southern arrivals are 4-10dB lower
and arrive 18s earlier. Again note the
very high correlation between the two
hydrophones.
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Wake Island North

Time (Hr)

bursts visible on both sets of hydrophones. If these signals
were not from Sarigan, the bearing estimation would be
expected to be noisy, which it is not. The geodesic arrival
angle for this path is 264.6°, which is within half a degree of
the peak picked by HIIN1-N2 and H11N2-N3. The middle
row of Fig. 4 shows the pairwise cross-correlations and bear-
ing estimates for the southern triplet (H11S1-S3). The corre-
lation is lower than the northern triplet, on the order of 0.3,
presumably due to lower signal level and poor SNR. The
estimate bearing of the arrival very closely matches the pre-
dicted geodesic of 267.8°. The lower panel presents the most
surprising result of all. The correlation between northern
phone 1 (H11NT1) and the southern triplet (H11S1-S3) shows
a correlation of roughly 0.1 and the bearing estimate has a
clear observed peak at 266°. In spite of the bathymetric dif-
ferences in the two paths, and the 138 km offset in latitude,
there is an observable correlation between the two pairs of
stations.

lll. TWO DIMENSIONAL AND THREE DIMENSIONAL
ADIABATIC MODE PARABOLIC EQUATION MODELING
RESULTS

A propagation modeling study of the Sarigan seamount
to Wake Island CTBTO Stations is now presented. Basin
scale acoustic propagation has been studied using many
approaches. The 2D approaches include horizontal rays
(Jensen et al., 1997), vertical acoustic adiabatic normal
modes (Jensen et al., 1997), and Nx2D Parabolic Equation
(Collins, 1993a). Several 3D acoustic approaches include
hybrid vertical adiabatic modes-horizontal rays (Weinburg
and Burridge, 1974; Heaney et al., 1991) and hybrid vertical
adiabatic modes-parabolic equation (Collins, 1993b). The
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primary physics phenomena of interest in the vertical are
sound speed profile with depth and bathymetric scattering.
In the horizontal, at long ranges, refraction from horizontal
sound speed gradients, the non-spherical geoid of the earth,
and bathymetry scattering, refraction and diffraction are im-
portant. In this paper, we are primarily interested in bathy-
metric forward scattering and blockage so an Nx2D PE
model is used. Open ocean seamounts have large slopes
(~15°) and propagation up, over and down is not expected
to be adiabatic (McDonald et al., 1994). The PE handles this
severe range-dependence. The impact of 3D acoustics is
demonstrated by the application of the hybrid Adiabatic
Mode PE (AMPE).

A parabolic equation model based upon the RAM split-
step Pade Parabolic Equation (Collins, 1993a) was applied
to this environment, computing the range-dependent acoustic
field using an Nx2D approach. This approach is expected to
have propagation effects such as mode coupling and attenua-
tion (mode-stripping) due to propagation over shallow sea-
mounts. It will not have out-of-plane 3D effects such as
diffraction around a boundary or refraction/reflection due to
azimuthal variability in the environment. A propagation fre-
quency of 18 Hz was chosen to match the dominant low-
frequency arrival of the observation. The plan-view
Transmission Loss for a source at the Sarigan Seamount
location is shown in Fig. 5. The level plotted is the magni-
tude squared pressure averaged over 500-1000m in depth,
plotted in dB (10 log P?). There are geodesic spokes where
complete blockage due to a seamount or island is visible, as
well as others where partial blockage is due to a submerged
seamount.

The vertical slices along the geodesic between the
Sarigan seamount and HI1N1 and H11S1 are shown in Fig. 6.

Heaney et al.: Undersea seamount measurements and modeling



Sarigan Seamount to Wake Island CTBTO Stations
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FIG. 5. (Color online) Nx2D Parabolic Equation model results of Transmission Loss for the Sarigan Seamount location. The TL dynamic range is 70—-130dB.
The frequency is 18 Hz and the TL is averaged (in power) in depth from 500 to 1000 m. The paths to the northern triplet and southern triplet are shown in

black. Note the blockage of the southern path.

Both paths encounter significant bathymetry near the source,
as they cross the submerged ridge located at 148 °E (see
Fig. 5). The northern path (upper panel) contains bathymet-
ric features extending up into the water column at 500 km
and 1800km. Note the scattering toward the surface at
500 km and the mode stripping that occurs with each sea-
mount interaction. The southern path (lower panel)

encounters axial seamounts (~1500 m) as well as a seamount
that extends nearly to the surface. The minimum depth of the
path over the seamount at a range of 750 km is 30 m. The
acoustic path propagates over very shallow water for 10 km.
In order to see that the acoustic field is not completely cut
off, the dynamic range of the plot has been increased to
70-150dB. The minimum Transmission Loss at the receiver
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Modeled TL at Meridional Slice near Wake Island
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is 164 dB, compared with 107 dB for the northern path. This
result is sensitive to geoacoustic parameters of the seamount.
A 60 -m homogenous sediment of silt (grain size parameter
¢ =5) overlays a basalt basement. Basalt is a challenge to
model in the fluid-fluid model used here. Measurements
have been taken off of the volcanic island of Hawaii and it
was shown that the basalt was very attenuative (Heaney,
2005). Shear loss is not modeled, but is approximated by a
high attenuation in the basement. Thinner sediment or a
harder sediment (sand, rock) lead to complete cut-off of
energy. Although the PE does not predict complete blockage
for this sediment, the northern and southern paths are shown
by the model to have a 60dB difference in TL. This is in
clear disagreement with the observations, where the received
energy on the southern triplet array is on average 6 dB lower
than for the northern array.

To examine the horizontal extent of the acoustic
shadow, in the limit of only in-plane propagation (Nx2D),
the full-water column acoustic field is computed for a merid-
ional slice at longitude 166.8 °E. The results are shown in
Fig. 7. Open water paths are visible from 18.2°N to 19.3°N
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-90

98 FIG. 7. (Color online) Nx2D modeled
meridional Transmission Loss along
166.2°E, from 18.3 to 20.0°N. The

-106 southern triplet is at 18.51°N in the
middle of the seamount blockage.

114 The dynamic range is 90-130dB. The
northern triplet is at latitude 19.71 °N,
well within the unblocked portion. At

122 18.8 °N, there is a more open path with
clear mode 2 arriving energy.

-130

and beyond 19.6°N. The HI1INI receiver is located at
19.71 °N, which has significant energy on this plot, although
less than for the most open water path at 18.8°N. The
H11S1 receiver, located at 18.51 °N is in the middle of a sea-
mount shadow.

The discrepancy between the observations and the
acoustic model reveals a major flaw in the Nx2D modeling
assumptions. The vertical aspect of the acoustic computa-
tion, though sensitive to geo-acoustics, is well handled by
the parabolic equation. The in-plane propagation assump-
tion, neglecting horizontal effects is clearly inadequate.
Three out-of-plane mechanisms must be considered (Munk
et al., 1988). Horizontal refraction due to bathymetric inter-
action would increase the horizontal extent of the shadow
zone and is not a mechanism for increasing the observed
energy behind the seamount. Wave diffraction will lead to
healing of the acoustic shadow. This was observed experi-
mentally from a seamount scattering experiment in the cen-
tral Pacific in 2004 (Heaney et al., 2005; Sikora, 2009). The
final mechanism to be considered is the direct reflection
from sharp bathymetric features can fill in shadow zones.

-90

FIG. 8. (Color online) Adiabatic
-106 Mode Parabolic Equation (AMPE)
Transmission Loss solution for 18 Hz
from the Sarigan Volcano site east to
-114 Wake Island. Significant 3D effects of
reflection and diffraction from shallow
seamounts (guyots) are evident.

-130
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Diffraction behind a blockage, refraction and scattering
are well-known 3D wave propagation phenomena. To dem-
onstrate that 3D propagation does explain the observations
the adiabatic mode PE (Collins, 1993b; Heaney et al., 2012)
for mode 1 is applied to the Sarigan problem. The 18 Hz
mode-1 phase speeds are computed as a function of water
depth using the analytical solution for a rigid bottom. The
Split-Step Pade propagator is then applied to the acoustic
field to compute the mode 1 amplitude as a function of range
and cross-range. The field is multiplied by the mode-1 eigen-
function at the axis (squared) to compute Transmission Loss.
Note that the cylindrical spreading term (divide by +/r) is
not applied in this computation. Absorbing boundaries are
placed at the northern and southern boundaries to prevent
reflections. It was found that the result was sensitive to the
resolution of the phase speed computation. It was found that
the phase speed computation was required to be performed
on the PE grid spacing, rather than on the much lower bathy-
metric resolution and then interpolated in phase speed within
the PE. This is a result of the very nonlinear behavior of the
eigenvalue computation as the bathymetry shoals and
approaches the cutoff depth. The mode 1 Transmission Loss,
not in an equidistant projection, is shown below in Fig. 8.
The conical shape of the outgoing energy is due to the
reduced high-angle support of the PE. Three-dimensional
effects of diffraction and scattering are clearly visible.

To examine the predicted received energy level differ-
ence between an Nx2D and 3D propagation, the TL is com-
pared along the Meridional slice shown in Fig. 7. The Nx2D
TL from Fig. 7 is averaged (in pressure squared) from 500 to
2000m to generate an approximate Nx2D axial TL. The
comparison with the AMPE mode 1 TL is shown in Fig. 9.
The deep, greater than 25dB, acoustic shadows are not

present in the 3D computation. For the AMPE solution, the
southern receivers are predicted to have a transmission loss
of ~110dB compared with 103dB for the northern
receivers. This 5-10dB difference in arrival level is entirely
consistent with the observations. It is therefore concluded
that Nx2D propagation is insufficient to model the observa-
tions and 3D acoustics is required.

IV. SUMMARY AND CONCLUSION

On 29 May 2010, there was an observed undersea
volcanic eruption south of the island of Sarigan in the
Mariana Island chain. Acoustic energy from this event was
recorded on a pair of hydrophone arrays deployed by the
Comprehensive Test Ban Treaty Organization north and south
of Wake Island, a distance of 2250km from Sarigan. Each
array is a triplet of axial hydrophones arranged in a triangle
with an inter-element spacing of approximately 2km. The
arrivals consisted of low-frequency rumbling (18-25Hz) and
broadband spikes. The received levels on the southern triplet
were 6 dB lower than those observed on the northern triplet.
Cross correlation processing and Time-Delay-of-Arrival
(TDOA) processing were performed for each of the six hydro-
phones to produce bearing estimates. Both arrays produced
estimated angles of arrivals very close to the computed geo-
desic arrival angles. The southern station had more noise in
the estimation due to a lower signal-to-noise ratio. Correlation
processing between phones from the north and south triplets,
separated by 138km, produce reliable bearing estimates as
well, indicating stable correlation for the two paths.

Two-dimensional acoustic modeling using the Parabolic
Equation (PE) was performed for the Sarigan seamount erup-
tion event. There are a large number of seamounts in the
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FIG. 9. (Color online) Nx2D and 3D
modeled meridional Transmission Loss
along 166.8°E, from 17° to 20.0°N.
The southern triplet is at 18.5°N in the
middle of the seamount blockage. The
northern triplet is at latitude 19.72°,
well within the unblocked portion. The
. 3D TL prediction has significant energy
at 18.5°N.
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region. The Sarigan to northern station path crosses several
seamounts with minimum depths of 800 m. The southern ge-
odesic, however, crosses a seamount with a minimum depth
of 30m. The PE model, with an optimistic sediment of silt
over basalt, predicts a 60dB difference between the two
paths. This is predicted as an almost complete blockage.
This result is inconsistent with the observations, challenging
the assumption that propagation is 2D. There is the possibil-
ity that the conversion of acoustic energy to shear in the
seamount and then reconversion back into acoustic energy
(T-phase) is happening. We reject this mechanism because
the volume loss of shear in rock is substantial.

Horizontal refraction, scattering from the Sarigan Island
and wave diffraction are 3D mechanisms that can fill in the
acoustic shadow. Three-dimensional propagation filling of the
seamount acoustic shadow is demonstrated by the computa-
tion of a mode-1 Adiabatic Mode PE acoustic field. The 3D
AMPE result predicts a 5—-10 dB difference between the north-
ern site and the southern site, consistent with observations.
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