
LOCALIZING BOWHEAD WHALES IN THE CHUKCHI SEA USING ASYNCHRONOUS
HYDROPHONES

Graham A. Warner ∗1,2, Stan E. Dosso2, David E. Hannay1, and Jan Dettmer2

1JASCO Applied Sciences, 2305-4464 Markham St, Victoria BC V8Z 7X8
2School of Earth and Ocean Sciences, University of Victoria, 3800 Finnerty Rd, Victoria BC V8P 5C2

1 Introduction
Marine mammal localization is required for assessing beha-
vioural effects from underwater anthropogenic noise. Passive
acoustic monitoring using widely-distributed autonomous re-
corders is often used for detecting marine mammals over
large areas ; however, localization is more difficult because
non-linear recorder clock drift desynchronizes underwater re-
corders and precludes correlation-based localization methods
that use time difference of arrival (TDOA) data. In this pa-
per, we localize bowhead whales using Bayesian inversion of
calls detected on asynchronous hydrophones in the Chukchi
Sea north of Alaska. The shallow water environment acts as a
dispersive waveguide and supports a limited number of pro-
pagating modes. The mode arrival times depend on the whale
location, water sound-speed profile (SSP), seabed geoacous-
tic properties, and relative recorder clock drift, all of which
are treated as unknown parameters estimated in the inversion.
The Bayesian formulation also provides rigorous uncertainty
estimates for the model parameters.

2 Methods
2.1 Data Processing
Bowhead whales make low-frequency calls that propagate
tens of kilometres as normal modes in the shallow waters of
the Chukchi Sea. The modes propagate with different group
speeds (i.e., they disperse) but it can be difficult to distinguish
mode arrivals in a spectrogram if, for example, the whale-
hydrophone range is small or the instantaneous frequency
(IF) of the call is slowly-varying with time. Recently, Bon-
nel et al. [1] developed a method to apply mode-warping to
frequency-modulated (FM) bowhead calls for filtering modes
from each other. We use the same approach here to filter the
modes and define arrival times as the time of maximum am-
plitude for each frequency and mode using a spectrogram of
the mode-filtered signal.

2.2 Bayesian Inversion
The frequency-dependent mode arrival times depend on the
whale location, source IF, environment, and relative recorder
clock drifts as given by

twam(f) =

√
(xw − xa)2 + (yw − ya)2

vm(f)
+ τw(f) + ∆a, (1)

where xw and yw are the easting and northing coordinates
of whale w, xa and ya are the coordinates of recorder a
(considered known in this paper), vm(f) is the group speed
for mode m, τw(f) is the source IF, and ∆a is the recorder
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clock drift relative to a reference recorder. We use a trans-
dimensional (trans-D) Bayesian formulation for the unknown
range-independent environmental properties [2] which deter-
mine the mode group speeds. The environmental model for
the water column has unknown depth and SSP that is defined
by an unknown number of depth/sound-speed nodes. The sea-
bed model consists of an unknown number of homogeneous
layers overlying a halfspace. The seabed properties (layer thi-
ckness, sound speed, and density) are considered unknown.
The normal-mode code ORCA [3] is used to calculate the
mode group speeds for a given environment and are conver-
ted to predicted modal arrival times using the whale location,
source IF, and relative recorder clock drift [Eq. (1)], all of
which are unknown parameters in the inversion. In a Bayesian
formulation the solution consists of properties of the posterior
probability density (PPD) of the model parameters given the
measured data and prior information. The PPD is approxima-
ted numerically for non-linear problems using a reversible-
jump Markov-chain Monte Carlo [4] algorithm where model
transitions are accepted with a probability that depends on the
prior, proposal, and likelihood ratios. See Warner et al. [2]
for details on the implementation of this algorithm in a rela-
ted inverse problem that uses the same trans-D environmental
model.

2.3 Likelihood
In this paper, we assume residual errors between measured
and predicted data are uncorrelated and Gaussian-distributed
for each whale call (with standard deviation σw). If dwam

is a vector of modal arrival times at Nwam frequencies, the
likelihood function is the product

L(m) =

W∏
w=1

A∏
a=1

Mwa∏
m=1

1

(2πσ2
w)Nwam/2

× exp
[
−|dwam − dwam(m)|2

2σ2
w

]
, (2)

where W is the total number of whale calls, A is the total
number of recorders that detected a call, and Mwa is the
number of modes for call w on recorder a. A maximum-
likelihood estimate for the inter-recorder clock drift ∆a can
be derived by substituting Eq. (1) into this equation and set-
ting ∂L/∂∆a = 0, giving :

∆̂a(m) =

[
W∑
w

Mwa∑
m

Nwam/σ2
w

]−1

×
W∑
w

Mwa∑
m

Nwam∑
f

[
dwam(f)− τw(f)−

|rwa|
vm(f)

]
/σ2

w, (3)

where rwa is (xa−xw, ya−yw). Equation (3) provides an es-
timation of unknown ∆a without having to explicitly sample



this parameter. This formulation assumes the clock drifts do
not change significantly in the time interval between the in-
verted whale calls (3.25 mins).

3 Bowhead Whale Call Data
JASCO Applied Sciences recorded thousands of bowhead
whale calls in the Chukchi Sea on several Autonomous Mul-
tichannel Acoustic Recorders (AMARs) during Aug.–Oct.
2013 [5]. In this paper, we invert mode arrival times for nine
whale calls recorded on up to seven AMARs (herein named
A–G) over a 3.25 min period on 11 Oct. Figure 1 shows spec-
trograms of whale call 1 on three selected AMARs with the
mode arrival time picks ; the relative modal time separation
indicates the whale was closest to AMAR D since that recor-
ding showed the least dispersion.

Figure 1 : Example spectrograms of whale call 1 recorded on
AMARs A, C, and D. Data picks are shown with + symbols.

4 Inversion Results
Nine whale calls were inverted independently (scenarios S1–
S9) and then jointly for one multi-call inversion (S10). Fi-
gure 2 shows the two-dimensional marginal probability dis-
tributions for whale locations for S1–S3, S9, and S10 (results
for S4–S8 are similar to those of S3 and are omitted here for
brevity), with the recorders that detected calls shown with ×
symbols. Scenario 10 clearly shows the localization impro-
vements from joint inversion of multiple whale calls. Whale
locations in S10 are estimated to accuracies of 30–160 m.

The clock drift uncertainty estimates varied between 8
and 728 ms for the single-call inversions. Uncertainties were
correlated with distance from the reference recorder and
strongly reflected localization uncertainty. The corresponding
drift uncertainty estimates for the multi-call scenario varied
between 3 and 26 ms (a reduction of up to 96% compared to
the single-call scenarios).

5 Discussion and Conclusions
Each recorded call provides a whale range estimate through
the amount of modal dispersion, and having more estimates
from a distributed cluster of recorders better constrains the lo-
cation of the whale, which in turn improves estimated clock
drifts. Localization and clock drift results significantly im-
proved when jointly inverting multiple calls. Multi-call inver-
sions require all data to be fit simultaneously, which effec-
tively requires an averaging of the clock drifts. The benefit
is greatest when the whales are spread out among the hydro-
phone cluster. The Bayesian inversion was applied to bow-

Figure 2 : Marginal probability densities for bowhead whale loca-
tion(s) for selected scenarios. Probability distributions for S10 are
quite compact and are shown as a binary image for clarity.

head whale call modal dispersion data recorded on asynchro-
nous hydrophones and accounted for unknown whale loca-
tion, source IF, water SSP, subbottom geoacoustic properties,
and relative recorder clock drifts. The synchronization provi-
ded by the inversion may allow other localization methods to
be applied to other types of marine mammal calls.
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