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Abstract⎯This paper investigates a novel approach to processing records of ambient noise in the ocean that
are measured concurrently in spatially separated locations. The approach is a synthesis of two well-known
phase-coherent signal processing techniques. At the first stage of processing, an approximation to the tran-
sient acoustic Green function is found by the method of noise interferometry. At the second stage, the
approximate Green function is time reversed and back propagated from the location of one of the receivers,
thereby producing a focus in the vicinity of the other receiver. Unlike the earlier work, measurements at just
two points (rather than vertical array measurements) are used when the sound-propagation range is large
compared to the ocean depth. The requirement for optimal focusing of the back-propagated field is shown to
lead to extraction of estimates of the unknown physical parameters of the waveguide and, hence, to passive
acoustic remote sensing of the ocean.
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INTRODUCTION
This paper reports an investigation of a novel

approach to solving inverse problems, which is based
on synthesis of the noise interferometry and the time-
reversal technique. Roux and Kuperman [1] were the
first to consider such a signal-processing technique
but without application to inverse problems. We show
that the combined use of the noise interferometry and
time-reversal techniques allows one to use concurrent
records of ambient noise at a few locations for passive
acoustic remote sensing of the ocean.

The proposed approach is conceptually simple and
consists of three steps. At the first signal processing
step, the cross-correlation function (NCCF) СAB(t) is
computed from concurrent measurements of ambient
noise of the ocean at locations A and B. Here, t is the
time lag of the signal at B relative to the signal at A. For

noise fields generated by a large number of spatially
distributed random sources, СAB(t) is known to yield
an approximation to the transient acoustic Green
function GAB(t) that describes propagation from A to B
[2–4]. More precisely, СAB(t) approximates a sum of
GAB(t) and GBA(–t) [4]. The Green function GBA(t)
describes sound propagation from B to A and, when
ocean currents are present, differs from GAB(t) and
contains additional environmental information. In
this paper, the medium is assumed to be quiescent;
current-induced violations of acoustic reciprocity are
not exploited here.

In the second processing step employed here an
approximation to GAB(–t) is extracted from the NCCF
and then back propagated from location B, thereby
producing a focus at location A. Physically, this pro-
cess corresponds to modeling of a time-reversal-mir-
ror (TRM). In the context of experiments with con-
trolled active sources, TRMs have been extensively1 The article was translated by the authors.
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studied for a variety of applications in underwater
acoustics [5–12] and other fields [13–15]. A large
diversity of paths is desirable in TRM applications
because increasing the path diversity leads to a sharp-
ening of the focus in the back-propagated field at the
original source point and a reduction of spurious focal
side lobes [7, 13–16]. The earlier work that combined
noise interferometry and time reversal [1] was per-
formed in an environment in which the ray-path
geometry was very simple and the range-to-depth ratio
was small. In that work path diversity was achieved by
making use of measurements on a multi-element ver-
tical array. In contrast, in our work only two receivers
are used in a shallow-water environment in which the
range-to-depth ratio is large. In this case, path diver-
sity is achieved due to the many surface- and bottom-
reflected multipaths that connect the two receivers.

In the third processing step employed here, the
inverse problem is solved by searching over a suitable
environmental model parameter space to find the
combination of model parameters that optimally
focuses the back-propagated sound field in the vicinity
of the receiver A. We apply the three-step signal pro-
cessing technique to the ambient noise recorded by
two near-bottom hydrophones in 100 meter-deep
water in the Straits of Florida [17, 18].

In the next section we first illustrate the feasibility
and limitations of implementing a single-element
TRM in shallow water using numerical simulations in
a simple model of the acoustic waveguide. Subsequent
sections review the results of the Florida Straits exper-
iment, describe time reversal and back propagation of
the NCCFs measured in the field experiment, and
present the results of using a single-element passive
TRM for remote sensing of the seafloor at the site of
the experiment. In order that the physics of the prob-
lem is not obscured by unimportant details, we assume
the underwater waveguide to be range independent.

NUMERICAL SIMULATIONS
OF A SINGLE-ELEMENT TRM

We introduce Cartesian coordinates with horizon-
tal coordinates x and y and depth z. The sea surface is
modeled as a pressure-release plane at z = 0. Let a
point sound source be located at (0, 0, z0). The acous-
tic pressure P(x, z, z0; ω) in the source-receiver vertical
plane y = 0 is calculated in the frequency domain in a
wide-angle parabolic approximation using the RAM
code developed by M.D. Collins [19]. Here and below,
ω stands for the sound frequency. The time-domain
acoustic pressure is Fourier-synthesized from the fre-
quency-domain results:
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where Re stands for the real part of a complex number,
0 < ω1 < ω2, and the frequency band encompasses the
spectrum of the signal radiated by the source.

Let a single-element TRM be located at (x1, 0, z1)
and employed for time reversal of the field radiated by
a point source. In the case of layered media that we
consider, all the necessary calculations are performed
in the vertical xz plane. In terms of solutions P(x, z, z0; ω)
to the parabolic equation, the acoustic pressure in the
back-propagated field is calculated as follows:

Here, * denotes complex conjugation, which is the
frequency-domain counterpart of time reversal.

Figure 1 shows the results of a numerical simula-
tion of a single-element acoustic TRM in a shallow-
water waveguide. In this simulation, the waveguide is a
100-m deep water layer between a free surface and the
ocean bottom, which is modeled as a f luid half-space
with the speed of sound cb = 1750 m/s and density ρb =
1.9ρw. Sound attenuation in the bottom is αb = 0.3 dB/λ,
where λ is the wavelength. The waveguide parameters
and the geometry of the problem were chosen to
approximate those encountered in an experiment in
the Straits of Florida [17, 18]. The spectrum of the
radiated signal is assumed to be f lat in the frequency
band that is considered. A near-bottom point source
in the water is located either 5.015 km or 9.760 km
away from a near-bottom single-element TRM. Fig-
ure 1 shows the peak intensity I of the back-propa-
gated field, which is defined as the maximum in time
of the amplitude of the acoustic pressure p1 on a dB
scale:  where 

and p0 is an arbitrary normalization constant. As
before, the sound source is assumed to be located at
(0, 0, z0). The back-propagated acoustic field is con-
sidered only in the vertical plane y = 0 through the
sound source and the TRM. In Fig. 1 the peak inten-
sity of the back-propagated field has a strong maxi-
mum at the source position and weaker additional
maxima. Numerical simulations show that the unde-
sirable additional maxima become less pronounced
with increasing signal bandwidth and horizontal sepa-
ration of the TRM from the source.

At first glance, it appears surprising that a strong
focusing is achieved with a single-element TRM. In an
unbounded homogeneous environment, a single-ele-
ment TRM generates a spherical wave and no focusing
occurs anywhere. It is remarkable that a single-ele-
ment TRM is sufficient to focus the back-propagated
field at the source in a shallow-water oceanic wave-
guide. The physics behind this result becomes clear if
one recalls that the wave field due to a point source in
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a waveguide can be represented as the field in a homo-
geneous environment due to the actual source and a
linear array of image sources, which describe the
waves reflected from the waveguide’s boundaries
[7, 20]. Under the conditions of the Florida Straits
experiment, at least 10 and 20 surface ref lections
contribute significantly to the field 5.0 and 9.8 km
from the source, respectively [17]. Hence, a single-
element TRM in the waveguide operates much like a
multi-element TRM in an unbounded homogeneous
environment.

In practice, the physical parameters that define an
oceanic waveguide, which are necessary for calculat-
ing the back-propagated field, are known only approx-
imately. A mismatch between the actual waveguide
parameters and the parameters assumed in back prop-
agating a time-reversed signal shifts and blurs the main
focus, while making the spurious additional foci more
pronounced (Figs. 2b–2e) compared to the no-mis-

match case (Fig. 2a). To better reveal the position and
spatial structure of the back-propagated field foci, the
quantity  =  where

 is shown in Fig. 2. The normalized

peak intensity J is a steadily increasing function of E
that takes values from 0 at the field nodes to 20 in the
main focus.

The position of the main focus relative to the true
location of the source in Fig. 2 is of primary interest.
In this simulation, we model the seafloor as a sedi-
ment layer with a thickness h = 20 m with the speed of
sound cs = 1550 m/s and density ρs = 1.3ρw overlaying
a homogeneous f luid half-space with the speed of
sound cb = 1800 m/s and density ρb = 2.2ρw. The acoustic
attenuation in the bottom is αs = αb = 0.1 dB/λ. Numer-
ical simulations show that the shift of the main focus
from the source position is sensitive to mismatches in
the speed of sound in the sediment layer (Figs. 2b, 2c)
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Fig. 1. Numerical simulation of a single-element time-reversal mirror (TRM) in shallow water. The peak intensity of the back-
propagated acoustic field is shown on a logarithmic scale in the vertical cross section of the waveguide through the source and
TRM. The intensity is normalized by its maximum value in each panel. The signal received by the TRM is modeled as the field
of a point source located at 95 m depth at x = 0. The TRM is located at the same depth and operates in the frequency band 20–
200 Hz (panels (a) and (c)) or 20–70 Hz (panels (b) and (d)). The source-to-TRM range is 5.015 km in panels (a) and (b), and
9.760 km in panels (c) and (d).
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Fig. 2. The effect of the geoacoustic parameters of the seafloor on focusing of the back-propagated field in a coastal ocean. The
normalized peak intensity J of the back-propagated acoustic field in the vertical cross section of the waveguide is shown for five
different seafloor models. The speed of sound in the sediment layer cs and density ρs are: (a) 1550 m/s and 1.3ρw; (b) 1540 m/s
and 1.3ρw; (c) 1560 m/s and 1.3ρw; (d) 1550 m/s and 1.2 ρw; and (e) 1550 m/s and 1.4 ρw. The signal received by the single-element
TRM is modeled as the field of a compact source located at the point shown by a white circle in the waveguide with cs = 1550 m/s
and ρs = 1.3ρw. The source frequency band is 20–70 Hz; the source-to-TRM range is 5.015 km. 
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and the speed of sound in the water column. There is
also some, albeit smaller, sensitivity to variations of the
bottom density (Figs. 2d, 2e).

Thus, the results of numerical simulations suggest
that waveguide parameters can be determined from
the requirement that the TRM focuses the wave field
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at the position of the sound source or, by extension, of
a virtual source created through noise interferometry.

A FIELD EXPERIMENT ON NOISE 
INTERFEROMETRY

The simple simulations described above are highly
idealized. The real ocean is a much more complicated
acoustic environment than these models. Further-
more, the simulations do not account for the many
uncertainties in the environmental parameters and the
problem geometry that are present in field experi-
ments. To investigate the feasibility of time reversal of
NCCFs of acoustic noise in the ocean, we use the data
obtained in the noise interferometry experiment in the
Straits of Florida [17, 18]. In this experiment, ambient
noise on the continental shelf in the Florida Straits was
continuously recorded for 6 days by three autonomous
systems 1, 2, and 3. The systems were deployed in
December 2012 approximately along the 100-m iso-
bath 15 km off the Florida Keys. Each system had a
single hydrophone, which was located 5 m off the sea-
floor. The horizontal separations between instruments
were 5.01 ± 0.02 km and 9.76 ± 0.02 km for the 1–2
and 2–3 instrument pairs, respectively. The seafloor
slope perpendicular to the paths between the instru-

ments was of the order of 10–2. During the experiment,
the temperature variations with depth and gradients in
the speed of sound were rather weak, with the speed of
sound c = 1537.4 ± 2.4 m/s throughout the water col-
umn [17, 18]. During the experiment, tides with a total
range of approximately 1 m were recorded by a tide
gauge. Tidally induced ocean-depth variations lead to
a loss of coherence between the noise sampled by the
hydrophones, with the effect increasing exponentially
with the sound frequency [17]. Therefore, only the
low-frequency part of the noise spectrum below
approximately 80 Hz proved to be useful for noise
interferometry [17, 18].

Underwater acoustic noise in the Florida Straits is
generated primarily by hydrophysical processes near
the ocean surface and by shipping. The cross-correla-
tion functions of ambient and shipping noise in the
Straits of Florida were evaluated by averaging over a
large number of data segments [17, 18]. The relative
drifts of clocks between instruments 1 and 2 and
instruments 2 and 3, which were of the order of
1 ms/day, were determined as in [18] and removed
before averaging. Simultaneous measurements of
pressure f luctuations on each instrument were split
into non-overlapping segments of 625 s. Approxi-
mately 800 data segments were available for each
instrument. Several data-processing steps were taken
to make the noise field more diffuse, as opposed to the
field dominated by a few localized noise sources. To
suppress the contributions of strong transient sources
we excluded the data segments in which the noise level
exceeded the average level by more than two standard
deviations. To further equalize the contributions of

various sources and to suppress the detrimental effects
of a rapid variation of the noise power spectrum with
frequency, the noise spectra were pre-whitened and
normalized in each data segment [17, 18]. This is
equivalent to evaluating the NCCF as a Fourier trans-
form of the noise coherence function, rather than the
cross spectrum [21].

Figure 3 shows the measured NCCFs for the 1–2
and 2–3 instrument pairs. Deterministic components
of the NCCFs, which approximate the Green func-
tions, are manifested as large peaks around the time
delays of ±3.4 s and ±6.6 s for the 1–2 and 2–3 instru-
ment pairs, respectively (Figs. 3a, b). The difference
between the fine structures of the NCCFs at positive
and negative time delays (Figs. 3c, 3e and Figs. 3d, 3f)
can be attributed to the noise directivity in the vertical
plane being different at propagation in opposite direc-
tions between the instruments. In addition to these
“signals”, the NCCFs contain random “noise”
(Figs. 3c–3f) because of the finite averaging time.
Comparison of Figs. 3a, 3c, 3e with Figs. 3b, 3d, 3f
shows that, as expected [22, 23], the signal-to-noise
ratio decreases with increasing range.

THE PASSIVE TIME-REVERSAL MIRROR

To achieve a passive TRM, one numerically back
propagates either the negative time-delay part of
NCCF Cij(t) from hydrophone j toward hydrophone i
or the time-reversed positive time-delay part of Cij(t)
from hydrophone i toward hydrophone j. The correct
choice of the sound propagation direction is import-
ant when the environment is not a layered medium.
With a passive TRM, no compact sound source is
needed whose wave field is time reversed. Instead, one
employs two (in the case of a single-element TRM) or
more hydrophones, which are immersed in a diffuse
noise field. Then, one of the receivers serves as a vir-
tual sound source.

The back propagation of the measured NCCF
C12(t) is illustrated in Fig. 4 for several environmental

models, which differ in the assumed geoacoustic
parameters of the ocean bottom. In Fig. 4, we model
the seafloor as a homogeneous sediment layer of
thickness h with the speed of sound cs, wave attenua-

tion αs, and density ρs overlying a homogeneous f luid

half-space with the speed of sound cb, wave attenua-

tion αb, and density ρb. Shear rigidity of the seafloor is

not accounted for in this simplified environmental
model.

Figure 4 shows the normalized peak intensity J of
back-propagated noise cross-correlations for eight
environmental models. (J is defined above in the sec-
tion Numerical Simulations of a Single-Element
TRM.) The models differ by varying the four most
sensitive geoacoustic parameters, h, cs, ρs, or cb, one at

a time, resulting in eight back-propagation scenarios.
When two hydrophones are separated by 5.01 km, or
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Fig. 3. The cross-correlation functions of the ambient noise in the Straits of Florida. (a) Measured cross-correlation function
C12(t) for the 1–2 instrument pair in the 20–70 Hz frequency band. (b) The same as (a) but for the 2–3 instrument pair. (c) Fine
structure of the cross-correlation function C12(t) at negative time delays. (d) The same as (c) but for the cross-correlation function
C23(t). (e) The fine structure of the cross-correlation function C12(t) at positive time delays. (f) The same as (e) but for the cross-
correlation function C23(t).
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approximately 50 ocean depths, strong focusing of

numerically back-propagated noise cross-correlation

functions occurs even for environmental models that

are rather different from each other (Figs. 4a–4h).

Hence, passive time reversal with a single-element

TRM in a waveguide proves to be rather robust. As in

numerical simulations (Fig. 2), the position of the

main focus of the back-propagated NCCF is rather

sensitive to the geoacoustic parameters (Fig. 4). Thus,

the position of the focus (or rather the shift of the

focus from the virtual source location) can be used to

characterize the environment.

THE SOLUTION OF THE INVERSE PROBLEM

In order to find an environmental model that is
consistent with noise measurements, we model the
seafloor as a homogeneous sediment layer that over-
lies a homogeneous f luid half-space and search for the
layer thickness and sound speeds, densities, and wave
attenuation values in the layer and the half-space that
minimize the horizontal displacement of the main
focus of the back-propagated field from the virtual
sound source. Geoacoustic inversions were performed
in a two-stage process. First, the parameters of the
homogeneous sediment layer and substrate (half-
space) were found by minimizing the horizontal shift
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of the main focus of the back-propagated field from
the virtual source position. The geoacoustic parame-
ters were allowed to vary in a rather broad range within
the following bounds: 0 < h < 40 m, 1500 m/s < cs <

2000 m/s, 1 < ρs /ρw < 2, 1500 m/s < cb < 2500 m/s,

1.5 < ρb /ρw < 3, 0 < αs, b < 1 dB/λ. At the second stage,

the values of the three most sensitive geoacoustic
parameters (namely, thickness, sound speeds, and
density of the sediment layer) were refined by repeat-
ing the search on a finer grid in a narrow range of the
parameter values.

When using the negative time-delay part of C12(t) as

the dataset, such a geoacoustic inversion gives h = 20 m,
cs = 1551 m/s, ρs/ρw = 1.3, αs = 0.1 dB/λ, cb = 1800 m/s,

ρb/ρw = 2.2, and αb = 0.8 dB/λ. The normalized peak

intensity J of the back-propagated field for this envi-
ronmental model is shown in Fig. 5a. Despite
unavoidable experimental errors and an idealized
environmental model, back propagation of the mea-
sured NCCF from a location of one hydrophone gives
a field with a pronounced focus in the vicinity of the
other hydrophone. Remarkably, back propagation of
the positive time-delay part of C12(t) in this environ-

ment also leads to focusing at the hydrophone position
(Fig. 5b). The quality of focusing of time-reversed
NCCF in the experiment (Figs. 5a, 5b) is comparable
to that achieved in the back propagation of the Green
function in numerical simulations (Fig. 2a).

The accuracy of the geoacoustic inversion is lim-
ited by the uncertainty in the horizontal positions of
the hydrophones (approximately 10 m in the experi-
ment) and by the sensitivity of the focus shift to indi-
vidual environmental parameters. Sound attenuation
was found to primarily affect the strength of the foci of
the time-reversed field; the position of the main focus
does not provide reliable constraints on αs and αb
within the plausible range 0–1 dB/λ of their values. As
far as the sensitivity to the other sediment layer param-
eters is concerned, in the vicinity of the optimal values of
the environmental parameters, a 10-m displacement of the
main focus results from variations δh ~ 0.2 m, δcs ~ 1 m/s,

or δρs/ρw ~ 0.01 in the sediment-layer parameters

(Fig. 5c). Thus, these parameters are strongly con-
strained by the data. Sensitivity to the speed of sound
in the substrate cb is an order of magnitude less than to

the speed of sound in the sediment layer cs; the density

ratio ρb/ρw cannot be reliably restricted within the

2.2–2.5 range. A more accurate evaluation of the geo-
acoustic parameters of the ocean bottom beneath the
sediment layer requires extending noise interferometry
to lower frequencies. Within the stated uncertainties of
the geoacoustic inversion, our environmental model is
consistent with the geoacoustic parameters obtained
by waveform matching using ray [17] and normal
mode [24] representations of the noise cross correlations.
The staircase-like structures that appear in Fig. 5c can be
traced back to discretization of the parameter space,

which was used in solving the inverse problem, and are
not related to the TRM physics.

We consider the effect on the TRM performance of
the four seafloor parameters, h, cs, ρs or cb, which have

the most effect on the back-propagated field, in more
detail. As illustrated by Fig. 4, an increase and
decrease of these parameters compared to their opti-
mal values shifts the main focus of the time-reversed
acoustic field horizontally in opposite directions. For
variations of the sediment speed of sound (Figs. 4a, 4b),
the dependence of the focus shift on the cs perturba-

tion is almost linear within the approximately ±0.7%
range of cs variations that is considered here. The shift

of the focus is accompanied by nonlinear distortions of
the focus shape and a decrease in the contrast between
the main and spurious foci (cf. Figs. 4a, 4b and 5a).
Effects due to perturbations of the sediment density
(Figs. 4c, 4d) are similar to that of cs except that the

relative changes in ρs that are needed to produce a

comparable shift of the focus are much larger than the
relative changes in cs. Figure 4g,h show that the sensi-

tivity of the back-propagated field focusing to varia-
tions of the half-space speed of sound cb is an order of

magnitude weaker than to variations of cs despite the

sediment layer being thinner than the acoustic wave-
length in the 20–70 Hz frequency band of C12(t) mea-

surements.

In contrast to cs, ρs, and cb perturbations, plausible

±5 m changes in the thickness of the sediment layer
have a strongly nonlinear effect on the position of the
main focus (Figs. 4e, 4f). While a 5-m decrease in h
shifts the pattern of foci by approximately 250 m with-
out pronounced changes in the contrast between the
main and spurious foci (cf. Figs. 4e and 5a), a 5 m
increase in h removes the main focus from the vicinity
of the virtual source (Fig. 4f).

Note that use of the positioning of the main focus
of the back-propagated field to determine unknown
geoacoustic parameters leads to a rather robust setting
of the inverse problem. In the considered problem, the
main focus can be continuously tracked and an opti-
mal solution of the inverse problem can be found, even
when the initial environmental model in the optimiza-
tion process gives the main focus at a point that is
shifted from the virtual source by several ocean depths
and as far as 15% of the true distance between the
TRM and the virtual source.

DISCUSSION

Our approach to passive remote sensing has simi-
larities to some approaches advanced earlier in other
contexts. Single-element passive TRM can be viewed
as a far-reaching extension of “time-exposure acous-
tics” [25] to the oceanic waveguide or an extension of
the compressed cross-correlation function technique
[21] to the case of multi-mode propagation. Like
almost any method of inverting measured acoustic
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fields for environmental parameters, our application
of passive TRM to ocean remote sensing can be viewed
as a particular implementation of matched field pro-
cessing (MFP) [26]. In this context, distinguishing
features of our approach are the use of ambient noise
cross-correlations instead of the field of a compact
sound source and the choice of the MFP cost function
as a horizontal displacement of the main focus of the
back-propagated field from the location of a virtual
sound source.

The feasibility of passive TRM was previously
demonstrated in the deep ocean using multi-element
hydrophone arrays [1]. The feasibility of passive time-
reversal follows immediately from the relationship
between the cross-correlation function of a diffuse
noise field and the acoustic Green function [2–4].
When combined with noise interferometry, focusing
of the time-reversed field is expected a priori when a
series of requirements is fulfilled: (i) passive TRM has
a wide aperture and many elements; (ii) the noise field
is perfectly diffuse; (iii) the NCCF is a superposition
of the deterministic causal and acausal Green func-
tions GAB(t) and GBA(–t); and (iv) the environmental

parameters are stationary in time and are known
exactly.

Our results indicate that some of these require-
ments are unnecessary and can be relaxed in shallow-
water waveguides, which makes ocean remote sensing
with passive TRM possible and, arguably, of practical
interest. We have found that even with a single-ele-
ment passive TRM (i.e., just two noise-recording
hydrophones) the focusing is robust enough to com-
pare various environmental models and retrieve good
estimates of the geoacoustic parameters of the seafloor
in the coastal ocean. It should be emphasized that the
success of a passive TRM does not rely on the noise
field being perfectly diffuse; underwater noise never is
perfectly diffuse. Under realistic assumptions about
noise sources in the ocean, NCCF consists of the
same ray or normal arrivals as the superposition of the
Green functions GAB(t) and GBA(–t); the ray travel

times and phases of individual normal modes are the
same in the NCCF and in the Green functions, while
the amplitudes of the rays or normal mode compo-
nents of NCCF are determined by noise directionality
and are generally different from those generated by a
point source [4, 24, 27]. However, an accurate repro-
duction of the kinematic structure of the Green func-

tions (i.e., the ray travel times and normal mode
phases) is exactly what is required for the time-
reversed field to focus at the location of the virtual
source [13, 14].

As already mentioned, the signal-to-noise ratio
(SNR) in NCCF measurements is considerably
smaller for the 2–3 instrument pair than for 1–2 pair
(the SNR in the C12 and C23 measurements can be

evaluated as the ratio of the magnitude of NCCF

peaks and 21/2 times the average magnitude of the
NCCF estimate around zero time lag in Figs. 3a, 3b,
respectively). The SNR decrease with range is due to
the fact that the magnitudes of the NCCF peaks, i.e.,
the “signal,” slowly decrease with range in a wave-
guide, as do magnitudes of the Green function peaks,
while the “noise” remains the same [22, 23]. More-
over, tidal variations of ocean depth and, possibly,
other variations of the acoustic propagation conditions
during the noise averaging period lead to a loss of noise
coherence, which is predicted to rapidly grow with
range and wave frequency [17]. The coherence loss
decreases the SNR and narrows the effective fre-
quency band of the passive TRM.

The normalized peak intensity J of the back-prop-
agated NCCF C23(t) is shown in Fig. 6 in a vertical

cross section of the waveguide for the optimal environ-
mental model that we derived from back propagation
of C12(t). One of the parameters, ρs, of the environ-

mental model was adjusted in Fig. 6 to make the main
focus stronger. We note the strong focusing of the
back-propagated field at the position of the virtual
source in Fig. 6b, which is obtained by time reversing
the positive time-delay part of C23(t). When the passive

TRM employs the negative time-delay part of C23(t),

the focus in the vicinity of the virtual source is some-
what weaker than the spurious focus around the 1100 m
range (Fig. 6a). This is a consequence of the lower
SNR in the C23(t) measurement. Compared to the

TRM at the 5.01 km range, passive TRM at the range
of 9.76 km, or approximately 100 ocean depths, gives
considerably broader main foci (cf. Figs. 6 and 5a, 5b).
We attribute the difference to the lower SNR and to a
decrease in the effective frequency band of the back-
propagated field at the longer range.

An additional reason for the poorer focusing in Fig. 6
compared to Figs. 5a, 5b lies in an actual difference
between propagation conditions on the paths between
the 1–2 and 2–3 instrument pairs, which is not

Fig. 4. Back-propagated acoustic fields due to a single-element passive TRM under various assumptions about geoacoustic parameters of the
seafloor. The negative time-delay part of the cross-correlation function C12(t) of the noise recorded by instruments 1 and 2 in the Straits of

Florida is back propagated numerically. The normalized peak intensity of the back-propagated acoustic field is shown for eight different envi-
ronmental models in the vertical cross section of the waveguide through both hydrophones. The white dot indicates the position of the hydro-
phone that serves as a virtual sound source. The geoacoustic parameters in the eight environmental models are: (a) h = 20 m, cs = 1540 m/s,

ρs = 1.3ρw, and cb = 1800 m/s; (b) h = 20 m, cs = 1560 m/s, ρs = 1.3ρw, and cb = 1800 m/s; (c) h = 20 m, cs = 1551 m/s, ρs = 1.1ρw, and cb =

1800 m/s; (d) h = 20 m, cs = 1551 m/s, ρs = 1.5ρw, and cb = 1800 m/s; (e) h = 15 m, cs = 1551 m/s, ρs = 1.3ρw, and cb = 1800 m/s; (f) h = 25 m,

cs = 1551 m/s, ρs = 1.3ρw, and cb = 1800 m/s; (g) h = 20 m, cs = 1551 m/s, ρs = 1.3ρw, and cb = 1750 m/s; and (h) h = 20 m, cs = 1551 m/s,

ρs = 1.3ρw, and cb = 1900 m/s. In all models, ρb = 2.2ρw, αs = 0.1 dB/λ, and αb = 0.8 dB/λ.



ACOUSTICAL PHYSICS  Vol. 63  No. 3  2017

APPLICATION OF TIME REVERSAL 317

100

40

60

80

20

0
(g)

15000 500 1000–500
Range, m

D
e
p

th
, 

m

10

8

6

4

2

0 100

40

60

80

20

0
(h)

15000 500 1000–500
Range, m

D
e
p

th
, 

m

10

8

6

4

2

0

100

40

60

80

20

0
(e)

15000 500 1000–500

D
e
p

th
, 

m

10

8

6

4

2

0 100

40

60

80

20

0
(f)

15000 500 1000–500

D
e
p

th
, 

m

10

8

6

4

2

0

100

40

60

80

20

0

15000 500 1000–500

D
e
p

th
, 

m

10

8

6

4

2

0 100

40

60

80

20

0
(c) (d)

15000 500 1000–500

D
e
p

th
, 

m

10

8

6

4

2

0

100

40

60

80

20

0

15000 500 1000–500

D
e
p

th
, 

m

10

8

6

4

2

0 100

40

60

80

20

0
(а) (b)

15000 500 1000–500

D
e
p

th
, 

m

10

8

6

4

2

0



318

ACOUSTICAL PHYSICS  Vol. 63  No. 3  2017

GODIN et al.

Fig. 5. The time reversal of the acoustic noise cross correlations measured in the Straits of Florida. The negative (a) and positive
(b) time delay parts of the cross-correlation function C12(t) of the noise recorded by instruments 1 and 2 are back propagated in
the optimal environmental model obtained through a geoacoustic inversion. The normalized peak intensity of the back-propa-
gated acoustic field is shown in the vertical cross section of the waveguide. The white dot indicates the position of the hydrophone
that serves as a virtual sound source. Panel (c) shows the absolute value of the horizontal displacements of the main focus from
the virtual sound source, which are caused by deviations of the sound speed, density, and thickness of the sediment layer from
their optimal values. The plot is obtained by back propagating the negative time delay part of the NCCF C12(t).
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reflected in our simplified environmental model. We

assumed a constant ocean depth of 100 m. This is a

reasonable approximation for the path between instru-

ments 1 and 2, where the ocean depth varied between

97 m and 101 m [17]. However, it is not realistic to treat

the ocean as range independent on the path between

the 2–3 instrument pair, where the ocean depth varied

between 86 m and 100 m [17]. Further research is nec-
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essary to determine the extent to which accounting for
the range-dependent bathymetry improves passive
TRM performance at longer ranges.

CONCLUSIONS

We have shown that an acoustic time-reversal mir-
ror can be achieved in a coastal ocean environment at
a distance that is large compared to the ocean depth
using ambient noise recorded on only two hydro-
phones. In numerical simulations, strong focusing
occurs in the vicinity of one hydrophone when the
cross-correlation function is back propagated from the
other hydrophone, with the position and strength of
the focus being sensitive to geoacoustic parameters of
the seafloor. The values of these parameters at an
experimental site in the Straits of Florida have been
estimated by optimizing the focusing of back-propa-
gated cross-correlation functions. The results of the
geoacoustic inversion are consistent with the values of
the seafloor parameters evaluated independently by
other means.

Our results indicate that passive time-reversal
works in shallow-water oceanic waveguides at ranges
of at least 50 ocean depths. Such ranges are of practical
interest for acoustic remote sensing of the water col-
umn and the ocean bottom. Passive acoustic tech-
niques do not contribute to noise pollution in the
ocean, have no impact on marine life, and are inher-
ently environmentally friendly. Moreover, with the
generation of probing acoustic signals being superflu-
ous, field experiments become more affordable. The
robustness of passive time reversal and the promise of
using single-element TRMs suggest that a low-cost
ocean-monitoring system based on ambient-noise

interferometry is feasible. With N hydrophones gener-
ating a network of N(N – 1)/2 single-element TRMs,
the amount of gathered oceanographic data increases
with N much more rapidly than with in-situ point
measurements.

In this paper, we have employed the position and
spatial structure of the maximum in time of the inten-
sity of the transient wave field generated by passive
TRM to evaluate the quality of focusing under back
propagation and to retrieve unknown geoacoustic
parameters. Further work is necessary to study the
exploitation of other characteristics of the back-prop-
agated NCCFs, including the degree of time compres-
sion of the field at the focus point, for retrieving addi-
tional environmental information.
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