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Summary

Originally developed in the 1970s for the optimal control of systems governed by
partial differential equations, the adjoint method has found several successful
applications, e.g., in meteorology with large-scale 3D or 4D atmospheric data
assimilation schemes, for carbon cycle data assimilation in biogeochemistry and
climate research, or in oceanographic modelling with efficient adjoint codes of
ocean general circulation models.

Despite the variety of applications in these research fields, adjoint methods have
only very recently drawn attention from the ocean acoustics community. In
ocean acoustic tomography and geoacoustic inversion, where the inverse prob-
lem is to recover unknown acoustic properties of the water column and the
seabed from acoustic transmission data, the solution approaches are typically
based on travel time inversion or standard matched-field processing in combi-
nation with metaheuristics for global optimization.

In order to complement the adjoint schemes already in use in meteorology and
oceanography with an ocean acoustic component, this thesis is concerned with
the development of the adjoint of a full-field acoustic propagation model for
shallow water environments. In view of the increasing importance of global
ocean observing systems such as the European Seas Observatory Network, the
Arctic Ocean Observing System and Maritime Rapid Environmental Assess-
ment (MREA) systems for defence and security applications, the adjoint of an
ocean acoustic propagation model can become an integral part of a coupled
oceanographic and acoustic data assimilation scheme in the future.

Given the acoustic pressure field measured on a vertical hydrophone array and
a modelled replica field that is calculated for a specific parametrization of the
environment, the developed adjoint model backpropagates the mismatch (resid-
ual) between the measured and predicted field from the receiver array towards
the source. The backpropagated error field is then converted into an estimate
of the exact gradient of the objective function with respect to any of the rele-
vant physical parameters of the environment including the sound speed struc-
ture in the water column and densities, compressional /shear sound speeds, and
attenuations of the sediment layers and the sub-bottom halfspace. The result-
ing environmental gradients can be used in combination with gradient descent
methods such as conjugate gradient, or Newton-type optimization methods to
locate the error surface minimum via a series of iterations. This is particularly
attractive for monitoring slowly varying environments, where the gradient in-
formation can be used to track the environmental parameters continuously over
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time and space.

In shallow water environments, where an accurate treatment of the acoustic
interaction with the bottom is of outmost importance for a correct prediction of
the sound field, and field data are often recorded on non-fully populated arrays,
there is an inherent need for observation over a broad range of frequencies. For
this purpose, the adjoint-based approach is generalized for a joint optimization
across multiple frequencies and special attention is devoted to regularization
methods that incorporate additional information about the desired solution in
order to stabilize the optimization process.

Starting with an analytical formulation of the multiple-frequency adjoint ap-
proach for parabolic-type approximations, the adjoint method is progressively
tailored in the course of the thesis towards a realistic wide-angle parabolic equa-
tion propagation model and the treatment of fully nonlocal impedance boundary
conditions. A semi-automatic adjoint generation via modular graph approach
enables the direct inversion of both the geoacoustic parameters embedded in
the discrete nonlocal boundary condition and the acoustic properties of the
water column. Several case studies based on environmental data obtained in
Mediterranean shallow waters are used in the thesis to assess the capabilities of
adjoint-based acoustic inversion for different experimental configurations, par-
ticularly taking into account sparse array geometries and partial depth coverage
of the water column. The numerical implementation of the approach is found to
be robust, provided that the initial guesses are not too far from the desired so-
lution, and accurate, and converges in a small number of iterations. During the
multi-frequency optimization process, the evolution of the control parameters
displays a parameter hierarchy which clearly relates to the relative sensitivity
of the acoustic pressure field to the physical parameters.

The actual validation of the adjoint-generated environmental gradients for acous-
tic monitoring of a shallow water environment is based on acoustic and oceano-
graphic data from the Yellow Shark 94 and the MREA ’07 sea trials, conducted
in the Tyrrhenian Sea, south of the island of Elba.

Starting from an initial guess of the environmental control parameters, either
obtained through acoustic inversion with global search or supported by archival
in-situ data, the adjoint method provides an efficient means to adjust local
changes with a couple of iterations and monitor the environmental properties
over a series of inversions. In this thesis the adjoint-based approach is used,
e.g., to fine-tune up to eight bottom geoacoustic parameters of a shallow water
environment and to track the time-varying sound speed profile in the water
column. In the same way the approach can be extended to track the spatial
water column and bottom structure using a mobile network of sparse arrays.

Work is currently being focused on the inclusion of the adjoint approach into
hybrid optimization schemes or ensemble predictions, as an essential build-
ing block in a combined ocean acoustic data assimilation framework and the
subsequent validation of the acoustic monitoring capabilities with long-term
experimental data in shallow water environments.
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1 Introduction

The opening chapter of this thesis is intended to position the work in the wider
context of current Maritime Rapid Environmental Assessment (MREA), Global
Monitoring for Environment and Security (GMES) and more general ocean ob-
servation based services (Sec. 1.1-1.2). It is used to briefly introduce inverse
problems in ocean acoustics and to familiarize with classical Matched Field
Processing (MFP) and the respective global search algorithms, without going
into detail (Sec. 1.3). The different subjects will be picked up again and ad-
dressed in more detail in the remainder of the thesis. Following a first general
description of the adjoint method of optimal control, Sec. 1.4 presents a short
historical overview of the adjoint approach in different research fields and gives
an outlook on ongoing work and possible applications in ocean acoustics. Sec-
tion 1.5 concludes the introductory chapter with a detailed outline of the thesis
structure.

1.1 Remote sensing of the ocean

Acoustic remote sensing of the ocean interior together with satellite altimetry
and scatterometry and as a third observational component freely drifting profil-
ers or tracer sampling systems are today providing complementary basin scale
observations of the ocean. While satellite remote sensing can provide high qual-
ity information of sea surface and coastal topography, wind stress, ocean colour
and chlorophyll concentrations, etc., acoustic techniques provide the most ef-
fective means for remote sensing of the ocean interior, for monitoring sea floor
processes, and for probing the structure beneath the sea floor. In some cases
complementary data from different sensor platforms can be directly merged,
as is done e.g., with single- or multi-beam acoustic bathymetry and satellite
altimetry data. Similarly, high resolution profilers, such as acoustic Doppler
current profilers (ADCPs), and tracer injection and sampling systems can both
provide independent estimates of turbulent and diffusive mixing processes in
the ocean.

Ocean observation based services nowadays constitute an essential part in many
different applications of high socio-economic value, e.g., coastal zone monitor-
ing, electronic charting and sea floor mapping, fisheries, aquaculture and sea
bed habitat assessment, monitoring of marine mammals and marine surveillance
for ship detection, tracking and oil-spill detection. Other examples include cli-
mate change research, oceanographic and meteorological services, search and
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rescue, off-shore oil and gas exploration, sea ice mapping and monitoring, es-
timation of geotechnical properties of sea bed materials and investigation of
natural geohazards in marine sediments. The world-wide network of hydroa-
coustic stations as part of the International Monitoring System (IMS) of the
United Nations Comprehensive Test Ban Treaty (CTBT) of nuclear weapons,
the Global Ocean Observing System (GOOS) under the aegis of the UNESCO,
the European Seas Observatory Network (ESONET) or the large-scale acoustic
monitoring of the ocean climate in the ATOC project are just a few examples
of international ocean observatory networks.

1.2 Environmental assessment

In the general context of Global Monitoring for Environment and Security
(GMES) an integrated multi-disciplinary ocean observation system forms the
basis for the Maritime Rapid Environmental Assessment (MREA) concept.
With the shift of the naval oceanographic focus from deep waters to littoral (i.e.,
coastal) waters in the mid-1980s also the focus of Meteorology and Oceanography
(MetOcean) changed and initiated an increased interest in coastal monitoring
and surveillance technologies. Near-coast and inshore environments worldwide
house nearly 60% of the world’s population and generate approximately 25% of
global primary productivity. In this context, pressure from industrial activity
in the coastal cities, development of off shore resources as well as international
and local shipping traffic continue to threaten the coastal shallow water envi-
ronment.

Satellite remote sensing, acoustic monitoring and meteorological and oceano-
graphic modelling represent the three essential components in the MREA scheme
displayed in Fig. 1.1. Different colours are used to distinguish between high
resolution satellite and acoustic data acquisition (blue), respective data pro-
cessing (red) and meteorology and oceanography modelling (yellow). Freely
drifting profilers, tracer sampling systems, CTD casts from previous hydro-
graphic surveys or thermistor chain drifters, though not included as a sepa-
rate observational component in Fig. 1.1, can be used as an additional input
to the MetOcean models. The MetOcean models usually include atmospheric
(AGCM) and ocean general circulation models (OGCM) that are coupled to-
gether possibly with other additional components such as a sea ice model. Of
particular interest for MREA are the specific wind models, nested wave models
or near-shore wave simulation and surf models shown in Fig. 1.1.

Acoustic data is typically recorded on sparse arrays of acoustic-oceanographic
sensors that are moored to the sea floor or mounted on mobile platforms such
as buoys, gliders, autonomous underwater vehicles (AUVs), or other generic
robotic sensor agents (RSAs). The acoustic source can either be a controlled,
active source that is deployed likewise from a mobile platform or a source of
opportunity, e.g., the noise of a passing ship or ambient noise.

For the environmental assessment (light grey colouring, Fig. 1.1) all available
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Sea surface Nested wave
Wind model|
topography model
___| Satellite
remote sensing \ ,/
Beach
characterisation —| Surf model
1
Bathymetry
estimation Rapid
Environmental
Assessment
Acoustic Shallow water
remote sensing tomography
Other data
Sea floor
characterisation
}

Figure 1.1: REA scheme. Different colours are used to distinguish between high
resolution environmental data acquisition (blue), respective data processing (red) and
MetOcean modelling (yellow).

information from satellite remote sensing, acoustic monitoring and the output
of the MetOcean models is fused in a (central) database to obtain a complete
picture of the environment that can then be further processed, stored and dis-
tributed via web-based and standardized product searching, retrieval and view-
ing tools. It can thus serve as an optimal support for the respective application
under consideration.

1.3 Inverse problem in ocean acoustics

All the different forms of ocean observation services mentioned in Sec. 1.1 in-
volve detection and measurement of environmental parameters and features in
one or more spatial dimensions, observing their dynamics and forecasting their
behaviour. In physical terms, the required processing (red colouring, Fig. 1.1) of
the initial high resolution data in order to estimate the respective environmental
properties typically poses an inverse problem.

By definition, most classical problems where the internal structure of a physical
system is assumed to be completely prescribed are considered direct problems in
the sense that the system’s behaviour can be clearly predicted. Inverse problems
arise quite naturally if the task consists in determining the unknown internal
structure of a physical system (e.g., part of the underlying partial differential
equation, its domain or its initial and/or boundary condition) from the systems
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Water column {c(2)}

Sediment layer {pr, c,Ver, ag, 21}

Halfspace bottom { ps, Cp, @ }

Z

Figure 1.2: The problem in shallow water acoustic tomography and geoacoustic in-
version is to recover unknown acoustic properties of the water column and the sea
bed from measurable ocean and acoustic field data. ’S” and 'Rx’ indicate the acoustic
source and the receiver array and the indices 'L’ and ’b’ refer to the sediment layer and
bottom halfspace, respectively.

behaviour, i.e., from available measurements. An important aspect certainly
lies in the identification of a set of measurement data that are sufficient for a
unique determination of one or several of the physical properties in question.
Even if the direct problem is linear, the associated inverse problem is highly
non-linear and most often ill-posed.

In the context of ocean acoustic tomography and geoacoustic inversion [1; 2; 3;
4; 5; 6; 7] the problem is to recover unknown acoustic properties of the water
column and the seabed from measurable, mid-range ocean and acoustic field
data (Fig. 1.2).

The main parameter to be estimated within the water column is the vertical
sound speed profile (SSP) ¢(z), which is in turn determined by static pressure
(water depth), salinity and temperature. Relevant geoacoustic properties of the
sediment layer(s) and the bottom halfspace typically include compressional and
shear sound speeds ¢, sound speed gradient Ve, density p, attenuation « and
layer thickness zy, (see Fig. 1.2). Direct, in situ measurement of these properties
tends to be highly time-consuming and cost-intensive as it requires an extensive
hydrographic campaign in the area and a full seismic survey with subbottom
profiler, grab sampling and coring.

By contrast, acoustic sensing techniques provide a powerful methodology for
the remote estimation of these parameters typically based on matched-field in-
version in combination with meta-heuristic global search algorithms. Classical
matched field processing (MFP) [8] is the process of cross-correlation of a mea-
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sured field with a predicted replica field in order to determine a set of input
parameters that yield the highest correlation. The goal is to minimize an objec-
tive function that compares the measured acoustic pressure field with a modeled
field (replica) that is calculated for a specific parametrization of the water col-
umn and the seabed. Then, the parameter set in the model space which gives
the highest correlation between the replica of the field and the measured data
is taken as the solution.

In MFP the parameter search itself has been principally solved by means of
meta-heuristic optimization techniques [9; 10; 11; 12; 13; 14; 15]. Most of
these techniques are directed Monte Carlo searches, that are based on analogies
with natural optimization processes. As global optimization methods they are
designed to widely search the parameter space by using a random process to
iteratively update the model and repeatedly solve the forward problem. Since
model updates are primarily based on random processes, global methods gen-
erally include the ability to escape from local suboptimal solutions but as a
consequence they are less efficient at moving downhill, particularly near con-
vergence and for problems involving correlated parameters. Attempts have been
made to combine global optimizers such as genetic algorithms and simulated
annealing with a local component in so-called hybrid inversions. The Downhill
Simplex (DHS) method [16; 17] is a classical, straightforward geometric scheme
that has been applied for determining a local downhill step in the objective
function in order to improve or replace some of the random steps of the global
optimizer [18; 19; 20].

While the DHS method provides a simple, geometric improving-neighbourhood
update based on a simplex of possible solutions, numerical finite-difference cal-
culations of the full gradient of the objective function are most often impracti-
cal, particularly for higher-dimensional problems. The computational resources
required for both DHS and numerical differentiation clearly increase with the
number of model parameters as both of them require repeated runs of the for-
ward model for each point on the simplex or each possible variation in the
model parameters, respectively. Gradient approximations via numerical differ-
entiation further involve small variations in the model parameters, which may
lead to stability and convergence problems.

Effective algorithms that can provide an exact gradient of the objective function
are particularly attractive for monitoring slowly time-varying environments,
where they can be used in combination with a gradient-based optimizer to
track the environmental parameters continuously over time (or range). The
concept of data assimilation (DA) in general, aims at an accurate analysis, esti-
mation and prediction of unknown environmental properties or state variables
by merging new observations into the physical model once they become avail-
able. Typically DA methods are categorized into variational methods based on
optimal control theory (Sec. 1.4) and filtering-type methods based on statistical
estimation theory. For the latter category, the Kalman filter (KF') [21] — or one
of its more recent variants — forms the principal component. In underwater
acoustics the state-space model-based processor has been introduced by Candy
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and Sullivan [22; 23] based on the extended KF. This approach is currently
followed up at the Environmental Hydroacoustics Lab by extending it to the
unscented and ensemble KF [24].

1.4 The adjoint method of optimal control

The adjoint method at the heart of variational DA provides an elegant mathe-
matical means to calculate exact gradient information of the objective function
to be optimized. Therefore, the adjoint system and its boundary conditions
are derived from the system of partial differential equations (PDEs) govern-
ing the direct problem. A single adjoint model run is used to backpropagate
the mismatch (residual) between the measured and modeled acoustic field from
the receiver array towards the source. The backpropagated error field is then
converted into an estimate of the exact gradient of the objective function with
respect to any of the the environmental model parameters, regardless of the di-
mensionality of the problem. The environmental gradients can be used in com-
bination with gradient descent methods such as conjugate gradient, or Newton-
type large-scale optimization methods to locate the error surface minimum via
a series of iterations. In contrast to meta-heuristic optimization techniques the
inversion procedure itself is directly controlled by the waveguide physics.

Originally, the exact mathematical formulation for the optimal control of sys-
tems governed by partial differential equations was introduced by J. L. Lions
in 1971 [25] and in a later sequel 1988 [26]. His publication coincided with
Jazwinski’s, Sage and Melsa’s work on filtering and estimation theory [27; 28]
and it can be seen in the succession of other seminal works on optimal control
theory by Gelfand, Feldbaum, Luenberger and Kirk [29; 30; 31; 32].

There are many industrial and scientific applications that apply non-invasive
investigations of physical properties by means of wave phenomena, such as non-
destructive testing of materials, imaging and source identification in biomedical
engineering, crack localization, remote sensing of earth resources and environ-
mental quality or as an optimal design method. The wave phenomena used in
probing the inhomogeneous media are typically of electromagnetic, elastody-
namic or acoustic nature.

In this context, the potential of adjoint-based methods has been recently demon-
strated for data assimilation, model tuning, and sensitivity analysis in several
fields, e.g., in fluid dynamics [33; 34; 35; 36], inverse scattering and elasticity
imaging [37; 38; 39; 40; 41], geophysical inversion and seismology [42; 43; 44;
45; 46; 47], meteorology [48; 49; 50], electromagnetic tomography [51; 52| and
oceanography [53; 54; 55; 56]. Related problems of adjoint-based exact and
approximate boundary controllability are addressed in [57; 58; 59| for the heat
equation and systems associated to a Laplace operator on a regular bounded
domain in general. In computational fluid dynamics the adjoint approach is suc-
cessfully being applied as an optimal design method, particularly for aeronau-
tical applications, e.g., [60; 61; 62; 63]. Other applications are inverse problems
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in the field of electromagnetic induction and resistivity, particle transport and
thermal diffusion. Good comparative studies of the different adjoint approaches
can be found in [64; 65; 66; 67] dealing respectively with 1D and 2D resistiv-
ity problems, inverse scattering problems and shape reconstruction. Recently
also second order adjoint techniques have been introduced for the analysis of
ill-posed problems in computational fluid dynamics [68; 69] or in meteorology
[70].

Despite the variety of applications in other research fields, adjoint methods have
only very recently drawn attention from the ocean acoustic community. This
might be partly due to the fact that the theoretical derivation of the adjoint of
an ocean acoustic propagation model is a challenging task that becomes more
and more difficult with the level of complexity in the propagation model. In the
optimization with meta-heuristic search methods the propagation model can be
any one of the major propagation codes available and little to no insight in the
model itself is required for the optimization. By contrast, the derivation of the
adjoint PDE and its boundary conditions necessitates complete understanding
of the underlying direct model regarding both the theoretical formulation and
the numerical implementation. Since many of the available standard propaga-
tion codes have grown steadily over the last decades with extensions and fixes to
handle many different special cases, the derivation of the corresponding adjoint
can be a very cumbersome task. Starting from scratch with a self-written prop-
agation code is in many aspects more straightforward for the adjoint derivation,
but it requires much more effort to achieve a level of complexity in the modelling
that is sufficient to match realistic ocean-acoustic conditions.

It is in this context that the present thesis aims at investigating the use of
the adjoint method of optimal control for the acoustic sensing of shallow water
environments. Possible applications of the adjoint method in ocean acoustics
are manifold, for the acoustic monitoring of slowly time-varying environments
(tracking of environmental parameters), for the inclusion in hybrid optimization
schemes or ensemble predictions or as an essential building block in an acoustic
data assimilation framework.

Returning to the MREA concept and MetOcean modelling in particular (see
Fig. 1.1), the effective implementation of the adjoint method for atmospheric
data assimilation has been pioneered by Talagrand, Courtier and Le Dimet [71;
72]. Adjoint models are today being applied in operational weather forecast in
large-scale 3D or 4D variational data assimilation schemes, e.g., at Météo-France
or the European Centre for Medium-Range Weather Forecasts (ECMWF).

In oceanography the introduction of variational data assimilation is even more
recent, see, e.g., the seminal works by Thacker and Long or Sheinbaum and
Anderson [73; 74]. Adjoint versions of OGCMSs have been constructed, such as
the Adjoint MIT Ocean General Circulation Model [75] and most recently the
variational assimilaton of Lagrangian data into an OGCM at basin scale has
been proposed in [56].

In this context, the combination of an adjoint acoustic propagation model
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with an adjoint ocean circulation model would provide an excellent platform
to unify the two approaches in the future in order to assimilate acoustic data
into MetOcean models and vice versa.

1.5 Organizational structure of the thesis

The remainder of the thesis proceeds as follows. Chapter 2 presents a selective
bibliographic overview of backpropagation techniques in ocean acoustics which
is completed by a general introduction to the main principles of adjoint mod-
elling and a detailed description of the resulting adjoint-based iterative inversion
for ocean acoustic purposes. The backpropagation methods covered in the re-
view range from Parvulescu’s time reversal to Tappert’s original acoustic retro-
gation but include also the classical MFP approach and a short overview of the
most common optimization algorithms via global, local and hybrid search. In
the introduction to the adjoint method, special attention is devoted to the clas-
sification of adjoint approaches into discrete, continuous and (semi-)automatic
adjoint generation. This classification is particularly useful to distinguish the
three different adjoint approaches reported in the chapters 3, 4 and 5.

Chapter 3 formally introduces the theoretical background for the application
of a multiple frequency adjoint-based inversion algorithm for a shallow water
waveguide. The approach presented in this chapter is based on a Standard
Parabolic Equation (SPE) model with local boundary conditions (LBCs) at
the water-sediment interface and illustrates the inherent need for a joint inver-
sion across multiple frequencies especially for the case of non-fully populated
hydrophone arrays. The local impedance boundary condition is used as a range-
dependent control parameter of the complex pressure field in the waveguide but
the formalism is also extended for tomography purposes where the sound speed
profile in the water column plays the role of the control parameter. The chapter
is intended as an analytic reference solution for the extension of the approach to
higher order PE approximations and more sophisticated boundary conditions
in the following chapters. It further proposes an analytical second order adjoint
formulation and concludes with a discussion of local ws. nonlocal boundary
conditions.

Chapter 4 addresses the extension of the approach to the wide angle parabolic
equation (WAPE) model with a discrete non local boundary condition NLBC
and introduces regularization schemes for the adjoint-based inversion. Follow-
ing a brief overview of absorbing boundary conditions in general and a first
analytical ansatz applying a closed-form spectral integral approach (Neumann-
to-Dirichlet map) as a Non Local Boundary Condition (NLBC), the remainder
of the chapter deals with the discrete NLBC introduced by Yevick and Thomson.
A continuous adjoint approach is derived in order to retrieve generalized coeffi-
cients of the nonlocal impedance boundary. These can be used for model tuning
to correctly predict the acoustic propagation without knowing the physical pa-
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rameters of the environment. Such a “through-the-sensor” approach allows, e.g.,
to generate an effective bottom model for use in sonar signal processing algo-
rithms.

Chapter 5 describes a semi-automatic adjoint generation via modular graph
approach that enables direct inversion of the geoacoustic parameters embed-
ded in the discrete NLBC. In this case the control variables represent physical
parameters that can be used to characterize an unknown ocean environment
and to construct a geoacoustic model of the material properties of the bottom.
Starting from a modular graph representation of the Wide Angle Parabolic
Equation (WAPE), a programming tool facilitates the generation and coding of
both the tangent linear and the adjoint models. The potential of this approach is
illustrated with several applications for geoacoustic inversion and ocean acoustic
tomography. Additional examples combine the two applications and demon-
strate the feasibility of geoacoustic inversion in the presence of an uncertain
sound speed profile.

Chapter 6 discusses the application of the semi-automatic adjoint approach
to the experimental acoustic data collected during the YS94 sea trial and the
oceanographic data obtained in the framework of the MREAQ7 experiment.
It covers some validation tests in order to evaluate the fidelity of the WAPE
forward model for simulation of YS94 real data and discusses the choice of
an adequate real data cost function. To enhance the performance of the ad-
joint approach, its implementation in a stochastic local search (SLS) scheme is
discussed. Utilization of stochastic choice as an integral part in the so-called
Iterated Local Search (ILS) process can lead to significant increases in perfor-
mance and robustness. First validations of the adjoint-generated environmental
gradients are shown using the adjoint ILS scheme with the YS94 experimen-
tal acoustic data. For comparison, inversion results are shown with standard
metaheuristics, such as genetic algorithms and ant colony optimization. In a
concluding example for ocean acoustic tomography, the temporal variability of
the MREAOQ7 SSP data set is analyzed in terms of empirical orthogonal func-
tions and the adjoint-based approach is used to track the time-varying sound
speed profile of the experimental transect.

Chapter 7 concludes the thesis with some comments and an outlook on future
work and the Appendices A — C provide additional details on the finite difference
PE solver for discrete NLBCs (A), the use of acoustic particle velocity fields in
adjoint-based inversion (B), and uncertainty estimation via Hessian calculation

(©).
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7 Conclusion

In analogy to meteorological and oceanographic modelling, where adjoint schemes
are used in efficient 3D or 4D variational assimilation schemes, this thesis pro-
poses a multiple frequency adjoint approach for a full-field acoustic propagation
model that is physically realistic for solving a class of inverse problems in shal-
low water acoustics.

The developed approach combines the advantages of exact nonlocal boundary
conditions for the wide-angle parabolic equation (WAPE) model with the con-
cept of adjoint-based control, and allows for the inversion of both the geoacous-
tic parameters of the seabed and the acoustic properties of the water column.

In contrast to metaheuristic search algorithms that are mainly based on di-
rected Monte Carlo searches, the adjoint-based optimization is directly con-
trolled by the underlying waveguide physics. The adjoint method provides an
exact representation of the gradient of the matched field cost function that de-
pends implicitly on the control parameters to be optimized. The use of these
adjoint-generated environmental gradients is particularly attractive for mon-
itoring slowly varying environments, where the gradient information can be
used in combination with a Newton-type optimizer to track the environmental
parameters continuously over time.

Since regularization schemes are particularly important to enhance the per-
formance of full-field acoustic inversion, special attention has been devoted to
the application of penalization methods to the adjoint optimization formalism.
Regularization incorporates additional information about the desired solution
in order to stabilize the optimization process and identify useful solutions, a
feature that is of particular importance for inversion of field data sampled on a
sparsely populated vertical receiver array.

Numerical simulations with acoustic observations that are synthesized with en-
vironmental data collected in Mediterranean shallow waters, and validations
using ocean acoustic data from the Yellow Shark '94 and the Maritime Rapid
Environmental Assessment ’07 sea trials have been presented that demonstrate
the feasibility of the adjoint approach for ocean acoustic tomography and geoa-
coustic inversion purposes for different source receiver configurations.

Especially when moving from synthesized acoustic observations to experimental
data, the accuracy of the acoustic propagation model in matching realistic ocean
acoustic conditions becomes an important issue. Particularly at high SNR the
main error contribution in the optimization process is due to inadequate forward
modeling, i.e., model deficiencies such as neglected physics, etc. For this purpose
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the WAPE forward modeling capabilities for the YS real-data simulation, have
been carefully verified with a coupled normal mode reference model. The fidelity
of the forward model is in fact an important issue, since variational approaches
such as the adjoint method use the exact model dynamics as a constraint for
the optimization (strong constraint assumption).

For application to real data, a multi-frequency maximum likelihood cost func-
tion has been implemented that is based on the spatial correlation matrix of the
acoustic observations on the vertical receiver array. This formulation has been
used earlier in standard matched field processing where it was shown to pro-
vide a good maximum likelihood estimate for the case of unknown, frequency-
dependent noise.

To further enhance the performance of the adjoint approach in the case of real
acoustic data, and to optimize the exploitation of the search space in the vicin-
ity around the local minimum, the implementation of an iterated local search
(ILS) scheme has been discussed. The general concept of ILS or so-called large-
step Markov chains provide a comprehensive framework for the combination
of the adjoint method as a local search, with a stochastic strategy, e.g., using
the Metropolis criterion as in simulated annealing. For comparison, the opti-
mization results of the adjoint ILS scheme have been validated with standard
metaheuristics, such as genetic algorithms and ant colony optimization.

As a concluding demonstration of dynamic estimation in a time-varying envi-
ronment, the temporal variability of the MREAO7 sound speed profiles has been
analyzed in terms of empirical orthogonal functions, and the adjoint-generated
gradients are used to track the time-varying sound speed profile of the experi-
mental transect.

In this context, work is currently ongoing in order to extend the acoustic prop-
agation model to take into account range-dependent features of the waveguide,
such as the spatial variability of the sound speed profile over the transect of
acoustic transmission. As shown for the boundary control of the parabolic
equation, the adjoint method can be used to retrieve range-dependent control
parameters. In fact, the analytical adjoint formulation for the acoustic tomog-
raphy problem, allows for an adjustment of the continuous two-dimensional
sound speed field ¢(r, 2).

Another interesting aspect related to the dynamic estimation in the framework
of the MREAOQT experiment arises in the comparison of the variational approach
that uses the adjoint method for the updating of the profiles, with sequential
methods on the basis of a filtering-type approach. The latter is of stochastic na-
ture and can be regarded complementary to the variational approach. The orig-
inal state-space model-based processor that had been introduced in underwater
acoustics in the 1990s based on the extended Kalman filter, is currently be-
ing extended for the unscented and ensemble Kalman filter, respectively. Both
the variational and the filtering approaches will be implemented as key compo-
nents of the coupled ocean acoustic data assimilation scheme for shallow water
environments currently under development.
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