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This paper estimates bowhead whale locations and uncertainties using non-linear Bayesian inver-

sion of their modally-dispersed calls recorded on asynchronous recorders in the Chukchi Sea,

Alaska. Bowhead calls were recorded on a cluster of 7 asynchronous ocean-bottom hydrophones

that were separated by 0.5–9.2 km. A warping time-frequency analysis is used to extract relative

mode arrival times as a function of frequency for nine frequency-modulated whale calls that dis-

persed in the shallow water environment. Each call was recorded on multiple hydrophones and the

mode arrival times are inverted for: the whale location in the horizontal plane, source instantaneous

frequency (IF), water sound-speed profile, seabed geoacoustic parameters, relative recorder clock

drifts, and residual error standard deviations, all with estimated uncertainties. A simulation study

shows that accurate prior environmental knowledge is not required for accurate localization as long

as the inversion treats the environment as unknown. Joint inversion of multiple recorded calls is

shown to substantially reduce uncertainties in location, source IF, and relative clock drift. Whale

location uncertainties are estimated to be 30–160 m and relative clock drift uncertainties are

3–26 ms. VC 2016 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4954755]

[AMT] Pages: 20–34

I. INTRODUCTION

Acoustic localization of vocalizing marine mammals is

important for characterizing their spatial distributions, move-

ment behaviors and grouping, and for source level measure-

ments. This paper develops a Bayesian approach to localize

bowhead whales in the Chukchi Sea based on modal disper-

sion of their calls, including a quantitative uncertainty analy-

sis that accounts for unknown environmental parameters,

call source signal, and recorder clock drifts. Several studies

have employed localization methods to examine bowhead

whale movement and behavior changes in the Chukchi and

Beaufort Seas due to exposures to anthropogenic underwater

noise, mainly associated with offshore oil and gas explora-

tion activities.1,2

The western arctic bowhead whale population migrates

annually between wintering areas in the Bering Sea and

summer feeding areas off the Mackenzie Delta in the

Beaufort Sea. Their fall migration occurs from September

through November along the Beaufort coast and through the

central northeastern Chukchi Sea.3–5

Oil and gas exploration and increased shipping has

occurred spatially and temporally coincident with bowhead

summer feeding and fall migration. There is concern that

anthropogenic noise from these activities could affect the

whale’s use of sounds for critical life functions such as nav-

igating, avoiding predators, and maintaining group struc-

ture. A recent study has found bowheads modify their

calling behavior in the presence of quite low levels of

seismic survey noise.6 There is further concern that anthro-

pogenic noise exposures during or prior to subsistence

whale hunting could modify bowhead swimming behaviors,

potentially making the hunts more difficult;7 however, the

relationship between noise exposure and effects is poorly

understood.

A common strategy to reduce marine mammal expo-

sures to anthropogenic noise is to carry out anthropogenic

activities during times when animals are not present and at

locations away from high animal densities. This approach

requires knowledge of the temporal and spatial distributions

of animals. Passive acoustic monitoring, based on listening

for natural sounds produced by animals, is an increasingly

popular method for measuring temporal and spatial distribu-

tions that causes no disturbance to the animals.

Bowhead whales make a variety of sounds including

frequency-modulated (FM) sweeps, moans, amplitude-

modulated pulsive calls, and songs.5,8 During the fall migra-

tion, most bowhead calls are moans and low frequency

(<400 Hz) FM sweeps. Recordings of these calls can be

used to localize the whales.

Several approaches have been developed for localizing

whales using low-frequency calls. Distributions of directional

autonomous seafloor acoustic recorders (DASARs) have been

used in the Beaufort Sea to triangulate whale locations using

the bearing estimates from multiple recorders.9–11 Clark and

Ellison12 used a linear omni-directional (time-synchronized)

hydrophone array deployed along an ice ridge to estimate

whale locations from call arrival time differences. Several

studies have used (synchronized) vertical line arrays to exploit

sound propagation effects for low-frequency calls in shallowa)Electronic mail: gwarner@uvic.ca
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water.11,13,14 These studies used normal-mode propagation in a

variety of ways (e.g., matched-field and matched-mode proc-

essing) to estimate source locations. Sei whales, which also

make low-frequency calls, have been tracked in three dimen-

sions by using normal-mode models to back-propagate calls

recorded on synchronized horizontal and vertical arrays.15

There has been some effort to obtain range estimates for

whales using a single hydrophone because of the relative

simplicity and low cost of the equipment required. In partic-

ular, range estimation based on low-frequency right whale

and bowhead whale calls has been achieved by exploiting

the frequency-dependence of acoustic normal mode group

speeds in shallow water environments.16,17 In shallow water,

the environment supports a limited number of propagating

modes, each of which supports a continuum of frequencies.

The frequency- and mode-dependence of modal group

speeds (which we collectively refer to as modal dispersion in

this paper) is well modeled with normal-mode theory.18

Signals disperse as they propagate, with higher frequencies

generally traveling faster than lower frequencies within a

mode, and higher-order modes generally traveling slower

than lower-order modes for a given frequency. This

frequency-dependence affects mode arrival times in propor-

tion to the source-receiver range (within the range-

independent assumption) so dispersion measurements can be

made by analyzing signals recorded at a single hydrophone

using time-frequency (TF) methods. However, modal arrival

times also depend on environmental properties [e.g., water-

column sound-speed profile (SSP) and seabed geoacoustic

parameters] and on the TF characteristics of the acoustic sig-

nal emitted by the source [the instantaneous frequency19 (IF)

function], which are usually not well known in marine mam-

mal applications, complicating localization. Resolving mode

arrival times in the TF plane requires sufficient signal band-

width and is also dependent on the difference in modal group

speeds and the signal processing techniques applied. For rel-

atively short-duration FM calls received at long ranges,

modes are well separated in time and arrival times can be

determined from the magnitude of a short-time Fourier trans-

form (STFT). At close ranges, mode arrivals are difficult to

separate in the TF plane. Mode-warping techniques used to

improve the TF resolution of modes for close-range disper-

sion measurements of impulsive sounds20 have recently been

modified and successfully applied to FM bowhead calls.17

This paper applies the modified mode-warping technique to

FM calls or portions of calls that monotonically increase or

decrease in frequency with time.

The single-hydrophone range-estimation studies using

normal-mode theory16,17 parameterized the acoustic environ-

ment with a range-independent model consisting of a water

layer over a fluid half-space. Wiggins et al.16 fixed environ-

mental parameter values using historical information and

assessed sensitivity of modal group speeds by varying the

mean water sound speed and seafloor sound speed independ-

ently for a few parameter perturbations. Bonnel et al.17 used a

Pekeris waveguide with fixed water sound speed from con-

ductivity-temperature-depth measurements and varied the sea-

floor sound speed over a discretized interval. In that study,

the bathymetry was strongly range-dependent; however,

independent DASAR measurements showed the single-

hydrophone range estimates were reasonably accurate despite

the violation of the range-independent assumption. It is diffi-

cult to assess the uncertainty of range estimates using these

approaches in general without additional information because

the fixed environmental parameterization (e.g., Pekeris wave-

guide) and constrained parameter values may not provide an

appropriate level of model complexity that corresponds to the

information content of the data. Hence, these approaches

could under-parameterize the environmental model which

could, in turn, lead to underestimation of range uncertainty.

This paper estimates bowhead whale locations and their

uncertainties in the horizontal plane from the dispersion of

normal modes recorded with multiple non-synchronized

omni-directional hydrophones in a shallow-water (approxi-

mately) range-independent environment. We use a general

model for the unknown environment to rigorously quantify

its effect on localization uncertainties. In particular, a trans-

dimensional (trans-D) Bayesian inversion approach is

applied for the water SSP and for the sub-bottom to allow

the data to estimate how much environmental structure is

appropriate.21 The SSP has a 1=c2
w piecewise-linear gradient

(cw is water sound speed) defined by an unknown number of

depth/sound-speed nodes. The sub-bottom consists of an

unknown number of homogeneous sediment layers, each

having unknown thickness, sound speed, and density, overly-

ing a half-space. The trans-D algorithm samples over the

number of SSP nodes and sub-bottom layers and their pa-

rameter values so the range estimates and their uncertainties

account for realistic environmental uncertainty.

A standard time-difference-of-arrival localization

approach is not applicable here because the recorders were

not synchronized due to clock drift after deployment. Using

arrival time differences between modes from multiple asyn-

chronous recorders could be used as data in a combined

localization/environmental inversion (often referred to as

focalization), but this ignores information contained in calls

or portions of calls that have only one detectable mode.

Utilizing this information requires treating as unknowns the

source IF (a function of frequency to be estimated) and the

relative recorder clock drifts, and inverting arrival times (as

opposed to arrival time differences). While this approach

involves more unknown parameters, it allows more data in-

formation to be used, providing whale locations based on

recorded calls composed of as few as one detectable mode.

We use this approach to invert the modal arrival times meas-

ured at each recorder relative to a reference recorder clock.

Range information in the data for multiple distributed

recorders constrains the whale location in the horizontal

plane. The data also constrain the relative clock drifts, pro-

viding information to synchronize the recorders. We apply

the new algorithm to single and multiple whale calls and

show that localization and synchronization results are signifi-

cantly improved if arrival times from multiple calls are

inverted jointly. The Bayesian inversion developed here esti-

mates parameter values and uncertainties for whale location,

source IF, water SSP (including effective water depth),

sub-bottom layering and geoacoustic parameters, relative

recorder clock drift (synchronization), and residual error
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statistics. To our knowledge, whale localization based on

inversion of modal dispersion of FM whale calls from asyn-

chronous recorders has not been reported previously. This

method can be applied to data collected by relatively inex-

pensive recorders that are easy to deploy (compared to

synchronized hydrophone arrays or directional sensors).

This method is limited to shallow water, range-

independent environments, with low-frequency FM calls

that disperse as they propagate. The source-receiver range

has to be large enough such that mode dispersion is quantifi-

able (the minimum range is generally dependent on the TF

characteristics of the call and the environmental properties)

but not so large that range-dependent effects violate the

range-independent approximation. Mode amplitudes are not

required except in the sense that they must be higher than

background noise such that accurate mode arrival times can

be determined. We applied a threshold of approximately

5 dB for this paper.

Whale depth is not required or estimated using this

approach; however, a whale calling at the depth of a mode-

function node will not excite that mode. In general, a missing

mode will not necessarily preclude successful localization,

particularly in multi-call inversions. However, if a missing

mode leads to misidentification of the mode (e.g., mode 3

is identified as mode 2), the localization will likely fail.

Applying the inversion to multiple whale calls may increase

the robustness if the call depths differ, as wrongly-identified

mode arrivals would likely be fit poorly and could be reas-

signed in a subsequent inversion.

The trans-D Bayesian inversion is applied to acoustic

data collected from August to October 2013 using seven au-

tonomous ocean-bottom hydrophone (OBH) recorders which

were part of an underwater sound measurement program in

the Chukchi Sea, Alaska.22 The program was originally

designed to determine ambient noise levels, quantify sound

levels from oil and gas exploration activities, and investigate

spatial and temporal distributions of marine mammals based

on their calls. The seven OBHs recorded thousands of bow-

head whale calls including low-frequency FM sweeps. Many

of these sweeps showed significant dispersion in the TF

plane and were recorded on multiple OBHs. In this paper we

apply the Bayesian focalization algorithm in a simulation

study to investigate the impact of varying degrees of envi-

ronmental knowledge on localization and then to 9 bowhead

whale calls recorded within 3.25 min on multiple OBHs.

II. THEORY

A. Data processing

Bowhead whale calls include low-frequency moans and

sweeps that can excite several propagating modes in shallow

waters, which can be modeled using normal-mode theory.18

Modes propagate with different group speeds that are de-

pendent on the environment, i.e., the water-column SSP and

geoacoustic properties of the sub-bottom. At long ranges,

mode arrivals (for a fixed frequency) are well separated in

time and can be determined from the TF representations of a

recorded call. A recent study used a mode warping technique

to improve the modal TF resolution of non-impulsive

bowhead whale calls17 based on a similar technique used

previously for impulsive sounds.20 To apply mode warping

to non-impulsive signals,17 the received signal is first decon-

volved with an approximate (empirical) source IF designed

to decrease the received signal duration for subsequent mode

warping. In practice the empirical source IF is manually esti-

mated by an IF function that has a shape that is similar to,

but precedes, the mode 1 arrival. The deconvolved signal is

then warped using standard methods and transformed into

the warped-TF domain using a STFT. Each mode is filtered

in the warped-TF domain, transformed back into the warped-

time domain using an inverse STFT, unwarped into the origi-

nal time domain using standard methods, and transformed

into the TF domain with a STFT. The mode arrival times

(picks) are determined from the time of maximum energy of

the deconvolved filtered mode in the TF domain and then

corrected using the empirical source IF. The inversion is not

sensitive to the empirical source IF because of this correc-

tion. For impulsive sounds in an approximately range-

independent waveguide, warping transforms the dispersed

modes into near-constant frequency tones that can be band-

pass filtered to separate the modes. For frequency sweeps,

deconvolution and warping separates the modes, but it is of-

ten difficult to achieve sufficient separation such that a band-

pass filter isolates individual modes. Hence, warped modes

are filtered using a TF mask (a manually defined polygon in

TF space) and transformed back into the time domain using

an inverse STFT. This process improves the accuracy of esti-

mated mode arrival times and extends the bandwidth over

which modes are resolved. Figure 1 illustrates the data proc-

essing procedure for a bowhead whale call recorded in the

Chukchi Sea (described further in Sec. IV).

For each filtered mode, a spectrogram (magnitude of

STFT) is computed using a Hanning window with 99%

overlap (Fig. 1 considers a 16 384-point window for data

sampled at 64 kHz). The mode arrival time data are limited

to frequencies where mode arrivals have high enough levels

such that the arrival times are not significantly influenced

by background noise. In practice this can be difficult to

determine a priori; however, poor data can often be identi-

fied by performing a preliminary inversion to detect outliers

(i.e., data residuals that lie several standard deviations out-

side of the assumed Gaussian distribution). Those data can

then be discarded and the inversion rerun on the reduced

dataset.

B. Bayesian inversion

The mode arrival-time picks indicated in Fig. 1(a) are

dependent on the whale location, source IF, environment,

and relative recorder clock drifts. The arrival time of mode

m at frequency f for whale call w at recorder a is

twam fð Þ ¼ sw fð Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xw�Xað Þ2þ yw�Yað Þ2

q
vm e; fð Þ þDa; (1)

where swðf Þ is the source IF [i.e., swðf Þ is the time that fre-

quency f was emitted by whale w], xw and yw are the easting

and northing coordinates of the whale, Xa and Ya are the
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coordinates of the recorder (considered known), vmðe; f Þ is

the mode group speed which depends on the environmental

model e, and Da is the recorder clock drift relative to a refer-

ence recorder. The inversion uses a trans-D Bayesian formu-

lation which is briefly described here (see Warner et al.21 for

details). The range-independent environmental model e con-

sists of a water column with unknown depth and SSP over a

seabed consisting of an unknown number of homogeneous

layers (each layer characterized by unknown thickness,

sound speed, and density) overlying a half-space of unknown

geoacoustic parameters. Mode group speeds are calculated

for an environmental model using the normal-mode code

ORCA (Ref. 23) and are converted to predicted modal ar-

rival times using the whale source IF, location, and relative

recorder clock drift [Eq. (1)], all of which are unknown

model parameters to be estimated in the inversion (the model

also includes error standard deviations, see Sec. II C). In a

Bayesian formulation the solution consists of properties of

the posterior probability density (PPD) of the model parame-

ters given the measured data and prior information. A

reversible-jump Markov-chain Monte Carlo24 algorithm is

applied to sample the PPD over a trans-D model space in

which the number of SSP nodes and seabed layers can

change by probabilistically accepting transitions between

model parameters/parameterizations according to the

Metropolis-Hastings-Green criterion.24 The transition

acceptance probability depends on the prior, proposal,

and likelihood ratios, with the likelihood defined by the

assumption of Gaussian-distributed errors with unknown

standard deviation for each whale call (discussed below in

Sec. II C). Uniform bounded priors are used for all model

parameters, with an additional joint prior that constrains

sub-bottom sound speed and density to physically realistic

combinations.25,26 The Markov chain samples over the num-

ber and parameters of SSP nodes and sub-bottom layers

to estimate the trans-D PPD. Parallel tempering27–30 is

applied to increase the dimension-jump acceptance rate.

Fixed-dimensional parameters (i.e., source IF, whale

location, and relative clock drift) were found to be highly

correlated and perturbations to these parameters had to be

applied in principal-component (rotated) space to achieve

convergence.31

C. Likelihood

The likelihood function is defined by the residual error

distribution. These errors result from measurement, data-

processing, and theory errors, the statistics of which are

often unknown. The data residuals for model mk are given

by d� dðmkÞ, where d and dðmkÞ are the measured and pre-

dicted data (i.e., mode arrival times in seconds), respec-

tively, and k indexes possible model parameterizations

(number of SSP nodes and sub-bottom layers). In this paper,

the residual errors are assumed Gaussian distributed; the va-

lidity of this assumption is checked a posteriori. For N data

with Gaussian-distributed errors, the likelihood function is

L k;mkð Þ ¼ 1

2pð ÞN=2jCdj1=2

� exp � 1

2
d� d mkð Þ
� �T

C�1
d d� d mkð Þ
� �� �

;

(2)

where Cd is a diagonal data covariance matrix. Some previ-

ous modal-dispersion inversions have assumed different

error standard deviations between modes21,32 but this

requires many data (arrival times) for each mode to constrain

each standard deviation. The whale calls analyzed for this

paper have relatively few modes and frequencies per mode

so this error parameterization is too granular and not appro-

priate here. We therefore assume error standard deviations

(rw) that vary only between whale calls so rw is constant

over recorder, mode, and frequency. Let dwam represent a

vector of modal arrival times at Nwam frequencies. The likeli-

hood function for uncorrelated noise is the product

FIG. 1. (Color online) Example of

warping TF analysis. (a) Recorded

bowhead whale call spectrogram and

empirical source IF (solid line). (b)

Spectrogram after deconvolution by

source IF. (c) Warped spectrogram

showing two modes and the inverse TF

masks (white polygons). (d) and (e)

Filtered spectrograms with deconvolved

data picks (� andþ ) for modes 1 and

2, respectively. Reconvolved picks are

shown on panel (a), where some picks

have been removed due to insufficient

signal level.
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L k;mkð Þ ¼
YW
w¼1

YA

a¼1

YMwa

m¼1

1

2pr2
w

� �Nwam=2

� exp �
jdwam � dwam mkð Þj2

2r2
w

" #
; (3)

where W is the total number of whale calls considered, A is

the total number of recorders that detected at least one call,

and Mwa is the number of modes considered for call w on

recorder a. For recorders a that do not detect a particular

whale call w the term within the products is replaced by

unity. Substituting Eq. (1) into this equation and setting

@L=@Da ¼ 0 leads to a maximum-likelihood estimate for the

inter-recorder clock drift Da

D̂a mkð Þ¼

XW
w

XMwa

m

XNwam

f

dwam fð Þ�sw fð Þ�jrwaj=vm fð Þ
� �

=r2
w

XW
w

XMwa

m

Nwam=r
2
w

;

(4)

where rwa is ðXa � xw; Ya � ywÞ. Equation (4) provides an

expression for Da in terms of the data and the other unknown

parameters which can be used to sample implicitly over Da

by sampling explicitly over the other parameters.33 This for-

mulation assumes the relative recorder clock drift does not

significantly change between the first and last inverted whale

calls.

III. SIMULATION STUDY

This section illustrates and verifies the inversion meth-

odology in a simulation study based on recordings of bow-

head whale calls from the Chukchi Sea (described in Sec.

IV). This study considers calls from five whales at different

locations about a cluster of seven asynchronous recorders,

labeled A–G. The recorder locations for the simulation are

taken from coordinates of a deployed recorder cluster.22 The

source IF are linear frequency up- or down-sweeps and the

relative clock drifts are constant between calls. The

environmental model for the simulation has two sub-bottom

layers (one interface) and two water-column SSP nodes (in

addition to unknown water sound speeds at the surface and

bottom). The true parameter values and the bounds of the

uniform prior distributions assumed for all environmental

parameters are listed in Table I (Quijano et al.26 describes

the joint prior distribution for sub-bottom sound speed and

density used here). The easting and northing prior bounds on

the whale locations are 610 km from recorder A, the source

IF prior bounds are 10 s prior to the call arrival time on the

reference recorder (recorder A for all calls except call 3

which had reference recorder D), and the error standard devi-

ation prior for each whale call is uniform from 1 to 100 ms.

Mode arrival times at 7 frequencies for modes 1 and 2 were

simulated using Eq. (1) for each call with exact modal group

speeds calculated by the normal-mode code ORCA (Ref.

23). Data were simulated for a minimum of two and up to all

seven recorders, depending on the call. Gaussian-distributed

errors were added to the synthetic data with standard devia-

tions that were constant over recorders, modes, and frequen-

cies but varied between whale calls from 12 to 17 ms. Table

II lists the recorders that detected each call and the corre-

sponding error statistics.

Inversions for nine scenarios were performed on the

synthetic data. Scenarios 1–5 invert individual calls 1–5,

respectively; scenario 6 jointly inverts all 5 calls (environ-

mental parameters are inverted for in each scenario).

Scenarios 7–9 are variations on scenario 1 that investigate

the effect on localization uncertainties of knowing the SSP

and/or geoacoustic parameters: scenario 7 considers known

SSP but unknown geoacoustics, scenario 8 considers known

geoacoustics but unknown SSP, and scenario 9 considers

known SSP and geoacoustics. Inversions were performed on

the synthetic datasets with approximately 500 000 samples

drawn from the PPD via the trans-D Bayesian inversion and

fixed-length chain thinning34 restricted the number of sam-

ples that were saved to 100 000. All inversions were found to

produce approximately Gaussian-distributed data residuals

(not shown).

Figure 2 shows the two-dimensional marginal proba-

bility distributions for whale locations in scenarios 1–9.

Each call distribution is normalized by its maximum value

to more clearly illustrate the distribution shapes. The true

whale locations are shown as the intersection of the dashed

lines (lines for scenario 6, which includes all sources, are

omitted to reduce clutter) and the recorders that detected

calls are shown with� symbols. Inset plots at 3 times mag-

nification are shown in some panels to illustrate small dis-

tribution shapes. The extents of the marginal distributions

TABLE II. Simulated whale call parameters.

Call Recorders xw (km) yw (km) rw (ms)

1 A–G 3 3 14

2 A–D 7 4 14

3 D, E 8 2 17

4 A–D, F, G �2 �1 12

5 A–D, F, G �4 3 15

TABLE I. Environment parameter values and prior bounds for the simula-

tions. Note that sub-bottom sound speed and density were further con-

strained by a joint prior bound.

Parameter True value(s) Prior

cw at surface (m/s) 1450 [1435,1455]

cw at seafloor (m/s) 1440 [1435,1455]

Water depth zb (m) 41 [38,50]

# SSP nodes 2 [0,5]

SSP node depths (m) [20,24] [0,zb]

SSP node cw (m/s) [1450,1440] [1435,1455]

# sub-bottom interfaces 1 [0,6]

Interface depths (m) [14.5] [0,50]

Layer speed cb (m/s) [1630] [1460,2500]

Basement cb (m/s) 2384 [1460,2500]

Layer density q (g/cm3) [1.45] [1.3,2.5]

Basement q (g/cm3) 2.32 [1.3,2.5]
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show the estimated uncertainty of the whale locations. The

probability contours for scenarios 1, 4, and 5 are approxi-

mately elliptical. Scenarios 2 and 3 have relatively high

uncertainties because the simulated calls were not detected

on recorders off the cluster’s main axis (approximately

NE–SW), resulting in symmetric but non-elliptical proba-

bility contours. The localization results for scenario 6 (i.e.,

calls from scenarios 1–5 inverted collectively) show sub-

stantial improvement over all corresponding individual

whale call inversions. The uncertainty distributions for

calls 1, 4, and 5 are much narrower than those of their cor-

responding single-call inversions. The symmetric distribu-

tion for call 3 is well constrained but the distribution is

multi-modal about the axis of the receivers D and E on

which it was recorded (see scenario 3 result). Parallel tem-

pering was found to be essential for sampling these multi-

modal distributions and achieving PPD convergence.

Scenario 6 clearly shows the localization improvements

from joint inversion of multiple whale calls. Resolution of

other parameters (especially relative recorder clock drift)

is also greatly improved by joint inversion and is discussed

later in this section. The localization results for scenarios 7

and 8 are very similar to those of scenario 1, indicating

that precise prior knowledge of the SSP and/or geoacoustic

parameters does not significantly improve localization

results, given that the environmental parameters are

included in the inversion. Scenario 9 shows minor

localization improvement when both SSP and geoacoustic

parameters are known, but the improvement is much less

than that from joint inversion over multiple whale calls.

Table III quantifies the localization results with two-

standard deviation (2SD) uncertainties of the easting and

northing estimates for the simulated calls.

FIG. 2. (Color online) Marginal proba-

bility densities for whale location(s) in

simulated scenarios 1–9 (described in

text). True whale locations are shown

with dashed lines (except scenario 6),

and receivers that recorded the call(s)

in each scenario are indicated with-

� symbols. Inset plots show the corre-

sponding distributions at 3 times

magnification.

TABLE III. Localization results and mean residual error standard deviations

(�rw) for inverted simulated calls. Mean location and 2SD are given as east-

ing and northing pairs. Note that the marginal probability distribution con-

tours for whale locations for calls 2 and 3 are not elliptical so results for

these calls should be considered in the context of the marginal location prob-

ability distributions (see Fig. 2).

Call Scenario Mean location (km) 2SD (km) �rw (ms)

1 1 2.77,3.40 0.32,0.53 11.2

1 6 3.01,3.01 0.13,0.11 11.7

1 7 2.75,3.44 0.32,0.54 11.6

1 8 2.78,3.32 0.32,0.51 11.8

1 9 2.79,3.29 0.30,0.32 11.9

2 2 5.98,3.61 3.34,4.40 15.3

2 6 6.76,3.95 0.65,1.03 15.6

3 3 5.92,3.46 2.01,2.93 18.7

3 6 6.83,3.94 2.13,3.72 19.5

4 4 �2.23,�0.98 0.53,0.34 12.4

4 6 �2.00,�0.99 0.02,0.02 12.4

5 5 �3.70,2.64 0.67,0.44 14.0

5 6 �3.92,2.94 0.13,0.08 14.6
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Figure 3 shows the normalized marginal distributions

for source IF 1–5 in scenarios 1–6. The left panels show

source IF for calls in scenarios 1–5 (inverted individually)

and the right panels show the source IF for the same calls in

scenario 6 (inverted jointly). Note that scenario 3 [panel (c)]

had reference recorder D (since only recorders D and E

detected the call). To compare source IF distributions for

this scenario with scenario 6, which had reference recorder

A, estimated and true times for scenario 3 were adjusted to

account for the difference in reference recorders using the

true relative clock drift (�8.2 s). In all scenarios the shape of

the source IF is well resolved and most of the mismatch is

associated with a frequency-independent time shift that is

due to uncertainties of the relative recorder clock drifts and/

or source locations. The time shifts are more accurately con-

strained in scenario 6 due to the smaller uncertainty on

source locations and clock drifts (the latter is discussed later

in this section).

Figure 4 shows the marginal probability profiles for the

SSP and geoacoustic parameters for scenarios 1 and 6 (corre-

sponding results for scenarios 2–5 are similar to those of

scenario 1 and are omitted for brevity). These profiles are

normalized independently at each depth to more clearly

illustrate the range of values, and the corresponding proba-

bility ratio profiles to the right of the marginal profiles indi-

cate the relative scaling. This figure also shows the marginal

profiles for the SSP-node and sub-bottom-interface depths.

The marginal SSP distribution is relatively uniform over

depth in scenario 1, indicating that little structure is resolved

by the data. The node depth distribution is uniform over

most of the water column but decreases to zero near the bot-

tom (over the prior bounds for water depth). The marginal

distributions for the number of SSP nodes and for the water

depth are approximately uniform (not shown). Higher-order

modes, which have smaller mode function wavelengths (in

depth), are required for resolving finer-scale SSP structure.21

The geoacoustic probability profiles agree well with the true

profile given their uncertainties. Sub-bottom sound speed

and density are resolved within their prior bounds; however,

the resolution for density within the prior bounds is primarily

due to the joint-prior bound with sound speed.

The corresponding results for scenario 6 show some nar-

rowing of the SSP probability distribution in the lower por-

tion of the water column but the overall shape of the SSP is

not resolved. The geoacoustic profiles are similar to those of

scenario 1. This suggests there is little benefit to inverting

multiple whale calls in terms of environmental resolution;

however, there could be more benefit if multiple whale calls

cover different frequency ranges and/or more modes are

present.

Table IV lists the mean recorder clock drifts relative

to reference recorder A and the estimated (two-standard

deviation) uncertainties. The single call inversions (scenar-

ios 1–5 and 7–9) provide estimated clock drifts with uncer-

tainties that vary between 8 and 739 ms. Drift uncertainties

are correlated with distance from the reference recorder

(e.g., drift uncertainties for B, the closest recorder to A,

were typically lowest) and anticorrelated with the number

of recorders that detected the call. Each detection provides

a source-receiver range estimate, and having more range

estimates better constrains the whale location, which in

turn improves clock drift estimates. The multi-call inver-

sion (scenario 6) produced significantly reduced drift

uncertainties compared to the single call inversions. Each

whale call constrains the drifts in different ways and to dif-

ferent degrees. The multi-call inversion requires that all

data are fit simultaneously, which requires an effective

averaging of the drift estimates. The benefit comes from

having multiple whale calls at locations spread out among

the hydrophone cluster (inverting multiple calls from a sin-

gle location would not improve drift estimates to this

extent). The drift uncertainty reduction from a multi-call

localization approach increases with the number of calls

detected on a given recorder provided the magnitude of

the drift uncertainties for individual-call inversions is

relatively consistent. For example, the uncertainty for DC

decreases by a factor of 3.5 (relative to the smallest

FIG. 3. (Color online) Normalized marginal probability densities for simu-

lated whale call source IF in scenarios 1–5 [panels (a)–(e)] and scenario 6

[(f)–(j)]. True source IF are shown withþ symbols.
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FIG. 4. (Color online) Marginal probability profiles for water SSP and bottom sound speed and density, together with their corresponding node/interface depth

profiles and depth normalization profiles. Top and bottom panels show results from simulation scenarios 1 (single whale call) and 6 (multiple whale calls).

Plot bounds are the prior bounds for SSP and geoacoustic parameters, although sub-bottom sound speed and density are further constrained by a joint prior dis-

tribution. True parameter values are shown with dashed lines.

TABLE IV. True and estimated mean relative recorder clock drifts (relative to recorder A) and two standard deviation uncertainties (s) for the simulation sce-

narios. Note that estimated clock drift for scenario 3 has been adjusted to account for the difference in reference recorders (D vs A in scenarios 3 and 6, respec-

tively) using the true relative clock drift (�8.2 s) to allow direct comparison with results in other scenarios.

Scenario DB DC DD DE DF DG

True 14.1 18.3 8.2 �2.3 �20.8 �3.4

1 14.09,0.018 18.25,0.065 �2.32,0.252 �20.85,0.063 �3.27,0.162

2 14.08,0.042 18.22,0.157 7.88,0.569

3 �2.88,0.739

4 14.11,0.008 18.31,0.014 8.22,0.025 �20.80,0.253 �3.25,0.283

5 14.10,0.039 18.28,0.105 8.14,0.184 �20.78,0.166 �3.39,0.117

6 14.10,0.004 18.30,0.004 8.20,0.010 �2.27,0.227 �20.80,0.014 �3.40,0.009

7 14.09,0.018 18.24,0.067 �2.31,0.258 �20.86,0.063 �3.26,0.165

8 14.09,0.017 18.25,0.063 �2.35,0.252 �20.84,0.066 �3.29,0.159

9 14.09,0.014 18.26,0.049 �2.36,0.227 �20.85,0.054 �3.30,0.117
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uncertainty from the single-call inversions) but the uncer-

tainty for DE, which is only estimated in scenarios 1 and 3,

only decreases by a factor of 1.1; data in scenario 3 do not

add much information because uncertainty is significantly

higher than that in scenario 1. The clock drift uncertainties

for scenarios 7–9 show some improvement compared to

scenario 1, but the improvement is much less than that

from joint inversion. This indicates that prior environmen-

tal knowledge does not significantly improve clock drift

estimates, provided the baseline inversion treats the envi-

ronment as unknown.

Figure 5 shows the fit to the data achieved in scenario 1

including the synthetic (noisy) arrival times, 5th and 95th

percentiles for predicted arrival times calculated from a ran-

dom sample of 5000 models from the PPD, and the (error-

free) theoretical arrival times calculated from Eq. (1). The

inversion sampled models that produce predicted times in

good agreement with the synthetic noisy arrival time data.

Fits to the data for other scenarios were similar and are not

shown here for brevity; however, the mean standard

deviations for residuals in all simulated scenarios are sum-

marized in Table III and were within 2.8 ms of the true val-

ues in Table II.

IV. BOWHEAD WHALE CALL DATA

Long-term underwater acoustic recordings were col-

lected by JASCO Applied Sciences from August to October

2013 as part of an acoustic measurement program designed,

in part, to record marine mammal calls over a large area of

the Chukchi Sea.22 The recordings were made using 28 of

JASCO’s Autonomous Multichannel Acoustic Recorders

(AMARs) (JASCO Applied Sciences, Dartmouth, Nova

Scotia, Canada), each equipped with a single Geospectrum

M8E hydrophone (GeoSpectrum Technologies Inc,

Dartmouth, Nova Scotia, Canada) (nominal sensitivity

�164 dB re 1 V/lPa). Most of the recorders were spaced tens

of kilometers apart; however, a cluster of closely-spaced

recorders was centered around Shell’s 2012 drilling location to

quantify sound levels from oil and gas exploration activities.

Seven recorders (denoted by JASCO as BGA–BGE, BGH,

and BGJ, but herein renamed as A–G, respectively) were

deployed within 8 km of the drill site (71�18.50N, 163�12.70W)

at nominal distances of 0.5, 1, 2, 4, and 8 km (three AMARs

were deployed at 2-km range at different azimuths) and

recorded 24-bit samples at 64 kHz. The water depths at the 7

AMAR locations ranged between 46.0 and 48.7 m, so based

on this relatively flat bathymetry, the environment is approxi-

mated as range-independent with an unknown (effective) water

depth.

Bowhead whales passed the AMAR cluster during their

annual fall migration from the Beaufort and Chukchi Seas to

the Bering Sea. The AMARs recorded thousands of bowhead

calls and many of the calls were detected on multiple

AMARs in the cluster. Some of these calls were at low fre-

quencies (35–97 Hz) and contained significant energy in at

least two dispersive modes. For this study, mode arrival

times for nine bowhead calls recorded on up to all seven

AMARs (A–G) were estimated as described in Sec. II A.

The same call was identified by listening to the recordings

and observing similar TF characteristics of the call. The calls

spanned a 3.25 min period on October 11; we do not expect

the relative AMAR clock drifts to change significantly over

this short period. Table V lists the recorders, frequency

ranges, and number of mode arrival times (N) for each call.

Figure 6 shows spectrograms of the nine calls and Fig. 7

FIG. 5. (Color online) Mode arrival times for simulated whale call 1 on

recorders A–C, E–G (the call was not detected on recorder D in scenario 1).

True (error-free) arrival times (solid curves), noisy synthetic data (�), and

the 5th and 95th percentile predicted arrival times calculated from a random

sample of models from the PPD (solid horizontal lines) are shown for each

recorder.

TABLE V. Inverted Bowhead whale call parameters.

Call AMARs Frequency range (Hz) N

1 A–G 47–81 129

2 A–D, F, G 35–85 101

3 A, B, D–G 54–70 41

4 A–G 43–70 90

5 A, B, D–G 54–66 39

6 A–G 50–66 53

7 A, B, D–G 54–66 45

8 A–G 50–66 56

9 A–C, E–G 74–97 54
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shows spectrograms for call 1 for recordings on all seven

AMARs. The relative modal dispersion that is clearly visible

in Fig. 7 indicates that the whale was closest to AMAR D or

E (since these recordings show the least dispersion).

Whale call inversions used the same environmental

prior bounds as in the simulation study (see Table I), except

the effective water depth bounds were expanded to [35, 55]

m and water sound speed bounds were [1439, 1465] m/s

based on historical SSP measurements in the area.35

Location, source IF, and error standard deviation prior

bounds were the same as in the simulation study.

V. INVERSION RESULTS

The trans-D Bayesian inversion was applied to each of

the nine whale calls independently (scenarios 1–9) and

then jointly for one multi-call inversion (scenario 10). The

inversions were carried out on a parallel computer cluster

with each inversion using 32 (2.1 GHz) central processing

unit cores. The independent inversions took approximately

24 h to reach convergence and the joint inversion, with

many more parameters to estimate, took approximately

72 h. Figure 8 shows the two-dimensional marginal

probability distributions for whale locations for all scenar-

ios, with the recorders that detected calls shown with

� symbols. Each call distribution is normalized by its max-

imum value to more clearly illustrate the distribution

shapes. Inset plots at 3 times magnification are shown in

some panels to illustrate small distribution shapes. Most

probability contours are approximately elliptical; however,

the distribution in scenario 9 is curved and wider than the

others. The distributions for calls 3–8 overlap

FIG. 6. (Color online) Spectrograms of

whale calls recorded on AMAR A for

all calls considered. Call numbers are

vertically centered to the left of modes

1 and 2 of each call. Data picks (see

method described in Sec. II A and

illustrated in Fig. 1) are shown with-

þ and� symbols. Note that calls 3–8

are received within an �8 s period.

FIG. 7. (Color online) Spectrograms of whale call 1 recorded on each AMAR. Data picks are shown withþ symbols.
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substantially, so it is not possible to conclude if the calls

are coming from a single whale or multiple whales. The

distributions for the multi-call inversion are substantially

narrower than their corresponding single-call inversion

distributions, similar to findings in the simulation study.

The most-probable locations for calls 1–8 are consistent

(within uncertainties) between the single- and multi-call

inversions, but the location for call 9 moves a few kilo-

meters from the peak of the single-call inversion distribu-

tion; this is discussed below with respect to the relative

recorder clock drifts. Table VI lists the localization results

and uncertainties for all bowhead whale calls considered.

Figure 9 shows the normalized marginal distributions

for the source IF. The left panels show source IF for the

individual-call inversions and the right panels show the cor-

responding source IF for the joint inversion. The shapes of

the source IF are well resolved for all calls and most of the

mismatch is attributed to uncertainty in whale location and

relative recorder clock drift which produces strongly corre-

lated source IF over frequency. The distributions are much

more tightly constrained in the joint inversion due to the

smaller uncertainty of whale location and relative clock drift

(the latter is discussed later in this section).

Figure 10 shows the marginal probability profiles for the

SSP and geoacoustic parameters for scenarios 1 and 10. The

corresponding results for single-call inversions 2–9 (not

shown) are similar to those of scenario 1 but vary somewhat

in the upper sediment layer thickness and sound speed

(although the profiles are consistent within their estimated

uncertainties).

In scenario 1, little SSP structure is resolved by the data

and the distribution of the number of SSP nodes is uniform

(not shown). The limited SSP resolution, particularly with

depth, is likely due to the large wavelengths of the low-order

mode functions. The node depth distribution is uniform over

FIG. 8. (Color online) Marginal proba-

bility densities for bowhead whale loca-

tion(s) for scenarios 1–10 (described in

text). Probability distributions for sce-

nario 10 are compact and are shown as

a binary image for clarity. Receivers

that recorded the call(s) in each sce-

nario are indicated with� symbols.

Inset plots show the corresponding dis-

tributions at 3 times magnification.

TABLE VI. Localization results and mean residual error standard deviations

(�rw) for inverted bowhead calls. Mean location and 2SD are given as easting

and northing pairs.

Call Scenario Mean Location (km) 2SD (km) �rw (ms)

1 1 3.83,3.58 0.21,0.33 10.9

1 10 3.93,3.42 0.03,0.02 12.0

2 2 �3.38,�4.57 0.52,0.63 12.7

2 10 �3.07,�4.12 0.08,0.14 16.8

3 3 3.28,0.15 0.42,0.41 10.5

3 10 3.32,�0.21 0.03,0.02 10.0

4 4 3.33,�0.33 0.17,0.21 9.5

4 10 3.33,�0.21 0.03,0.02 11.4

5 5 2.97,0.01 0.25,0.33 9.7

5 10 3.33,�0.22 0.03,0.02 9.7

6 6 3.49,�0.24 0.28,0.33 10.9

6 10 3.33,�0.23 0.03,0.02 16.2

7 7 3.31,�0.50 0.36,0.55 11.7

7 10 3.31,�0.22 0.03,0.02 11.6

8 8 3.43,�0.08 0.22,0.26 8.3

8 10 3.33,�0.21 0.03,0.03 19.6

9 9 6.80,1.16 1.56,0.77 7.0

9 10 5.38,3.53 0.03,0.04 11.2
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the water column but decreases to zero over the prior bounds

for effective water depth. The marginal distribution for the

number of sub-bottom interfaces (not shown) is peaked at

zero and decreases for increasing numbers of interfaces; lit-

tle sub-bottom structure is resolved by the single-call data.

Sub-bottom sound speed and density are resolved within

their prior bounds; however, the resolution for density is

only due to the joint-prior bound with sound speed.

The corresponding results for the multi-call inversion

show some SSP structure, though the upper and lower por-

tions of the profile are very uncertain. The sound speed at

mid-depth in the water column is approximately 1450 m/s

which is reasonable for this Arctic region in the fall.36 The

geoacoustic profiles are similar to those of call 1 but the

prominent interface depth is constrained between approxi-

mately 15 and 28 m below the seafloor (mbsf), below which

the parameters are very uncertain. Figure 11 compares the

top 5 mbsf sub-bottom sound speed distribution from sce-

nario 10 to that from a recent geoacoustic inversion based on

dispersion of airgun signals (with 5 modes) at a site �16 km

away from AMAR A.21 The distributions peak at different

bottom sound speeds but the distribution from the bowhead

whale call inversion has heavy tails that overlap with the

higher-resolution distribution from the airgun modal disper-

sion inversion.

Figure 11 also shows the marginal distributions for

effective water depth and the shaded region indicates the

range of water depths measured during AMAR deployments.

The distributions for scenarios 1–9 overlap with the water

depth measurements but vary in width and most-probable

depth. The distribution for scenario 10 is more constrained

than the ensemble of distributions from single-call inversions

and has standard deviation of 1.7 m.

Table VII lists the mean relative AMAR clock drifts (to

reference AMAR A) and the estimated uncertainties. The

single call inversions provide estimated clock drifts with

uncertainties that varied between 8 and 728 ms. Drift uncer-

tainties are correlated with distance from the reference re-

corder and strongly reflect localization uncertainty (e.g.,

drift uncertainties on AMARs F and G for call 9 are rela-

tively large which is reflective of the large position uncer-

tainty perpendicular to the main axis of the AMAR cluster).

The multi-call inversion (scenario 10) produced significantly

reduced drift uncertainties compared to the corresponding

single call inversions with estimated uncertainties of 3 to

26 ms (a reduction of up to 96%).

The fit to the data achieved in scenario 1 is shown in

Fig. 12 including the picked arrival times and the 5th and

95th percentiles for estimated arrival times, calculated from

a random sample of 5000 models from the PPD. The inver-

sion sampled models that produce predicted times in excel-

lent agreement with the picked times. Fits to the data for

other scenarios were similar and are not shown here for brev-

ity; however, the standard deviations for the residuals in all

scenarios are quantified in Table VI. The call standard devia-

tions generally increased somewhat for the multi-call sce-

nario because all calls had to be fit with a single

environmental model and set of relative clock drift

parameters.

VI. SUMMARY AND CONCLUSION

This paper presented Bayesian inversion of low-

frequency bowhead whale call modal dispersion data (both

simulated and measured) received at a cluster of asynchro-

nous hydrophones. Mode arrival times were determined

from TF analysis of calls after filtering individual modes

using a modified warping procedure that accounted for a

non-impulsive source. The arrival times were then used in

the inversion to estimate the whale location, source IF, water

sound-speed profile, sub-bottom geoacoustic properties, and

relative recorder clock drifts, all with estimated uncertain-

ties. A trans-D framework was applied for the water-column

SSP and sub-bottom geoacoustic layering properties to

account for uncertainty in model parameterization.

FIG. 9. (Color online) Normalized probability densities of source IF for

calls 1–9 inverted independently [(a)–(i)] and jointly [(j)–(r)].
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A simulation study characterized the ability of the

inversion to estimate the unknown parameters. Joint inver-

sion of multiple calls was found to substantially decrease

whale location and recorder clock drift uncertainties com-

pared to single-call inversions. Exact prior knowledge of

the SSP and/or geoacoustic properties was found to produce

a relatively small improvement in localization and clock

drift uncertainties. The inverted data provided little infor-

mation on the SSP and water depth which may be due to

the low frequencies and low-order modes (1 and 2) used for

the simulation. The estimates of the geoacoustic profiles,

whale call source IF, and relative recorder clock drifts were

consistent with the true values within the estimated

uncertainties.

Inversion results for bowhead whale calls recorded in

the Chukchi Sea showed similar effects to the simulation

study. The localization and relative recorder clock drift

results improved substantially when including multiple calls

in the same inversion. The SSP and sub-bottom density were

not resolved but the estimated effective water depth was

FIG. 10. (Color online) Marginal probability profiles for water SSP and bottom sound speed and density, together with their corresponding node/

interface depth profiles and depth normalization profiles. Top and bottom panels show results from scenarios 1 (call 1) and 10 (calls 1–9). Plot

bounds are the prior bounds for SSP and geoacoustic parameters, though sub-bottom sound speed and density are further constrained by a joint prior

distribution.
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constrained in the multi-call inversion and agreed with water

depth measurements. The resolution of seabed sound speed

was much less than that found in a previous Chukchi Sea

study of modal dispersion inversion of airgun data which

exploited the impulsive nature of the source and involved a

higher modal content (up to five modes compared to only

two in the whale-call data).

Overall, modal dispersion data and the trans-D inversion

approach are shown to be capable of estimating locations of

bowhead whales several kilometers from an asynchronous

hydrophone cluster to accuracies of 30–160 m in an uncertain

range-independent environment. This localization accuracy is

sufficient for determining if marine mammals are exposed to

sound levels above specific thresholds (so that mitigation strat-

egies can be implemented). The inversion also resolved relative

recorder clock drift to uncertainties less than 30 ms. This syn-

chronization is sufficient for localizing marine mammals using

other types of calls that are not suitable for mode arrival time

estimation (e.g., using time-difference-of-arrival data). Whale

FIG. 11. Top: Marginal distributions for sub-bottom sound speed in the top

5 mbsf from inversion of airgun modal dispersion (Ref. 21) and bowhead

whale call data (scenario 10). Bottom: Marginal distribution for effective

water depth from separate (S1–S9) and joint (S10) inversions, with the water

depths measured during AMAR deployments indicated by the shaded

region.

TABLE VII. Estimated relative AMAR clock drifts and two standard deviation uncertainties (s) for the bowhead whale call inversions.

Scenario DB DC DD DE DF DG

1 24.04,0.008 97.84,0.022 53.49,0.090 54.34,0.214 53.13,0.046 45.91,0.079

2 24.07,0.015 97.86,0.034 53.59,0.065 53.19,0.105 45.92,0.153

3 24.04,0.028 53.75,0.284 54.50,0.432 52.99,0.177 45.88,0.047

4 24.04,0.015 97.80,0.054 53.47,0.135 54.34,0.188 53.20,0.090 45.86,0.018

5 24.05,0.024 53.47,0.203 54.09,0.254 53.03,0.149 45.88,0.034

6 24.04,0.023 97.84,0.081 53.62,0.218 54.56,0.308 53.18,0.136 45.87,0.027

7 24.04,0.038 53.33,0.259 54.22,0.313 53.27,0.240 45.84,0.029

8 24.05,0.017 97.88,0.063 53.70,0.161 54.59,0.224 53.12,0.108 45.90,0.025

9 24.02,0.016 97.75,0.054 53.60,0.728 53.62,0.203 45.54,0.101

10 24.04,0.003 97.84,0.003 53.54,0.009 54.39,0.026 53.16,0.007 45.87,0.005

FIG. 12. (Color online) Mode arrival times for whale call 1 (� symbols)

on recorders A–G, and the 5th and 95th percentile predicted arrival times

calculated from a random sample of models from the PPD (horizontal

lines).
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tracking and marine mammal density estimation may be possi-

ble using such an approach since it can be applied to a much

larger dataset of marine mammal vocalizations. Performing

modal dispersion-based localization and synchronization at

multiple times throughout a long-duration recording could pro-

vide information on relative recorder clock drift rates.
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