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In 1995–1996 the Acoustic Thermometry of Ocean Climate~ATOC! experiment provided an
opportunity to study long-range broadband transmissions over a series of months using
mode-resolving vertical arrays. A 75-Hz source off the California coast transmitted broadband
pulses to receiving arrays in the North Pacific, located at ranges of 3515 and 5171 km. This paper
develops a short-time Fourier transform~STFT! processor for estimating the signals propagating in
the lowest modes of the ocean waveguide and applies it to analyze data from the ATOC experiment.
The STFT provides a convenient framework for examining processing issues associated with
broadband signals. In particular, this paper discusses the required frequency resolution for mode
estimation, analyzes the broadband performance of two standard modal beamforming algorithms,
and explores the time/frequency tradeoffs inherent in broadband mode processing. Short-time
Fourier analysis of the ATOC receptions at 3515 km reveals a complicated arrival structure in modes
1–10. This structure is characterized by frequency-selective fading and a high degree of temporal
variability. At this range the first ten modes have equal average powers, and the magnitude-squared
coherence between the modes is effectively zero. The coherence times of the peaks in the STFT
mode estimates are on the order of 5.5 min. An analysis of mean arrival times yields modal
dispersion curves and indicates that there are statistically significant shifts in travel time over 5
months of ATOC transmissions. ©2003 Acoustical Society of America.
@DOI: 10.1121/1.1530615#
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I. INTRODUCTION

In deep water, the lowest-order acoustic normal mo
are associated with the most energetic late arrivals at l
range. Numerous authors, notably Munk and Wunsch,1 have
suggested using these arrivals in applications such as tom
raphy and matched field processing. Using mode signal
observables requires the ability to associate a mode ar
with a particular path or section of the water column.
range-invariant environments, this problem is trivial beca
the modes propagate independently without exchanging
ergy, i.e., an arrival in mode 1 is known to have traversed
entire path in mode 1. For ranges on the order of mega
ters, however, inhomogeneities such as internal waves c
significant coupling of energy among the modes, resulting
complicated arrival patterns that are difficult to interpret.
date, tomographers have primarily relied on the earl
arriving wavefronts, rather than the low-mode signals,
long-range experiments. Internal-wave-induced fluctuati
associated with the rays can be studied within the contex

a!Formerly at Department of Electrical Engineering and Computer Scie
Massachusetts Institute of Technology, and Department of Applied Oc
Physics and Engineering, Woods Hole Oceanographic Institution.
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an existing theory,2 whereas no comparable framework exis
for the modes. Theoretical3,4 and empirical5,6 investigations
of the long range propagation of modes through inter
waves have yielded interesting results, but there have b
few opportunities to relate them to experimental measu
ments of the mode arrival structure.

In 1995–1996 the Acoustic Thermometry of Ocean C
mate ~ATOC! experiment provided the first opportunity t
observe broadband receptions over a period of months u
mode-resolving vertical line arrays~VLAs!. Two VLAs were
part of a large network that also included U.S. Navy Sou
Surveillance System~SOSUS! arrays.7 Figure 1 shows paths
from the bottom-mounted ATOC source on Pioneer S
mount to the two VLAs, located near Hawaii and Kiritima
~Christmas Island!. Ranges to these arrays were 3515 a
5171 km, respectively. Each of the vertical arrays had
elements and spanned an aperture of 1400 m, providing
equate sampling of the first ten modes of the local envir
ment. The source transmitted phase-encoded pseudo-ran
sequences with a center frequency of 75 Hz and ba
width of 37.5 Hz. Transmissions occurred at 4-h interv
during periods set by the ATOC Marine Mammal Resea
Program.

e,
an
80101/17/$19.00 © 2003 Acoustical Society of America
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This paper develops a short-time Fourier transfo
~STFT! method for estimating broadband signals propag
ing in the lowest modes of the deep water channel and a
lyzes receptions from the ATOC VLA at Hawaii using th
approach. Since the modes are a frequency-dependent b
broadband mode estimation requires separating the si
into frequency bins and using narrow-band mode filtering
each bin. Typically, researchers have implemented the
quired frequency decomposition using either a single lo
Fourier transform or a set of bandpass filters. These
proaches are both special cases of the short-time Fo
transform. The STFT provides a convenient framework
exploring the time-frequency resolution tradeoffs that ha
not been addressed in previous work.

Short-time Fourier analysis of the Hawaii data set p
vides a detailed characterization of the low mode arri
structure at megameter range. In particular this paper qu
tifies the coherence of the first ten modes, estimates ave
dispersion curves, and examines trends in arrival time o
the course of 5 months of ATOC transmissions.

The rest of the article is organized as follows. The n
section reviews relevant aspects of long-range mode pr
gation, using simulations of the Pioneer–Hawaii path to
lustrate the impact of internal waves on the mode arriv
Section III reviews the broadband mode estimation prob
and highlights the important issues associated with estim
ing broadband signals. Following that, Sec. IV present
short-time Fourier framework for broadband mode estim
tion. Section V describes the results of the STFT analysi
the Hawaii data set. A summary concludes the paper.

II. LONG-RANGE MODE PROPAGATION

Normal modes are the eigenfunctions of the oce
waveguide, derived from the frequency domain acou
wave ~Helmholtz! equation.8 For a given environment an
frequency, themth mode is characterized by a horizont
wavenumberkm , which defines its phase and group veloci
and a modeshapefm , which defines its vertical structure

FIG. 1. ATOC source and vertical line array receivers.
802 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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The modes are an orthonormal basis for narrowband sign
thus the acoustic pressure at frequencyV, ranger , and depth
z can be represented as the weighted sum

p~r ,z,V!5(
m

am~r ,V!fm~r ,z,V!, ~1!

where am is the frequency-dependent coefficient for mo
m. From a simple input/output viewpoint, the underwa
channel transforms the mode coefficients at the source in
set of coefficients at the receiver. In an adiabatic wavegu
the modes propagate independently without exchanging
ergy. For typical deep water channels, the low modes tra
slowest since they represent energy trapped around the s
speed minimum. In addition, modal group velocities in the
channels usually decrease with frequency.

When the medium is nonadiabatic, the modes excha
energy as they propagate. Range-dependent waveguide
often modeled as a cascade of range-independent segm
with the boundary conditions at the segment interfaces de
mining the mode coupling coefficients. Assuming that an
vironment is only weakly range-dependent, the adiabatic
proximation simplifies the modeling problem by neglecti
the coupling terms. Under this assumption, each propaga
mode adapts with range~changes shape and wavenumbe!,
but does not transfer energy into other modes. The validity
the adiabatic approximation is related to the nature of
inhomogeneities in the medium, and Desaubies conclu
that its accuracy depends strongly on frequency, mode n
ber, range and the acoustic quantity of interest, e.g., inten
phase, travel time.9,10

Sound speed fluctuations due to internal waves are
dominant source of mode coupling in long-range propaga
scenarios. To understand the impact of internal waves on
mode arrivals, consider two simulations for the 3515 k
California–Hawaii path of the ATOC experiment. Figure
shows the results of a broadband parabolic equation~PE!
simulation through a deterministic, range-varying model
the environment. This model was defined using sound sp
profiles derived from the Levitus winter climatology11,12 and
bathymetry from the ETOPO-513 topography database.14 The
top plot in Fig. 2 is the synthesized pressure time series a
Hawaii array location, generated using the RAM PE code15

Spatial patterns associated with individual mode arrivals
evident in the pressure field, e.g., modes 2 and 3~mode 1 is
not strongly excited in this simulation!. The figure beneath
the pressure plot is the modal time series obtained by p
jecting the field~finely sampled in depth! onto the mode
functions at the receiver. Note that the modes arrive in or
from highest to lowest, as is consistent with deep water d
persion. Constructive interference of the higher modes
sults in the planewave~ray! arrivals in the early part of the
reception.

Figure 3 illustrates how the results change when inter
waves are present. For this simulation, the background so
speed profiles were perturbed by internal wave fluctuati
at 1

2 Garrett-Munk strength, computed using the method
Colosi and Brown.16 Instead of a single, dispersive arrival i
each mode, there are multiple arrivals. This ‘‘modal mu
Wage et al.: Modal analysis of broadband receptions
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path’’ creates the more complicated interference patte
seen in the pressure time series.

From a theoretical standpoint, the effects of intern
waves on long-range sound propagation are not fully und
stood. As indicated in the introduction, most previous wo
focused on the ray arrivals because they are amenab
analysis via a geometrical optics approximation. The mo
graph by Flatteet al. summarizes the path integral theo
that predicts the fluctuations and coherence of resolved ra2

While there is no comparable theory for predicting the b
havior of the mode arrivals, several authors have addre
aspects of the mode propagation problem. Some of the
results are described below.

In two seminal papers Dozier and Tappert derived mo
intensity statistics for narrow-band signals in the presenc
internal waves.3,6 Their theory and numerical simulation
showed that internal-wave-induced scattering eventually
sults in an equipartition of energy among the modes. T
derivation of this result depends on several simplifying
sumptions, including one that says there is no loss of ene
into the bottom.

In one of the few studies of long-range experimen
data, Colosiet al.compared pressure measurements from
1000-km SLICE89 experiment to broadband PE simu
tions.17 Their results showed that the broadening of the tra
mission finale in the data is attributable to the exchange
energy among the modes, caused by internal waves. In a
paper Colosi and Flatte explored the subject of mode c
pling via internal waves using PE simulations designed
model certain aspects of the ATOC experiment.5 They dem-
onstrated the strong nonadiabatic character of propaga
through these random fields and quantified the travel-t
bias/spread and intensity fluctuations for the modes. A rec
review article by Colosiet al. indicates that internal-wave
induced mode coupling is a major factor at 75 Hz, but m
be significantly reduced at lower frequencies, e.g., 28 H18

Several papers have examined the degradation of mode
herence by internal waves concentrating on the implicati
for various signal processing methods, e.g., matched fi
ing,19 horizontal array beamforming,20,21 and vertical array
beamforming.22 Sazontov developed an approximate analy
method for computing the modal cross-coherences,23 and
Gorodetskayaet al. applied this technique to the study o

FIG. 2. Deterministic, range-varying simulation for California-ATOC pa
Top panel shows the synthesized pressure time series, 20 log10 up(t)u; bot-
tom panel shows the corresponding time series, 20 log10 ua(t)u, for the first
20 modes.
J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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horizontal and vertical array gain limitations due to intern
wave fluctuations.4 These approximate expressions for c
herence have not yet been validated by experimental da

The ATOC experiment provided a significant opport
nity to learn more about mode propagation out to megam
ranges. This paper examines the mode arrivals in the Ha
data set, focusing in particular on the broadband characte
tics and temporal stability of these signals. The followi
section reviews the problem of estimating mode arrivals
ing vertical arrays, specifically highlighting the issues as
ciated with using broadband signals.

III. BROADBAND MODE ESTIMATION PROBLEM

In many experiments, including ATOC, the low-ord
modes are not temporally resolvable, meaning that a vert
array is required to separate the mode signals based on
spatial characteristics.24 An array measures the sum of mod
~associated with the signal! plus noise, i.e., in vector nota
tion,

p@r ,V#5F@r ,V#a@r ,V#1n@V#. ~2!

F is the matrix of sampled modeshapes,a is the vector of
mode amplitudes, andn is the vector of observation noise
For a broadband source, the measurement is a vector
series

C~r ,t !5E
V

~F@r ,V#a@r ,V#1n@V#!ej Vt dV. ~3!

The objective of mode processing is to estimate the vecto
mode coefficients (a@r ,V#), or equivalently to estimate the
corresponding mode time series. Section III A discusses
important design criteria for mode filters, and Sec. III B r
views previous work on this topic.

A. Design issues

The most important issue to consider in broadband m
estimation is the frequency dependence of the modesha
As an example, Fig. 4 illustrates how the first ten modes
the ATOC Hawaii array vary as a function of frequency.
comparison of the modeshapes at 60 and 90 Hz indicates
they change significantly over the 30-Hz interval~approxi-
mate bandwidth of the ATOC source!. Obviously, any spatial

FIG. 3. Simulation for California–Hawaii environment perturbed by inte
nal waves~

1
2 GM level!. Top plot: pressure time series, 20 log10 up(t)u;

bottom plot: modal time series, 20 log10 ua(t)u.
803Wage et al.: Modal analysis of broadband receptions
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processing that requires a replica of the sampled mode s
must be done on a set of subbands to avoid mismatch p
lems. In general the maximum width of these bands is de
mined by the environment and center frequency. Since ba
pass filtering smears signals in time, the broadband m
filter design process inherently involves time and freque
resolution tradeoffs.

Separating the signal into subbands reduces mode
mation to a classical linear inverse problem.25,26 The key
issue to consider in solving each of the narrowband proble
is the spatial sampling of the modeshapes by the array s
that determines how well the processor can resolve a m
and reject noise.27 From the point of view of estimating a
single mode, there are two types of noise to consider: st
tured interference from signals propagating in other mo
and uncorrelated measurement noise~due to ships, etc.!.
Based on Fig. 3, it is reasonable to assume that ti
windowing can be used to limit the structured interferen
from the earliest ray arrivals~corresponding to high orde
modes!, since they do not overlap in time with the lowe
modes.

B. Previous work

Most previous research focused on experimental sett
where a narrowband assumption is valid, meaning that ei
the source is continuous wave~CW! or the variations in the
mode functions across the source band are negligible.
basic types of mode filters have been developed for narr
band signals: the matched filter~MF!28,29 and the pseudo
inverse~PI! filter.30 The performance of these filters is we
understood. The matched filter~sometimes called the
sampled modeshapes filter! has the advantage of a simp
and stable implementation, but it does not guarantee
energy from one mode will not leak into an adjacent mo
On the other hand, the PI filter ensures good modal cross
rejection at the expense of increased noise sensitivity. He
rick et al.provide a useful discussion of the matched filter

FIG. 4. Measured sound speed profile and first ten modeshapes~at 60 and
90 Hz! for the ATOC Hawaii environment. Water depth at array location
5426 m; only the top 2500 m are shown in the plot. The1 ’s indicate
nominal sensor positions for the 40-element VLA.
804 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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the context of the shallow water SWARM 95 internal wa
scattering experiment.31 They assess the variability in cros
mode rejection due to array tilt and temporal fluctuations
the modeshapes. SWARM 95 used a 400-Hz broadb
source~100-Hz bandwidth!, but the authors conclude that
narrowband mode filter is sufficient because the modes
not change significantly across the source band.

For some broadband experiments, variations in
modeshapes and wavenumbers as a function of frequenc
too large to ignore. The standard solution to the broadb
problem consists of separating the signal into frequency b
using a single long Fourier transform, doing narrow-ba
mode processing for each bin, and obtaining a time series
an inverse transform.32–34 Sutton et al.35 and Heaney and
Kuperman36 suggest using a windowed Fourier transform
compute the mode estimates. Others propose using band
filters to process the data in bands where the modesh
may be assumed constant.37 None of these studies discus
how the frequency resolution~determined by the length o
the window or the width of the bandpass filter! affects the
mode estimates.

This paper generalizes the previous approaches by u
a short-time Fourier transform~STFT! framework to analyze
the time/frequency tradeoffs inherent in broadband mode
timation. An STFT-based processor separates the signal
a set of subbands and estimates the modal time series in
band. The results are time-varying mode spectra that ca
used to examine the frequency-dependent structure in
signals, e.g., to quantify dispersion or frequency-selec
fading. An important advantage of the STFT approach is t
it provides a method of analyzing the characteristics of in
vidual multipath arrivals within a mode, provided that sho
enough time windows can be used in the processing. T
facilitates the search for frequency-coherent mode arriv
The extent of the modeshape variations with frequency
termines the maximum temporal resolution that is attaina
with a mode processor for a particular environment.

The following section develops the short-time Four
mode processing framework, explores important tim
frequency resolution issues, and selects the processing
rameters for the ATOC Hawaii experimental dataset.

IV. SHORT-TIME FOURIER MODE PROCESSING
FRAMEWORK

The short-time Fourier transform is a standard sig
processing technique for examining the characteristics
transient or time-varying signals.38,39 STFT analysis consists
of computing discrete Fourier transforms for a sequence
finite-length data segments. There are two equally valid
terpretations of the resulting time-dependent spectrum:~1! as
the output of a filterbank or~2! as the output of a windowed
Fourier transform operation. This section relies on the fi
interpretation to describe the application of STFT techniq
to broadband mode estimation. The discussion is organ
as follows. Section IV A provides an overview of the sho
time Fourier mode processor. Following that, Secs. IV B a
IV C discuss narrowband mode filters and their broadba
Wage et al.: Modal analysis of broadband receptions
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performance characteristics, respectively. Finally, Sec. IV
illustrates the properties of short-time mode estimates u
an adiabatic propagation example.

A. Overview

In STFT-based mode analysis, the processor sepa
the received pressure into a set of subbands and comp
mode estimates for each subband. Figure 5 illustrates t
steps and introduces some notation. The input to the fi
bank is C@ l #, a sampled vector time series from a
N-element receiving array. As shown, the filtering operat
consists of complex demodulation followed by lowpass
tering; this is equivalent to bandpass filtering followed
demodulation. The result of the STFT analysis step is
N-point complex vector time series of pressures for e
band:p(k)@ l #, wherek denotes the band~bin! number andl
is the time index. After filtering, the processor compute
vector time series of mode coefficients for each band usin
set of narrow-band modal beamformers. The result is
M -point vector â(k)@ l # containing the estimated short-tim
Fourier transform of the firstM modes in the bin centere
aroundvk .40

Within the STFT framework, the length of the lowpa
filter, HLP@v#, determines the time and frequency resoluti
of the estimates. Long filters~equivalent to using long dat
windows for the Fourier transform! have good frequency
resolution, implying that the required operating bandwid
for the modal beamformerW@vk# is small. The disadvantag
of long filters is that they smear the arrivals in time. Sh
filters provide much better temporal resolution, but they ha
wider passbands, meaning that the processor may be m
sensitive to the frequency-dependent variations of the mo
shapes. In generalHLP can be any filter with a lowpass cha
acteristic, but short-time Fourier analysis typically emplo
the same filters~windows! that are used in spectral estim
tion. Harris provides an extensive list of window functions
his classic paper.41

The STFT approach reduces the broadband estima
problem to a set of narrowband problems. Assuming that
modeshapes are constant over the band defined by the
pass filter, the pressure measurement in thekth band be-
comes

p(k)@ l #5F@vk#a
(k)@ l #1n(k)@ l #, ~4!

FIG. 5. Block diagram of STFT-based mode processor.
J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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where F@vk# is the matrix of sampled modeshapes at t
band’s center frequency,a(k) is a vector of bandpass-filtered
time-varying mode coefficients, andn(k) is a noise vector. As
noted above, estimating the mode amplitudes from the m
sured pressure is a classic inverse problem. This pape
cuses on solutions of the form

â(k)@ l #5Wk
Hp(k)@ l #, ~5!

where Wk
H is a matrix containing the deterministic, time

invariant spatial filter for thekth band ~the superscript H
denotes the conjugate transpose operator!. Time- and data-
adaptive solution methods could be incorporated into
STFT framework once more is known about the structure
mode signals at long ranges.

The next section briefly describes standard narrowb
mode filters, and a subsequent section reviews their bro
band performance.

B. Narrow-band mode filters

As indicated in Sec. III B, the two standard solutions
the narrow-band mode estimation problem are the matc
filter and the pseudo-inverse mode filter. There are sev
ways to derive these filters. The approach described belo
based on optimizing array gain and provides a complem
tary perspective to the estimation theory derivation tha
more common in the mode filtering literature~see Ref. 27 for
a summary!. An advantage to viewing mode filtering as
constrained optimization problem is that it emphasizes
inherent tradeoff between interference rejection and proc
sor sensitivity.

Array gain represents the improvement in the signal-
noise ratio~SNR! due to processing. It is typically defined a
the ratio of the SNR at the output of a beamformer to
SNR at a single sensor. Since the signal and noise chara
istics often vary across an array, the input SNR is taken to
an average~arithmetic or geometric! of the single-phone
SNRs. In the case of modal beamforming, the signal lev
vary from one sensor to another because the modeshape
functions of depth. White noise gain,Gw , represents the gain
of the processor when the noise is assumed to be spat
white. For the mode processing problem, the gain for mo
m is defined as

Gw5N
uwm

Hfmu2

uwmu2ufmu2 , ~6!

wherewm is the weight vector~filter! andfm is the sampled
modeshape vector for themth mode. Equation~6! assumes
that the input SNR is equal to the arithmetic average S
across the array. Application of the Schwartz inequa
shows that the maximum value of the white noise gain isN,
the number of sensors in the array. In addition to describ
the noise response,Gw provides a useful measure of th
sensitivity of the processor to mismatch, as discussed by
et al.42

The matched filter~MF! results from choosing the
weight vector for modem that maximizes white noise gai
while maintaining a unit gain in the desired mode. Maxim
ing Gw subject to a unity gain constraint is mathematica
805Wage et al.: Modal analysis of broadband receptions
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equivalent to minimizing the squared length of the weig
vector subject to the same gain constraint, thus the optim
tion problem becomes

minuwmu2 subject to wm
Hfm51. ~7!

Standard optimization techniques yield the following so
tion,

wm
H5

1

ufmu2
fm

H , ~8!

or in terms of the weight matrix forM modes

WH5F 1

uf1u2 0

�

0
1

ufMu2
GEH, ~9!

whereE is the sampled modeshape matrix containing theM
desired modes, i.e., the firstM columns ofF. The matched
filter is optimal in the sense that it achieves the maxim
white noise gain (Gw2MF5N), but it does not explicitly pre-
vent the signal in one mode from leaking into another.
stead, it relies on the orthogonality of the modes to sepa
them. It is important to note that while the modeshapes
orthogonal functions of the continuous depth variablez, the
sampled modeshape vectors are not guaranteed to have
property.

The pseudo-inverse~PI! filter results from constraining
mode leakage by placing nulls in the modal beampatter
the locations of a set of interfering modes. In this case,
optimization problem consists of maximizing the white no
gain ~minimizing the weight vector length! subject to mul-
tiple constraints, i.e.,

minuwmu2 subject to H wm
Hfm51,

wm
HfnÞm50, 1<n<M .

~10!

It is useful to rewrite the problem as

minuwmu2 subject to wm
HE5cm

T , ~11!

whereE contains the firstM columns of the sampled mode
shape matrix andcm is anM -point column vector with a one
in the mth position and zeros everywhere else. When
sampled modeshape matrix is full rank, standard optim
tion techniques yield the following solution for the weig
vector

wm
H5cm

T ~EHE!21EH. ~12!

Equation~12! corresponds to one row of the pseudo-inve
of the sampled modeshapes matrix containing the firstM
modes, thusWH is simply

WH5~EHE!21EH. ~13!

Assuming thatE has full rank, the null constraints in Eq.~11!
are met exactly and the processor for modem rejects the
M21 other modes included in the pseudo-inverse. In te
of interference rejection, the PI filter guarantees better p
formance than the matched filter, but this improvement m
806 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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come at the expense of increased sensitivity to noise or o
perturbations. Consider the white noise gain for themth
mode:

Gw2PI5
N

ufmu2 •
1

cm
T ~EHE!21cm

. ~14!

Recalling thatcm
T cm is equal to unity, the second term in E

~14! can be written as the inverse of a Rayleigh quotien43

and is therefore known to be bounded by the squared sin
lar values of the sampled modeshape matrix, i.e.,

smin
2 <

cm
T cm

cm
T ~EHE!21cm

<smax
2 , ~15!

wheresmin andsmax are the minimum and maximum singu
lar values ofE, respectively. If the sampled modeshapes
orthogonal,EHE is a diagonal matrix where themth term on
the diagonal is equal toufmu2. In this case the quotient in Eq
~15! reduces toufmu2, and the white noise gain is equal t
the optimal value ofN. On the other hand, if the array doe
not adequately sample the modes, the modeshape vector

FIG. 6. Matched filter beampattern~75 Hz! for the 40-element ATOC VLA
at Hawaii.

FIG. 7. Comparison of 10- and 15-mode pseudo-inverse filter beampat
~75 Hz! for the ATOC VLA at Hawaii.
Wage et al.: Modal analysis of broadband receptions
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not orthogonal and some singular values ofE may be very
small. As one or more of the singular values approach z
the white noise gain is substantially reduced and the pse
inverse becomes ill-conditioned. There are a number of s
dard techniques for mitigating problems with small singu
values in the pseudo-inverse, e.g., diagonal loading44 and
elimination of small eigenvalues in the inverse.45 These
methods increase robustness at the expense of biasin
mode estimates. For the ATOC analysis we limit the num
of modes in the pseudo-inverse rather than using one of t
alternative approaches.

Beampatterns provide a useful illustration of the narro
band performance of these two mode processors. In the
text of mode filtering, the beampattern is defined
20 log10(WHF), whereW is the multidimensional mode fil
ter andF is the matrix of sampled modeshapes. Themth row
of the beampattern matrix corresponds to the projection
the modes into the estimate for modem.

For the matched filter, the beampattern corresponds
normalized version of the sampled modeshape correla
matrix, FHF. Figure 6 shows the matched filter beampatte
for the first 25 modes at 75 Hz, using the 40-element ATO
VLA at Hawaii. This filter has excellent crosstalk rejectio
for modes up to 8; above 8 the sampled modeshapes
obviously correlated. As a result, energy from one mo
leaks into estimates of adjacent modes. Performance of
matched filter in this environment degrades significantly
modes above 10, which is not surprising since the array
designed to spatially resolve the first 10 modes.

Figure 7 shows the 75-Hz beampatterns for two pseu
inverse filters, designed for 10 modes and 15 modes, res
tively. These plots confirm that the PI filter for modem has
nulls at the locations of all the other modes included in
estimate, resulting in the beampattern’s diagonal struct
The beampatterns also illustrate how higher order mo
~that are not included in the pseudo-inverse! project into the
lower modes. As these plots show, the amount of cross
depends on the number of modes in the filter, i.e., the
mode filter is significantly better at rejecting energy fro
higher modes than the 15-mode filter. This is due to the
that the amount of crosstalk is governed by the condition
of the pseudo-inverse, which degrades as more modes
included.

Figure 8 demonstrates how adding constraints~i.e., ad-
ditional modes! increases a filter’s sensitivity to noise. Th

FIG. 8. Comparison of white noise gain for the matched filter and 10-,
13-, 14-, and 15-mode pseudo-inverse filters at 75 Hz for the ATOC Ha
VLA. Gw is normalized byN, the maximum gain for an array withN
hydrophones. Results are shown in dB.
J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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plot shows white noise gain as a function of mode num
for the matched filter and five pseudo-inverse filters, d
signed for 10, 12, 13, 14, and 15 modes, respectively. N
that the results are normalized byN, the maximum possible
white noise gain. The plot confirms that the matched fil
achieves the optimal gain and also shows that the gain of
10-mode pseudo-inverse filter is equivalent to the matc
filter. Curves for the 12-, 13-, 14-, and 15-mode PI filte
indicate that there is a significant loss in white noise gain
additional null constraints are added to the design. The
son is that modes above 10 are not adequately sample
the 40-element ATOC VLA, therefore the smallest singu
values ofE decrease dramatically as these modes are
cluded.

C. Broadband performance analysis

In designing a short-time Fourier mode processor, it
crucial to have a measure of how well a narrowband mo
filter designed for particular frequency performs on t
modes at neighboring frequencies. The operating bandw
of the narrowband mode filters determines the required
quency resolution of the lowpass filter, which in turn defin
the temporal resolution of the processor. This section
dresses the broadband performance issues associated
the STFT approach by examining the frequency and no
responses of the MF and PI mode filters.

The frequency-dependent beampattern characterizes
frequency response of the STFT processor. For thekth bin,
this beampattern is defined as 20 log10(Wk

HF@v#), where
Wk is the narrow-band spatial filter designed with the mod
shapes at the center frequency of the bin. Figure 9 shows
broadband beampatterns for modes 1 and 10, generated
MF and PI filters for the ATOC Hawaii VLA. The pseudo
inverse filter includes the first ten modes. Each of the spa
filters is designed for a center frequency of 75 Hz, and
results are shown for the 30 Hz (615 Hz) band around tha
frequency. The solid lines in the plots represent the respo
in the desired mode and the dashed lines represent
crosstalk from neighboring modes~from 1 to 10! into the
desired mode. As Fig. 9 indicates, both filters have a

-,
ii

FIG. 9. Frequency-dependent beampatterns for the matched filter and
mode pseudo-inverse filter. The filters are designed for the 75-Hz bin u
the ATOC Hawaii VLA modeshapes.
807Wage et al.: Modal analysis of broadband receptions
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response in mode 1, which is reasonable considering tha
first mode’s shape does not vary significantly with frequen
~see Fig. 4!. At 75 Hz there are nulls in the response of mo
1 to input from modes 2–10, but crosstalk increases subs
tially as v deviates from the design frequency. The plots
mode 10 indicate that frequency mismatch can affect
gain in the desired mode as well as the crosstalk reject
e.g., the gain in mode 10 is down by 10 dB at 60 Hz. This
due to the significant changes in the shape of mode 10
function of frequency, illustrated in Fig. 4. As expected fro
the narrowband analysis of the previous section,
frequency-dependent beampattern shows that the MF be
former does not prevent crosstalk at the center frequenc
mode 10. In contrast the PI filter for mode 10 is constrain
to have nulls at 75 Hz for modes 1–9. Figure 9 demonstra
that these constraints are not satisfied for frequencies o
than the design frequency.

Based on the MF and PI beampatterns shown, freque
mismatch affects crosstalk rejection much more than it
fects the response in the desired mode. Thus the allow
crosstalk defines the operating bandwidth of the mode filt
For example, to guarantee a maximum crosstalk level o
the band of less than220 dB, the bandwidth of the ten
mode PI filter is62.5 Hz. Using this criteria, the cutof
frequency of the lowpass filter (HLP) in the STFT processo
for ATOC should be 62.5 Hz. In addition, since the
crosstalk levels in Fig. 9 are increasing away from the cen
frequency, it is desirable for the temporal filter to have d
creasing ~rather than constant! sidelobes. To meet thes
specifications, the lowpass filter chosen for the ATOC dat
a 0.4-s Hanning window, which has a23 dB bandwidth of
62.5 Hz and sidelobes that fall off at a rate of 1/v3. Recall
from Sec. IV A that the temporal resolution of the proces
is determined by the length of the lowpass filter. The Ha
ning window taper is such that it can begin to tempora
resolve arrivals when they are farther apart than half
length, thus the resolution of the ATOC short-time Four
processor is on the order of 0.2 s.

The pseudo-inverse filter clearly provides bet
crosstalk rejection than the matched filter, however it is s
ject to problems with the conditioning of the matrix invers
As discussed in Sec. IV B, white noise gain is a conveni
measure of processor sensitivity. Figure 10 shows the w
noise gain, normalized byN, of the filters for modes 1 and
10 as a function of center frequency. Each of the plots h

FIG. 10. White noise gain~normalized byN) as a function of frequency for
the matched filter and three different pseudo-inverse filters~for 10, 12, and
15 modes!. Results are shown in dB.
808 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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four curves: one for the matched filter and three for differe
realizations of the pseudo-inverse filter that are designed
10, 12, and 15 modes, respectively. For mode 1 all th
pseudo-inverse filters achieve the optimal~matched filter!
white noise gain of 10 log10(N) regardless of frequency. Th
plot for mode 10 illustrates an important characteristic of
white noise gain for the higher-order modes: white no
gain decreases as frequency decreases. This is due to th
that the modeshapes at lower frequencies occupy a gre
portion of the water column~see Fig. 4!, thus are not
spanned as well by the array, resulting in a sampled mo
shape matrix with small singular values. Note that for t
10-mode PI filter white noise gain is almost constant acr
the 30-Hz band of interest.

Based on the discussion above, the pseudo-inverse
for ten modes provides a better combination of noise g
and interference rejection than either the matched filter o
filters designed for higher numbers of modes. The next s
tion illustrates the characteristics of short-time Fourier mo
estimates obtained by using the ten-mode PI filter to proc
a simulated reception on the ATOC array.

D. STFT processing example

Table I summarizes the parameters for an adiab
simulation of propagation over the California–Hawaii pa
of the ATOC experiment. The environment contains a bro
band point source at 700-m depth, located 3515.2 km a
from a 40-element receiving array with 35-m spacing~iden-
tical to the ATOC VLAs!. In this example, the source tran
mits a single windowed-sinusoidal pulse with approximat
30-Hz bandwidth, at a center frequency of 75 Hz. The ti
series for the receivers is synthesized from the first
modes,46 using range-averaged wavenumbers calcula
from Levitus winter climatology and range-varying bathym
etry for the path. Figure 11 shows the received pressure fi
for the adiabatic simulation. At 3515.2-km range, the mod
are dispersed enough that it is possible to identify individ
modes in the pressure time series, e.g., mode 1 is the st
final arrival,47 and mode 5 is associated with the five stro
peaks lined up right after 2374.5 s.

Figure 11 also shows the corresponding short-time F
rier mode estimates, as a function of time and frequency,
modes 1, 5, and 10. The estimates were computed u
processing parameters identical to those used on the AT
data in the next section: a 0.4-s Hanning window lowpa

TABLE I. Simulation parameters for the California–Hawaii adiaba
propagation example.

Source range 700 m
Center frequency 75 Hz
Pulse triangular-windowed sinusoid
Pulse duration 0.11 s ('30 Hz bandwidth!

Receiver depth 3515.2 km
No. of receivers 40
Element spacing 35 m
Span 330–1695 m
Sample rate 300 Hz

Modes No. included 40
Wage et al.: Modal analysis of broadband receptions
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filter and a ten-mode pseudo-inverse spatial filter. For
example the bin spacing of the STFT filterbank is 1.25 H
Since the lowpass filter has a bandwidth of approximat
62.5 Hz, neighboring bins are highly correlated. A 2.5-H
bin spacing is all that is required to adequately represent
underlying signals filtered by the Hanning window. Ove
sampling by a factor of 2 in frequency improves the appe
ance of the plots, but does not affect the overall resolution
the processor. The solid white line in each plot correspo
to the mode arrival time computed using adiabatic gro
velocities.

These plots demonstrate that the STFT mode proce
is working as expected. First, the arrivals in the estima
modal time series correctly line up with the appropria
peaks in the pressure time series and the adiabatic pre
tions. Second, the dispersion characteristics of each mod
visible in the output. Mode 1 shows all frequencies arrivi
at the same time, meaning it is undispersed, whereas m
5 and 10 clearly show the lower frequencies arriving first,
expected in deep water. Third, with the exception of a sm
amount of crosstalk~indicated by the white box in the bot
tom plot! from modes 11 and 12 into earliest arrivals
mode 10, the STFT processor effectively filters out t
higher-order modes. Note that this crosstalk is predicted
the beampattern in Fig. 7. Finally, the temporal smear
caused by the 0.4-s low-pass filter is evident in the broa
arrival peaks of the mode time series, as compared to
arrivals in the simulated VLA data.

V. STFT ANALYSIS OF RECEPTIONS AT 3515 km

This section presents an analysis of the ATOC recepti
on the Hawaii vertical line array using the short-time Four
techniques described in Sec. IV. The discussion begins
an overview of the experimental data set, including a b
description of the source/receiver configuration and p

FIG. 11. STFT processing of adiabatic simulation of California–Haw
path. Top plot is the synthesized pressure field on 40-element array. Bo
plots are the short-time Fourier estimates for modes 1, 5, and 10. White
in the mode estimates represent the adiabatic arrival times. The white
indicates the components in the mode 10 signal that are due to cros
from modes 11 and 12.
J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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processing algorithms. Following that, Sec. V B describ
the short-time Fourier mode estimates for the ATOC rec
tions and compares them to the results for simulated rec
tions. Sections V C and V D address the issues of m
coherence and temporal variability, respectively. Finally, S
V E discusses mode arrival time statistics and analy
trends over the course of the experiment.

A. ATOC Hawaii VLA data set

As noted in the Introduction, the ATOC experiment em
ployed a bottom-mounted source at Pioneer Seamount~off
California! and two vertical arrays, located near Hawaii a
Kiritimati in the Northeastern Pacific. A paper by the ATO
Instrumentation Group provides a thorough description
the source and receiver hardware.48 What follows is a brief
review of the relevant details.

The source transmitted phase-encoded pseudo-ran
sequences at a center frequency of 75 Hz, with a23 dB
bandwidth of 37.5 Hz. Each transmission consisted of
repetitions of the 27.28-s~1023 digits! M -sequence, corre
sponding to a transmission length of approximately 20 m
The source and the two VLAs were deployed in the fall
1995, and regular transmissions began in December of
year. Over the course of the experiment, the source trans
ted signals every 4 h during periods set by the ATOC Marin
Mammal Research Program.

This paper describes the analysis of data recorded on
40-element array near Hawaii, located at a range of 351
km from the source. Figure 12 shows the schedule of rec
tion times for this array from 28 December 1995~yearday
362! to 23 May 1996~yearday 509!. Although the array was
not recovered until August 1996, the deepest 20 hydropho
failed sometime after day 509. Since mode processing
much more difficult with only the shallow half of the arra
~due to inadequate sampling of the modeshapes!, this study
is limited to receptions recorded with the full array. The
were 229 transmissions between yeardays 362 and
Forty-one of these were eliminated from the analysis due
incomplete or corrupted time series, leaving the 188 rec
tions shown in Fig. 12.

For each transmission, the 40-element array recorded

i
m
es
ox
alk

FIG. 12. ATOC transmission schedule through yearday 509. Crosses
the time of each good reception; receptions with bad channels were e
nated from the data set. The line of numbers above the crosses indicate
division into 13 subgroups for postprocessing.
809Wage et al.: Modal analysis of broadband receptions
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received signal on each hydrophone, averaged over four
riods of the pseudo-random sequence. Ten such avera
spanning an 18.2-min interval, were recorded for ea
transmission.49,50 Subsequently, the time series for each s
sor was demodulated and matched-filtered to achieve p
compression. For all the numerical results presented in
paper, the received pressure time series consists of t
matched-filtered demodulates.

During the experiment, the position of the VLA wa
tracked using a long-baseline acoustic navigation sys
consisting of four transponders deployed on the bottom
several interrogator hydrophones on the array. Naviga
data was recorded immediately before and after each re
tion. Array positions for each of the ten four-period averag
were determined by interpolating between the beginning
ending locations of the array.

In the results presented below, estimates of the no
level for each reception were used to determine plotting
detection thresholds. These estimates were obtained
spectral analysis of noise-only segments of data at the be
ning and end of each reception. Further details of the no
analysis for the Hawaii VLA are discussed by Wage.51

B. ATOC processing examples

The purpose of this section is to highlight important fe
tures of the short-time mode spectra by comparing the res
for an ATOC reception with those for a simulated receptio
Figure 13~a! is a plot of a demodulated pressure time ser
~one four-period average! recorded on the Hawaii array i
late December 1995. Figure 13~b! shows the time series for
simulation of propagation over the Pioneer–Hawaii pa
The simulation environment consists of Levitus backgrou

FIG. 13. Comparison of experimental and simulated receptions for the
waii VLA. ~a! Reception at Hawaii VLA on yearday 363.~b! PE simulation
with internal waves at

1
2 GM strength.
810 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
e-
es,
h
-
se
is
se

m
d
n
p-
s
d

e
d
m

in-
e

-
lts
.
s

.
d

soundspeed profiles perturbed by1
2 Garrett-Munk~GM! in-

ternal waves, as described in Sec. II. In the pressure t
series plots, the 0-dB level corresponds to the estima
noise floor in the 75Hz bin~the center frequency!. Since the
simulation does not contain any additive noise compone
it is assumed that there is a noise floor 12 dB below the p
in the pressure field, which is consistent with the ATOC me
surements.

Based on Fig. 13, the experimental and simulated d
are quite similar. Unlike the adiabatic example considered
Sec. IV D, there are no immediately identifiable modes c
tained in the late-arriving energy of either the measured
simulated reception. The most striking difference betwe
the PE simulation and the real data is that the simula
reception has a sharp cutoff at 2375 s while the ATOC rec
tion exhibits no discernible cutoff. Absence of a sharp cut
in the ATOC data is attributed to interaction with the ste
bottom slope near the Pioneer Seamount source, which
simulation does not model.51,52

The STFT processor for the measured and simulated
ceptions uses a pseudo-inverse filter for ten modes in c
junction with a 0.4-s lowpass filter~Hanning window!,
which has the required62.5-Hz bandwidth. Figure 14
shows the short-time Fourier mode estimates~as a function
of time and frequency! for the first ten modes of the ATOC
reception, and Fig. 15 shows the corresponding estimate
the first ten modes in the internal wave simulation. F
modal time series plots the 0-dB level corresponds to
estimated noise level in mode 1 at 75 Hz for the receptio

There are a number of observations to make about

a-

FIG. 14. Short-time Fourier mode estimates for the ATOC reception in F
13~a!. Color scale is in dB.
Wage et al.: Modal analysis of broadband receptions
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experimental results in Fig. 14. First, each mode consist
multiple arrivals, spread over 2–3 s. This is in stark contr
to the single, dispersive arrivals that characterized the a
batic propagation example discussed in Sec. IV D. Seco
note that the individual arrivals in each mode are on
order of 0.2 s wide, much wider than a typical ray arriv
This is due to the time-smearing inherent in the STFT p
cessor, rather than to a fundamental difference between
and modes. Third, recall that in the adiabatic case, the mo
arrive in descending order and the highest modes are tem
rally separable from the lowest modes. For this ATOC rec
tion, there is no obvious ordering of the arrivals and t
spread of the signals is such that the first ten modes ove
in time. Fourth, the estimated modal time series cont
faded arrivals. Frequency-selective fading occurs when
signals with different phase characteristics arrive simu
neously, i.e., within the time window used to compute t
transform. Destructive interference of the signals results
deep fades of the spectral amplitude. If a short-time tra
form temporally resolves two signals, then only nonfad
arrivals ~such as those found in the adiabatic example! are
observed. The ATOC STFT processor begins to resolve
nals at a separation of 0.2 s, thus the presence of fade
rivals in the Hawaii data suggests that the processor is m
suring the interference pattern associated with multi
arrivals separated by less than 0.2 s.

A comparison of Figs. 14 and 15 indicates that the
sults of the 1

2 GM internal wave simulation qualitatively
agree with the experimental data. Each of the time-vary

FIG. 15. Short-time Fourier mode estimates for the PE simulation w
internal waves in Fig. 13~b!. Color scale is in dB.
J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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mode spectra for the PE simulation contains a series of fa
arrivals. The sharp cutoff, which is a consequence of ign
ing bathymetric effects near the source, is clearly eviden
the mode estimates. Although the similarities between
periment and simulation are encouraging, the ATOC d
does show significantly more time-spread than the PE da

C. Mode coherence

According to Dozier and Tappert,3,6 internal-wave-
induced scattering decorrelates the mode signals. In this
tion we examine the coherence of the first ten modes in
ATOC receptions using magnitude-squared cohere
~MSC! as a metric. The MSC of two random processes
defined as53

MSC~v!5
uSmn~v!u2

Smm~v!Snn~v!
, ~16!

whereSmn is the cross power spectral density andSmm and
Snn are the auto power spectral densities. In practice,
cross power spectrum is estimated by averaging overL mea-
surements in each frequency bin, e.g., an estimate of
cross spectrum for modesm andn is

Ŝmn~v!5
1

L (
l 51

L

âm~v,l !ân* ~v,l !, ~17!

where âm and ân are the amplitude estimates for modesm
andn and* denotes the complex conjugate. Settingm5n in
Eq. ~17! produces auto spectrum estimates. For the AT
analysis, we obtain the measurements in each bin by subs
pling the output of the STFT processor, taking one sam
every 0.15 s. Since the processing window~i.e., the filter! is
0.4 s long, this subsampling corresponds to a 62.5% ove
between neighboring windows. To compute the spectral
timates, we use samples from a two-second interval~2373.4
to 2375.4! in each reception and average over all receptio

Figure 16 shows the average power estima
(10 log10 uŜmmu) as a function of mode number for the fir
ten modes in the 65-, 70-, 75-, 80-, and 85-Hz bins. Note t
for these low modes the average power is approxima
constant in each bin, which is consistent with Dozier a
Tappert’s prediction of an equipartitioning of energy amo
the modes. The slight increase for modes 9 and 10 at 65
and 75 Hz is attributed to crosstalk from higher order mod

h

FIG. 16. Average power as a function of mode number in the 65-, 70-,
80-, and 85-Hz bins.
811Wage et al.: Modal analysis of broadband receptions
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not included in the estimate~recall the discussion of Fig. 7!.
Differences in absolute levels from bin to bin are a functi
of the source spectrum.

By definition, the MSC lies between 0 and 1. For t
ATOC receptions, the maximum cross-mode coherence
any of the mode pairs in the 65-, 70-, 75-, 80-, and 85-
bins is 0.05. These experimental measurements indicate
the signals in the first ten modes are incoherent at a rang
3515 km. This result supports Dozier and Tappert’s cla
that modes decorrelate with range due to internal-wave
fects.

D. Temporal variability

The purpose of this section is to examine the tempo
variability of the mode arrivals at megameter range. For d
water environments, Colosiet al.54 ~citing the work of Flatte
and Stoughton55! indicate that acoustic coherence times a
on the order of tens of minutes, whereas the coherence t
for internal waves are on the order of hours. In analyz
data from the ATOC Engineering Test (range53250 km),
Worcesteret al. used 12.7-min coherent averages for the
arrivals, since the SNR did not increase for longer averag
times.56 For that same data set, Colosiet al. concluded that
time fluctuations in the wavefronts show no coherence at
lag times.54 Note that in the long-range experiments cit
above, the focus was primarily on analyzing the ray arriva
rather than the late-arriving modes. The rest of this sec
considers the temporal variations of the mode arrivals
ATOC.

Recall that for each source transmission, the VLA
corded ten four-period averages of the 27.28-s pseu
random sequence. The results discussed in Sec. V B w
computed using the first four-period average of a transm
sion received by the Hawaii array in late December 19
Figure 17 compares mode estimates for the first four-pe
average and the last four-period average of that transmiss
The top plots are the estimated spectra for modes 1 an
from the first four periods and the bottom plots correspond
the last four periods. Note that the time difference betwe
the end of the first reception and the start of the tenth
approximately 14.5 min. The plot clearly demonstrates t

FIG. 17. Comparison of modes 1 and 10 for the first~top plots! and last
~bottom plots! periods of a source transmission. Color scale is in dB.
812 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
or
z
at
of

f-

l
p

e
es
g

y
g

-h

,
n
n

-
o-
re

s-
.
d
n.

10
o
n
is
t

the mode signals change significantly over that time interv
some arrivals drop out entirely, and new arrivals emer
Using the center frequency bin, Fig. 18 provides a clea
picture of the temporal variability of the mode signals. T
two plots in the figure are stacks of the received signals
mode 1~top! and mode 10~bottom! at successive 1.82-min
~four-period! lags. While some of the peaks are consiste
across the full transmission interval, others fade in/out s
denly.

There are a variety of ways to quantify the tempo
variability of signals. In this paper, we consider two a
proaches. The first approach consists of computing the M
between the first four-period average in a transmission
the successive four-period averages. Yanget al. used a simi-
lar method to analyze coherence times for a recent sha
water internal wave experiment.57 Figure 19 shows the MSC
estimate for mode 1, computed using the Hawaii VLA da
Each curve represents the mean over all transmissions.
that the MSC decreases rapidly, reaching 0.5 at appr
mately 4.5 min and becoming effectively equal to zero
lag times greater than 14 min. The figure indicates a m
dependence on frequency: mode 1 at 85 Hz has a slig
shorter coherence time than mode 1 at 65 Hz. This appa
dependence may be an artifact due to the lower signal le

FIG. 18. Variability of modes 1 and 10 across a single transmission~18.2
min! in the 75-Hz bin.

FIG. 19. Magnitude-squared coherence for mode 1 as a function of the
time between the first four-period average and successive four-period
ages in a single transmission. These curves depict the mean over all t
missions.
Wage et al.: Modal analysis of broadband receptions
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at the higher frequencies. The MSC estimates for mode 1
representative of the results for modes 2–10.

The second approach to quantifying temporal variabi
focuses on the arrival peaks in the bandpass mode estim
In previous work, Tang and Tappert used processing gai
a measure of the temporal coherence of pulses propag
through internal waves in a shallow~200 m! water environ-
ment at ranges of 20 km.58 They studied pulse coherenc
times without addressing the issue of modes specifica
Processing gain is defined as a ratio of coherent to incohe
power. Consider the processing gain, PG, associated w
peak arrival in a mode:

PG5
u( i 51

Np a~ tpeak,i !u2

( i 51
Np ua~ tpeak,i !u2

, ~18!

wherea(tpeak,i ) is the estimated complex mode amplitude
time tpeak in the i th four-period average.Np is the number of
four-period averages included in the calculation. Note t
the maximum value of PG is equal toNp and is achieved
when the signal is perfectly coherent. For the Hawaii d
set, the following procedure is used to obtain an aver
processing gain for the peaks in each mode. The initial s
consists of finding the peak arrival times for the first fou
period average in each reception using a detection thres
of 12 dB above the estimated noise floor. Then the proc
ing gain for each peak is calculated by computing the ratio
coherent and incoherent sums at the peak time. The num
of periods (Np) to include in the sums varies from 1 to 1
The resulting gains are averaged over all peaks obtained
that mode in the Hawaii VLA data set~188 receptions!. Fig-
ure 20 shows the coherent processing loss for the pe
which is defined as 10 log10(PG)210 log10(Np). This quan-
tity measures how close the average processing gain is to
ideal gain achieved by a perfectly coherent signal. T
dashed, solid, and dotted lines on the plot correspond to
average coherent processing loss for modes 1–10 at 65
and 85 Hz, respectively. Recall that each four-period aver
represents 1.82 min of data. Based on the figure, proces
gain is within 0.5 dB of the ideal gain forNp up to 3. In other
words the peaks are predominantly coherent up to 5.5 m
Beyond that, the average processing gain diverges from
of a perfectly coherent signal. Similar to the MSC estimat

FIG. 20. Coherent processing loss for the peak arrivals in modes 1–1
the 65-Hz, 75-Hz, and 85-Hz bins.
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these curves indicate a mild dependence on freque
modes at 65 Hz have slightly longer coherence times t
the modes at 75 or 85 Hz. At a single frequency, there is
obvious ordering of the data by mode number. This is
surprising given the amount of mode coupling that occ
over the 3515-km propagation path.

It is important to note that Fig. 20 provides an avera
measure of temporal coherence. Based on the plot in Fig.
some of the mode arrivals are coherent over the recep
period ~18.2 min!. Further analysis of the processing ga
data reveals that approximately 9% of all arrivals are coh
ent over the entire reception~where coherence is defined t
be PG.9).

E. Arrival time statistics

On days that the ATOC source was operating, there w
transmissions at 4-h intervals. Given the variability of t
mode signals over a single 18.2-min reception, it is not s
prising that the locations of the arrival peaks change subs
tially after 4 h. To get an idea of how the peak arrival tim
are distributed, consider the histograms for modes 1–
shown in Fig. 21. These plots were compiled by picki
peaks in the first group of ATOC receptions~yeardays 363–
366, containing 200 four-period averages! using a detection
threshold of 12 dB above the estimated noise floor for e
mode. The results demonstrate that there is not a domi
arrival time in each mode; rather, the peaks are distribu

or

FIG. 21. Histogram of peak arrivals in the 75-Hz bin for the first ATO
reception group. Detection threshold was set at 12 dB above the estim
noise floor.
813Wage et al.: Modal analysis of broadband receptions



th

e
h
d

c
tim
a
rie

a
th
-
T
o

lu
et

th
-
o

ur
th
su

t

th
a
lli
ha
a
A
d
a

.g.,
the

n
ally

for
s a

re-
h as
, the
or-

l
the
ata
een
pe

has
unc-
ig-
first
b-
atic
en-
der
ors
rival

rou
im

p of
ns.
between 2373 and 2376 s for all of the modes. Note that
distribution of the higher modes~e.g., mode 10! is skewed
towards the early part of the 3-s interval while the low mod
are concentrated towards the latter part of the interval. T
is consistent with deep water dispersion, where higher mo
arrive first.

Since there is not a dominant peak in each mode that
be tracked, it is necessary to consider average travel
statistics for the mode signals. For the ATOC data, the le
ing edge, falling edge, and centroid of the short-time Fou
mode estimates provide a useful characterization of the
rival structure. Leading and falling edges are defined as
the first and last~respectively! time indices where the com
plex envelope of the mode estimate exceeds a threshold.
centroid is defined to be the center of mass of the portion
the complex envelope that is higher than the threshold va
For all of the results presented below, the threshold was s
12 dB above the noise floor in each mode.

Figure 22 shows the results of averaging over all
receptions in the first group~a total of 200 four-period aver
ages! to obtain the leading and falling edges as a function
frequency for the first 10 modes. For reference, the fig
also includes the average leading and falling edges for
mode estimates of ten simulated receptions, which re
from ten independent realizations of a1

2 Garrett-Munk inter-
nal wave field. The error bars on these plots represent
standard error, i.e., the sample standard deviation divided
the square root of the number of samples included in
average.59 The ATOC statistics reveal several significant fe
tures. First, the average spread between leading and fa
edges is on the order of 1.5 s. Second, the high modes
earlier arrival times, while low modes have later arriv
times, as would be expected in a deep water channel.
though there is some crossover between neighboring mo
the leading and falling edges show that there are statistic

FIG. 22. Comparison of average leading and falling edges for the first g
of ATOC receptions and a simulated data set. The latter includes ten s
lated receptions through independent realizations of a

1
2 Garrett-Munk inter-

nal wave field.
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significant differences in arrival time among the modes, e
compare modes 1 and 10. Finally, the plot indicates that
signals at the center frequency~75 Hz! are more spread tha
those at either end of the band. This effect may be parti
due to the fact that the same detection threshold is used
all frequency bins, while the source spectrum rolls off a
function of frequency.

Since the simulated data is averaged over only ten
ceptions, the resulting curves in Fig. 22 are not as smoot
the ATOC data and the error bars are larger. Nevertheless
simulated data is comparable to the real data in two imp
tant respects: the leading edges show similar behavior~as a
function of frequency! to the ATOC data, and the arriva
times are also comparable. Unlike the falling edges in
ATOC data, however, the falling edges in the simulated d
are much more concentrated. This sudden cutoff has b
noted above and is likely the result of ignoring downslo
propagation effects near the source.

A second-order least squares fit to the centroid data
been used to estimate average mode arrival times as a f
tion of frequency, i.e., dispersion curves for each mode. F
ure 23 compares the estimated dispersion curves for the
group of ATOC receptions with the dispersion curves o
tained from the ten simulated receptions. Predicted adiab
dispersion curves are included for reference. The experim
tal data shows the modes arriving in descending or
~though there is some crossover among nearest neighb!.
The simulated data show good agreement: the mean ar

p
u-

FIG. 23. Comparison of estimated dispersion curves for the first grou
ATOC receptions, the simulated receptions, and the adiabatic predictio
Wage et al.: Modal analysis of broadband receptions
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times extend over the same interval, approximately 0.8
The key difference between the ATOC data and the simula
data in Fig. 23 is a shift in the mean arrival times: the curv
for the first group of ATOC data occur approximately 0.2
later than the centroids of the simulated receptions. Altho
Fig. 23 shows an obvious difference between experiment
simulation in the curvature of mode 1’s dispersion charac
istic, the plots for other ATOC reception groups indicate th
this is not a consistent feature in the data. Comparing
ATOC and simulated data to the predicted adiabatic arr
times indicates that the intermode dispersion is larger for
adiabatic case than for the measured or simulated data,
the difference in the mean arrival times of modes 1 and 1
larger for the adiabatic prediction than for the estimated d
persion curves. This is expected because coupling of en
from mode to mode tends to drive the average arrival tim
closer together. Note that although the intermode disper
is larger, the dispersion within each mode~intramode! is ob-
viously smaller for the adiabatic case, as Figs. 2 and 3 d
onstrate.

Figure 24 shows the mean arrival time at 75 Hz~ob-
tained from the dispersion curves! as a function of mode
number. There are five lines on the plot, which correspon
the results for ATOC reception groups 1, 7, and 13, the
simulation result, and the adiabatic prediction. The stand
errors58 for the mean arrival time estimates range from 7
18 ms for the ATOC data and 18 to 32 ms for the simula
data. Figure 24 illustrates several important points. The tr
of decreasing travel time with increasing mode numbe
obvious from all of the curves. The three ATOC grou
shown represent the beginning, middle, and end of the
waii data set. It is clear that there are shifts in travel tim
over the course of the experiment, however the slope of
arrival time versus mode number curve remains roughly c
stant. Note that the slope of the line for the1

2 Garrett-Munk
PE simulation data also appears to agree with the experim
tal results. In contrast, the adiabatic mode prediction ha
much steeper arrival-time versus mode number curve.

The Hawaii data set contains 5 months worth of da
taken between the end of December 1995 and May of 19
Figure 25 illustrates how mean arrival time in the 75-Hz b
changes over the course of the experiment. Note that

FIG. 24. Mean arrival time at 75 Hz as a function of mode number
several groups of ATOC receptions and a group of simulated receptions
adiabatic prediction~heavy solid line! is included for reference.
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minimum travel time for all of the modes occurs arou
yearday 427, which corresponds to the beginning of Ma
1996. The trend of decreasing mode arrival time from
start of the experiment until March and increasing afterwa
agrees with the trend observed in the ray arrivals for
Hawaii VLA.7 The difference in the arrival times betwee
the first group of receptions~yearday 363! and the sixth
group of receptions~yearday 427! is between 0.3 and 0.5
for the first ten modes. At-test confirms that these time dif
ferences are statistically significant at the 1% level. Based
the 1998Sciencearticle by the ATOC Consortium,7 the ray
arrivals exhibit somewhat smaller time shifts, on the order
0.25 s over that same period. TheSciencearticle notes that
the trend observed at the Hawaii array is not in agreem
with the expected seasonal trend~which would have shown
increasing travel times in winter and decreasing in the su
mer! and postulates that this is due to a subsurface warm
near the receiver that offsets the winter surface cooling la
near the source.

VI. CONCLUSION

In this paper we presented a short-time Fourier fram
work for broadband mode estimation. Using this flexib
framework, we explored the time-and frequency-dom
characteristics of the two most common modal beamform
algorithms and designed a mode processor for the AT
experiment. Our analysis of five months of receptions at
Hawaii VLA produced a number of results regarding t
mode arrival structure at megameter range. First, we dem
strated that the low mode signals at 3515 km consist o
series of arrivals, rather than the single dispersive arrival
typifies adiabatic propagation, confirming the predictions
numerous simulation studies. Second, we showed that
first ten modes have roughly equal average powers and
the cross-mode coherence is effectively zero. These res
agree with Dozier and Tappert’s conclusions based on th
retical and numerical work.3,6 Third, we examined the tem
poral variability of the mode signals and determined that
average coherence times of the peaks in each bin are on
order of 5.5 min; coherence times of the overall signal~not
just the peaks! are even shorter. Fourth, we computed ce
troid statistics that reveal mode-dependent trends in arr

r
n
FIG. 25. Mean arrival time at 75 Hz for modes 1–10 as a function
yearday.
815Wage et al.: Modal analysis of broadband receptions
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time and highlight mean shifts in the environment over
months of the experiment. We noted that the slope of
centroid arrival time versus mode number curve deriv
from the experimental data agrees with the slope deri
from numerical simulations of propagation through1

2 Garrett-
Munk strength internal waves.

This research has important implications for acoustic
mography using normal modes. Noting that the individu
mode arrivals are not stable over time, we conclude t
inversions must be based on the statistics of the mode fi
Additional work is needed to investigate the dependence
mode statistics on the background environment and the
rameters of the internal wave field.
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