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Abstract: Masking from industrial noise can hamper the ability to detect
marine mammal sounds near industrial operations, whenever conventional
(pressure sensor) hydrophones are used for passive acoustic monitoring.
Using data collected from an autonomous recorder with directional capa-
bilities (Directional Autonomous Seafloor Acoustic Recorder), deployed
4.1 km from an arctic drilling site in 2012, the authors demonstrate how
conventional beamforming on an acoustic vector sensor can be used to
suppress noise arriving from a narrow sector of geographic azimuths.
Improvements in signal-to-noise ratio of up to 15 dB are demonstrated on
bowhead whale calls, which were otherwise undetectable using conven-
tional hydrophones.
VC 2016 Acoustical Society of America
[WS]
Date Received: June 11, 2015 Date Accepted: March 31, 2016

1. Introduction

Passive acoustics has been increasingly used to detect underwater biological sounds to
ascertain the presence of marine mammals during various industrial activities, using
both real-time and autonomous equipment (McDonald et al., 1995; Di Iorio and
Clark, 2010; Thode et al., 2012; Blackwell et al., 2007). Conventional pressure-sensing
hydrophones have been the primary sensor of choice for such monitoring studies. A
major limitation of passive acoustic monitoring is that noise from the industrial opera-
tions themselves can interfere with, or “mask,” the detection of lower intensity biologi-
cal sounds of interest. For example, vessel operations near an oil production island in
the Beaufort Sea raised background levels by more than 20 dB over ambient levels
(Blackwell and Greene, 2006). Similarly, reverberation from airgun pulses during seis-
mic exploration increased background noise by 30–45 dB within 1 km of the seismic
ship (Guerra et al., 2011).

If the number of interfering noise sources is relatively small, then much of the
masking noise will arrive from a small azimuthal swath relative to a receiver—the
exact azimuthal spread depending on both the spatial extent of the activity and the dis-
tance of the recording hydrophone from the activity. Unfortunately, conventional
hydrophones are usually designed to be omnidirectional across bandwidths of biologi-
cal interest, which means that they are unable to reject noise originating from particu-
lar directions. A mature literature exists on using spatial arrays of hydrophones to
reduce directional noise interference (Widrow et al., 1967; Van Trees, 2004), but their
effectiveness is highly frequency-dependent, and deploying the required two-
dimensional (2D) spatial geometry on the ocean floor or in mid-water is logistically
difficult.

Here we demonstrate how an acoustic vector sensor can suppress oil platform
drilling noise to such an extent that bowhead whale calls, initially undetectable using
the recorders’ omnidirectional hydrophone, become accessible once processed on a vec-
tor sensor. An acoustic vector sensor (D’Spain, 1990; Hawkes and Nehorai, 1998;
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McDonald, 2004; D’Spain et al., 2006; Thode et al., 2010) simultaneously measures
acoustic pressure as well as particle velocity along one to three orthogonal axes. A sig-
nal with high signal-to-noise ratio (SNR) can have its azimuth directly inferred from
the relative active acoustic intensities measured along each orthogonal axis (D’Spain
et al., 1991). For weaker signals, the time series can also be linearly combined to pro-
duce a directional beam pattern (McDonald, 2004; D’Spain et al., 2006). If p, vx, and
vy represent signal time series from a 2D vector sensor with omnidirectional (p) and
two orthogonal particle velocity (vx and vy) sensors oriented such that the axis orthogo-
nal to both vx and vy is vertical (pointing up), then a standard beamforming procedure
is to compute

Bðt; hÞ ¼ pðtÞ � Z0½vxðtÞ sin hþ vyðtÞ cos h�; (1)

where h is defined as an angle increasing clockwise relative to the internal x axis of the
sensor, consistent with a geographic azimuth. (0� points to true or geodetic north, and
h increases clockwise, such that 90� is geodetic east.) In beamforming parlance, h is of-
ten referred to as the “steering angle.” The free-space impedance Z0 is a conversion
factor that ensures that all three terms share the same units and scaling. Since the rela-
tionship between acoustic pressure and particle velocity in an acoustic plane wave is
v¼ p/q0 c, where q0 and c are the respective density and sound speed of the fluid me-
dium surrounding the sensor, a common value of Z0 is typically q0 c.

The exact form of Eq. (1) has been chosen so that if vx and vy are components
of an acoustic plane wave arriving from angle h1, then B is zero whenever h¼ h1.
Figure 1(a) shows a logarithmic (dB) polar plot of the “cardioid” beam pattern result-
ing from Eq. (1), where vx and vy are aligned with the 0� and 90� axes, and an acoustic
plane wave is arriving from a geodetic 45� azimuth in a noiseless environment. The
beamformer output has been normalized so that the maximum output (which occurs at
225�) is 0 dB with respect to the incoming plane wave. Thus a plane wave arriving
from 225� would suffer no attenuation after passing through the beamformer listed in
Eq. (1), while a plane wave arriving from 45� is completely attenuated.

Previous applications of vector sensors in bioacoustics have emphasized how
Eq. (1) and Fig. 1(a) can be used to determine the arrival direction of a signal of inter-
est embedded in diffuse isotropic noise; namely, the angle that maximizes the output of
Eq. (1) is the azimuth that the signal is propagating toward (or is 180� from the azi-
muth the signal is arriving from). Thus Eq. (1) can be used to determine the individual
azimuths from which both industrial noise and unmasked biological signals are
arriving.

However, Fig. 1(a) can also be interpreted as showing how this simple beam-
former can suppress acoustic noise arriving from certain azimuths. This suppression is
typically quantified by an array gain (AG), which is the ratio of the SNR of beam-
former output over input (Urick, 1983). An AG value greater than 0 dB indicates that
noise has been suppressed relative to a signal of interest. The theoretical AG of a
three-element vector sensor using Eq. (1) is 4.77 dB for a signal in isotropic noise

Fig. 1. (Color online) (a) Cardioid beam pattern generated by Eq. (1), for an interfering acoustic plane wave
arriving from 45� and for h¼ 45� in a noiseless environment. The radial units show the dB reduction in noise
amplitude, relative to the amplitude of the incoming noise. (b) Map of relative locations of drilling site,
DASARs 4B and 4H, and whale signals shown in subsequent figures. DASAR 4H is 4 km from the drilling site.
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(D’Spain et al., 2006); however, for directional noise sources the effective AG can be
much larger. For example, Fig. 1(a) illustrates that any noise arriving from roughly
the same quadrant as the plane wave (0�–90�) is reduced by at least 15 dB. Previous
work on vector sensors (D’Spain et al., 2006) has discussed how more sophisticated
adaptive beamforming algorithms could be used to suppress sound arriving from two
distinct directions. However, for the case of a single directional noise source, the broad
response of the cardioid beamformer in Fig. 1(a) can be sufficient: it suppresses acous-
tic noise arriving from a relatively narrow azimuthal sector, but broadly preserves sig-
nals arriving from most other directions (e.g., signals are suppressed less than 10 dB
over a 220� swath between roughly 118� and 332�). Thus, by an appropriate selection
of h in Eq. (1) (“steering the null”), directional industrial noise can be suppressed,
potentially increasing the SNR of signals arriving from other directions by amounts
greater than 4.77 dB. The appropriate value of h can be discerned by finding the value
of h that maximizes Eq. (1), when applied to a sample of noise alone. The optimum
azimuth for suppressing the noise will then be h�–180�. The method is most effective
whenever the angular noise distribution from the industrial activity (including bottom
reverberation) is relatively narrow, and the signals of interest arrive from azimuths
greater than 90� from those of the interfering noise.

2. Experimental results

2.1 Instrumentation

The suppression methods described above were tested on data collected by custom
built Directional Autonomous Seafloor Acoustic Recorders, model C (DASAR-C)
(Greene et al., 2004; Thode et al., 2012; Blackwell et al., 2013). DASARs are equipped
with an omnidirectional hydrophone and two orthogonal accelerometers that measure
the north–south and east–west components of acoustic particle velocity at frequencies
between 10 and 500 Hz. The hydrophone sensitivity (including all amplification to the
A/D converter) is �149 dB re 1 V/lPa @ 100 Hz, while the sensitivity of the directional
components is �97.5 dB re 1 (m/s)/V @ 100 Hz. Incorporating the appropriate imped-
ance value of Z0 for a plane wave yields an equivalent pressure sensitivity of �146 dB
re 1 V/lPa for these components. Over the band of interest (10 to 450 Hz) the sensitiv-
ity of all channels increases by 6 dB per octave. The noise floor spectral density of the
hydrophone system is 10 dB below Knudsen sea state 0 conditions (42 dB re 1 lPa2/
Hz), while the equivalent noise floor for the velocity channels is about 6 dB higher. In
the discussion that follows, all acoustic data (industrial noise and whale calls) were
well above the instrument’s self-noise floor.

As explained in Greene et al. (2004), the geographic orientation of the sensors
on the ocean floor was determined by transmitting frequency-modulated (FM) sweeps,
tones, and pseudo-random noise at a set of known locations surrounding the sensor.
The derived azimuths relative to the sensors could then be rotated by a correction
angle (the azimuth between true north and the sensor y axis) to yield the geographic
azimuth of the steering angle h.

2.2 Location and industrial activity

The noise-canceling procedure was tested on data collected by several DASARs
deployed in the Beaufort Sea in 2012, at water depths between 28 and 47 m. The
DASARs were deployed in a triangular grid near the drill barge Kulluk, which was sta-
tioned near 70.39� N, 145.98� W. Data were examined from 13 DASARs, located
between 4.1 and 29 km from the drilling site, but the figures shown here are restricted
to the DASAR closest to the drilling location: DASAR 4H, at 4.1 km range
(Blackwell et al., 2015) and 63� relative to the drilling site. From the perspective of
DASAR 4H the drilling site was at 243� azimuth [Fig. 1(b)]. Data were examined
between 19:00 and 20:00 AKDT on October 3, 2012, a period that encompassed dril-
ling activities which raised background noise levels by 10 to 15 dB at 4 km range from
the Kulluk.

2.3 Example of noise suppression

Figure 2(a) shows received pressure levels of the conventional hydrophone at DASAR
4H for a 20-s period beginning at 19:07 AKDT, just before drilling activity at the site
was officially logged. The noise interference consists of broadband diffuse noise
between 70 and 85 dB re 1 lPa2/Hz, resulting in substantial masking of signals between
20 and 400 Hz.

Figure 2(b) shows the same result after the three data channels from DASAR
4H were processed according to Eq. (1), with h selected to correspond with a
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geographic azimuth of 252�, roughly the azimuth of the drilling site with respect to
4H. A bowhead whale call between 12 and 14 s, previously undetected using the con-
ventional hydrophone, is now visible between 150 and 200 Hz. Distant airgun signals
from Canadian waters are also now visible at about 3 and 11 s.

Figure 2(c) shows how the mean beamformed intensities of the whale signal
and two bandwidths of industrial noise vary with the value of h. The corresponding
intensities from the conventional hydrophone are plotted as horizontal lines. The mean
intensity was computed from the power spectral density (PSD) spectrograms in Figs.
2(a) and 2(b) by locating the peak PSD for each spectrogram across frequency, and
then taking the mean value of the resulting peak intensities over selected time win-
dows. This approach was judged the best way to quantify improvements in the SNR
of frequency-modulated bowhead calls.

The SNR of the whale call, which covers the same bandwidth as the broad-
band noise measurement, improves substantially after DASAR beamforming. The
originally undetectable whale call in Fig. 2(b) has a maximum output SNR of 8.4 dB,
after steering the null of the DASAR sensor to 252�, the drill site azimuth. Figure
2(c) shows how the noise levels (cross symbols) are minimized at a 252� steering
angle. The whale call azimuth can be seen to be propagating toward 285� (arriving
from 285� – 180� ¼ 105�), since 285� maximizes the mean whale call intensity from
the beamformer in that quadrant.

The same beamforming was performed on the 12 other DASARs in the area.
Without beamforming, only 5 DASARs could detect the call, and those recorders were
all greater than 20 km from the drill site. Using triangulation, these 5 recorders yielded
a call location of 40 km range and 103� azimuth relative to DASAR 4H [Fig. 1(b)],
consistent with the azimuths discussed in the previous paragraph.

Of these 5 recorders, DASAR 4B had the largest SNR of 8 dB. That instru-
ment was located 20 km away from the drilling location, and 24 km away from the
whale [Fig. 1(b)]. Sound source verification studies of seismic airgun surveys in
nearby Camden Bay in 2007 (Funk et al., 2008) found an approximate transmission
loss formula of 15 or 20 � log10(R), where R is the source distance (in meters), and
the transmission loss is in terms of dB. We thus estimate that the received level
of the whale call on DASAR 4H was 3 dB lower than the same call detected on 4B

Fig. 2. (Color online) Example of DASAR noise cancellation of industrial activity beginning at 19:07 AKDT,
October 3, 2012. (a) Spectrogram of conventional hydrophone output at DASAR 4H, a location 4.1 km from
drilling site (256 pt fast Fourier transform, 75% overlap, 1 kHz sampling rate). (b) Spectrogram of output of Eq.
(1), with h selected to correspond to a geographic azimuth of 252� (maximum suppression of acoustic energy
propagating from 252�). A bowhead whale call is detectable between 12 and 14 s. The other FM downsweeps
are distant airgun signals from Canadian waters. Color bars are in terms of PSD, dB re 1 lPa2/Hz. (c) Power
spectral densities of both noise and whale signal, as a function of steering angle h. Horizontal lines are outputs
of a conventional hydrophone. Dashed line/triangles represent mean PSD of the 150 Hz tone (the peak fre-
quency of industrial noise). Solid line/crosses represent mean peak PSD for noise sample (0 to 2 s) between 150
and 200 Hz. Dotted line/circles represent mean peak PSD of whale call between 150 and 200 Hz. The whale call
SNR (in dB) is the difference between the circles and crosses. The azimuth of the drilling rig Kulluk, relative to
the DASAR, is 243�.
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[i.e., 15� log10(24 km/40 km)ffi�3 dB]. We also find (from direct measurement) that
the received noise levels at 4H are 11 dB greater than at 4B. We thus estimate that
the initial SNR of the whale call on DASAR 4H was roughly 8 – 11 – 3¼�6 dB
prior to beamforming. Given that the measured SNR after beamforming was 8.4 dB,
we conclude that beamforming the call increased its SNR by nearly 15 dB (from �6
to 8.4 dB). Using beamforming, this same call was detected on 11 of the 12 recorders
(with the one failure arising from masking by the distant airgun signals).

Figure 3, analogous to Fig. 2, depicts another example of noise suppression,
taken from 19:30 AKDT, when distinct tones from industrial activity are now visible
at 150 and 300 Hz (90 dB re 1 lPa2/Hz). The whale call properties are measured
between 11 and 13 s. For the case of the 150 Hz tone visible in Fig. 3(a), beamforming
reduced its amplitude by 12 dB relative to the omnidirectional signal [74 dB vs 86 dB
re 1 lPa; triangles and long dashes in Fig. 3(c)], using data from the first 2 s of Fig.
3(a).

The angular distribution of the diffuse broadband noise between 150 and
200 Hz [crosses in Fig. 3(c)], measured between 7 and 9 s in Fig. 3(a), shows a similar
angular distribution as the tone, although the broadband noise suppression is not as
dramatic: 7 dB at 243�. The azimuth of maximum noise reduction for the broadband
noise is coincident with the drill site’s azimuth of 243� (relative to DASAR 4H), and
the 150 Hz tone’s azimuth is within 30� of this position. These angular differences may
arise from support vessels that surrounded the Kulluk, but might also be attributable
to bottom reverberation.

For an omnidirectional phone, the estimated SNR is 0 dB or less (the differ-
ence between the green dashed line and red solid line), while applying noise suppres-
sion at 282� yields a maximum SNR of 6.5 dB (difference between circles and crosses).
As the contrasting spectrograms in Figs. 3(a) and 3(b) demonstrate, this SNR improve-
ment yields a substantial difference in terms of visual acuity. Unlike Fig. 2(c), the
azimuth of the whale call cannot be easily estimated from Fig. 3(c). Noise levels are
sufficiently high that an uncontaminated local maximum in the circles in Fig. 3(c) does
not exist, so the direction the whale call signal is propagating toward cannot be deter-
mined. However, triangulation of this call’s location from other, more distant,
DASARs yielded a 60 km distance from DASAR 4H at an azimuth of 99�.

3. Conclusion

Directional (vector) acoustic sensors can use conventional beamforming techniques
to not only estimate the azimuthal arrival direction of biological signals, but also to
suppress interfering noise arriving from a specific azimuth. The degree of

Fig. 3. (Color online) Example of DASAR noise cancellation of drilling activity beginning at 19:30 AKDT,
October 3, 2012. (a) Spectrogram of conventional hydrophone output at DASAR 4H. (b) Spectrogram of
output of Eq. (1), with h selected to correspond to a geographic azimuth of 285�. A bowhead whale call is de-
tectable between 11 and 12 s. The other FM downsweeps are distant airgun signals from Canadian waters.
Color bars are in terms of PSD, dB re 1 lPa2/Hz. (c) Same style as Fig. 2(c), but displaying data analyzed from
(a) and (b).
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suppression depends on the angular distribution of the noise, which in turn is
impacted by various factors, including the degree of bottom reverberation present in
the interference. Nevertheless, measurements taken in the vicinity of oil drilling ac-
tivity off the North Slope of Alaska show that the SNR of bowhead whale calls can
be boosted by nearly 15 dB in relatively shallow water, depending on the azimuthal
separation between the whale call and interfering noise. This increase in SNR
enabled signals initially only detectable at ranges far from the drill site (greater than
20 km) to become detectable 4 km from the drill site (the closest DASAR data avail-
able). These noise suppression techniques could be incorporated in principle into a
real-time system, as long as all three data channels of a DASAR instrument could
be transmitted to a remote site. Equation (1) can be used to rapidly identify the azi-
muth of a directional noise source (by identifying the azimuth that maximizes the
noise intensity), and then the noise can be suppressed by steering the beamformer
180� from that azimuth.

While the beamforming algorithm presented here helps unmask signals, it
does not guarantee that the azimuths of those signals can be determined. Under cer-
tain circumstances [e.g., Fig. 2(c)], call azimuths could be estimated by noting at
what angle the beamforming output from the call is maximized, and then subtracting
180� from this result. However, this approach only works when the signal’s azimuth
substantially differs from the azimuth of the interfering noise, and sometimes not
even then [e.g., Fig. 3(c)]. More sophisticated algorithms using adaptive noise cancel-
lation might permit both noise cancellation and azimuth estimation to be conducted
more robustly.
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