
Acoustic propagation under tidally driven, stratified flow
Steven Finettea� and Roger Oba
Acoustics Division, Naval Research Laboratory, Washington, DC 20375

Colin Shen and Thomas Evans
Remote Sensing Division, Naval Research Laboratory, Washington, DC 20375

�Received 27 August 2004; revised 20 October 2006; accepted 12 February 2007�

Amplitude and phase variability in acoustic fields are simulated within a canonical shelf-break
ocean environment using sound speed distributions computed from hydrodynamics. The
submesoscale description of the space and time varying environment is physically consistent with
tidal forcing of stratified flows over variable bathymetry and includes the generation, evolution and
propagation of internal tides and solibores. For selected time periods, two-dimensional acoustic
transmission examples are presented for which signal gain degradation is computed between 200
and 500 Hz on vertical arrays positioned both on the shelf and beyond the shelf break. Decorrelation
of the field is dominated by the phase contribution and occurs over 2–3 min, with significant
recorrelation often noted for selected frequency subbands. Detection range is also determined in this
frequency band. Azimuth-time variations in the acoustic field are illustrated for 100 Hz sources by
extending the acoustic simulations to three spatial dimensions. The azimuthal and temporal structure
of both the depth-averaged transmission loss and temporal correlation of the acoustic fields under
different environmental conditions are considered. Depth-averaged transmission loss varies up to
4 dB, depending on a combination of source depth, location relative to the slope and tidally induced
volumetric changes in the sound speed distribution.
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I. INTRODUCTION

A significant issue in sonar system evaluation is the pre-
diction of array performance in littoral regions where signifi-
cant ocean variability is present. In this respect, the ability to
simulate sensor array performance in controlled but realistic
synthetic ocean environments can represent a significant con-
tribution to a performance prediction scheme. Realistic simu-
lation of acoustic propagation in littoral regions depends on
knowledge of several quantities that characterize the ocean
waveguide structure: a volumetric sound speed distribution,
a set of bottom parameters and waveguide boundary condi-
tions. This information is collectively referred to as an “en-
vironmental model.” As a step toward developing a predic-
tive simulation capability, this paper describes a model of
acoustic propagation in a littoral environment where subme-
soscale sound speed variability is computed in a physically
consistent manner with respect to fluid motion over variable
bathymetry. For littoral regions such as continental shelf-
break areas, the sound speed distribution has significant
space-time dependence and, therefore, an environmental
model of such a region should incorporate this variability in
a consistent manner with respect to external forcing and in-
ternal flows. Because of the quality of currently available
numerical codes describing ocean acoustic propagation for a
given sound speed distribution, the ability of an environmen-
tal model to faithfully represent a natural oceanographic en-
vironment determines, to a large extent, the predictive capa-
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bility of an acoustic modeling effort. The emphasis here is on
the numerical model and several example computations are
presented. A direct comparison of numerical results with ex-
perimental data for a particular ocean environment is beyond
the scope of this paper; that issue will be addressed in future
work in order to assess the predictive capability of this ap-
proach.

A specific case is considered for illustrative purposes,
that of an idealized continental shelf-break environment
where tidally driven flow of stratified water over variable
bathymetry induces volume variability in the form of internal
tides and nonlinear wave packets. The latter are often re-
ferred to as solitary wave packets or solibores. These oceano-
graphic features impact acoustic field propagation and sub-
sequent array performance through their effect on the sound
speed field. The sound speed distribution is determined here
by first solving the Navier–Stokes equations of fluid dynam-
ics which describe the space–time temperature, salinity and
non-hydrostatic pressure fields, and then mapping these dis-
tributions into sound speed using a phenomenological rela-
tionship. Simulations of the influence of tidal flow on acous-
tic propagation are presented using this environmental model
in conjunction with acoustic field calculations provided by
two-dimensional �2D� and three-dimensional �3D� wide-
angle parabolic equation codes.

A combined oceanographic-acoustic experiment,
SWARM95,1 served as a stimulus for a number of modeling
efforts related to the interaction of acoustic fields with both
internal tides and solitary wave packets. Although these stud-
ies used relatively simple models to describe the volume

variability of the sound speed field linked to these oceano-
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graphic features, they yielded significant insights into the
nature of this interaction. The early emphasis was first placed
on scintillation index2 and mode coupling2–5 along the direc-
tion of propagation of the wave packet using simplified
packet wave-form shapes to describe the isopycnal displace-
ments and resulting sound speed perturbations. More com-
plex waveforms based on weakly nonlinear theories of soli-
tary wave propagation were also considered. These included
the cnoidal6 and dnoidal5,7 elliptic functions that more
closely resembled some of the isopycnal variations found in
experimental data. The relationship between the acoustic
field structure and source/receiver orientation with respect to
the solitary wave propagation vector was described using
N�2D single frequency6 and pulse7 calculations of the
acoustic field, without the inclusion of horizontal refraction.
The effects of horizontal refraction on both acoustic field
intensity and horizontal �cross range or transverse� coherence
are inherently 3D and have been analyzed using both
analytic3,8,9 and numerical simulation techniques.10,11 Rela-
tionships between horizontal array beamforming and hori-
zontal refraction induced by solitary wave packets have been
described recently.12

Mesoscale ocean models have been applied to describe
the evolution of large-scale sound speed distributions for
some time.13,14 This class of ocean models filter out spatially
localized internal gravity waves that are ubiquitous in conti-
nental shelf regions. As these waves have a significant effect
on the amplitude and phase of an acoustic field propagating
through the region, a more comprehensive hydrodynamic
model of littoral oceanography is considered here by describ-
ing the environment with a submesoscale ocean model, rep-
resenting recent developments in simulating ocean
dynamics.15–19 The submesoscale models can naturally in-
clude, in a physically consistent formalism, the generation,
propagation, and dissipation of internal waves driven by tidal
forcing as well as other oceanographic features such as
fronts, jets and overturning bores. Recently, there have been
attempts to evaluate the influence of some of these finer scale
ocean structures on acoustic propagation.20–22 Our view is
that the extra effort involved with the design and implemen-
tation of submesoscale ocean models to estimate the sound
speed field for use in acoustic propagation studies of sonar
performance is mitigated by a corresponding increased flex-
ibility in describing littoral environments, the potential en-
hancement to acoustic predictive schemes and future ad-
vances in computer hardware. The issue of whether these
models enhance predictability over that obtainable through
either mesoscale modeling or by use of approximate ap-
proaches involving, e.g., weakly nonlinear Korteweg–de
Vries �KdV� descriptions of internal waves is an important
issue in performance prediction but is not considered here. It
can only be resolved by quantitative comparisons of simula-
tion results with experimental data, taking into account the
environmental uncertainty in the parameters, fields, and
model initialization describing the simulated environment.
Such model/data comparisons have a host of issues that
would need to be considered, though it is worth making a
brief comment here to distinguish between the verification

and validation procedures needed to develop a simulation-
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based prediction scheme. The results presented in this paper
are based on codes that were benchmarked as part of a vali-
dation procedure to ensure that they properly represent, in a
numerical form to some level of accuracy, the mathematical
description of the system �ocean environment and acoustic
field�. Verification, on the other hand, depends on computing
metrics which assess the ability of the numerical model to
predict or represent experimental acoustic data. The spatial
and temporal sampling requirements needed to execute a
submesoscale code reflect the underlying scales of the phys-
ics to be represented and correspond to much finer sampling
of the boundary/initial conditions and ocean volume than is
normally available in partially controlled, at-sea experiments
for which temperature and salinity are sparsely sampled. The
resulting information deficit presents a significant challenge
in the validation phase where the “value-added” of subme-
soscale modeling over other approaches for making acoustic
predictions needs to be addressed.

Section II briefly describes the environmental model and
implementation, whereas Sec. III demonstrates its use
through examples of acoustic propagation in a canonical
shelf-break environment where it is assumed that the sound
speed dynamics is driven exclusively by tidal flow. Both sig-
nal gain degradation and detection range are computed under
stratified flow as a function of frequency and related to the
oceanographic state of the environment as a function of time.
The azimuthal dependence of the acoustic field on both
bathymetry and tidal flow is then discussed in the context of
a simple cross-range extension of the shelf break environ-
ment in conjunction with 3D acoustic simulations. A sum-
mary and discussion are given in Sec. IV.

II. ENVIRONMENTAL DYNAMICS

The submesoscale hydrodynamic model used in the fol-
lowing analysis is briefly considered in this section.17,18 The
ocean environment is described through the equations of mo-
tion for an incompressible fluid in the Boussinesq approxi-
mation, where the density variations are retained only in the
buoyancy term.23 This approximation is excellent for littoral
ocean environments. The dynamics are represented by a set
of coupled partial differential equations describing the La-
grangian fluid particle velocity u�r , t�, pressure p�r , t�, den-
sity ��r , t�, temperature T�r , t�, and salinity S�r , t� fields,
where r= �x ,y ,z�, and u= �u ,v ,w� specify the three Cartesian
velocity components �dx /dt ,dy /dt ,dz /dt�. Water depth is
associated with the z direction, negative toward increasing
water depth. Here, the ocean surface is free to move under
external tidal forcing, a feature often suppressed in ocean
modeling. The momentum equation is expressed as

Du

Dt
+ f � u = −

�p

�o
+ g

�

�o
+ ��2u �1�

Tidal forcing is applied at the open boundary and is
described later in this section. Other environmental forcing
such as that associated with wind stress could be included
but are not considered here. A viscous term, proportional to
viscosity, �, is included for numerical stability and may be

space dependent. The equilibrium density is given by �o,
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whereas the vector f�u represents Coriolis acceleration. The
advective derivative operator is defined by D /Dt�� /�t
+u ·�. The second term in this operator represents nonlinear
interactions and is responsible for the generation of internal
tides and solibores arising from tidal forcing. For incom-
pressible fluids, the equation of continuity becomes

� · u = 0. �2�

Temperature and salinity fields are described by a pair of
advection/diffusion equations, where

D�T,S�
Dt

= ��T,S��
2�T,S� �3�

with the diffusivity defined by ��T,S�; the particular tracer is
denoted by the subscript. The density field, �, is a function of
space and time and it is related to temperature, salinity, and
pressure distributions by an equation of state

� = ��T,S,p� . �4�

The IES-80 equation of state24 is incorporated into this
model to explicitly define Eq. �4�. Together with a set of
boundary and initial conditions, Eqs. �1�–�4� completely
specify the fluid flow. The sound speed field c�r , t� is a de-
rived quantity, obtained from a phenomenological
relationship25 involving T, S, and p once the previous set of
equations are solved as a function of position for each time
step. For computational purposes, the previous equations are
mapped into an equivalent formulation treating the vorticity
�=��u rather than the particle velocity.

For the example presented in the next section, 2D hy-
drodynamic computations are performed over a range of
100 km in water of variable depth, between a value of 50 m
on the shelf and 100 m beyond the shelf break. The oceano-
graphic grid represents a terrain following coordinate system
and is shown in Fig. 1. Figure 1 represents a canonical shelf-
break environment with a maximum slope of 2.4°; the
bathymetry is modeled in terms of a hyperbolic tangent func-
tion. The range step was fixed at 25 m, with the number of
depth steps fixed at 65 for each range step. Because of the
variable bathymetry and the cosine grid in the vertical, the
depth resolution was dependent on range. Tidal forcing is
implemented by applying a sinusoidal surface displacement
at the right-hand boundary, with an amplitude of 2 m and a
period of 12.4 h, with the latter corresponding to an M2 tidal
cycle. The boundary conditions imposed on the environmen-

FIG. 1. Cross-range view of the terrain following coordinate system used to
simulate a canonical shelf-break ocean environment. The acoustic field is
computed over a 30 km range centered on the shelf break.
tal model are as follows. The model domain is closed on the
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coastal �shallow� side, x=0, by a vertical wall, where the
boundary conditions are u=0, �v /�x=0, �w /�x=0, and
�� /�x=0 with � representing the surface displacement. The
boundary conditions on the open ocean side �x=100 km� are,
in addition to the tidal forcing given earlier, specified as
�v /�x=0 and �w /�x=0. No condition is imposed on u at the
open ocean boundary. The vertical boundary conditions are
�u /�z=0, �v /�z=0, and �� /�z=0 at the free ocean surface
and bottom. For acoustic computations, a 30 km subset of
this grid was chosen and centered on the shelf break. The
sound speed field was interpolated to a rectangular grid for
each time step prior to performing acoustic simulations.

III. SIMULATION RESULTS FOR A SHELF-BREAK
ENVIRONMENT

The shelf-break environment was chosen as an example
to illustrate some features of acoustic field variability caused
by tidally forced stratified flow over variable bathymetry.
Some previously measured data is used for environmental
initialization, but no effort is made to accurately model a
specific shelf break region. For each environmental snapshot
computed by the approach discussed in Sec. II, the sound
speed distribution is processed through a wide-angle para-
bolic equation code incorporating a split-step Padé solver.26

Assuming the environment is frozen for each snapshot, the
acoustic field between 200–500 Hz is computed as a func-
tion of source depth and frequency over a 30 km range sub-
set of the full 100 km environmental simulation, with the
acoustic computational window centered at the point of
maximum slope on the shelf break �see Fig. 1�. Complex
acoustic fields are then “stored” on vertical arrays located at
selected ranges along this 30 km track.

A tacit assumption concerning the environment has been
introduced here. For computational reasons we are effec-
tively ignoring along-slope �i.e out of plane� oceanographic
variability. For many shelf-break regions, significant along-
slope variations in both bathymetry and flow properties exist.
Although fully 3D hydrodynamic computations of the envi-
ronment and their effect on out-of-plane acoustic propaga-
tion are beyond the scope of this paper, we do consider a
simplified scenario in Sec. III B 2 where azimuthal variations
in the acoustic field are introduced in the following way. The
2D environmental snapshots are extended in the along-slope
direction, mimicking a 3D shelf-break without along-slope
oceanographic or bathymetric variability. The environment is
therefore chosen to be invariant with respect to the along-
slope direction, but the acoustic field can exhibit a depen-
dence on azimuth. A wide-angle 3D parabolic equation27 is
then used to evaluate the azimuthal and time dependence of
the acoustic field on vertical arrays located at a fixed radial
distance of 10 km from acoustic sources placed at several
locations near or in the shelf break region. The source fre-
quency in this case is 100 Hz.

A. Sound speed variations caused by tidal forcing

Several environmental snapshots of the time-evolving
sound speed environment and resulting acoustic transmission

losses within the 30 km computation window are shown in
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Fig. 2, which covers a 30 h time span �approximately 2.5
semidiurnal �M2� tidal cycles�. The environment in Fig. 2�a�
corresponds to the starting sound speed distribution for the
simulation, computed from the initial temperature and salin-
ity distributions. The initial sound speed field is chosen to be
range independent over the 30 km propagation track at time
t=0 h. The depth dependence of the sound speed represents
a typical summer thermocline for the New Jersey shelf,1 with
a mixed layer of about 10 m below the surface and sound
speed variations of approximately one percent from the sur-
face to the bottom. The range independence of the sound
speed field is not typical for this region; it is introduced here
for simplicity in order to clearly illustrate the generation of

FIG. 2. Sequential set of environmental snapshots and associated transmissi
the corresponding phase of the tidal cycle during which the sound speed fi
initially �t=0� corresponds to a range-independent summer profile. A thick bl
overlays describe transmission loss at 400 Hz for a source at 15 m depth, lo
plots.
internal tides and solibores without the additional complica-
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tion associated with the existence of a range- and depth-
dependent cold water pool that can extend out to the shelf
break.

The fluid velocity is initialized to zero, corresponding to
a quiescent ocean referenced to time t=0 h. Tidal forcing is
initialized as shown in the inset for Fig. 2�a�, so that during
spin-up the conditions corresponded to ebb flow. Choosing
on-shore flow during spin-up results in a different transient
sound speed response that eventually settles into a temporal
sequence of environments similar to that described here. The
thin black lines illustrated in the water column are sound
speed contours, whereas the color coded overlays represent
the acoustic transmission loss for a 400 Hz source located at

ss obtained over a period of approximately 13 h. For each, the inset shows
as computed. Sound speed is represented by the black contour lines, and

ine at the top of each figure represents the maximum water height. The color
at the left edge of each picture. Geometric spreading is not included in the
on lo
eld w
ack l
cated
the range origin �r=0� and source depth of 15 m. The source
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is fixed relative to the free ocean surface; this is equivalent to
a configuration where the source is moored to a surface ship.
Geometric spreading has not been included in Fig. 2. Bottom
parameters �sound speed, density, and attenuation� are cho-
sen to be average values typically found in the New Jersey
Shelf, though range dependence in these parameters is ig-
nored. Note that our purpose here is to illustrate the use of
the model in a relatively simplified setting using reasonable
parameter values, rather than to perform a detailed analysis
of a specific environment. An analysis of specific environ-
ments will be pursued in future efforts. White vertical lines
drawn in Fig. 2�a� locate the positions of the two vertical
arrays which are used to process the simulated field data
along a 2D range/depth slice. Array positions are fixed at 11
and 28 km from the source location. In Sec. III B 2, an alter-
native set of arrays are positioned at fixed range and variable
azimuth with respect to sources placed near or within the
slope-break region in order to investigate azimuthal field de-
pendence in this environment.

As the barotropic tide continuously forces stratified wa-
ter over the shelf edge, a significant vertical component of
the buoyancy force develops at this location and acts as a
local wave generation mechanism in which energy is radi-
ated away from the shelf break. This energy is predominantly
in the form of an internal tide, illustrated in Fig. 2�b�, where
an internal tide has recently formed and moved onto the
shelf. It is located at a range of about 13 km from the source
and is traveling shoreward. The sound speed contours indi-
cate that the temperature has been advected downward at the
shelf break during this time. A few hours later, Fig. 2�c�
shows that the internal tide has progressed about 7 km shore-
ward and developed oscillations on the trailing edge, indicat-
ing a transformation of the internal tide to a solibore with a
depth dependence dominated by the first internal wave mode.
A few hours later, the solibore has continued to propagate
toward the acoustic source and upwelling is observed over
the shelf break �Fig. 2�d��. As time progresses another inter-
nal tide has formed, begun to transform into a solibore at a
range of about 20 km and moves seaward �Fig. 2�e��. This
solibore continues to add oscillations as it progresses sea-
ward �Fig. 2�f��. A solibore is also seen at a range of about
8 km traveling shoreward and another internal tide is begin-
ning to form over the shelf break at a range of approximately
14 km. A detailed analysis of the ocean dynamics for a quali-
tatively similar environment is given in Ref. 15 in which a
rigid lid, rather than a free surface model, is used to simulate
internal wave generation. Changes in water depth caused by
free surface movement in response to tidal forcing are
viewed most clearly by comparing Figs. 2�b� and 2�e�, where
the thick black line at the top of each figure represents the
upper limit of the water height. Note that tidal waves have
wavelengths on the order of 102 km, the length of the com-
putational domain. Over the 30 km range for the acoustic
computational grid, the dominant effect of the tide is to raise
or lower the water column height uniformly as a function of
time. Small scale surface waves would cause spatially local
water depth variations over short time intervals, but the para-
bolic equation code used for the acoustic calculations cannot

handle those variations directly. An alternative implementa-
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tion of the parabolic equation28 could be used to include
small scale surface waves, but the inclusion of the corre-
sponding hydrodynamic component over the domain of in-
terest would be computationally prohibitive.

B. Acoustic field variability caused by tidal forcing

1. Acoustic response along a range/depth
slice

The transmission loss patterns in Fig. 2 are indicative of
time dependence in multi-mode propagation. The patterns
themselves are determined by several factors such as �1� the
source depth and local environment at the source which de-
termines the initial modal distribution of energy, �2� tidally
induced modulation of water depth which can introduce or
cut off a mode or modify the relative phasing between
modes, and �3� volume variability associated with the inter-
nal tides and wave packets induced by tidal forcing. Since
these factors are coupled together through tidal forcing, it is
difficult to separate out the individual contributions to the
overall temporal and spatial evolution of the transmission
loss pattern.

In order to quantify variability in the acoustic field, the
vertical arrays �cf. Fig. 2�a�� are used to process the simu-
lated field data. They span water depths between 7.5 and
40 m at the shallow array site, 7.5–80 m at the deep site.
Both the acoustic source and the arrays were assumed to be
moored from surface ships; as the free surface moves in re-
sponse to the tide, the source and array depths remain fixed
relative to the surface but change relative to the fixed bottom.
Two time windows, A and B, with durations of 30 min each
are selected from the 30 h simulation. The complex pressure
P�r ,z , t ,�� at frequency � /2� is recorded on each hydro-
phone every 20 s within a window, for a total of 90 complex
acoustic field vectors per array for each window. The fre-
quency band for the acoustic field computation was 200
�� /2��500 Hz, where acoustic computations are per-
formed with a 1 Hz resolution across the band yielding a
total of 54,000 field vectors. The starting time for window A
corresponds to the environment in Fig. 2�d�, whereas the
starting time for window B corresponds to the environment
in Fig. 2�f�. Window A is representative of an environment
where a solitary wave packet passes through the acoustic
source position, changing the local sound speed distribution
near the source, while window B describes a situation where
a packet crosses the array located 28 km from the source and
the local source environment is approximately time indepen-
dent. In both cases, the sound speed field between the source
and the array is space and time dependent. Within each win-
dow a function 	�� , t , t0�, defined below, is computed for
t0� t� t0+
 at frequency � /2�, where t0 is the reference
starting time for evolving the environment in window A or B,
and 
 is the window width of 30 minutes.

Let e�� , t0� represent a “ground truth” vector of complex
pressure fields, �P�r ,z1 , t0 ,�� . . . P�r ,zN , t0 ,���T received on
a vertical array of N phones at time t0 during either window
A or B, and let f�� , t� represent a replica vector of complex
pressure fields on the same array at time t� t0. Then

	�� , t , t0� is defined by a ratio of inner products given by
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	��,t,t0� =
�e* · f�2

�e* · e�2
=

�f��,t��2

�e��,t0��2
· �ê*��,t0� · f̂��,t��2 �5�

with the caret denoting a unit vector and an asterisk repre-
senting the conjugate transpose. Equation �5� is useful for the
assessment of array performance in a time-varying medium,
and can be interpreted as a measure of signal gain degrada-
tion within the time window. It provides an estimate for the
period in which a measured field could be used as a replica
in a linear matched field processor before the peak power
degrades significantly. The middle equality in Eq. �5� then
represents the matched field processor power relative to the
expected power. Algebraic manipulation yields the second
line of Eq. �5�, separating the total degradation associated
with the full complex field into the product of its individual
amplitude and phase contributions, respectively.29 Signal
gain degradation, in the form 10 log 	, is discussed below
for the important case of propagation under tidally driven
stratified flow. We note here that in the next subsection a
different interpretation is given for the vectors e and f, and
Eq. �5� is then interpreted as a temporal correlation coef-
ficient measured across the array aperture.

Several plots of signal gain degradation �SGD� are given
in Fig. 3 for results obtained by propagation through the
30 min sequence of environments associated with window A.
The images are presented as functions of time and source
frequency �200–500 Hz band� at two source depths �27 and
42 m� for each of the two arrays. The frequency-time degra-
dation patterns reveal significant complexity, even for this
relatively simple environment. Representing the full degra-

dation �i.e. a combination of amplitude and phase contribu-
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tions�, they show that over the first 2 to 3 min the SGD is
less than about 2 dB while for times greater than about
3 min, the SGD is usually �but not always� significantly
larger with considerable variation as a function of frequency
and time. The increased degradation after a few minutes im-
plies mismatch �i.e., temporal decorrelation� between the sig-
nals e and f. Temporal correlation of narrow-band signals
that fall within this frequency band has been measured30,31

and modeled5,32,33 in shallow water environments exhibiting
significant internal wave activity, and full field correlation
times on the order of two or three minutes are typical. The
correlation times determined in those studies were found to
be mode dependent, with the first mode tending to have the
longer correlation time since its major contribution to the
field as a function of depth spans a vertical region below the
thermocline and is less susceptible to sound speed perturba-
tions in the upper part of the water column.5 The measured
values are consistent with the results shown in Fig. 3. For
acoustic propagation in the 200–300 Hz band, Fig. 3�a�
shows a clear recorrelation of the field after about 15 min. To
a somewhat lesser extent, a similar effect is seen in Figs. 3�b�
and 3�d� for different frequency bands and time slices within
the window. Within the 350–500 Hz band, Fig. 3�c� displays
a comparatively stronger recorrelation and also shows a tem-
porally periodic degradation structure. Partial recorrelation
of the field has been noted in the SWARM95 data and inter-
preted as a periodic feature occurring when the relative phase
retardation between dominant mode pairs approaches 2�
radians.33 With the exception of Fig. 3�d�, these plots indi-

FIG. 3. Signal gain degradation com-
puted from Eq. �5� as a function of
frequency and time during window A,
for two source depths �27 and 42 m�
and two array locations �11 and
28 km�. The degradation was com-
puted with a free ocean surface.
cate that the degradation is enhanced as the packet passes
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over the source position, a result discussed by several
authors3,5 using simple internal wave models. The result here
is more complex and difficult to interpret as the environment
changes along the entire propagation path, whether a solitary
wave packet is present or absent.

Results from a number of studies support the view that
the frequency and time dependence of the degradation illus-
trated in Fig. 3 is likely caused by a combination of several
time dependent effects linked to tidal flow: mode coupling
along the acoustic track,2–5 water depth variation34,35 and re-
distribution of modal energy at the source.2–5 The first effect
is an indirect consequence of the stratified flow over variable
bathymetry, which induces range and time-dependent inter-
nal wave perturbations of the mean sound speed field. While
a conclusive analysis using modal decomposition is beyond
the scope of this paper, previous work has shown that mode
coupling is a function of both acoustic frequency and the
range gradient of the resulting sound speed perturbations. It
alters both the particular modes received at the array and
their relative phase relationships,2–5,7 so that mismatch be-
tween temporally separated signal transmissions is expected
to occur. Water depth variations due to tidal flow can modify
the mode distribution and phasing between modes, possibly
by introducing a new mode or eliminating a mode that falls
below cutoff. Over the particular short duration time win-
dows considered in this example, water depth changes due to
the tide have a small effect on SGD as discussed below, but
over a longer time scale �hours� it can be more
significant.34,35 The third effect is that the local sound speed
distribution in the immediate vicinity of the source changes

due to sound speed perturbations passing through the region,
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and this local environment determines the mode distribution
excited by the source.2,3,5 This distribution, in conjunction
with bathymetric variation and mode coupling in the water
column, can play a significant role in determining the energy
distribution at the receiving arrays.

An attempt is made here to assess the relative impor-
tance on SGD of individual contributions of both tidally in-
duced water depth variations and internal wave induced
sound speed perturbations. A separate set of acoustic simu-
lations are performed in the environment described previ-
ously, except that for these field computations the water
depth is held fixed throughout the time window using the
water depth present at time t0. This case represents a situa-
tion where tidally induced water depth changes are ignored
but volumetric sound speed perturbations caused by the tide
are included. Examples of signal gain degradation under this
constraint are shown in Fig. 4 for time window A. Compar-
ing Figs. 3 and 4 one can detect small differences in degra-
dation that can be attributed to changes in water depth. These
depth variations are quite small, approximately 0.3 m over
each of the 30 min time periods, and weakly alter the tem-
poral variation of SGD in selected frequency bands. It is
clear, for example, that most of the roughly periodic structure
of the degradation above 350 Hz in Fig. 3�c� is primarily,
though not exclusively, due to volume variability since the
corresponding plot without surface variation �Fig. 4�c��
shows similar behavior. The effect on degradation of chang-
ing water depth is more significant for propagation on the
shelf for the shallow source depth �Fig. 4�a��, probably due
to the fact that the percentage change in water depth is about

FIG. 4. Signal gain degradation com-
puted as in Fig. 3, but with a fixed
ocean surface.
twice that found at the array located 28 km from the source.
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FIG. 5. Signal gain degradation for
window B, computed with a free
ocean surface.
FIG. 6. Signal gain degradation for
window B, computed with a fixed
ocean surface.
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Similar comments can be made for both the �full field�
SGD plots shown in Fig. 5, which correspond to the evolving
ocean environment in window B, and the associated fixed
water depth case illustrated in Fig. 6. Again, there are small
differences between the corresponding fixed surface/free sur-
face degradation plots for most time-frequency regions, indi-
cating the SGD is primarily caused by volume variability for
short time windows. As was the case for the sequence of
snapshots in window A, the most significant acoustic
J. Acoust. Soc. Am., Vol. 121, No. 5, May 2007
changes occur for the array located on the shelf. The envi-
ronmental conditions along the track are quite different for
window B relative to those in window A. For window B
there is significant downwelling �Fig. 2�f�� that is not present
in window A �Fig. 2�d��. In addition, a large solitary wave
packet crosses the receiving array during time window B.
The full field degradation in Figs. 5�c� and 6�c� are strikingly
different from the corresponding SGD computed with the
environment in window A. Note that because the environ-

FIG. 7. Decomposition of signal gain
degradation into amplitude and phase
contributions for window A, computed
with a free ocean surface.

FIG. 8. Decomposition of signal gain
degradation into amplitude and phase
contributions for window B, computed
with a free ocean surface.
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mental dynamics is nonstationary, some caution should be
applied in extrapolating these results to arbitrary time win-
dows during different phases of the M2 tidal cycle.

It is well known that phase fluctuations dominate vari-
ability in both transmission loss and field coherence. For
example, measurements of array gain degradation for data
acquired on the New Jersey shelf are consistent with
the prediction that phase contributions dominate the
degradation.29 Results illustrated in Figs. 3–6 are consistent
with phase dominance, a conclusion drawn from a direct
comparison of frequency-time SGD plots for the individual
amplitude and phase contributions obtained through Eq. �5�.
Instead of presenting those figures, this result is illustrated
here in an alternative format by averaging the individual con-
tributions to degradation over the time windows for each
acoustic frequency. The results are shown in Fig. 7 corre-
sponding to window A and Fig. 8 corresponding to window
B. The black curve in each of these plots, labeled “mean,”
describes the full field calculations. For most frequency com-
ponents, the trend is that the �full field� mean degradation
follows the phase contribution. The trend is more closely
followed for the longer range transmission �28 km�, likely
due to the relative importance of the gradual accumulation of
phase shifts that occur as the acoustic field passes through
small perturbations in sound speed over a longer propagation
path. Similar trends are seen for the fixed surface cases �not
shown�, implying that the phase degradation is primarily due
to volume variability.

An example is now presented which demonstrates how a
representative sonar problem, that of detection range estima-
tion, is affected by both tidal height variation and internal
waves. Sound from a source located at 50 m depth and
15 km range seaward from the break is propagated directly
up slope to receivers sampling the field at ranges between 20
and 30 km from the source. Detection range, rd, based on a
figure of merit FOM=66 dB is computed as follows. For the
purpose of smoothing the data, a set of depths, ranges, and
frequencies are included. The acoustic intensity is computed
and averaged first over a 50 Hz bandwidth �in 1 Hz incre-
ments� starting at f0, and then averaged over a 10 m square
�20–30 m in depth and 10 m in range starting at r0�. Explic-
itly, the mean intensity is defined by

Ī = 	
r0

r0+10 	
20

30 	
f0

f0+50 I df dz dr

102 � 50
. �6�

The spatially and frequency averaged TL is then given by

TL=10 log10Ī for each time t in hours. The detection range
is the range at which the TL crosses the FOM. However
because TL is not strictly decreasing, TL=FOM at several
ranges, rd,n=1,2,. . . so that the detection range rd�t� is defined
here as the average of the rd,n=1,2,. . . at time t. This also
permits the use of the standard deviation sd�t�=��rd,n� to
measure the spread of detection ranges. Finally, the time
correlation gives a quantitative measure of how two time
series vary simultaneously, for example, 
ht ,rd�
=�0

tmaxh̃t�t�r̃d�t�dt where the tilde indicates that the tidal
height, ht, and rd are both zero mean and normalized. Be-

cause of the tidal variation, the bathymetry b�r , t�=ht�t�
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+b0�r�, where b0 is the bathymetry at t=0. Figure 9�a�
shows rd for the 200–250 Hz band corresponding to three
different cases: �i� the perfectly stratified sound speed dis-
tribution c�z� without tidal variation �dashed line corre-
sponding to the environment at t=0 h�, �ii� the same sound
speed profile, c�z�, but including only tidal variation ht

�dotted line�, and �iii� inclusion of both internal waves and
tidal variability c�r ,z , t� �solid line�. In case �ii� c�z� is
required in the interval 0�z�b�r , t� for each r and t. In
fact, it is known for z�max

r,t
�b�r , t��and is truncated at

b�r , t� as needed. All cases match at t=0, but rd in case �ii�
demonstrates a strong correlation with tide 
ht ,rd�=0.88,
with minima during low tide and maxima at high tide.
Case �iii� is much more variable in Fig. 9�a� and has no
strong single frequency component, from the Nyquist pe-
riod to the inertial period, 0.5–17 h. The significant de-
cline in rd between 24 and 28 h is due to simultaneous
upwelling on the seaward side of the break and down-
welling on the shallow side. Internal waves tend to reduce
detection range relative to case �ii�, by 1–2 km for

FIG. 9. Detection range estimates, rd, and detection range variances, sd,
obtained over a 30 h time window as functions of acoustic frequency. �a,b�
rd, sd for the 200–250 Hz band, respectively; �c,d� same quantities com-
puted for the 300–350 Hz band; and �e,f� same quantities computed for the
400–450 Hz band.
200–250 Hz. The standard deviation over the 200–250 Hz
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band for case �iii� in Fig. 9�b� also shows an increase over
the same period. Otherwise, sd in both cases �ii� and �iii�
indicate no significant periodicity and are usually pre-
dicted by the time constant case �i�. Results for the detec-
tion range within the 300–350 Hz band are illustrated in
Fig. 9�c�. Case �ii� shows the maxima in rd occur at mean
tide, the minima occur at both high and low tide and the
standard deviation in Fig. 9�d� indicates similar variation,
but inverted. These variations are closely correlated to the
absolute deviation of the tide from the mean, 
�ht � ,rd�=
−0.82 and 
�ht � ,sd�=0.81. The variability of rd for case �iii�
is only partially correlated to tide with 
ht ,rd�=0.43, al-
though the standard deviation is anticorrelated with a
slightly higher magnitude, 
ht ,sd�=−0.59. The detection
range in this band is markedly reduced during upwelling/
downwelling events in the intervals of 3–4.5, 12.5–13,
15–16.5, 24.5–25.5, and 28–29 h. It is observed at those
times that the TL increases because of the energy being
scattered into the bottom. The wavelengths in this band
are particularly susceptible to this loss mechanism due to
the particular combination of distance �in range� between
up and down displacements of the thermocline, magnitude
of those displacements and their relation to the break.
These combinations occur briefly, but regularly, so that
the reductions in rd are more frequent and of shorter du-
ration than the reduction of rd in the 200–250 Hz band.
The internal waves can reduce detection range up to 5 km
relative to the case �ii�. In Figs. 9�e� and 9�f�, describing
the 400–450 Hz band, the result for case �ii� indicates that
the rd and sd are very closely correlated to tidal height
with 
ht ,rd�=0.82 and 
ht ,sd�=−0.91, respectively. For
case �iii� in Fig. 9�e�, the detection range correlation to
tidal variability is lower than in the 300–350 Hz band; the
most significant periodic component is centered at 10.2 h,
rather than the M2 tidal period of 12.4 h, but the standard
deviation shows moderate anti-correlation to tide, 
ht ,sd�
=−0.60. The reductions in rd for this band occur at virtu-
ally the same times as for 300–350 Hz, during the same
upwelling/downwelling events. Case �ii� is much more
variable in this frequency band, with rd varying up to
3 km, so that case �iii� only reduces rd by another 3 km. In
summary, higher frequencies show greater decreases in
detection range due to tidal variability �up to 2 km over a
30 h time window� and internal waves �an additional 5 km
decrease�. Also, whereas the tidal height can be used to
predict variation in rd and sd for a given frequency when
c�z� is time independent, the introduction of internal
waves indicates that detection range is also dependent on
the location and size of the internal waves, often without
any discernable periodicity.

2. Azimuthal dependence of the acoustic field

The acoustic results discussed earlier were obtained for
a single range-depth slice during periods when there were
qualitatively different environments between the source and
receiving arrays. Some examples of the azimuthal depen-
dence of the acoustic field on tidally driven stratified flow in

a shelf-break region are considered below. A simple exten-
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sion of the 2D environmental model discussed in Sec. II is
made in the along-slope direction �projecting out of the page
in Fig. 1. This results in a 3-D shelf-slope region for which
both the sound speed field and bathymetry are invariant in
the along-slope direction. However, acoustic propagation
through this environment exhibits significant azimuthal vari-
ability. To illustrate the azimuthal dependence on the acous-
tic field, a set of 721 vertical arrays is placed on a circular arc
within, or adjacent to, the shelf-break region. An example of
a source-receiver configuration in this extended environment
is depicted in Fig. 10, along with an azimuth-time waterfall
display of the 1500 m/s isospeed contour which is located at
a depth of approximately 25 m. The arrays span 180° of
azimuth and are located at a range of 10 km from bottom
moored acoustic sources; these sources are placed in or near
the break at midwater depth. The vertical arrays are posi-
tioned along the arc in one-third degree azimuthal incre-
ments, and extend from the bottom to 10 m below mean
water depth. In Fig. 10, the source is located just seaward of
the shelf-break and its depth is 50 m from the bottom near
midwater depth. A graph of the temporal variation of the
water depth on the shelf during a 30 h time period is also
displayed in Fig. 10, aligned along the vertical �increasing
time� direction of the waterfall plot. The vertical dotted lines
delineate the boundaries of the shelf break. This waterfall
plot shows a number of internal waves, generated at the shelf

FIG. 10. Source/receiver configuration for 3D simulations of the acoustic
field under tidally driven, stratified flow. The source is shown here at the
bottom of shelf break and 50 m above the bottom, though results in Figs. 11
and 12 also consider the source positioned in the shelf-break or just at the
top of the shelf-break region. The waterfall plot illustrates the azimuth-time
distribution of the 1500 m/sec iso-speed contour at a depth of 25 m and
using 0.5 h updates. To the right of the waterfall plot is the time signature of
the temporal variations in water column depth for the same period is shown.
Dotted vertical lines denote the boundaries of the shelf-break region.
break, and radiating out from this region.
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With Fig. 10 as a reference for the general source-
receiver configuration and time evolving environment, the
depth-averaged transmission loss over each array is com-
puted at 100 Hz as a function of azimuth and time. The av-
eraged loss is presented in Fig. 11 for three source locations
and midwater depths: �a� source at the bottom of the shelf-
break, 50 m above bottom, �b� source at midbreak, 38 m
above bottom, and �c� source at the top of shelf-break, 25 m
above bottom. Note that the scales for each figure are differ-
ent. The set of parallel curves for fixed times and variable
azimuth in Figs. 11�a�–11�c� indicates the time of mean wa-
ter depth during the 30 h simulation period. The vertical dot-
ted lines again delineate the boundaries of the shelf-break
region for the three source positions �the plots are shifted for
each source location�. Although the bathymetry largely de-
termines the spatial distribution of the transmission loss,
some features of the loss can be credited to solibores or other
tidal flow induced sound speed variations. The most signifi-
cant feature of the azimuth-time plot of transmission loss in
Fig. 11�a� is the strong focusing located at about midbreak,
due to horizontal refraction of acoustic energy along the
slope. The levels have weak time dependence in the focusing
region, but show little evidence of a tidal signature in this
plot. Strong loss is seen at locations labeled A, just seaward
of the shelf-break and is associated with significant down-
welling of warm water along the propagation path that leads
to solibore evolution in deep water. The loss plot for the
source at midbreak �Fig. 11�b�� illustrates quite different be-
havior. In the shallow region �to the left of the dashed lines
delineating the shelf break�, loss varies approximately with
temporal variations in water depth, with higher mean loss at
low tide and lower loss at high tide. However, each of these
variations in loss is also associated with downwelling over
the break �cf. Fig. 2�b��, with the latter generating internal
waves in shallow water �cf. Fig. 10�. There are four maxima
in the transmission loss, occurring at 3, 14, 25, and 28 hours.
In particular, during the last low tide from 24 to 30 hr, the
loss reaches a maximum twice, at about 25 h �which, nota-
bly, precedes tidal minimum� and 28 h. Both times are asso-
ciated with strong downwelling events at the break. Within
the shelf-break region a narrow azimuthal sector exhibits

strong, but highly time variable focusing along the isobath
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under the source. The focusing is weakest at exactly the
same times of higher loss in shallow water, with superim-
posed shorter period variation of perhaps 3 h. Each reduction
can be associated with downwelling. The source is at a fixed
distance from the bottom, but the local change in the sound
speed profile alters the relative excitation of the modes; it is
the likely candidate for the periodic temporal variations in
the loss. In particular, downwelling of higher sound speed
water to a position below the source depth would lead to
lower excitation of the lowest order modes. At the deep end
of the shelf break, a broader but relatively time invariant
focusing region is present. For a source located above the top
of the break at a depth of 25 m �Fig. 11�c��, the propagation
exterior to the break region also shows lower intensity during
the same time periods as in Fig. 11�b�. Indeed, the shadow
region at 25 h, which precedes lowest tide but has very
strong downwelling, is more intense than at 28 h, which is
the low point of that tide. There is also time coincident fad-
ing at all azimuths, strongly suggesting reduced source exci-
tation of propagating modes. Additionally, there is focusing
�arrow B� and shadowing �arrow C� in the shallow region
due to internal wave/bores generated at the shelf break.
Along the center of the break, horizontal refraction due to the
sloping bottom creates a shadow region, with deeper shad-
ows at the same times as noted earlier.

The relative influence of tidally induced water depth
variations and volumetric sound speed perturbations on the
azimuthal dependence of the acoustic field is considered
next. Fig. 12 shows three sets of paired azimuth-time images
which are computed with a generalization of Eq. �5�. The
modification allows for azimuthal variation of the field, i.e.,
	�� , t , t0 ,� where 0° ��180°. There is one pair of im-
ages for each of the source locations. For pair �a,b� the
source is positioned at the bottom of the shelf, the source is
located at midbreak for pair �c,d� and in pair �e,f� the source
is located at the top of the break. The pressure field vectors e
and f on each vertical array now have somewhat different
meanings than those given in the previous subsection. Here
we interpret Eq. �5� on each array as a temporal correlation
between pairs of acoustic field vectors defined as follows.

FIG. 11. �Color online� Plots repre-
senting depth-averaged transmission
loss at 100 Hz, computed over each
vertical array located along a 180°
circular arc at a range of 10 km from
an acoustic source. Results are pre-
sented as a function of azimuth and
time for three source locations: �a�
source at bottom of shelf-break �b�
source at midbreak and �c� source at
top of shelf break. Dotted vertical
lines delineate the shelf-break
boundaries. Several features at t=3,
14, 25, and 28 h are indicated by the
numbered arrows in �b�. Similar fea-
tures appear in �c� though are not
numbered.
For the first image of each pair �Figs. 12�a�, 12�c�, and
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12�e��, the vector f now represents the acoustic field on an
array at fixed time t=0 h, corresponding to the starting en-
vironment in Fig. 2�a�. The vector e is now chosen to de-
scribe the time evolving acoustic field on an array for the
same initial environment though, for t�0, the water depth is
allowed to change due to tidal variations over the full 30 h
period of the computation. Therefore, the correlation be-
tween the two pressure vectors in this case depends only on
variability in the water column displacement linked to tidal
variations and the fields recorrelate perfectly each time the
tidal variation passes through the mean height at t=0. This
does not preclude shorter periods of variation seen on each of
these plots, especially Figs. 12�a� and 12�e�. No volumetric
variations �internal tides and solibore� are included. Note that
away from the break, the azimuthal variation is weak or van-
ishing in Figs. 12�a�, 12�c�, and 12�e� as the bottom is flat.
The correlation in these plots varies significantly, from uni-
formly near unity in the shelf region of Fig. 12�c� to almost
zero at points in the break region of Fig. 12�a�. Generally the

strongest variation in this set occurs when the propagation

J. Acoust. Soc. Am., Vol. 121, No. 5, May 2007
path transverses the entire break as on the shelf in Fig. 12�a�
and seaward in Fig. 12�e�. The second image of each pair,
Figs. 12�b�, 12�d�, and 12�f�, describes the field correlation
between the same tidally generated variations of the first im-
age �specified by e above� and f, which now represents the
acoustic field on an array for times t�0 after it has propa-
gated through the hydrodynamically evolving environments
illustrated in Figs. 2 and 10. This correlation then represents
a measure of the contribution of internal waves and tides
versus what would be expected if the acoustic responses
were only due to water depth variations, and will be used to
the end of this section. Fig. 12�b� presents a region of rapid
variation near the midbreak bearing, the site of the largest
advection of the thermocline. The correlation-decorrelation
patterns in the break region roughly mimic contours of ther-
mocline displacement for t�12 h. As internal waves propa-
gate seaward, �e.g., those generated at t=9 or 26 h in Fig.
10�, the correlation varies rapidly in the bands within the
boxes labeled A in Fig. 12�b�. The bands sweep past the

FIG. 12. Azimuth-time correlation
plots at 100 Hz, computed over each
vertical array located along a 180°
circular arc at a source/receiver
range of 10 km. There are three sets
of paired images, one pair for each
source location. The correlated fields
displayed in each are discussed in the
text. For �a,b� the source is posi-
tioned at the bottom of the shelf; in
�c,d� the source is located at mid-
break; and in �e,f� the source is lo-
cated at the top of the break. Label-
ing in �d� is similar to that in Fig.
11�b�, and indicates time in hours.
arrays near the bottom of the break, corresponding to large
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loss �cf. arrows in Fig. 11�a��; this loss is related to acoustic
refraction from internal waves. The bands then fade for bear-
ings away from the break as the direction of acoustic propa-
gation for these bearings more closely aligns with the inter-
nal wave’s propagation vector. During the low tide periods
for t�12 h, the periodic sound speed variation causes corre-
lation to be consistently reduced to about 0.8 on the shelf. In
Fig. 12�d�, the largest decrease in correlation �arrows labeled
B� is associated with downwelling at the deep end of the
shelf break. Along the midbreak, ring-like patterns of peri-
odic re-correlation occur at approximately 3, 14, 25, and
28 h, corresponding to the high loss regions seen in Fig.
11�b� where the latter occur during downwelling events. At 8
and 20 h similar elongated patterns occur during down-
welling localized over the bottom of the break. In Fig. 12�f�,
the strongest decorrelation is in deep water at around 14 h
and between 25 and 28 h, during high transmission loss pe-
riods illustrated in Fig. 11�c�. The rapid variation in correla-
tion patterns along the source isobath are less regular than in
Fig. 12�d�, but remain associated with high loss regions of
Fig. 11�c�. As in Fig. 12�b�, bands of strong, rapid variation
of correlation progress with the internal waves’ propagation
into shallow water, at the boxes labeled C.

IV. SUMMARY AND DISCUSSION

Numerical simulations have been presented for acoustic
propagation in a canonical shelf-break ocean environment.
They included hydrodynamic specification of the space and
time varying sound speed field for the purpose of studying
some of the effects of sub-mesoscale oceanography on
acoustic field structure. The evolution of the environment
was determined in a physically consistent manner with re-
spect to tidal forcing and stratified flows so that internal tides
and solibores could be simulated from generation through
evolution and propagation. The influence of these oceano-
graphic features on acoustic propagation was illustrated with
several 2D and 3D acoustic examples.

The simulations produced acoustic fields propagating
within an ocean waveguide where tidally induced water
depth variations, internal tides and solibores co-existed and
were coupled together. Sample computations describing the
frequency and time dependence of signal gain degradation
on vertical arrays were presented for two 30 minute time
windows. During these periods, the water depth changes in-
duced by the barotropic tide were small �less than .5 m�, and
this change was reflected in the relatively weak dependence
between these variations and SGD. The SGD was dominated
by phase rather than amplitude contributions throughout the
200–500 Hz frequency band. There were, however, signifi-
cant amplitude contributions over several frequency sub-
bands for short range �11 km� propagation during a time
interval in which a wave packet crosses the array and the
local source environment was approximately time indepen-
dent. For the short period �30 min� cases, weak degradation
was generally observed over the first 2–3 min for the
200–500 Hz band, followed by enhanced degradation whose
overall strength exhibited strong frequency and source depth

dependence as the environment evolved. Occasionally, fre-
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quency selective recorrelation of the signal up to 10 dB was
observed. It is interesting to note that both phase dominance
of the SGD and recorrelation of the field are consistent with
results observed from data and previous modeling efforts31,33

though no significant effort was made here to model a spe-
cific environment. Detection range was estimated for several
frequency bands, after performing some spatial averaging of
the field intensity. Higher acoustic frequencies were related
to decreases in detection range. Smaller decreases in detec-
tion range were found when only the tidal variations were
present �no internal waves�; larger decreases in detection
range were obtained when both the tide and internal waves
were present, representing the case of fully stratified flow.

Angular �azimuthal� variations in the acoustic field in
the vicinity of the shelf break were studied by “extending”
the environment in the along-slope direction in conjunction
with 3D acoustic computations to propagate the field onto a
set of vertical arrays positioned at fixed range and variable
azimuth. Depth averaged transmission loss showed several
interesting features, including horizontal refraction by the
sloping bathymetry and enhanced loss that was time locked
to downwelling at the shelf break. Azimuth-time correlation
plots were computed for pressure fields on these arrays in
order to estimate the relative importance of volume variabil-
ity and water depth changes, both of which were driven by
tidal flow. The sources were placed near or in the break re-
gion and the hydrodynamic changes at the break, such as
downwelling, dominated the temporal correlation of the
acoustic field.

Using the numerical results obtained for the simplified
shelf-break environment as a rough guide, one can make
some observations concerning sonar performance prediction
and phase sensitive signal processors operating in these re-
gions. For example, in shelf-break regions where tidal flow
has a significant impact on determining environmental vari-
ability, phase-sensitive processors �e.g., matched field or
matched mode localization schemes� should adaptively con-
trol the frequency band�s� of the replica fields, due to the
significant frequency and time dependence of both the deg-
radation and detection range observed here. The acoustic
replica vectors would need to be updated in a manner con-
sistent with the rate of signal gain degradation observed in
the simulations; for some frequency bands a cyclic update
may be appropriate given the observed re-correlation of the
field. Because the degradation is a function of M2 tidal
phase, the updates should account for this phase-locking be-
havior. Since the acoustic response in this environment is not
shift invariant with respect to space or time, it appears that
phase sensitive processors may need to be tuned for each
specific environment and source-receiver combination that
might be encountered. It should be noted that sonar perfor-
mance is dependent on other factors not considered here. For
example, neither a background �spatially diffuse� internal
wave field nor an ambient surface generated noise field were
included in this study, though both can negatively impact
sonar performance. Other factors that can influence SGD and
detection range are acoustic wave scattering from rough
bathymetry or bottom inhomogeneity; each can be a con-

tributor to a loss of field coherence. The relative importance
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of the surface, volume and bottom contributions is a function
of acoustic frequency and is also time and site dependent.
While one of these components may dominate under a par-
ticular set of environmental conditions, it is often the case
that multiple components are found to contribute to the SGD
and detection range, and their contributions are not necessar-
ily independent. Additional degrees of freedom due to the
introduction of horizontal anisotropy in bathymetry and/or
volume variability produces an azimuthal component to the
above-mentioned quantities and is reflected in the shift-
variant nature of the acoustic field.

Though the ocean model was initiated with a typical
summer thermocline profile from the New Jersey shelf, there
was no attempt to characterize a specific littoral environment
in detail. Although some results are qualitatively consistent
with shallow water measurements, considerable care should
be exercised in directly relating specific model results to ex-
perimental data. This raises the issue of the predictive capa-
bility of such models, a subject not directly considered in this
paper. Model-data comparisons are impacted by a number of
factors. For example, as noted in the Introduction, environ-
mental data are invariably undersampled in space and time;
initialization of a numerical �environmental� model typically
requires a much finer sampling than can be supplied by the
data. The sampling requirements for initialization of subme-
soscale models are much more difficult to satisfy than those
associated with mesoscale models since the latter ignore situ-
ations where the ratio of the horizontal to vertical scales in
the fluid motion approaches unity. In addition, the finite spa-
tial and temporal scales used in the simulation place limits
on acoustic field predictability because they restrict the level
of physical description included in the model. For example,
this study precluded fine structure and turbulence in the en-
vironmental specification because of the relatively coarse
grid sampling used in the simulations.

The oceanographic model described here can be fully
implemented in three dimensions, though in this paper the
flows are restricted to two-dimensional motion. Along-slope
variation in the oceanography would introduce additional de-
grees of freedom �and realism� in the azimuthal dependence
of the acoustic field, beyond that illustrated in Sec. III.

Although the above considerations fall outside the scope
of this paper, they are points that need to be evaluated in
developing a simulation based prediction scheme for sonar
performance using vertical or horizontal arrays. Some of the
above-mentioned issues can be resolved through modeling
enhancements and higher resolution initialization. There ex-
ists, however, a deeper issue affecting the general ability of
numerical models to make accurate and robust predictions of
acoustic field quantities. This issue is related to the question
of how one can quantify the lack of knowledge or uncer-
tainty concerning the basic “ingredients” that enter into a
numerical simulation. Most numerical modeling studies, in-
cluding this one, employ inherently deterministic computa-
tions of the acoustic field through the solution of a determin-
istic wave equation. Uncertainty estimates in the boundary
conditions, parameters and fields that drive the numerical
simulations are not supplied to the algorithm�s�. Without

such estimates, simulation-based prediction schemes cannot
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be objectively assessed. Embedding environmental uncer-
tainty directly into the computations is a non-trivial
problem.36,37 In order to develop a robust numerical predic-
tion capability, however, environmental uncertainty should
be quantified and included as an integral part of a simulation-
based prediction system.
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