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  In certain shallow water environments the acoustic propagation of low-frequency marine mammal calls can be well-modeled as a discrete set
of normal modes. Each mode propagates with a different group velocity, and thus in principle the range of the call can be inferred by comparing
relative arrival times of the modal arrivals. Traditionally, several time-synchronized hydrophones are required to spatially filter out individual
modes in order to measure relative arrival times. In this presentation a nonlinear signal processing method classed "warping" is used to identify
individual mode arrival times on a single receiver, even when the mode arrivals are overlapping in time. Warping processing is limited to
frequency-modulated sources with monotonic increases or decreases of frequency with time. It is thus applicable to whale calls that consist of
simple frequency-modulated upsweeps or downsweeps. Once the modes are separated, the source range can be estimated using conventional
modal dispersion techniques. This method is applied on several bowhead whale vocalizations recorded near Kaktovik (Alaska) in 2012.
Bowhead whale calls are ranged up to 35 km under median ambient noise conditions. These single-receiver range estimates are consistent with
estimated ranges previously obtained via other methods.
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INTRODUCTION

Passive Acoustic Monitoring is a suitable tool to study marine mammals in their
environment. Passive localization of marine mammal is an active research field and various
localization methods have been developed. Most of these involve the use of an array of
time-synchronized receivers, which is expensive and time consuming in an operational context.
However, when considering shallow water environment and broadband vocalization, one can
take advantage from multipath arrivals to range marine mammal vocalization using a single
receiver [1, 2].

This paper focuses on low-frequency whale calls in shallow water. In this context, the
oceanic environment acts as a dispersive waveguide and propagation can be described by normal
mode theory [3]. The acoustic field is divided into a small set of modal components, and each
mode propagates with a different group velocity. The range of the call can thus be inferred by
comparing relative arrival times of the modal arrivals. Such a method requires to filter out
individual modes in order to measure accurately relative arrival times. In this paper, we show
that it is possible to filter the modes on a single receiver using a nonlinear signal processing
method called warping [4, 5]. Once modes are separated, the source range can be estimated
using conventional modal dispersion techniques. Warping processing is limited to
frequency-modulated sources with monotonic increases or decreases of frequency with time. It is
thus applicable to whale calls that consist of simple frequency-modulated upsweeps or
downsweeps. This method is applied on several bowhead whale vocalizations recorded near
Kaktovik (Alaska) in 2010, but methodology could be extended to other similar context.

MODAL PROPAGATION

Normal mode theory

Considering a broadband source emitting at depth zs in a range-independent waveguide, the
spectral component of the pressure field Y ( f ) received at depth zr after propagation over a
range r is given by [3]:

Y ( f )≈
K∑

m=1
QS( f )Ψm( f , zs)Ψm( f , zr)

e jrkrm( f )
√

krm( f )r
, (1)

where K is the number of propagating modes, and krm( f ) and Ψm are the horizontal
wavenumber and modal depth function of the mode m at frequency f , respectively. The quantity
S( f ) is the source spectrum and Q = e jπ/4�

8πρ(zs)
represents a constant factor with ρ(zs) as the water

density at the source depth zs. For convenience, we note ym( f )= Am( f )e jφm( f ) the mode m
contribution to Eq. (1). Note that the modal phase φm( f ) can be decomposed into
φm( f )=φs( f )+ rkrm( f ), where φs( f )= Arg[S( f )] is the source phase.

Single receiver context

The signal received on a single receiver can be brought into the Time Frequency (TF)
domain using short-time Fourier transform (STFT)[6]. A convenient representation of the signal
is obtained by computing the spectrogram, i.e. the square modulus of the STFT. In the TF
domain, modes are concentrated along the dispersion curves with modal travel time given by [7]

tm( f )= dφm( f )
d f

= ts( f )+ r
vgm( f )

, (2)
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where ts( f ) is the source emission time of frequency f and vgm( f ) is the group speed of mode m
at frequency f . In our passive context, ts( f ) is thus the unknown frequency law of the bowhead
call. As an example, figures 1(a) and 2(a) show spectrograms of two bowhead vocalizations.

LOCALIZATION SCHEME

Single receiver source localization can be performed by analyzing the time-frequency
structure of the received signal. Traditional single-receiver inverse problems based on
dispersion curves match estimated tm( f ) with simulated replicas [5, 8]. It is not possible here as
the source frequency law ts( f ) is unknown. An alternative is to compare modes between each
other. First step is thus to filter out individual modes from the received signal.

Modal filtering

It has been demonstrated that modes can be filtered over a single hydrophone using a signal
processing method called warping [4, 5]. Warping operates by non-linearly re-sampling the
studied signal in order to transform modes into continuous tones. Warping is based on the
following assumptions:

• the environment is an ideal isovelocity waveguide ;

• the source is impulsive, i.e. ts( f )= t0.

Both assumptions are wrong in the bowhead localization context. However, it has been shown
that warping is robust to environmental mismatch [4, 5] so that the first assumption is not
problematic. To successfully apply warping on bowhead data, one still needs fulfilling the second
assumption. To do that, it is required to deconvolute the source influence. This can be a
challenging problem as bowhead calls are diversified, and one cannot rely on a strong a priori on
the source signal. Consequently, source deconvolution must be done blindly. Modal filtering can
be perform using the following methodology

1. Choose a source frequency law φ
try
s ( f ) ;

2. Compute Ydeconv( f )=Y ( f )e−φ
try
s ( f ) to deconvolute source influence ;

3. Apply warping on Ydeconv( f )

4. If warping does not allow modal filtering, go back to step 1;

5. Filter the modes in the warped domain using methodology presented in [4, 5].

As an example, figures 1(b) and 2(b) show spectrograms of two bowhead vocalizations after
source deconvolution and warping. Note that warped modes are well separated, and can thus be
filtered easily in the (warped) time-frequency domain.

Localization from filtered modes

Once modes are filtered, localization can be performed using conventional modal dispersion
techniques. In this paper, we chose to use a backpropagation method proposed in [9]. A given
mode ym( f ) can be backpropagated to a range r0 by computing

ybackprop
m ( f , r0)= ym( f )e−r0krm( f ). (3)
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If r0 corresponds to true range r, then every backpropagated modes sum up in phase. Estimated
range r̂ thus maximizes a criterion function J that adds up every modes [9] :

r̂ =max
r

J(r), (4)

with
J(r)=

∑
f

∣∣∣∣
∑
m

ybackprop
m ( f , r)

∣∣∣∣ . (5)

EXPERIMENTAL RESULTS

Data description

An autonomous 15-hydrophones vertical array was deployed in August 2010 in the Alaskan
Beaufort Sea (near Kaktovik), in the vicinity of seven DASAR recorders. Both the vertical array
and DASARs have been used to localized whale vocalizations [10]. In this paper, a single
receiver from the vertical array is considered. Figures 1(a) and 2(a) present the spectrogram of
two bowhead calls. Both will be ranged using the single receiver methodology presented above.

FIGURE 1: Bowhead call 1: (a) Spectrogram of the received signal ; (b) Spectrogram after source deconvolution and
warping.

FIGURE 2: Bowhead call 1: (a) Spectrogram of the received signal ; (b) Spectrogram after source deconvolution and
warping.
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Localization results

First step of localization is to filter out individual modes from the received signal. It has
been done using methodology presented in section 3.1. Figures 1(b) and 2(b) present the
spectrograms of both calls after source deconvolution and warping. Note that warping allows to
resolve properly 3 modes in both cases, although the third mode was barely visible in figure 1(a).

Once modes are filtered, the source can be ranged using backpropagation methodology as
explain in section 3.2. Note that environmental information is required to compute the
wavenumber krm( f ) in equation (3). In our localization scheme, this information is supposed to
be well known a priori 1.

Criterion J is computed for ranges from 1 km to 50 km with 100 m steps, and localization
results are presented in figure 3. Estimated ranges are r̂1 = 35.8 km for call 1 and r̂2 = 17.9 km
for call 2. They are consistent with other ranging results obtained from the VLA: the difference
between estimated ranges is about 5%.

FIGURE 3: Localization results (a) Call 1 ; (b) Call 2. Criterion J is plotted in blue, while vertical red lines show the
estimated range. Note that J has been normalized so that its maximum is 1.

CONCLUSION

This paper presents single receiver methodology to range low-frequency whale vocalizations
in shallow water. In this configuration, propagation is described by normal mode theory. The
proposed scheme is based on warping processing that allows modal filtering using a single
receiver. Once modes are filtered using warping, the source is ranged using a backpropagation
method. The localization methodology is applied on two bowhead calls recorded in the Alaskan
Beaufort Sea in 2010. Estimated ranges are consistent with other estimates obtained using a
time-synchronized vertical array of hydrophones.

The methodology is very promising for studying bowhead whales in the Beaufort Sea. If a
substantial numbers of bowhead whale calls fit the technique’s required assumptions, then
future deployments exploiting modal dispersion may require only bottom mounted horizontal
arrays, and not the more logistically delicate vertical arrays, since the vertical arrays have
already been used to map the propagation environment of the ocean bottom, and the impact of
the waterborne sound speed profile on localization should be minor.

1Environmental parameters have actually been estimated using Matched Field Processing on the vertical line
array, but single receiver methodology can be considered [5, 8]
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