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In 1995-1996 the Acoustic Thermometry of Ocean Climga&&OC) 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 transfofBITFT) 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. @003 Acoustical Society of America.
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I. INTRODUCTION an existing theor§,whereas no comparable framework exists
for the modes. Theoretici and empirical® investigations
In deep water, the lowest-order acoustic normal modegy the long range propagation of modes through internal
are associated with the most energetic late arrivals at long,5yes have yielded interesting results, but there have been

range. Numerous authors, notably Munk and Wurlsclve  fo opportunities to relate them to experimental measure-
suggested using these arrivals in applications such as tomogianis of the mode arrival structure.

raphy and matched field processing. Using mode signals as In 1995—1996 the Acoustic Thermometry of Ocean Cli-

%ate (ATOC) experiment provided the first opportunity to

with a partl_cular p".’lth or SeCt'On of the W‘f’lter. golumn. Inobserve broadband receptions over a period of months using
range-invariant environments, this problem is trivial because : . .

. : ! mode-resolving vertical line array¥LAs). Two VLAs were
the modes propagate independently without exchanging en-

: 2 : art of a large network that also included U.S. Navy Sound
ergy, i.e., an arrival in mode 1 is known to have traversed th . 7.
entire path in mode 1. For ranges on the order of megame—urve'"‘"’lme SystentBOSUS arrays. Figure 1 shows paths

ters, however, inhomogeneities such as internal waves caugé)m the bottom-mounted ATOC source on Pioneer Sea-

significant coupling of energy among the modes, resulting ir{nou_nt to the two VLAs, located near Hawaii and Kiritimati
complicated arrival patterns that are difficult to interpret, To(Christmas Island Ranges to these arrays were 3515 and

date, tomographers have primarily relied on the earlier®171 km, respectively. Each of the vertical arrays had 40

arriving wavefronts, rather than the low-mode signals, in€léments and spanned an aperture of 1400 m, providing ad-
long-range experiments. Internal-wave-induced fluctuation§duate sampling of the first ten modes of the local environ-

associated with the rays can be studied within the context ohent. The source transmitted phase-encoded pseudo-random
sequences with a center frequency of 75 Hz and band-

3 . . __width of 37.5 Hz. Transmissions occurred at 4-h intervals
Formerly at Department of Electrical Engineering and Computer Science,

Massachusetts Institute of Technology, and Department of Applied Oceaqu”ng perlods set by the ATOC Marine Mammal Research
Physics and Engineering, Woods Hole Oceanographic Institution. Program.
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SO ATOC source and receiver locations 19951996 The modes are an orthonormal basis for narrowband signals,
:}é" ' thus the acoustic pressure at frequefigyranger, and depth
SNl z can be represented as the weighted sum

40N Schrmon P(r,2,0)=2 an(r Q) én(r,2,0), (6
% 30N 3515 km
-:3 '\'\h where a,, is the frequency-dependent coefficient for mode
— 20N} * S 1 m. From a simple input/output viewpoint, the underwater

Hawaii

channel transforms the mode coefficients at the source into a
set of coefficients at the receiver. In an adiabatic waveguide,
the modes propagate independently without exchanging en-
ergy. For typical deep water channels, the low modes travel
slowest since they represent energy trapped around the sound
0 W oW 10w 120w Toow oW SOW speed minimum. In addition, modal group velocities in these
Longitude channels usually decrease with frequency.
When the medium is nonadiabatic, the modes exchange
energy as they propagate. Range-dependent waveguides are
often modeled as a cascade of range-independent segments,
This paper develops a short-time Fourier transformwith the boundary conditions at the segment interfaces deter-
(STFT) method for estimating broadband signals propagatmining the mode coupling coefficients. Assuming that an en-
ing in the lowest modes of the deep water channel and anadronment is only weakly range-dependent, the adiabatic ap-
lyzes receptions from the ATOC VLA at Hawaii using this proximation simplifies the modeling problem by neglecting
approach. Since the modes are a frequency-dependent basise coupling terms. Under this assumption, each propagating
broadband mode estimation requires separating the signalode adapts with rang@&hanges shape and wavenumber
into frequency bins and using narrow-band mode filtering forbut does not transfer energy into other modes. The validity of
each bin. Typically, researchers have implemented the rehe adiabatic approximation is related to the nature of the
quired frequency decomposition using either a single longnhomogeneities in the medium, and Desaubies concluded
Fourier transform or a set of bandpass filters. These apthat its accuracy depends strongly on frequency, mode num-
proaches are both special cases of the short-time Fouridfer, range and the acoustic quantity of interest, e.g., intensity,
transform. The STFT provides a convenient framework forphase, travel tim&2°
exploring the time-frequency resolution tradeoffs that have  Sound speed fluctuations due to internal waves are the
not been addressed in previous work. dominant source of mode coupling in long-range propagation
Short-time Fourier analysis of the Hawaii data set pro-scenarios. To understand the impact of internal waves on the
vides a detailed characterization of the low mode arrivaimode arrivals, consider two simulations for the 3515 km
structure at megameter range. In particular this paper quarGalifornia—Hawaii path of the ATOC experiment. Figure 2
tifies the coherence of the first ten modes, estimates averag@ows the results of a broadband parabolic equatir®
dispersion curves, and examines trends in arrival time ovesimulation through a deterministic, range-varying model of
the course of 5 months of ATOC transmissions. the environment. This model was defined using sound speed
The rest of the article is organized as follows. The nextprofiles derived from the Levitus winter climatolody?and
section reviews relevant aspects of long-range mode propaathymetry from the ETOPOtopography databaséThe
gation, using simulations of the Pioneer—Hawaii path to il-top plot in Fig. 2 is the synthesized pressure time series at the
lustrate the impact of internal waves on the mode arrivalsHawaii array location, generated using the RAM PE cbde.
Section Il reviews the broadband mode estimation problengpatial patterns associated with individual mode arrivals are
and highlights the important issues associated with estimaevident in the pressure field, e.g., modes 2 arfth8de 1 is
ing broadband signals. Following that, Sec. IV presents aot strongly excited in this simulatiopnThe figure beneath
short-time Fourier framework for broadband mode estimathe pressure plot is the modal time series obtained by pro-
tion. Section V describes the results of the STFT analysis ofecting the field (finely sampled in depthonto the mode
the Hawaii data set. A summary concludes the paper. functions at the receiver. Note that the modes arrive in order
from highest to lowest, as is consistent with deep water dis-
persion. Constructive interference of the higher modes re-

Il. LONG-RANGE MODE PROPAGATION sults in the planewavé@ay) arrivals in the early part of the
reception.

Normal modes are the eigenfunctions of the ocean  Figure 3 illustrates how the results change when internal
waveguide, derived from the frequency domain acoustiovaves are present. For this simulation, the background sound
wave (Helmholtz equatiorf For a given environment and speed profiles were perturbed by internal wave fluctuations
frequency, themth mode is characterized by a horizontal at 3 Garrett-Munk strength, computed using the method of
wavenumbek,,, which defines its phase and group velocity, Colosi and Browrt® Instead of a single, dispersive arrival in
and a modeshapé,,, which defines its vertical structure. each mode, there are multiple arrivals. This “modal multi-

or Kiritimati
(Christmas Island)

FIG. 1. ATOC source and vertical line array receivers.
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FIG. 2. Deterministic, range-varying simulation for California-ATOC path. FIG. 3. Simulation for California—Hawaii environment perturbed by inter-
Top panel shows the synthesized pressure time series, 20p¢t)|; bot- nal Waves(% GM level. Top plot: pressure time series, 20{gmp(t)|;
tom panel shows the corresponding time series, 20 |agt)|, for the first bottom plot: modal time series, 20 Igda(t)]|.

20 modes.

horizontal and vertical array gain limitations due to internal

path” creates the more complicated interference patterngave fluctuationd. These approximate expressions for co-
seen in the pressure time series. herence have not yet been validated by experimental data.

From a theoretical standpoint, the effects of internal  The ATOC experiment provided a significant opportu-
waves on long-range sound propagation are not fully undemity to learn more about mode propagation out to megameter
stood. As indicated in the introduction, most previous workranges. This paper examines the mode arrivals in the Hawaii
focused on the ray arrivals because they are amenable tata set, focusing in particular on the broadband characteris-
analysis via a geometrical optics approximation. The monotics and temporal stability of these signals. The following
graph by Flatteet al. summarizes the path integral theory section reviews the problem of estimating mode arrivals us-
that predicts the fluctuations and coherence of resolvedraysing vertical arrays, specifically highlighting the issues asso-
While there is no comparable theory for predicting the be-ciated with using broadband signals.
havior of the mode arrivals, several authors have addressed
aspects of the mode propagation problem. Some of the key
results are described below. ll. BROADBAND MODE ESTIMATION PROBLEM

In two seminal papers Dozier and Tappert derived modal
intensity statistics for narrow-band signals in the presence of In many experiments, including ATOC, the low-order
internal waves:® Their theory and numerical simulations modes are not temporally resolvable, meaning that a vertical
showed that internal-wave-induced scattering eventually rearray is required to separate the mode signals based on their
sults in an equipartition of energy among the modes. Thepatial characteristicé.An array measures the sum of modes
derivation of this result depends on several simplifying as{associated with the signaplus noise, i.e., in vector nota-
sumptions, including one that says there is no loss of energton,
into the bottom.

In one of the few studies of long-range experimental pLr.Q]=@lr.QJalr, Q]+ n[Q]. @
data, Coloset al. compared pressure measurements from théP is the matrix of sampled modeshapesis the vector of
1000-km SLICE89 experiment to broadband PE simulainode amplitudes, and is the vector of observation noise.
tions’ Their results showed that the broadening of the transFor a broadband source, the measurement is a vector time
mission finale in the data is attributable to the exchange oseries
energy among the modes, caused by internal waves. In a later '
paper Colosi and Flatte explored the subject of mode cou- ‘I'(r,t)=f (®[r,Q]a[r,Q]+n[Q])edQ. (©)]
pling via internal waves using PE simulations designed to @
model certain aspects of the ATOC experimefihey dem-  The objective of mode processing is to estimate the vector of
onstrated the strong nonadiabatic character of propagatiomode coefficientsdr,Q]), or equivalently to estimate the
through these random fields and quantified the travel-timgorresponding mode time series. Section Ill A discusses two
bias/spread and intensity fluctuations for the modes. A receninportant design criteria for mode filters, and Sec. Il B re-
review article by Coloskt al. indicates that internal-wave- views previous work on this topic.
induced mode coupling is a major factor at 75 Hz, but may L
be significantly reduced at lower frequencies, e.g., 28%Hz. A. Design issues
Several papers have examined the degradation of mode co- The mostimportant issue to consider in broadband mode
herence by internal waves concentrating on the implicationgstimation is the frequency dependence of the modeshapes.
for various signal processing methods, e.g., matched filterAs an example, Fig. 4 illustrates how the first ten modes at
ing,® horizontal array beamformir;?! and vertical array the ATOC Hawaii array vary as a function of frequency. A
beamforming?? Sazontov developed an approximate analyticcomparison of the modeshapes at 60 and 90 Hz indicates that
method for computing the modal cross-cohereri¢esnd  they change significantly over the 30-Hz inter¢approxi-
Gorodetskayaet al. applied this technique to the study of mate bandwidth of the ATOC sourcébviously, any spatial
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Ssp Modeshapes and Receiver Locations the context of the shallow water SWARM 95 internal wave

' scattering experiment. They assess the variability in cross-
mode rejection due to array tilt and temporal fluctuations of
the modeshapes. SWARM 95 used a 400-Hz broadband
source(100-Hz bandwidth but the authors conclude that a
narrowband mode filter is sufficient because the modes do
not change significantly across the source band.

For some broadband experiments, variations in the
modeshapes and wavenumbers as a function of frequency are
too large to ignore. The standard solution to the broadband
problem consists of separating the signal into frequency bins
using a single long Fourier transform, doing narrow-band
mode processing for each bin, and obtaining a time series via
an inverse transforri?—3* Sutton et al3® and Heaney and

2500 - - Kupermani® suggest using a windowed Fourier transform to
;;ﬁgd (3114,25;’ 0 2 4 Mod:number 12 compute the mode estimates. Others propose using bandpass
G4 M S . 4 orofile and 5 66 and filters to process the data in bands where the modeshapes
90 Hz)'for?SSLX?O(S:OI;JQW;?Z?Mgr?n;:n&tlhwétrzﬁ tieenptnr:oate:rhri:)? Iocgtri]on is may be assumed ConSt&ﬁ.tNone of .these studies discuss
5426 m; only the top 2500 m are shown in the plot. Thés indicate how the frequency resolutiofdetermined by the length of
nominal sensor positions for the 40-element VLA. the window or the width of the bandpass fi)taf'fects the
mode estimates.

processing that requires a replica of the sampled mode shape 1S Paper generalizes the previous approaches by using

must be done on a set of subbands to avoid mismatch pro@- short-time Fourier transfor¢STFT) framework to analyze

lems. In general the maximum width of these bands is detert-,he time/frequency tradeoffs inherent in broadband mode es-

mined by the environment and center frequency. Since bandimation. An STFT-based processor separates the signal into

pass filtering smears signals in time, the broadband mod@ set of subbands and estimates the modal time series in each
’ and. The results are time-varying mode spectra that can be

filter design process inherently involves time and frequenc : ’
used to examine the frequency-dependent structure in the

resolution tradeoffs. ; . . X )
Separating the signal into subbands reduces mode esff'9"as: €.0., to quantify dispersion or frequency-selective

mation to a classical linear inverse probléhi® The key fading. An important advantage of the STFT approach is that

issue to consider in solving each of the narrowband problem Provides a method of analyzing the characteristics of indi-

is the spatial sampling of the modeshapes by the array sincddual multipath arrivals within a mode, provided that short
ough time windows can be used in the processing. This

that determines how well the processor can resolve a moo:jen i h h for f h ival
and reject nois&’ From the point of view of estimating a acilitates the search for frequency-coherent mode arrivals.

single mode, there are two types of noise to consider: strucl '€ €xtent of the modeshape variations with frequency de-

tured interference from signals propagating in other modege_rmines the maximum temporal _resolution_ that is attainable
and uncorrelated measurement noisele to ships, etg. with a mode processor for a particular environment.
Based on Fig. 3, it is reasonable to assume that time- The following section develops the short-time Fourier

windowing can be used to limit the structured interferencemOde process:”‘%l frfamework, dexpllores ri]mportant .time/
from the earliest ray arrivalécorresponding to high order frequency resolution issues, and selects the processing pa-

modes, since they do not overlap in time with the lowest rameters for the ATOC Hawaii experimental dataset.
modes.

500F

1000F

Depth (m)

1500F

20001

B. Previous work IV. SHORT-TIME FOURIER MODE PROCESSING

_ _ ~ FRAMEWORK
Most previous research focused on experimental settings

where a narrowband assumption is valid, meaning that either The short-time Fourier transform is a standard signal
the source is continuous wavEW) or the variations in the processing technique for examining the characteristics of
mode functions across the source band are negligible. Twiransient or time-varying signaf&>° STFT analysis consists
basic types of mode filters have been developed for narrowaf computing discrete Fourier transforms for a sequence of
band signals: the matched filtékF)?®2° and the pseudo- finite-length data segments. There are two equally valid in-
inverse(PI) filter.2° The performance of these filters is well terpretations of the resulting time-dependent spectfdiras
understood. The matched filte(sometimes called the the output of a filterbank of2) as the output of a windowed
sampled modeshapes filtenas the advantage of a simple Fourier transform operation. This section relies on the first
and stable implementation, but it does not guarantee thahterpretation to describe the application of STFT techniques
energy from one mode will not leak into an adjacent modeto broadband mode estimation. The discussion is organized
On the other hand, the PI filter ensures good modal crosstalks follows. Section IV A provides an overview of the short-
rejection at the expense of increased noise sensitivity. Headime Fourier mode processor. Following that, Secs. IV B and
rick et al. provide a useful discussion of the matched filter inlV C discuss narrowband mode filters and their broadband
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STFT Analysis Modal Beamforming where ®[ w,] is the matrix of sampled modeshapes at the
—junl band’s center frequencg¥ is a vector of bandpass-filtered,
oy time-varying mode coefficients, am{ is a noise vector. As
 Hyplw] 2 Wwi] —=a®[]] noted above, estimating the mode amplitudes from the mea-
—jwal sured pressure is a classic inverse problem. This paper fo-
P[] cuses on solutions of the form

Wlwo] —-a®) (] AN =WHp®IT, ©

where W} is a matrix containing the deterministic, time-
* invariant spatial filter for thekth band (the superscript H
 Hy p [w] R [Z] W wi| —=a®)]i] denotes the conjugate transpose opejafime- and data-
adaptive solution methods could be incorporated into the
STFT framework once more is known about the structure of
mode signals at long ranges.

The next section briefly describes standard narrowband
performance characteristics, respectively. Finally, Sec. IV Dmode filters, and a subsequent section reviews their broad-
illustrates the properties of short-time mode estimates usingand performance.
an adiabatic propagation example.

’HLP [w]

Wl

—Jwil

FIG. 5. Block diagram of STFT-based mode processor.

A. Overview B. Narrow-band mode filters

In STFT-based mode analysis, the processor separates As indicated in Sec. Il B, the two standard solutions to
the received pressure into a set of subbands and computgse narrow-band mode estimation problem are the matched
mode estimates for each subband. Figure 5 illustrates thesger and the pseudo-inverse mode filter. There are several
steps and introduces some notation. The input to the filtefyays to derive these filters. The approach described below is
bank is W[I], a sampled vector time series from an pased on optimizing array gain and provides a complemen-
N-element receiving array. As shown, the filtering operationary perspective to the estimation theory derivation that is
consists of complex demodulation followed by lowpass fil- ore common in the mode filtering literatuisee Ref. 27 for
tering; this is equivalent to bandpass filtering followed by 5 summary. An advantage to viewing mode filtering as a
demodulation. The result of the STFT analysis step is aronstrained optimization problem is that it emphasizes the
N-point complex vector time series of pressures for eachnerent tradeoff between interference rejection and proces-
band:p®[1], wherek denotes the bantbin) number and  gor sensitivity.
is the time index. After filtering, the processor computes a Array gain represents the improvement in the signal-to-
vector time series of mode coefficients for each band using ggise ratioSNR) due to processing. It is typically defined as
set of narrow-band modal beamformers. The result is afhe ratio of the SNR at the output of a beamformer to the
M-point vectora[1] containing the estimated short-time gNR at a single sensor. Since the signal and noise character
Fourier tra4nosform of the firsbl modes in the bin centered jstics often vary across an array, the input SNR is taken to be
aroundwy. an average(arithmetic or geometrjcof the single-phone

Within the STFT framework, the length of the lowpass gNRs. In the case of modal beamforming, the signal levels
filter, H e[ ], determines the time and frequency resolutionyary from one sensor to another because the modeshapes are
of the estimates. Long filterquivalent to using long data fynctions of depth. White noise gai,, , represents the gain
windows for the Fourier transformhave good frequency of the processor when the noise is assumed to be spatially

for the modal beamformed[ wy ] is small. The disadvantage m, is defined as

of long filters is that they smear the arrivals in time. Short Ho i
filters provide much better temporal resolution, but they have _ | Win Pl

wider passhands, meaning that the processor may be more % " |wy|?| ¢ml*’
sensitive to the frequency-dependent variations of the mod
shapes. In generéd » can be any filter with a lowpass char-
acteristic, but short-time Fourier analysis typically employs
the same filtergwindows that are used in spectral estima-

tion. Harris provides an extensive list of window functions in shows that the maximum value of the white noise gaiN,is

his classic papétt . . >
.. the number of sensors in the array. In addition to describing
The STFT approach reduces the broadband est|mat|otrp1e noise responses,, provides a useful measure of the
%ensitivity of the processor to mismatch, as discussed by Cox
tal®?
The matched filter(MF) results from choosing the

(6)

?ﬂ/herewm is the weight vectoffilter) and ¢,, is the sampled
modeshape vector for thmeth mode. Equatior{6) assumes
that the input SNR is equal to the arithmetic average SNR
across the array. Application of the Schwartz inequality

modeshapes are constant over the band defined by the lo
pass filter, the pressure measurement in ktte band be-

comes weight vector for moden that maximizes white noise gain
while maintaining a unit gain in the desired mode. Maximiz-
pM[1]=®[ w, Ja®[17+n®[I], (4) ing G,, subject to a unity gain constraint is mathematically
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equivalent to minimizing the squared length of the weight Matched Filber Bsampattm

vector subject to the same gain constraint, thus the optimiza- : 1
tion problem becomes - - W = _ .c
min|wy,|? subject tow" ¢,=1. 7) 10

Standard optimization techniques vyield the following solu-
tion,

1 .
WmH:_Z ¢r|-r|‘| ’ (8) B
| nl il
or in terms of the weight matrix foM modes . &
L 5 10 15 20 25 (dB)
Ingaut Mode
— 0
| 1| FIG. 6. Matched filter beampatte(i@5 Hz) for the 40-element ATOC VLA
wH= EM, ©) at Hawaii.
0 1
[ py] come at the expense of increased sensitivity to noise or other
i ) o perturbations. Consider the white noise gain for theh
whereE is the sampled modeshape matrix containinghhe 5 4e-
desired modes, i.e., the first columns of®. The matched
filter is optimal in the sense that it achieves the maximum _ N 1 (14)
white noise gain G,,_y==N), but it does not explicitly pre- VP bl cl(EME) ey

vent the signal in one mode from leaking into another. In_RecaIIin thaic’c.. is equal to unitv. the second term in E
stead, it relies on the orthogonality of the modes to separat 9 m=m 4 Y, g-

them. It is important to note that while the modeshapes ar§14) can be written as the inverse of a Rayleigh quofﬁa_nt
orthogonal functions of the continuous depth variahl¢he and is therefore known to be bounded by the ;quared singu-
sampled modeshape vectors are not guaranteed to have t}lﬁé values of the sampled modeshape matrix, i.e.,
property. ) Chem )

The pseudo-inverséPl) filter results from constraining Tmin msamm (15
mode leakage by placing nulls in the modal beampattern at m "
the locations of a set of interfering modes. In this case, th&vhereo i, and oy, are the minimum and maximum singu-
optimization problem consists of maximizing the white noiselar values ofE, respectively. If the sampled modeshapes are
gain (minimizing the weight vector lengihsubject to mul- orthogonal E"E is a diagonal matrix where thath term on

tiple constraints, i.e., the diagonal is equal tlap,,|2. In this case the quotient in Eq.
y (15) reduces td ¢,|?, and the white noise gain is equal to
minjw, |2 subject to Winém=1, (19 the optimal value oN. On the other hand, if the array does
m J Wmd’n#m: 0, 1<n<M. not adequately sample the modes, the modeshape vectors are
It is useful to rewrite the problem as
. 2 i H T Psaudo-inverse Filter Beampattern: 10 modes
min|w,,|* subject towE=c,, (11

whereE contains the firsM columns of the sampled mode-
shape matrix and,, is anM-point column vector with a one

in the mth position and zeros everywhere else. When the
sampled modeshape matrix is full rank, standard optimiza-
tion techniques yield the following solution for the weight
vector

Cutput Mode

5 10 15 20 26

WH =cp ( EHE) N 1EH- (12) Pseudo-inverss Filtar Beampattern: 15 modes

m m

Equation(12) corresponds to one row of the pseudo-inverse
of the sampled modeshapes matrix containing the fitst
modes, thusV™ is simply

wH=(E"E) 1E". (13

Assuming thak has full rank, the null constraints in EG.1)
are met exactly and the processor for maderejects the 5 W oite 20 25 (dB)

. . . in Wole
M —1 other modes included in the pseudo-inverse. In terms e
of interference rejection, the 'Pl filter gqargntees better pefr g, 7. comparison of 10- and 15-mode pseudo-inverse filter beampatterns
formance than the matched filter, but this improvement may7s Hz) for the ATOC VLA at Hawaii.

Clutput Mod
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Normalized white noise gain MF: Mode 1 Pl: Mode 1

2 4 6 8 10 12 14

0 0
2 —————— O - - - - - — - - — - — -
=3
g s 1
[=]
i -- MF
% 10H —e— Pl - 10 modes b
e - P| - 12 modes
S_15H = Pl - 13 modes L
g —4— Pl - 14 modes 0 9
— —— Pl — 15 modes 0 o
L - L )

Mode number

20k = =ag 207 oSz
. . . . X o Ra~l s m LT~ N L e :
FIG. 8. Comparison of white noise gain for the matched filter and 10-, 12-,© _::3\;(,’ o kX 5:\1\\‘ ,',: Z.-I2
13-, 14-, and 15-mode pseudo-inverse filters at 75 Hz for the ATOC Hawaii —407~ '*'::ﬁ;; ; —40/~3 :f':;:"\\.';,/,,’—:—': -
VLA. G, is normalized byN, the maximum gain for an array withl RN 3‘3 T~ \:A“‘.,,” T oa--
. _60 —80 TN ws "
hydrophones. Results are shown in dB. 30 70 30 70 80 90
Frequency (Hz) Frequency (Hz)

not orthogonal and some S'”gg'ar valuestofnay be very FIG. 9. Frequency-dependent beampatterns for the matched filter and 10-
small. As one or more of the singular values approach zeramode pseudo-inverse filter. The filters are designed for the 75-Hz bin using

the white noise gain is substantially reduced and the pseuddi* ATOC Hawaii VLA modeshapes.

inverse becomes ill-conditioned. There are a number of stan-

dard techniques for mitigating problems with small singularplot shows white noise gain as a function of mode number
values in the pseudo-inverse, e.g., diagonal loddimmd  for the matched filter and five pseudo-inverse filters, de-
elimination of small eigenvalues in the invefSeThese signed for 10, 12, 13, 14, and 15 modes, respectively. Note
methods increase robustness at the expense of biasing theat the results are normalized by the maximum possible
mode estimates. For the ATOC analysis we limit the numbegvhite noise gain. The plot confirms that the matched filter
of modes in the pseudo-inverse rather than using one of thesghieves the optimal gain and also shows that the gain of the
alternative approaches. 10-mode pseudo-inverse filter is equivalent to the matched

Beampatterns provide a useful illustration of the narrow-filter. Curves for the 12-, 13-, 14-, and 15-mode PI filters
band performance of these two mode processors. In the coindicate that there is a significant loss in white noise gain as
text of mode filtering, the beampattern is defined asadditional null constraints are added to the design. The rea-
20 logyo (WH®), whereW is the multidimensional mode fil-  son is that modes above 10 are not adequately sampled by
ter andd is the matrix of sampled modeshapes. Tiitt row  the 40-element ATOC VLA, therefore the smallest singular
of the beampattern matrix corresponds to the projection ofalues of E decrease dramatically as these modes are in-
the modes into the estimate for mone cluded.

For the matched filter, the beampattern corresponds to a
normalized version of the sampled modeshape correlatio
matrix, ®"®. Figure 6 shows the matched filter beampattern™
for the first 25 modes at 75 Hz, using the 40-element ATOC  In designing a short-time Fourier mode processor, it is
VLA at Hawaii. This filter has excellent crosstalk rejection crucial to have a measure of how well a narrowband mode
for modes up to 8; above 8 the sampled modeshapes afdter designed for particular frequency performs on the
obviously correlated. As a result, energy from one modenodes at neighboring frequencies. The operating bandwidth
leaks into estimates of adjacent modes. Performance of thef the narrowband mode filters determines the required fre-
matched filter in this environment degrades significantly forquency resolution of the lowpass filter, which in turn defines
modes above 10, which is not surprising since the array wathe temporal resolution of the processor. This section ad-
designed to spatially resolve the first 10 modes. dresses the broadband performance issues associated with

Figure 7 shows the 75-Hz beampatterns for two pseudothe STFT approach by examining the frequency and noise
inverse filters, designed for 10 modes and 15 modes, resperesponses of the MF and Pl mode filters.
tively. These plots confirm that the PI filter for modehas The frequency-dependent beampattern characterizes the
nulls at the locations of all the other modes included in thefrequency response of the STFT processor. Forkthebin,
estimate, resulting in the beampattern’s diagonal structurehis beampattern is defined as 20JgON| ' ®[w]), where
The beampatterns also illustrate how higher order mode®, is the narrow-band spatial filter designed with the mode-
(that are not included in the pseudo-inverpeoject into the  shapes at the center frequency of the bin. Figure 9 shows the
lower modes. As these plots show, the amount of crosstalkroadband beampatterns for modes 1 and 10, generated with
depends on the number of modes in the filter, i.e., the 10MF and PI filters for the ATOC Hawaii VLA. The pseudo-
mode filter is significantly better at rejecting energy frominverse filter includes the first ten modes. Each of the spatial
higher modes than the 15-mode filter. This is due to the facfilters is designed for a center frequency of 75 Hz, and the
that the amount of crosstalk is governed by the conditioningesults are shown for the 30 Hz=(5 Hz) band around that
of the pseudo-inverse, which degrades as more modes afieequency. The solid lines in the plots represent the response
included. in the desired mode and the dashed lines represent the

Figure 8 demonstrates how adding constraints, ad- crosstalk from neighboring moddfom 1 to 10 into the
ditional mode$ increases a filter’'s sensitivity to noise. The desired mode. As Fig. 9 indicates, both filters have a flat

Broadband performance analysis
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Mode 1 Mode 10 TABLE |. Simulation parameters for the California—Hawaii adiabatic

s o | propagation example.
z SOOOON bttt
~o
8? Source range 700 m
[ -10 Center frequency 75 Hz
'Lizo A Pulse triangular-windowed sinusoid
go -= MF N -=- MF Pulse duration 0.11 30 Hz bandwidth
o a0 -e- PI-10 . -e— PI-10
2" == P12 —— Pl-12 Receiver depth 3515.2 km
T 4 malila ol = P15 No. of receivers 40
60 70 80 90 60 70 80 90 Element spacing 35m
Frequency (Hz) Frequency (Hz) Span 330-1695 m
Sample rate 300 Hz

FIG. 10. White noise gaitnormalized byN) as a function of frequency for
the matched filter and three different pseudo-inverse filers10, 12, and  podes No. included 40
15 modes Results are shown in dB.

four curves: one for the matched filter and three for different

response En mode 1, which is reaspne_lk_)le considering that tIT%alizations of the pseudo-inverse filter that are designed for
first mode’s shape does not vary significantly with frequencylo, 12, and 15 modes, respectively. For mode 1 all three

(see.Fig. % AL 75 Hz there are nulls in the response of mode seudo-inverse filters achieve the optintaiatched filter
1_to input from modes 2-10, but_ crosstalk increases substa ihite noise gain of 10log(N) regardless of frequency. The
tially as o t_de\{lates from the design frgquency. The plots for lot for mode 10 illustrates an important characteristic of the
mode 10 indicate that frequency mismatch can affect the e nojse gain for the higher-order modes: white noise

gain in the desired mode as well as the crosstalk rejecthrbain decreases as frequency decreases. This is due to the fact

e.g. the gair_l in_ F”Ode 10is dOV.V” by 10 dB at 60 Hz. This Sthat the modeshapes at lower frequencies occupy a greater
due to the significant changes in the shape of mode 10 asp?ortion of the water columnsee Fig. 4 thus are not

function of frequency, illugtrated in Fig. 4. As expect(_ed from spanned as well by the array, resulting in a sampled mode-
the narrowband analysis of the previous section, the\'s’hape matrix with small singular values. Note that for the

frequency-dependent beampattern shows that the MF bea@@-mode P1 filter white noise gain is almost constant across
former does not prevent crosstalk at the center frequency (I}he 30-Hz band of interest

mode 10. In contrast the Pl filter for mode 10 is constraine Based on the discussion above, the pseudo-inverse filter

to have nulls at 75 Hz for modes 1-9. Figure 9 demonstrateﬁ)r ten modes provides a better combination of noise gain

:Eat t?hesg cqnst;amts are not satisfied for frequencies Oth%d interference rejection than either the matched filter or Pl
anB € de5|gr;1 rT\}/(Iq:en((:jyiDI b h ; filters designed for higher numbers of modes. The next sec-
ased on the an eampatterns shown, freqUenQy,, iy strates the characteristics of short-time Fourier mode

mismatch affects Cr_OSStalk re]_ecuon much more than it af'estimates obtained by using the ten-mode Pl filter to process
fects the response in the desired mode. Thus the allowab'a?simulated reception on the ATOC array.

crosstalk defines the operating bandwidth of the mode filters.
For example, to guarantee a maximum crosstalk level ove[5
the band of less thar-20 dB, the bandwidth of the ten-
mode PI filter is+=2.5 Hz. Using this criteria, the cutoff Table | summarizes the parameters for an adiabatic
frequency of the lowpass filteH p) in the STFT processor simulation of propagation over the California—Hawaii path
for ATOC should be 2.5 Hz. In addition, since the of the ATOC experiment. The environment contains a broad-
crosstalk levels in Fig. 9 are increasing away from the centeband point source at 700-m depth, located 3515.2 km away
frequency, it is desirable for the temporal filter to have de-from a 40-element receiving array with 35-m spaciidgn-
creasing (rather than constantsidelobes. To meet these tical to the ATOC VLAS. In this example, the source trans-
specifications, the lowpass filter chosen for the ATOC data isnits a single windowed-sinusoidal pulse with approximately
a 0.4-s Hanning window, which has-a3 dB bandwidth of  30-Hz bandwidth, at a center frequency of 75 Hz. The time
+2.5 Hz and sidelobes that fall off at a rate ofs¥/ Recall ~ series for the receivers is synthesized from the first 40
from Sec. IV A that the temporal resolution of the processomodes’® using range-averaged wavenumbers calculated
is determined by the length of the lowpass filter. The Han{rom Levitus winter climatology and range-varying bathym-
ning window taper is such that it can begin to temporallyetry for the path. Figure 11 shows the received pressure field
resolve arrivals when they are farther apart than half itdor the adiabatic simulation. At 3515.2-km range, the modes
length, thus the resolution of the ATOC short-time Fourierare dispersed enough that it is possible to identify individual
processor is on the order of 0.2 s. modes in the pressure time series, e.g., mode 1 is the strong
The pseudo-inverse filter clearly provides betterfinal arrival?’ and mode 5 is associated with the five strong
crosstalk rejection than the matched filter, however it is subpeaks lined up right after 2374.5 s.
ject to problems with the conditioning of the matrix inverse. Figure 11 also shows the corresponding short-time Fou-
As discussed in Sec. IV B, white noise gain is a convenientier mode estimates, as a function of time and frequency, for
measure of processor sensitivity. Figure 10 shows the whitenodes 1, 5, and 10. The estimates were computed using
noise gain, normalized b, of the filters for modes 1 and processing parameters identical to those used on the ATOC
10 as a function of center frequency. Each of the plots haveata in the next section: a 0.4-s Hanning window lowpass

. STFT processing example
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Hawaii Reception Schedule 19951956

360 380 400 420 440 460 480 500
Yearday

FIG. 12. ATOC transmission schedule through yearday 509. Crosses mark
the time of each good reception; receptions with bad channels were elimi-
nated from the data set. The line of numbers above the crosses indicates the
division into 13 subgroups for postprocessing.
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FIG. 11. STFT processing of adiabatic simulation of California—Hawaii

path. Top plot is the synthesized pressure field on 40-element array. Bottorprocessing algorithms. Following that, Sec. V B describes
plots are the short-time Fourier estimates for modes 1, 5, and 10. White Iinefhe short-time Eourier mode estimates for the ATOC recep-
in the mode estimates represent the adiabatic arrival times. The white bOﬁ(o d th to th Its f . lated .
indicates the components in the mode 10 signal that are due to crosstal ns and compares them 1o the results Tfor simulated recep
from modes 11 and 12. tions. Sections V C and V D address the issues of mode

coherence and temporal variability, respectively. Finally, Sec.

filter and a ten-mode pseudo-inverse spatial filter. For this/ E discusses mode arrival time statistics and analyzes
example the bin spacing of the STFT filterbank is 1.25 Hzrends over the course of the experiment.

Since the lowpass filter has a bandwidth of approximatelyya ATOC Hawaii VLA data set

+2.5 Hz, neighboring bins are highly correlated. A 2.5-Hz

bin spacing is all that is required to adequately represent the AS noted in the Introduction, the ATOC experiment em-
underlying signals filtered by the Hanning window. Over- Ployed a bottom-mounted source at Pioneer Seamffit

sampling by a factor of 2 in frequency improves the aploear_California) and two vertical arrays, located near Hawaii and

ance of the plots, but does not affect the overall resolution of<Iritimati in the Northeastern Pacific. A paper by the ATOC
the processor. The solid white line in each plot correspond¥’Strumentation Group provides a thorough description of
to the mode arrival time computed using adiabatic grough€ Source and receiver hgrdwé?eNhat follows is a brief
velocities. review of the relevant details.

These plots demonstrate that the STFT mode processor 1 ne source transmitted phase-encoded pseudo-random
is working as expected. First, the arrivals in the estimateF€duences at a center frequency of 75 Hz, with-& dB
modal time series correctly line up with the appropriateba”d‘_"{'dth of 37.5 Hz. Each trgn§m|33|on consisted of 44
peaks in the pressure time series and the adiabatic predif€Petitions of the 27.28-61023 digits M-sequence, corre-
tions. Second, the dispersion characteristics of each mode a$8°Nding to a transmission length of approximately 20 min.
visible in the output. Mode 1 shows all frequencies arriving | "€ source and the two VLAs were deployed in the fall of
at the same time, meaning it is undispersed, whereas modé€9°, and regular transmissions began in December of that
5 and 10 clearly show the lower frequencies arriving first, ay/&a'- Over the course of the experiment, the source transmit-
expected in deep water. Third, with the exception of a smalf€d Signals ever4 h during periods set by the ATOC Marine

amount of crosstalkindicated by the white box in the bot- Mammal Research Program. _
tom ploy from modes 11 and 12 into earliest arrivals of This paper describes the analysis of data recorded on the
40-element array near Hawaii, located at a range of 3515.2

mode 10, the STFT processor effectively filters out the i
higher-order modes. Note that this crosstalk is predicted bif™ from the source. Figure 12 shows the schedule of recep-
ion times for this array from 28 December 199farday

the beampattern in Fig. 7. Finally, the temporal smearin
caused by the 0.4-s low-pass filter is evident in the broades62 10 23 May 1996(yearday 502 Although the array was

arrival peaks of the mode time series, as compared to thBOt recovered until August 1996, the deepest 20 hydrophones
arrivals in the simulated VLA data. failed sometime after day 509. Since mode processing is
much more difficult with only the shallow half of the array
V. STFT ANALYSIS OF RECEPTIONS AT 3515 km (due 10 inadequate sampling of the modeshpphis study
is limited to receptions recorded with the full array. There

This section presents an analysis of the ATOC receptionsrere 229 transmissions between yeardays 362 and 509.
on the Hawaii vertical line array using the short-time FourierForty-one of these were eliminated from the analysis due to
techniques described in Sec. IV. The discussion begins witmcomplete or corrupted time series, leaving the 188 recep-
an overview of the experimental data set, including a brietions shown in Fig. 12.
description of the source/receiver configuration and pre-  For each transmission, the 40-element array recorded the
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by PE simulation with internal waves at 1'2 GM strength

Fraguency [Hel

FIG. 13. Comparison of experimental and simulated receptions for the Ha-
waii VLA. (a) Reception at Hawaii VLA on yearday 36&) PE simulation
with internal waves a% GM strength.

received signal on each hydrophone, averaged over four pglG. 14. Short-time Fourier mode estimates for the ATOC reception in Fig.
. ' 13(a). Color scale is in dB.

riods of the pseudo-random sequence. Ten such averages,

spanning an 18.2-min interval, were recorded for each . .
transmissio’®*° Subsequently, the time series for each senSoundspeed profiles perturbed byzarrett-Munk(GM) in-
sor was demodulated and matched-filtered to achieve puldémal waves, as described in Sec. Il. In the pressure time
compression. For all the numerical results presented in thigeries plots, the 0-dB level corresponds to the estimated

paper, the received pressure time series consists of the§ise floor in the 75Hz birithe center frequengySince the
matched-filtered demodulates. simulation does not contain any additive noise components,

During the experiment, the position of the VLA was it is assumed that there is a noise floor 12 dB below the peak
tracked using a long-baseline acoustic navigation systerW the pressure field, which is consistent with the ATOC mea-
consisting of four transponders deployed on the bottom angurements.
several interrogator hydrophones on the array. Navigation —Based on Fig. 13, the experimental and simulated data
data was recorded immediately before and after each recept® quite similar. Unlike the adiabatic example considered in
tion. Array positions for each of the ten four-period averages>ec. IV D, there are no immediately identifiable modes con-
were determined by interpolating between the beginning anéfined in the late-arriving energy of either the measured or
ending locations of the array. simulated reception. The most striking difference between

In the results presented below, estimates of the noisthe PE simulation and the real data is that the simulated
level for each reception were used to determine plotting an#eception has a sharp cutoff at 2375 s while the ATOC recep-
detection thresholds. These estimates were obtained frofPn exhibits no discernible cutoff. Absence of a sharp cutoff
spectral analysis of noise-only segments of data at the begilj\ﬂ the ATOC data is attributed to interaction with the steep
ning and end of each reception. Further details of the noisBottom slope near the Pioneer Seamount source, which the

analysis for the Hawaii VLA are discussed by Wage. simulation does not modet:>2
The STFT processor for the measured and simulated re-

ceptions uses a pseudo-inverse filter for ten modes in con-
junction with a 0.4-s lowpass filtefHanning window,

The purpose of this section is to highlight important fea-which has the required-2.5-Hz bandwidth. Figure 14
tures of the short-time mode spectra by comparing the resulishows the short-time Fourier mode estima@s a function
for an ATOC reception with those for a simulated reception.of time and frequengyfor the first ten modes of the ATOC
Figure 13a) is a plot of a demodulated pressure time seriegeception, and Fig. 15 shows the corresponding estimates for
(one four-period averagaecorded on the Hawaii array in the first ten modes in the internal wave simulation. For
late December 1995. Figure (13 shows the time series for a modal time series plots the 0-dB level corresponds to the
simulation of propagation over the Pioneer—Hawaii path.estimated noise level in mode 1 at 75 Hz for the reception.
The simulation environment consists of Levitus background  There are a number of observations to make about the

B. ATOC processing examples
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FIG. 16. Average power as a function of mode number in the 65-, 70-, 75-,
80-, and 85-Hz hins.

mode spectra for the PE simulation contains a series of faded
G arrivals. The sharp cutoff, which is a consequence of ignor-

:; 2 ; ”

R e ™ B ing bathymetric effects near the source, is clearly evident in
& . xm " _\ the mode estimates. Although the similarities between ex-
¥ Z_; 1 periment and simulation are encouraging, the ATOC data
. [ K does show significantly more time-spread than the PE data.
| - l... ; l
. & — : t — ..h . L

C. Mode coherence

According to Dozier and Tappetf internal-wave-
induced scattering decorrelates the mode signals. In this sec-
tion we examine the coherence of the first ten modes in the
FIG. 15. Short-time Fourier mode estimates for the PE simulation withATOC  receptions using magnitude-squared coherence

internal waves in Fig. 1®). Color scale is in dB. (MSC) as a metric. The MSC of two random processes is
defined a¥’
experimental results in Fig. 14. First, each mode consists of MSC(w) = |Sn(@)|? 16

Shm(@)Spn(@)

multiple arrivals, spread over 2—3 s. This is in stark contrast
to the single, dispersive arrivals that characterized the adia- . .

X L . . here is the cross power spectral density &4, and
batic propagation example discussed in Sec. IV D. Secon Smn P P y

o . . , are the auto power spectral densities. In practice, the
note that the individual arrivals in each mode are on the, power spectrum is estimated by averaging bveea-
order of 0.2 s wide, much wider than a typical ray arrival.

g k S : surements in each frequency bin, e.g., an estimate of the
This is due to the time-smearing mher.ent in the STFT Pro- oss spectrum for modes andn is
cessor, rather than to a fundamental difference between rays
and modes. Third, recall that in the adiabatic case, the modes
arrive in descending order and the highest modes are tempo-  Smn(®@)= EIZl am(o,1)a] (w,1), 17)
rally separable from the lowest modes. For this ATOC recep- -
tion, there is no obvious ordering of the arrivals and thewherea,, anda, are the amplitude estimates for modas
spread of the signals is such that the first ten modes overlagndn and* denotes the complex conjugate. Settmgrn in
in time. Fourth, the estimated modal time series contairEd. (17) produces auto spectrum estimates. For the ATOC
faded arrivals. Frequency-selective fading occurs when tw@nalysis, we obtain the measurements in each bin by subsam-
signals with different phase characteristics arrive simultapling the output of the STFT processor, taking one sample
neously, i.e., within the time window used to compute the€very 0.15 s. Since the processing wind@w., the filtey is
transform. Destructive interference of the signals results if-4 s long, this subsampling corresponds to a 62.5% overlap
deep fades of the spectral amplitude. If a short-time transbetween neighboring windows. To compute the spectral es-
form temporally resolves two signals, then only nonfadedtimates, we use samples from a two-second inte(2&r3.4
arrivals (such as those found in the adiabatic example  t0 2375.4 in each reception and average over all receptions.
observed. The ATOC STFT processor begins to resolve sig- Figure 16 shows the average power estimates
nals at a separation of 0.2 s, thus the presence of faded g0 logo|Snyl) as a function of mode number for the first
rivals in the Hawaii data suggests that the processor is med@en modes in the 65-, 70-, 75-, 80-, and 85-Hz bins. Note that
suring the interference pattern associated with multipl€for these low modes the average power is approximately
arrivals separated by less than 0.2 s. constant in each bin, which is consistent with Dozier and
A comparison of Figs. 14 and 15 indicates that the re-Tappert’s prediction of an equipartitioning of energy among
sults of the3 GM internal wave simulation qualitatively the modes. The slight increase for modes 9 and 10 at 65, 70,
agree with the experimental data. Each of the time-varyingnd 75 Hz is attributed to crosstalk from higher order modes

L
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FIG. 18. Variability of modes 1 and 10 across a single transmisgigr2

FIG. 17. Comparison of modes 1 and 10 for the fitsp plot9 and last min) in the 75-Hz bin.

(bottom plots periods of a source transmission. Color scale is in dB.

the mode signals change significantly over that time interval:

Differences in absolute levels from bin to bin are a functionS°CMe arrivals drop out entirely, and new arrivals emerge.
of the source spectrum. Using the center frequency bin, Fig. 18 provides a clearer

By definition, the MSC lies between 0 and 1. For the picture of the temporal variability of the mode signals. The

ATOC receptions, the maximum cross-mode coherence fdWO Plots in the figure are stacks of the received signals in
any of the mode pairs in the 65-, 70-, 75-, 80-, and g5.HZnode 1('Fop) and modg 1Qabottom at successive 1.82-r_mn
bins is 0.05. These experimental measurements indicate th§Pur-period lags. While some of the peaks are consistent

the signals in the first ten modes are incoherent at a range geross the full transmission interval, others fade in/out sud-

3515 km. This result supports Dozier and Tappert's claimdenly' ) ,
There are a variety of ways to quantify the temporal

that modes decorrelate with range due to internal-wave ef- "''™® ) . )
fects. variability of signals. In this paper, we consider two ap-

proaches. The first approach consists of computing the MSC
o between the first four-period average in a transmission and
D. Temporal variability the successive four-period averages. Yahgl. used a simi-

The purpose of this section is to examine the temporal@r method to analyze coherence times for a recent shallow
variability of the mode arrivals at megameter range. For deejater internal wave experimefitFigure 19 shows the MSC
water environments, Colost al> (citing the work of Flatte ~ €stimate for mode 1, computed using the Hawaii VLA data.
and Stoughtot?) indicate that acoustic coherence times areEach curve represents the mean over all transmissions. Note
on the order of tens of minutes, whereas the coherence timégat the MSC decreases rapidly, reaching 0.5 at approxi-
for internal waves are on the order of hours. In analyzingmately 4.5 min and becoming effectively equal to zero for
data from the ATOC Engineering Test (rarg8250 km), lag times greater than 14 min. The figure indicates a mild
Worcesteret al. used 12.7-min coherent averages for the raydependence on frequency: mode 1 at 85 Hz has a slightly
arrivals, since the SNR did not increase for longer averaginghorter coherence time than mode 1 at 65 Hz. This apparent
times?® For that same data set, Colasial. concluded that dependence may be an artifact due to the lower signal levels
time fluctuations in the wavefronts show no coherence at 2-h

not included in the estimatgecall the discussion of Fig.).7

lag times>* Note that in the long-range experiments cited Magnitude-squared coherence for mode 1
above, the focus was primarily on analyzing the ray arrivals, ? : : 3' ? : - 65z
rather than the late-arriving modes. The rest of this section [ W | Rl
considers the temporal variations of the mode arrivals in *°f "NW&. =T b
ATOC. o7y _ ‘ ‘ ‘ : S j
Recall that for each source transmission, the VLA re- g% ¢ N A
corded ten four-period averages of the 27.28-s pseudo§°~5‘ NN
random sequence. The results discussed in Sec. V B wer 04r i iNNRN T F i
computed using the first four-period average of a transmis- oaf ; : ‘ 1 : - : s
sion received by the Hawaii array in late December 1995. oz} - : ‘ 3 : - - .
Figure 17 compares mode estimates for the first four-perioc o1} f f ‘ ' A
average and the last four-period average of that transmissior o 2 4 6 8 = = 1'4 1‘6 A

The top plots are the estimated spectra for modes 1 and 1 Lag time (minutes)

from the first four periods and the bottom plots correspond to ) _

the last four periods. Note that the time difference betweef}'®: 19: Magnitude-squared coherence for mode 1 as a function of the lag
. . ~time between the first four-period average and successive four-period aver-

the end of the first reception and the start of the tenth ISges in a single transmission. These curves depict the mean over all trans-

approximately 14.5 min. The plot clearly demonstrates thatnissions.
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Coherent processing loss of peak arrivals Mede 1 Mode 2
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FIG. 20. Coherent processing loss for the peak arrivals in modes 1-10 fo
the 65-Hz, 75-Hz, and 85-Hz bins.
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at the higher frequencies. The MSC estimates for mode 1 ar
representative of the results for modes 2-10.

The second approach to quantifying temporal variability £
focuses on the arrival peaks in the bandpass mode estimate®

r of peal

. . . 1) 0
In previous work, Tang and Tappert used processing gain a: BT e 277 BT TS

a measure of the temporal coherence of pulses propagatin
through internal waves in a shallof200 m water environ-
ment at ranges of 20 knf. They studied pulse coherence
times without addressing the issue of modes specifically.
Processing gain is defined as a ratio of coherent to incoherer %z 2374 0375 2376 2377 72 2873 237 2075 2376 2877

ks
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50 50
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power. Consider the processing gain, PG, associated with a

peak arrival in a mode: FIG. 21. Histogram of peak arrivals in the 75-Hz bin for the first ATOC
N - reception group. Detection threshold was set at 12 dB above the estimated
|Ei P a(tpeakl )| noise floor.

zi:plla(tpeakv|)| T i

o _ _ these curves indicate a mild dependence on frequency:
wherea(tpeq i) is the estimated complex mode amplitude atmodes at 65 Hz have slightly longer coherence times than
time tpeacin theith four-period averageN), is the number of  the modes at 75 or 85 Hz. At a single frequency, there is no
four-period averages included in the calculation. Note thappvious ordering of the data by mode number. This is not
the maximum value of PG is equal %, and is achieved syrprising given the amount of mode coupling that occurs
when the signal is perfectly coherent. For the Hawaii datayyer the 3515-km propagation path.
set, the following procedure is used to obtain an average |t is important to note that Fig. 20 provides an average
processing gain for the peaks in each mode. The initial steeasure of temporal coherence. Based on the plot in Fig. 18,
consists of finding the peak arrival times for the first four-some of the mode arrivals are coherent over the reception
period average in each_recepnon_usmg a detection thresholgleriod (18.2 min. Further analysis of the processing gain
of 12 dB above the estimated noise floor. Then the processtata reveals that approximately 9% of all arrivals are coher-

ing gain for each peak is calculated by computing the ratio oknt over the entire receptiag@where coherence is defined to
coherent and incoherent sums at the peak time. The numbge pG>9).

of periods (\p) to include in the sums varies from 1 to 10.

The resulting gains are averaged over all peaks obtained fcg Arrival time statistics

that mode in the Hawaii VLA data s€t88 receptions Fig- '

ure 20 shows the coherent processing loss for the peaks, On days that the ATOC source was operating, there were
which is defined as 101qg(PG)—101log,o(Np). This quan-  transmissions at 4-h intervals. Given the variability of the
tity measures how close the average processing gain is to teode signals over a single 18.2-min reception, it is not sur-
ideal gain achieved by a perfectly coherent signal. Theprising that the locations of the arrival peaks change substan-
dashed, solid, and dotted lines on the plot correspond to thially after 4 h. To get an idea of how the peak arrival times
average coherent processing loss for modes 1-10 at 65, 7&re distributed, consider the histograms for modes 1-10,
and 85 Hz, respectively. Recall that each four-period averagshown in Fig. 21. These plots were compiled by picking
represents 1.82 min of data. Based on the figure, processinmpaks in the first group of ATOC receptiofgardays 363—
gain is within 0.5 dB of the ideal gain fd, up to 3. In other 366, containing 200 four-period averagesing a detection
words the peaks are predominantly coherent up to 5.5 mirthreshold of 12 dB above the estimated noise floor for each
Beyond that, the average processing gain diverges from thatode. The results demonstrate that there is not a dominant
of a perfectly coherent signal. Similar to the MSC estimatesarrival time in each mode; rather, the peaks are distributed
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FIG. 22. Comparison of average leading and falling edges for the first group 8
of ATOC receptions and a simulated data set. Th? latter includes ten simu-__
lated receptions through independent realizations ®farrett-Munk inter- is
nal wave field. >
£7
:
between 2373 and 2376 s for all of the modes. Note that the- 70|
distribution of the higher mode&.g., mode 1Dis skewed 5L

towards the early part of the 3-s interval while the low modes 2374 ME: 2 23/5
are concentrated towards the latter part of the interval. This Time (seconds)
is consistent with deep water dispersion, where higher modesa. 23. comparison of estimated dispersion curves for the first group of
arrive first. ATOC receptions, the simulated receptions, and the adiabatic predictions.
Since there is not a dominant peak in each mode that can
be tracked, it is necessary to consider average travel timsgignificant differences in arrival time among the modes, e.g.,
statistics for the mode signals. For the ATOC data, the leadeompare modes 1 and 10. Finally, the plot indicates that the
ing edge, falling edge, and centroid of the short-time Fouriesignals at the center frequen€gs Hz) are more spread than
mode estimates provide a useful characterization of the athose at either end of the band. This effect may be partially
rival structure. Leading and falling edges are defined as thdue to the fact that the same detection threshold is used for
the first and lastrespectively time indices where the com- all frequency bins, while the source spectrum rolls off as a
plex envelope of the mode estimate exceeds a threshold. THienction of frequency.
centroid is defined to be the center of mass of the portion of  Since the simulated data is averaged over only ten re-
the complex envelope that is higher than the threshold valueeptions, the resulting curves in Fig. 22 are not as smooth as
For all of the results presented below, the threshold was set #te ATOC data and the error bars are larger. Nevertheless, the
12 dB above the noise floor in each mode. simulated data is comparable to the real data in two impor-
Figure 22 shows the results of averaging over all thetant respects: the leading edges show similar behda®mia
receptions in the first grou(a total of 200 four-period aver- function of frequency to the ATOC data, and the arrival
ages to obtain the leading and falling edges as a function oftimes are also comparable. Unlike the falling edges in the
frequency for the first 10 modes. For reference, the figuréATOC data, however, the falling edges in the simulated data
also includes the average leading and falling edges for thare much more concentrated. This sudden cutoff has been
mode estimates of ten simulated receptions, which resuhioted above and is likely the result of ignoring downslope
from ten independent realizations of &arrett-Munk inter-  propagation effects near the source.
nal wave field. The error bars on these plots represent the A second-order least squares fit to the centroid data has
standard error, i.e., the sample standard deviation divided blgeen used to estimate average mode arrival times as a func-
the square root of the number of samples included in the&ion of frequency, i.e., dispersion curves for each mode. Fig-
average€’®’ The ATOC statistics reveal several significant fea-ure 23 compares the estimated dispersion curves for the first
tures. First, the average spread between leading and fallingroup of ATOC receptions with the dispersion curves ob-
edges is on the order of 1.5 s. Second, the high modes havained from the ten simulated receptions. Predicted adiabatic
earlier arrival times, while low modes have later arrival dispersion curves are included for reference. The experimen-
times, as would be expected in a deep water channel. Altal data shows the modes arriving in descending order
though there is some crossover between neighboring mode&hough there is some crossover among nearest neighbors
the leading and falling edges show that there are statisticallfhe simulated data show good agreement: the mean arrival
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FIG. 24. Mean arrival time at 75 Hz as a function of mode number for g\ 25 Mean arrival time at 75 Hz for modes 1—10 as a function of
several groups of ATOC receptions and a group of simulated receptions. AQearday.
adiabatic predictiortheavy solid ling is included for reference.

minimum travel time for all of the modes occurs around
times extend over the same interval, approximately 0.8 syearday 427, which corresponds to the beginning of March
The key difference between the ATOC data and the simulated996. The trend of decreasing mode arrival time from the
data in Fig. 23 is a shift in the mean arrival times: the curvesstart of the experiment until March and increasing afterwards
for the first group of ATOC data occur approximately 0.2 sagrees with the trend observed in the ray arrivals for the
later than the centroids of the simulated receptions. Althougifawaii VLA.” The difference in the arrival times between
Fig. 23 shows an obvious difference between experiment anthe first group of receptiongyearday 368 and the sixth
simulation in the curvature of mode 1's dispersion charactergroup of receptiongyearday 42y is between 0.3 and 0.5 s
istic, the plots for other ATOC reception groups indicate thatfor the first ten modes. A-test confirms that these time dif-
this is not a consistent feature in the data. Comparing théerences are statistically significant at the 1% level. Based on
ATOC and simulated data to the predicted adiabatic arrivathe 1998Sciencearticle by the ATOC Consortiurhthe ray
times indicates that the intermode dispersion is larger for tharrivals exhibit somewhat smaller time shifts, on the order of
adiabatic case than for the measured or simulated data, i.€),25 s over that same period. TBeiencearticle notes that
the difference in the mean arrival times of modes 1 and 10 i¢he trend observed at the Hawaii array is not in agreement
larger for the adiabatic prediction than for the estimated diswith the expected seasonal tretwhich would have shown
persion curves. This is expected because coupling of energgcreasing travel times in winter and decreasing in the sum-
from mode to mode tends to drive the average arrival timesnen and postulates that this is due to a subsurface warming
closer together. Note that although the intermode dispersionear the receiver that offsets the winter surface cooling layer
is larger, the dispersion within each mo@ietramodg is ob-  near the source.
viously smaller for the adiabatic case, as Figs. 2 and 3 dem-

onstrate.
. . . VI. CONCLUSION
Figure 24 shows the mean arrival time at 75 tdb-
tained from the dispersion curyeas a function of mode In this paper we presented a short-time Fourier frame-

number. There are five lines on the plot, which correspond tevork for broadband mode estimation. Using this flexible
the results for ATOC reception groups 1, 7, and 13, the PEramework, we explored the time-and frequency-domain
simulation result, and the adiabatic prediction. The standardharacteristics of the two most common modal beamforming
errors® for the mean arrival time estimates range from 7 toalgorithms and designed a mode processor for the ATOC
18 ms for the ATOC data and 18 to 32 ms for the simulatedexperiment. Our analysis of five months of receptions at the
data. Figure 24 illustrates several important points. The trentlawaii VLA produced a number of results regarding the
of decreasing travel time with increasing mode number isnode arrival structure at megameter range. First, we demon-
obvious from all of the curves. The three ATOC groupsstrated that the low mode signals at 3515 km consist of a
shown represent the beginning, middle, and end of the Haseries of arrivals, rather than the single dispersive arrival that
waii data set. It is clear that there are shifts in travel timetypifies adiabatic propagation, confirming the predictions of
over the course of the experiment, however the slope of thaumerous simulation studies. Second, we showed that the
arrival time versus mode number curve remains roughly confirst ten modes have roughly equal average powers and that
stant. Note that the slope of the line for th&arrett-Munk  the cross-mode coherence is effectively zero. These results
PE simulation data also appears to agree with the experimemgree with Dozier and Tappert's conclusions based on theo-
tal results. In contrast, the adiabatic mode prediction has eetical and numerical work® Third, we examined the tem-
much steeper arrival-time versus mode number curve. poral variability of the mode signals and determined that the
The Hawaii data set contains 5 months worth of dataaverage coherence times of the peaks in each bin are on the
taken between the end of December 1995 and May of 199@rder of 5.5 min; coherence times of the overall sig(mait
Figure 25 illustrates how mean arrival time in the 75-Hz binjust the peaksare even shorter. Fourth, we computed cen-
changes over the course of the experiment. Note that thioid statistics that reveal mode-dependent trends in arrival
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