
CORRECTION

Correction: Separating underwater ambient noise from flow noise
recorded on stereo acoustic tags attached to marine mammals
Alexander M. von Benda-Beckmann, Paul J. Wensveen, Filipa I. P. Samarra, S. Peter Beerens and
Patrick J. O. Miller

There was an error published in J. Exp. Biol. 219, pp. 2271-2275.

The units below Eqn 4 for pref are incorrect. The text should read: pref=1 μPa.

We apologise to the authors and readers for any inconvenience this may have caused.
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METHODS & TECHNIQUES

Separating underwater ambient noise from flow noise recorded on
stereo acoustic tags attached to marine mammals
Alexander M. von Benda-Beckmann1,*, Paul J. Wensveen2, Filipa I. P. Samarra2, S. Peter Beerens1 and
Patrick J. O. Miller2

ABSTRACT
Sound-recording acoustic tags attached to marine animals are
commonly used in behavioural studies. Measuring ambient noise is
of interest to efforts to understand responses of marine mammals to
anthropogenic underwater sound, or to assess their communication
space. Noise of water flowing around the tag reflects the speed of
the animal, but hinders ambient noise measurement. Here, we
describe a correlation-based method for stereo acoustic tags to
separate the relative contributions of flow and ambient noise. The
uncorrelated part of the noise measured in digital acoustic recording
tag (DTAG) recordings related well to swim speed of a humpback
whale (Megaptera novaeangliae), thus providing a robust measure
of flow noise over a wide frequency bandwidth. By removing
measurements affected by flow noise, consistent ambient noise
estimates were made for two killer whales (Orcinus orca) with
DTAGs attached simultaneously. The method is applicable to any
multi-channel acoustic tag, enabling application to a wide range of
marine species.

KEY WORDS: Megaptera novaeangliae, Orcinus orca, DTAG

INTRODUCTION
Sound-recording acoustic tags are commonly employed to study
movement and acoustic behaviour of marine mammals (Marshall,
1998; Johnson and Tyack, 2003; Akamatsu et al., 2005; Goldbogen
et al., 2006; Johnson et al., 2009), and are a key instrument in
behavioural studies aimed at understanding the impact of
anthropogenic sound (e.g. Tyack et al., 2011; Miller et al., 2012;
Dunlop et al., 2013; Goldbogen et al., 2013). Acoustic tags are
equipped with hydrophones to record vocalizations of the tagged
and surrounding animals and other sound types such as exposure
signals, e.g. sonar sounds or other control sounds (e.g. Tyack et al.,
2011; Curé et al., 2012), or ambient noise. Ambient noise levels are
of interest to efforts to understand the responsiveness of marine
mammals to anthropogenic sound such as sonar signals or shipping
noise (Ellison et al., 2012; Dunlop et al., 2013), or to estimate the
communication space available to them (Miller, 2006; Clark et al.,
2009). However, movement of the animal generates flow noise
around the hydrophone (Haddle and Skudrzyk, 1969; Goldbogen
et al., 2006), potentially masking other sounds at lower frequencies
and limiting the capability to reliably measure ambient noise. Flow

noise can also be exploited to estimate the animal’s speed through
the water (Goldbogen et al., 2006). Speed estimates can be used to
obtain more accurate underwater movement paths via track-
reconstruction methods (Wensveen et al., 2015), and are also used
to indicate feeding attempts (lunges) of rorqual whales (Goldbogen
et al., 2006; Doksæter Sivle et al., 2015).

Because of the turbulent nature of water flow around the
receiving hydrophones, pressure fluctuations generated by the flow
are uncorrelated between two hydrophones for frequencies higher
than f>(U/D), with D being the spacing of the two hydrophones and
U the hydrophone speed through the water (Corcos, 1967). In
contrast, ambient noise is correlated for f&ð1=10Þcs=D, with cs
being sound speed in water (Cox, 1973). The relative contributions
of flow and ambient noise can thus be estimated by calculating the
coherence of the sound field measured on closely spaced
hydrophones (e.g. Beerens et al., 1999; Barclay and Buckingham,
2013). This approach enables reliable measurements of ambient
noise levels by removing data affected by flow noise, and provides
a direct measurement of flow noise over a larger bandwidth than
using a single hydrophone.

Here, we apply a correlation-based method to estimate the flow
and ambient noise contributions in a recording made with
acoustic version-2 digital sound recording tags (DTAGs)
deployed on a humpback whale and two killer whales. DTAGs
are commonly equipped with two hydrophones separated by
2.5 cm (Johnson et al., 2009), which theoretically can provide
estimates of the contributions from flow and ambient noise for a
frequency range between ∼0.1 and ∼6 kHz for an animal swim
speed of 2.5 m s−1.

MATERIALS AND METHODS
Acoustic tags
The acoustic tag used in this study was the version-2 DTAG; a
suction-cup tag equipped with one or two hydrophones, depth and
acceleration sensors (Johnson and Tyack, 2003; Johnson et al.,
2009). The DTAGs sampled audio at 96 kHz (mn12_180a) or
192 kHz (oo09_144a/b) with 16-bit resolution, and had a flat
frequency response with a 400 Hz one-pole high-pass filter. The
acoustic sensitivity of the hydrophones, determined from calibration
measurements, was −189±3 dB re. 1 µPa−1 (mean±s.d., N=3 tags)
(P. J. Wensveen, Detecting, assessing, and mitigating the effects of
naval sonar on cetaceans, Appendix III, PhD thesis, University of St
Andrews, St Andrews, UK, 2016). These DTAGs were attached to a
humpback whale and two killer whales during studies to investigate
behavioural responses of marine mammals to sonar sounds (Miller
et al., 2012; Doksæter Sivle et al., 2015) (Table S1). Animal
experiments were carried out under permits issued by the
Norwegian Animal Research Authority (permits S-2007/61201
and S-2011/38782), in compliance with ethical use of animals in
experimentation. The research protocol was approved by theReceived 13 October 2015; Accepted 22 May 2016
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University of St Andrews Animal Welfare and Ethics Committee
and the WHOI Institutional Animal Care and Use Committee.
Speed-through-water estimates of the humpback whale were

derived from depth rate for periods when the animal was swimming
at high absolute pitch (≥70 deg). Pitch angles were smoothed with a
5-s moving average filter to suppress effects of fluking motion.

Flow noise and ambient noise estimation
The contributions of the correlated and uncorrelated parts of the
sound pressure on a pair of DTAG hydrophones (spaced 2.5 cm
apart) were estimated. The spatial coherence function C( f ) was
computed over small frequency bands:

Cð f Þ ¼ R12ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R11 � R22

p ; ð1Þ

with Rlk being the maximum amplitude of the band-pass filtered
cross-spectral density:

Rlk ¼ maxj ðfcþw=2

fc�w=2

ðXlð f Þ � X �
k ð f ÞÞe�2piftdf j; ð2Þ

with bandwidth w=200 Hz, l=1, 2 and k=1, 2 the hydrophone
indices and fc the center frequency. Here, X( f ) is proportional to the
Fourier transform of the sound pressure, and X*( f ) its complex
conjugate, with |X2( f )| equal to the mean-square sound pressure
spectral density (International Organization for Standardization,
2015), measured in a time window of 0.17 s.

The sound pressure level (SPL) of the correlated and uncorrelated
parts of the signal was computed by integrating X2

1( f ) over the
frequency range [ fmin, fmax] of interest, and scaled by the correlated
and uncorrelated contributions, respectively:

SPLcorr ¼ 10log10

Ðfmax

fmin

jX 2
1 ð f Þj � Cð f Þdf

p2ref

0
BBB@

1
CCCAdB; ð3Þ

SPLuncorr ¼ 10log10

Ðfmax

fmin

jX 2
1 ð f Þj � ½1� Cð f Þ�df

p2ref

0
BBB@

1
CCCAdB; ð4Þ

where pref=1 μm. The SPLs measured on a DTAG attached to a
humpback whale were analyzed in the 1–2 kHz frequency band
(the same band as the sonar transmissions in the controlled
exposure experiments) for an 8 h period prior to the first sonar
transmission. Subsets of noise measurements were created for
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Fig. 1. Example of the relationship of sound pressure level (SPL) and
animal swim speed. (A) SPLs measured in the frequency bands of 1–2 kHz
for uncorrelated (SPLuncorr) and correlated noise (SPLcorr). (B) Relationship
between swim speed and total noise for the 10–500 Hz frequency band,
commonly used to measure swim speed (Simon et al., 2012). (C) Relationship
between swim speed and SPLuncorr and SPLcorr in the 1–2 kHz frequency
band. Cyan points in C were measured at times when SPLuncorr>SPLcorr.
Green crosses in C were measured at times when SPLuncorr<SPLcorr.
Data points (black circles in C and below black dashed line in A) for which
SPLcorr>SPLuncorr+6 dB were considered to be unaffected by flow noise, and a
robust measure for ambient noise. The red dashed line in A indicates an
empirically determined limit at which the coherence function could be
measured when the uncorrelated flow noise levels exceeded the correlated
noise levels, given by SPLcorr=SPLuncorr+10 log10ClimdB. Here, the limit
Clim¼3=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w � Tint=2

p
was determined using the adopted bandwidth

(w=200 Hz) and integration time (Tint=0.17 s) (see also Fig. S1). In C,
measured SPLuncorr levels (green stars and cyan circles) on a tagged
humpback whale, attributed to the flow noise, were strongly related (R2=0.87)
to forward swim speeds derived from the depth rate during high-pitch animal
movements, even when the correlated part of the noise was greater than the
uncorrelated part of the noise (green crosses). Noise segments where the
correlated part of the noisewas 6 dB or more greater than the uncorrelated part
of the noise (black circles) had a low correlation with swim speed (R2=0.17).
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times during which: (1) SPLuncorr<SPLcorr, and (2)
SPLcorr≥SPLuncorr+6 dB (Fig. 1). The first subset was
representative of flow noise even though correlated noise levels
were higher, whereas the latter was unlikely to be affected by flow
noise and was therefore representative of ambient noise. A 6 dB
margin was adopted to account for uncertainties in the coherence
measurement that are due to the short integration time [determined
by measuring C( f ) for artificial time series consisting of coherent
and incoherent Gaussian noise; Fig. S1]. The SPL measured from
the humpback whale tag was filtered with a 5-s running average
before comparing it with animal swim speed.
The two tagged killer whales were in close proximity of one

another, allowing for cross-comparison of the estimated ambient
noise. A 30-min period prior to the first sonar transmission was
considered. Noise levels were expressed as SPLs, measured in 1/3-
octave (decidecade; International Organization for Standardization,
2015) bands centred at 1 and 2 kHz. The ambient noise distribution
for the killer whale tags was computed using data points at times
where SPLcorr≥SPLuncorr+6 dB. We defined ambient noise as the
contribution of all sound, except acoustic self-noise and transient
sounds emitted by marine mammals and sonar. Thus,
environmentally driven sound sources, such as breaking waves
and rain, as well as continuous anthropogenic sound sources, such
as shipping noise, were considered to contribute to the ambient
noise. The correlated sound could contain contributions of transient
sounds that were not considered as part of the ambient noise (Fig. 2).

For instance, the 1–2 kHz band overlapped with the frequency range
in which killer whales vocalize (Ford, 1989; Miller, 2006), and the
sound of bubbles released during surfacing events. The start and end
times for these sounds were manually selected for both tags. Noise
segments that overlapped such transient signals were removed from
the ambient noise analysis.

In all cases, data points for which the animal depth was less than
2 m were removed to avoid surface splashes affecting the
measurements.

RESULTS AND DISCUSSION
Analysis of the humpback whale tag data showed that the
uncorrelated part of the sound field, SPLuncorr, at frequencies of
1–2 kHz was strongly related to swim speed (R2=0.87; Fig. 1). This
was similar to the correlation of the total SPL (R2=0.86) in the 0.01–
0.5 kHz band commonly used to derive swim speed from flow noise
(e.g. Goldbogen et al., 2013) (Fig. 1). No clear relationship with
swim speed (R2=0.17) was found for data points where the
correlated part of the sound field, SPLcorr, exceeded the uncorrelated
part by more than 6 dB for the 1–2 kHz band. Those measurements
were not affected by flow noise, and thus provided a measure of the
ambient noise at the animal’s location.

For the killer whale tags, high levels of flow noise were found to
be more commonly present near 1 kHz than 2 kHz (Fig. 3,
Table S2). A striking difference in flow noise levels was observed
between the two tags. At 2 kHz, tag oo09_144b showed higher
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Fig. 2. Illustration of the flow noise rejection method. Top: An increase in flow noise can be seen in the DTAG audio recording as the killer whale (oo09_144a)
broke the surface and actively stroked to increase speed while initiating a deep dive. The loud broadband sound around t=15 s were splashes that are due to the
whale surfacing, which were rejected from the noise measurement by selecting times at which the animal was at depths greater than 2 m (the spectrogram was
created by first downsampling the recorded signal by a factor of 10, and using an FFT window size of 1024 bins with a Hann window and 50% overlap). Middle:
Same as top panel, but for 1/3-octave bands. Bottom: 1/3-octave band measurements for which the correlated noise, SPLcorr, exceeded the uncorrelated noise,
SPLuncorr, by more than 6 dB (black), and where SPLuncorr>SPLcorr (cyan). The cyan and blue areas therefore indicate measurements that were affected by
flow noise, which clearly increased over a wider frequency range after the last surfacing when the animal sped up at the initiation of a deep dive. The white lines
indicate the frequencies at which the theoretical coherence function of the flow noise has a value of 10log10C( f )=−6 dB, assuming an animal swim speed of
U=2.5 m s−1 (dashed line) and 4 m s−1 (solid line) (Corcos, 1967). Theory predicted that below these frequencies the signals generated by flow noise on the two
hydrophone channels would be highly correlated, which was consistent with our observation of SPLcorr exceeding SPLuncorr by 6 dB or more at low frequencies.
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contributions of flow noise than tag oo09_144a, which was caused
by a different location and orientation of the DTAG on the animal.
Tag oo09_144a was positioned near the dorsal fin, but tag
oo09_144b slid to the lower left side of the body soon after it was
deployed (Fig. S2). The mean flow noise level was 10–19 dB higher
than the mean ambient noise level (depending on the frequency and
tag; Table S2). The total noise level measured on the DTAG
therefore was not always a reliable measure of the ambient noise
levels for these frequencies.
The ambient noise 1/3-octave band SPLs at 1 kHz ranged

between 90 and 118 dB re. 1 µPa2 (mean=96.3 dB re. 1 µPa2,
s.d.=3.4 dB), and at 2 kHz between 83 and 118 dB re. 1 µPa2

(mean=96.7 dB re. 1 µPa2, s.d.=5.7 dB). The ambient noise level
was lower at the surface than at greater depths for both tagged
animals. A clear increase in SPLcorr was observed as one animal
(oo09_144a) dove between 20 and 60 m. Those maximum levels
coincided with the depth at which the minimum sound speed was
observed using CTD (SAIV SD200) measurements obtained in the
same area (Fig. 3).
Wind-generated ambient noise is expected to be fairly constant

with depth for these frequencies (Ainslie, 2010). The expected
wind-generated 1/3-octave band SPLs at 1 and 2 kHz, for the
conditions during the experiment (sea state 1; Miller et al., 2012),
are 74 and 82 dB re. 1 µPa2, respectively (Wenz, 1962). The mean
ambient noise levels measured on the tags were approximately 15
to 22 dB above those predictions. Two vessels were known to be
nearby during this period: MS Strønstad, at a distance between 40

and 300 m from the animals, and RV H. U. Sverdrup II, between 8
and 11 km distance. Locations of other vessels commonly present
in the area were not measured. The lower levels near the surface
and increase in noise as the animal passed through the acoustic
channel indicated that ships were likely the dominant sound
sources.

The ambient noise levels measured during deep dives (>20 m
depth) were consistent between the two tagged killer whales, with
mean values agreeing to within 2 dB. For shallow dives, the mean
SPLcorr on tag oo09_144b was systematically lower by 3.8–7.1 dB
than that on tag oo09_144a. Both animals showed little rolling
behaviour during shallow dives. Because of the low placement of
tag oo09_144b on the animal, body shielding of the ship noise could
have led to consistently lower measured ambient noise levels
(P. J. Wensveen, The effects of sound propagation and avoidance
behaviour on naval sonar levels received by cetaceans, MPhil thesis,
University of St Andrews, St Andrews, UK, 2012). Body shielding
likely occurred occasionally for both animals during deeper dives
where more rolling behaviour was observed, leading to more similar
measured ambient noise levels during deep dives. These measured
ambient noise levels are useful in the context of behavioural
responses of killer whales to sonar, as they may be used to assess
whether faint sonar signals were audible to the whales.

Our analysis demonstrated that estimated flow noise was strongly
related to animal swimming speed even when the ambient noise
levels exceeded the flow noise levels (Fig. 1). This confirmed that
the uncorrelated part of the noise was caused by flow noise. By
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Fig. 3. Distributions and depth dependence of the ambient and flow noise. Shown are SPL in 1/3-octave bands centred at 1 kHz (left) and 2 kHz (middle) for
ambient noise (black) and flow noise (cyan) contributions during a 30 min period for tag oo09_144a. The right panels show the 2 kHz levels for the other animal tag
oo09_144b over the same time period. The rightmost bottom panel shows the sound speed profile that was obtained in the area on the same day. The upper
panels show distributions of SPL during the 30 min period; below these panels are shown the depth dependence of the ambient noise levels. Only data points with
depth >2 m were included, and where SPLcorr>SPLuncorr+6 dB (black) and SPLuncorr>SPLcorr (cyan). Levels of flow noise in the 2 kHz band were high on tag
oo09_144b, whereas flow noise levels rarely exceeded the ambient noise levels for tag oo09_144a. At depth, ambient noise levels on the two tags were within
2 dB (see Table S2), but at the surface levels for oo09_144b were roughly 4 dB lower than those for tag oo09_144a.
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removing time segments affected by flow noise, a realistic measure
of ambient noise on DTAGs was obtained.
An important caveat is that this method worked in a limited

frequency range. For low frequencies (roughly below 200 Hz), the
sound pressure generated by flow noise on two DTAG
hydrophones also became correlated (Fig. 2). The adopted
integration time and bandwidth also limited the accuracy at
which the coherence function could be measured. For the short
time windows adopted here, the method required periods in the
recordings during which the flow noise was substantially lower
(≥6 dB) than the ambient noise, to estimate the ambient noise
levels. This hindered measuring the contribution of ambient noise
for low frequencies, which are of interest when investigating the
effects of low frequency sound sources, such as shipping sound
and airguns (e.g. Clark et al., 2009).
Ambient noise levels at even lower frequencies may be obtained

by increasing the integration time, or placing two separate tags in
close proximity on the same animal. An increase in integration
time would allow for more reliable correlation measurements
when flow noise dominates, at the expense of a decreased time
resolution. A larger hydrophone separation would lower the
frequencies at which flow noise becomes correlated (Corcos,
1967) and at which ambient noise becomes uncorrelated. Finally,
future users should keep in mind that the dynamic range of
recording systems can be limited by self-noise at the low end and
that measuring very low ambient noise levels requires relatively
sensitive hydrophones.
High flow noise levels, followed by a sudden strong decrease in

flow noise levels, are used to acoustically detect lunge feeding
attempts by baleen whales (Goldbogen et al., 2006, 2013; Simon
et al., 2012; Doksæter Sivle et al., 2015). The low frequency band
(typically <500 Hz) is used to detect lunges, as these provide a good
proxy for flow noise (Simon et al., 2012) (Fig. 1). However,
surfacing events as well as whale vocalizations also lead to strong
peaks in low frequency noise. The flow noise separation method
proposed in this study could improve the automatic detection of
lunges, by providing a direct measure of the flow noise.
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and Mike Weise (ONR), for supporting this work.

Competing interests
The authors declare no competing or financial interests.

Author contributions
A.M.v.B.-B. conceived the study, processed and analyzed DTAG data, and wrote
the paper. P.J.O.M., P.J.W. and F.I.P.S. contributed to data collection and
interpretation. S.P.B. provided the code for measuring the coherence function, and
input on flow noise theory. P.J.W. analyzed animal swim speed, and carried out
the DTAG calibration. F.I.P.S. and A.M.v.B.B. performed manual audits of the
DTAGs for detecting transient sounds. All authors contributed to the manuscript
editing.

Funding
A.M.v.B.B. and P.B. were funded by The NetherlandsMinistry of Defence. Fieldwork
efforts and support for P.M. and F.S. was provided by the US Office of Naval
Research [award numbers N00014-08-1-0984 and N00014-10-1-0355]. P.W.
received a PhD studentship with matched funding from The Netherlands Ministry of
Defence (administered by The Netherlands Organisation for Applied Scientific
Research, TNO) and UK Natural Environment Research Council [NE/J500276/1].

Supplementary information
Supplementary information available online at
http://jeb.biologists.org/lookup/doi/10.1242/jeb.133116.supplemental

References
Ainslie, M. A. (2010). Principles of Sonar Performance Modeling, 707 pp. Berlin:

Springer Verlag.
Akamatsu, T., Matsuda, A., Suzuki, S., Wang, D., Wang, K., Suzuki, M.,

Muramoto, H., Sugiyama, N., Oota, K. (2005). New stereo acoustic data logger
for free-ranging dolphins and porpoises. J. Mar. Tech. Soc. 39, 3-9.

Barclay, D. R. andBuckingham, M. J. (2013). The depth-dependence of rain noise
in the Philippine Sea. J. Acoust. Soc. Am. 133, 2576-2585.

Beerens, S. P., van IJssemuide, S. P., Volwerk, C., Doisy, Y., and Trouve, E.
(1999). Flow noise analysis of towed sonar arrays. UDT 99-Conference
Proceedings Undersea Defense Technology, June 29-July 1, 1999, Nice,
France, Nexus Media Limited, Swanley, Kent.

Clark, C. W., Ellison, W. T., Southall, B. L., Hatch, L., Van Parijs, S. M., Frankel,
A. and Ponirakis, D. (2009). Acoustic masking in marine ecosystems: intuitions,
analysis, and implication. Mar. Ecol. Prog. Ser. 395, 201-222.

Corcos, G. M. (1967). The resolution of turbulent pressures at thewall of a boundary
layer. J. Sound Vib. 6, 59-70.

Cox, H. (1973). Spatial correlation in arbitrary noise fields with application to ambient
sea noise. J. Acoust. Soc. Am. 54, 1289-1301.
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