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In order to understand the fluctuations imposed upon low frequétcyo 500 Hz acoustic signals

due to coastal internal waves, a large multilaboratory, multidisciplinary experiment was performed
in the Mid-Atlantic Bight in the summer of 1995. This experiment featured the most complete set
of environmental measuremer(sspecially physical oceanography and geojogyade to date in
support of a coastal acoustics study. This support enabled the correlation of acoustic fluctuations to
clearly observed ocean processes, especially those associated with the internal wave field. More
specifically, a 16 element WHOI vertical line arr@y/VLA ) was moored in 70 m of water off the

New Jersey coast. Tomography sources of 224 Hz and 400 Hz were moored 32 km directly
shoreward of this array, such that an acoustic path was constructed that was anti-parallel to the
primary, onshore propagation direction for shelf generated internal wave solitons. These nonlinear
internal waves, produced in packets as the tide shifts from ebb to flood, produce strong semidiurnal
effects on the acoustic signals at our measurement location. Specifically, the internal waves in the
acoustic waveguide cause significant coupling of energy between the propagating acoustic modes,
resulting in broadband fluctuations in modal intensity, travel-time, and temporal coherence. The
strong correlations between the environmental parameters and the internal wave field include an
interesting sensitivity of the spread of an acoustic pulse to solitons near the receiv@00®
Acoustical Society of AmericfS0001-4966)0)00601-9

PACS numbers: 43.30.Re, 43.30.HpLB]

BACKGROUND fluctuations have important implications for array signal pro-
cessing for both source localization and medigmverse

One of the hallmarks of the shallow water acoustic enproblen) studies.
vironment is its variability. Due to the importance of bottom One of the first indications of strong internal wave in-
interaction in shallow water, much attention has been paid teluced fluctuations came from the Yellow Sea work of Zhou
the variability of the bottom geology and the geoacousticand his co-workers, where anomalously large, frequency and
parameters of the bottom. However, in recent years, it hagzimuth dependent propagation losses were noted in tandem
been recognized that the water column and its fluctuation®ith high internal wave activity:* Zhou and other investiga-
also have a large impact on modulating acoustic signals ifPrs Postulated a “Bragg resonant internal wave scattering
shallow water. Of particular interest has been the internaP!uS bottom loss” mechanism to explain this important

i 14
wave field, which can impress large fluctuations on shaIIOV\PpservaUOﬁ' Howe.ver, the Yellow S.ea data were not de-
tailed enough, particularly the physical oceanography, to

water signals, both in amplitude and phase/travel time. Thes . . . .
irmly prove or disprove this propagation loss hypothésis
any other such reasonable hypothgsithe need for further

dRobert H. Headrick was associated with the MIT/WHOI Joint Program in higher resolution data was soon recognized. In order to un-

Oceanography and Oceanographic Engineering during the performance g‘erStand_ both the acoustic scatter?ng and_ losses prOduced by
this work. He is currently on active duty in the U.S. Navy. coastal internal waves, and their physical oceanography
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SWARM Field of Study July-August, 1995
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FIG. 1. Locations of acoustic moor-
ings. The tomography sources, moored
in close proximity, are a pair, 224 Hz
and 400 Hz. The receiver is the 16 el-
ement WHOI vertical line array
(WVLA). Coastal shelfbreak (at
200-m isobathis main producer of the
shoreward-propagating internal wave
field affecting the acoustics transmis-
sions.
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(which is not perfectly known, especially for nonlinear ocean field; however, discussion of these is beyond the scope
coastal internal wavesa number of focused experiments of the present paper.

were performed in the ensuing years. A semi-inclusive list of ~ Our discussions in this paper will focus on the first ex-
such experiments would includét) the 1995 SWARM ex- periment in our above list, the SWARNShallow Water
periment, which concentrated on acoustic pulse amplitudécoustic Random Mediunexperiment. This experiment
and travel-time variations as well as the physical oceanogrdeatured the highest resolution physical oceanography and
phy of the nonlinear internal wave fietd{2) the 1995 acoustics combination achieved to date, which was necessary
STANDARD EIGER experiment, which looked at the issue to understand acoustic fluctuations. In particular, we will fo-
of azimuthal variations in the acoustic field due to cnoidal,cus on the travel-time fluctuations impressed upon acoustic
nonlinear wave$; (3) the Intimate '96 experiment, which pulses by the shallow water internal wave field. These in-
examined the effects of the M2 internal tilaternal waves clude both the “wander” of the pulséa change of pulse

at M2 semidiurnal tidal frequengy (4) the 1996-97 travel-time without change of pulse shape, an adiabatic mode
PRIMER experiments, which simultaneously examined botheffect) and the pulse “spread(a change in pulse shape, due
internal wave and coastal front effects on acousticto mode coupling The problem of the amplitude fluctuation
propagatiorf® (5) the 1995-96 SESAME | and Il experi- of the fields, which was also measured in the SWARM ex-
ments, which had goals similar to those of the PRIMERperiment, is briefly treated here. In the main, however, this
experiments? (6) the Strait of Gibraltar tomography experi- latter topic is outside the scope of this paper. We refer the
ment, which looked at scattering of acoustic energy for pathseader mainly interested in internal wave induced amplitude
along the crests of nonlinear soliton trafftgnd(7) the Yel-  fluctuations to the recent papers by Creamer, Tielbuerger
low Sea follow-on experiment, in which Zhou and his col- et al, Tang and Tappert, and Preisig and Ddird®
leaguegqboth from the U.S. and Chinaeconfirmed and ex- Our paper is organized as follows. In Sec. |, we present
tended their initial Yellow Sea measuremetft$n addition,  the description of the SWARM experiment, focusing on the
there have recently been a number of strictly physicamooring positions and their relation to the internal wave
oceanographic studies looking at the nature of the coastalceanographic field. In Sec. Il, we discuss the characteristics
internal wave field, which is quite different from the deep of the acoustic data collected, including key elements of the
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Source and Receiver Positions
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subsequent data processing. Attention is paid to the mod® the primary propagation direction for shelf generated in-
filtration issue, as we later analyze data on a mode-by-modernal wave solitons. Figure 2 shows a side view of the ex-
basis. Section Il of the paper treats the temporal variabilityperiment, emphasizing the array extent in the water column.
observed in the mode filtered pulse arrivals, particularly theifThe temperature profile at the WVLA was monitored by six
spread, wander, and bias. The strong correlation of thesthermistors attached to the array at various depths. These
fluctuation statistics to the details of the internal wave field istemperature sensors, measuring twice per minute, gave good
one of the main results of the paper. This section also contemporal resolution of the internal wave fluctuations and ad-
tains some analysis of the temporal coherence time of thequate spatial resolution in the vertical direction.

acoustic modes, as well as a brief look at their amplitude = The SWARM region was well suited for an internal
fluctuations. Our final section, Sec. IV, contains a brief syn-wave experiment. The internal solitary wave packets that we
opsis of the paper’s results, our conclusions to date, andesired to study are so plentiful in summer that a nearly
some thoughts on future directions for such work. The Ap-continuous stream of solitons would pass over a fixed instru-
pendix contains a short derivation showing how solitons neament in the course of several hours. This is illustrated in Fig.
the acoustic receiver have the largest effect on time spread, in which the array of thermistors attached to the WVLA
ing, an effect noted in the data and dubbed “near receiverecords the passage nfanywaves over a 6-h period.

dominance.” The mixture of time and space in this figure creates a
distorted view of the soliton shapes. In terms of physical
|. EXPERIMENT DESCRIPTION dimensions, typical soliton phase speeds of between 0.6 and

h imefi q 4 off th 0.8 m/s would require on the order of a tenfold increase in
The SWARM experimeritwas conducted off the coast he horizontal dimension of the lowest panel in Fig. 3 to

Zf New er{sey n_?ﬁr the cqntmental sh.elfbr.elakdlr:j'Julydan chieve a properly scaled representation of a soliton. The
ugust o .995' € _experlment was primarily de icate mresulting horizontal gradients in sound speed are still quite
under;tandw_]g acoustic normal mode _scatterlng effef:t due rong, however, and the level of soliton activity was more
both Imea_r mte_rnal waves and nonlinear solitary |nterr_1althan sufficient to ensure some highly coupled mode arrivals
waves(solitong in shallow water, and so was performed in t the WVLA. The magnitude of the horizontal gradient at
late summer in order to see the strongest possible intern id-depth can be seen in Fig. 4, which shows the sound

wave effects. In order to quantify the physical oceanographygeeq in the middle of a typical soliton and just outside it.
as well as the acoustics, the experiment included a myriad of

acqustlc and ocean environmental sensors; 'these SeNSOIS<\\ARM ACOUSTIC DATA CHARACTERISTICS
their sampling schemes, and a complete overview of the data

they produced in SWARM are given in Apelt al® The The 400-Hz (100-Hz bandwidth tomography source
present paper is chiefly concerned with the analysis of acouproduced a 511 digit, phase-modulated signal sequence with
tic mode travel time data taken from the 16 element WHOIa digit length of 4 cycles, giving a total of 5.11 s per se-
vertical line array(\WVLA). Its mooring location, in about 70 quence. The sequence was repeated 23 times during each
m of water, is shown in Fig. 1. A pair of tomography transmission, for a total transmission time of 117.58V¢e
sources, with center frequencies 224 Hz and 400 Hz, werenly used 22 of the transmissions in practicEhe 400-Hz
moored for nearly three weeks 32 km shoreward of thdransmissions started on the hour and were repeated every 6
WVLA receiver, such that the acoustic path was anti-parallemin. They were received at the WVLA about 22 s later.
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Saofitons Passing WWVLA on 31 July 1995
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FIG. 3. Time and space interpolation
of four thermistor records. The ther-
mistors were attached to the WVLA at
water depths of 12.5, 20.5, 30.5, and
40.5 m and sampled at 30-s intervals.
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FIG. 4. Sound speed profiles in the center of a typical
soliton (solid) and just outside i{dashedl Horizontal
sound speed gradients of up to 25 m/s over 100 m can
be inferred from such profiles.
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400 Hz Arrival
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EE« M FIG. 5. Typical 400-Hz arrivals observed at the WVLA
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Figure 5 shows a typical set of 400-Hz pulse-compresseccirca 1995 disk storage limitations in the receiver pre-
arrivals for the 16 hydrophones at the WVLA. The term cluded that option.
“typical” is used rather loosely here, as the scattering from
internal waves in the waveguide causes significant temporal
variability in the individual hydrophone arrivals. What - . .

. . . . A. Mode filtering of received signals
typical here is that a set of arrivals generally consists of an
early packet of energy with a mode one amplitude and phase The modal analysis of 400-Hz acoustic arrivals at the
depth dependence followed by a signal of about abou¥WVLA begins by treating the acoustic signal at each hydro-

100-ms duration having “mixed mode” characteristics. phone as a sum of vertical modes

The 224-Hz arrivals are similar, but the narrower band- N
width (16 H2) yields a broader pulse widtt=60 m9g. The t)= A (1 2 (1)
224-Hz source produced a 63 digit, phase-modulated signal Pa(t n§=:1 (V) én(Z0).

with a digit length of 14 cycles, with period_3.9375 s perwlﬂere%(z) is the modal pressure depth functiohy(t) is
sequence. The sequence was repeated 30 times during €3kl hode coefficient ang, is the depth of théith hydro-
transmission, for a total transmission time of 118.125 s. Th hone. The number (;f propagating normal modesas well

transmissions were repeated every 5 min, starting on th
) s the mode shapes themselves are frequency dependent.
hour. They were received at the WVLA about 22.5 s later. The six thermistors on the WVLA, which are sampled

we shoul_d note in closing this section that this Samp“m;’every 30 s, adequately provided the water column sound
schedule, while reasonable for looking at internal waves, wa

gpeed profiles needed for computing a time-dependent set of

e i 00-H2 mode Shapes using the KRAKENGmalode
) . : de. (Bott t taken from Apatlal®) Th
(12.42 b studies, they somewhat aliased the interval be—CO e.(Bottom parameters are taken from Aglal?) The

tween individual solitons, which are typically on the order of basis for this code, a numerical normal-mode solution of the
. ' 2 Helmholtz equation at angular frequene

4 to 10 min. A 100% duty cycle transmission would have q 9 g y

been preferred, but battery limitations in the source and [V2+k3(r,)]p(r,w)=0, 2
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TABLE |I. Auto and cross-mode rejection levels for best case, worst case, and average mode arrivalffilter

scenarios.
Auto and cross-mode rejection leveéiB)
Best filter Worst filter Average filter

Input

mode 1 2 3 4 1 2 3 4 1 2 3 4
1 0 a7 46 40 0 13 24 32 0 31 35 36
2 49 0 34 31 13 1 11 20 31 1 22 26
3 46 34 0 26 24 11 1 11 34 22 1 18
4 40 31 26 1 32 21 11 2 36 26 18 1

wherep(r,w) is the Fourier component of the pressure field,tual modal depth functions at the receiver. Tilt for the
can be found in Jenseet al*® WVLA seldom exceeds 1°, except during the passage of a
The KRAKEN mode shapes are orthonormal in theparticularly large soliton where it may approach'2°Time

sense that, offsets between the actual modal depth functions at the
b(2) bo(2) WVLA and the mode-filter being used can range from 0O to

m " dz= S ©) 42 s° These factors, and thus the levels of cross-mode re-

p(2) jection, are time dependent, i.e., we see fluctuations in the

so givenp(z,t),A,(t) can be readily computed by applying cross-mode rejection performance of the mode-filters. Worst

the operator case assumptions can drop the nearest neigldmjacent
mode orderrejection levels down to the 10-dB level, but on
f () $na(2) dz. (4) average the performance is in the 20-dB range.
(2) Table | gives best case, worst case, and average cross-

Since the pressure fielgh(z,t), is only sampled at the 16 mode rejection estimates for the mode-filters. The best case
hydrophone locations, the integral computation of the modé&Ccenario assumes zero tilt and no time offset, and the worst

coefficients,A,(t), must be approximated by case assumes a constant tilt of one degree and a 30-s offset
16 between the arrivals and the mode-filters. As stated before,
P(Zh,t) Pn(zn)AZ tilts may exced 1 m from time to time and time offsets of up

An()= >,

h=1 p(zpn) ' ®) to 42 s are possible, so the “true worst case” is a fairly
) ) o elusive concept; mode shapes can only be tabulated at 30-s
whereAz is the spacing between hydrophones. This discretgieryals, and the tail of the tilt distribution function is diffi-

sum is easily implemeqted through matrix multiplication of . i+ 1o quantify. Given all this, the term “nearly worst case”
mode shape vectors with 16 channel hydrophone data veggight pe better for the tabulation presented above.
tors (i.e., narrow-band direct-projection mode-filteringh

more accurate filter would take into account the frequency

dependence of the modal depth functions over the bandwidtR- Acoustic impact of solitons

of the acoustic arrivals, but the effects were shown by our  |nternal wave induced coupling between acoustic nor-
calculations to be minimal and thus the increased computay gl modes, combined with differences in the acoustic modal
tion time was not warrantetf. group velocities, causes the time spreading of pulses as en-

The direct projection method works well for the low grgy is transferred between different acoustic modes. In the

SWARM mode 1 shape will yield, group speedsee Table l), so that energy which transits in
16 . tA. . .
by(20) by(z)AZ other modes for a portion of the source .to receiver trlp and
TZO.QQSQ, (6) then couples to mode one is of necessity delayed with re-
h=1 p(Zn

spect to energy that traveled exclusively in mode one. This
very close to the ideal output of 1.0. Higher order modes

have more energy outside the depths sampled by the WVLATABLE II. Calculated modal group speeds at 400 Hz for sound speed pro-
so the above projection_f”tration scheme degradeS, yie]din@es inside and outside the soliton shown in Figs. 3 and 4. The calculation of
outputs of 0.9949, 0.9881, 0.9803, 0.9681, 0.9269 androup speeds was performed using a range independent model.

0.8243 for modes 2 through 7_, respe_ctively. The higher order Group speeds

modes suffer more from partial vertical coverage than they  Mode Outside soliton Inside soliton

do from undersampling, so that a simple output gain factor

(such as one obtained by dividing the filter output by its ; ﬂggé ijﬁ;ﬁ
projection-filtration level may be useful if level comparisons 3 1481.1 1480.0
between mode arrivals are to be made. However, an output 4 1478.2 1477.7
gain factor will not provide relief from modal crosstalk, 5 1475.6 1475.2
which is inherent with undersampling and partial coverage. g igg'g igg'g

Two other factors to consider in mode-filter performance 8 1471.4 1488.4

are array tilt and deviations between the calculated and ac
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Minimal Scattering Level
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FIG. 6. Two different 1-h incoherent averages of mode
one (solid), mode two(dashegl and mode threédot-
dash filtered outputs. The top figure represents a period
of minimal scattering of energy between modes and the
lower figure a period of maximal scattering. The peri-
20 ! ! j ! ! ! ! ! ods are separated by about 12.5 h. The numbered aster-
18+ : : : : : : : . - isks in the top figure represent predicted adiabatic mode

: : : : : arrival times for modes 1-4.
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causes the spread of mode one energy to be all in one dire§ome of the important observables in the acoustic data are
tion (i.e., there is a positive bias in the mean and mediarspread, bias, wander, intensity, and temporal coherence. All
travel time of mode one energy relative to an unscatteredf these statistics are interrelated to varying degrees, and
mode one arrival Higher order modes may have some en-with the exception of wander, they are all sensitive to the
ergy arriving earlie(from traveling part of the path in lower numbers and location of solitons in the waveguide. We now
order modesand some arriving lateffrom traveling part of examine them in some detail.
the path in higher order modeshus there may be negative,
positive, or even zero bias in the travel-time of the spread
high order mode arrivals. A. Spread, bias, and wander

The effect of the spreading/smearing of energy on the
intensity of mode one arrivals is two-fold. First, the spread- )
ing itself reduces the intensity of the mode one peak and%' 400-Hz mode 1 arrivals
second, the attenuation level for higher order acoustic modes We first look at the wander in travel-time of acoustic
is greater, so energy that transits even a portion of the wavemode one. The nature of the SWARM waveguide is such
guide in some mode higher than mode one will suffer in-that this mode generally has the highest group speed, making
creased attenuation. This second effect was first proposed the energy that travels nearly exclusively in mode one the
explain intensity fluctuations observed in previous shallowearliest possible arrival for most transmissions. This energy
water CW experiments?° is referred to as the pseudo-adiabatic mode one arrival

The amount of mode spreading and attenuation is quit¢éPAM1).2° It is not always the strongest peak in the envelope
variable. To illustrate this variability, Fig. 6 shows two dif- of a mode one arrival, but energy arrives at or near the
ferent 1-h incoherent averages of mode 1-3 filtered output?AM1 arrival time strongly enough so that distributions of
The pulse distortion increases very dramatically over thenode one peak arrival times have observable leading edges.

12.5 h separating these two averages. There are exceptions. During the early hours of day 212, at
the WVLA, mode two has a higher group velocity than mode

IIl. TEMPORAL FLUCTUATIONS IN MODE ARRIVAL one; if and when this is the case for the majority of the

STATISTICS waveguide, the PAM2 arrival will precede the PAM1 arrival,

Figure 6 provides a good illustration of the variability allowing for some positively biased mode one energy. The
inherent in the mode filtered outputs of the acoustic dataleading edge of mode one, when observable, is quite useful
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Current-Corrected Mode 1 and Predicted Temperature Signal

I

FIG. 7. Predicted temperature fluctuation effects on
PAM1 arrival time(solid curve plotted along with the
distribution of “current-corrected” acoustic peak ar-
rival times (dotg. The peaks are picked from over
32000 mode one arrival envelopes that are similar to
those shown in Fig. 6. Only the highest peak from each
envelope is plotted. The solid curve prediction is zero
mean(by definition and is offset from the acoustic data
for convenience. Generally good agreement between
the prediction and the leading edge of the acoustic
pulses in noted.
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in that its travel-time wander is a sensitive measure of thgerature along the entire 32-km path contribute at various
oceanic heat content variation along the path connecting thigmes and in varying degrees to the acoustic mode one wan-
source and receiver. der.

The “current-corrected” distribution of SWARM mode We next look at the spread of the mode one arrival at
one peak arrival times, which is our cleanest data set for thd00 Hz. The range and variability of positive bias seen in the
modes, is shown in Fig. 7. The arrivals have a fairly shargrig. 7 peak arrival distribution is indicative of significant
leading edge; there is little or no indication of negativelytime spreading in the mode one arrival patterns. Spread is
biased peaks[The current-correction to travel-time is de- perhaps the simplest quantitative measure of signal distortion
rived from a bottom moored current meter near the WVLA.and also is a clear indicator of coupled mode scattering being
Specifically, the predicted travel-time fluctuatiaimsder =3  produced by the waveguide.
ms) obtained from applying the measured barotrofuiepth Spread is conceptually simple, yet the choice of which
independent currents (predominantly M2 tidal, i.e., the mathematical definition of spread is “best” to use is some-
strong 12.42-h period semidiurnal tidal componetat the  what subjective. Four typical measures that could be consid-
entire acoustic path were subtracted from raw peak arrivaéred are(1) the interquartile rangélQR) of the arrival en-
times] The mode one wander, as seen in Fig. 7, is substanrelope;(2) the standard deviation of the arrival envelo(;
tial, and a good portion of it can be correlated with temperathe absolute value of the peak minus the mean arrival time;
ture fluctuations in the vicinity of the WVLA. These fluctua- and (4) the standard deviation of the peak times in a 22
tions were logged in thermistor records from the WVLA and sequence transmission. This list is obviously not exhaustive
three dedicated thermistor strings moored in a cluster 4.5 krbut is a good selection of the possibilities. We will eventu-
shoreward of the WVLA. The solid curve in Fig. 7 is ob- ally concentrate on IQR in our work, where the IQR time
tained by using the average change in sound speed seensmiread is defined here as the difference in time between
seven of these thermistors to calculate travel-time variationsvhere 25% of the total pulse integrated amplitudévays
The seven thermistor records us@hdree from the WVLA, positive, i.e., absolute value of amplitydeas arrived and
four from the dedicated stringsvere in the depth band of where 75% of the total pulse integrated amplitude has ar-
interest for acoustic mode or{é0—60 m and judged to be rived. One can use energy definitions of IQR as well; we
reliable records. The foot of the shelfbreak front, which haschose amplitude simply for ease of processing.
been observed in CTD profiles to extend across the position Using method one, the IQR, analysis results for the
of the WVLA, seems a very likely source of the temperatureWVLA mode one arrival spread are shown in Fig. 8. The
fluctuations’ The actual range between the thermistors usedipper frame of Fig. 8 is a plot of the spread averaged over
is only 4.5 km, but the effects may be reasonably extrapoeach 22-sequence transmission, while the lower frame in-
lated farther along the acoustic path, since the foot of theludes five different bin averages ranging from 1.4 to 4.1 h
front extends somewhat farther inshore. The choice we mad®r comparison. The upper frame of Fig. 8 reveals significant
of 8 km provides a level of predicted variance close to thaspread variability over time scales ranging from several min-
observed in the acoustic data. However, the PAM1 wandeutes up to semidiurnal tidal oscillations. The M2 tidal oscil-
occurring on yearday 214 is a clear indicator that large temlations, along with other low frequency signals, are readily
perature fluctuations are not entirely restricted to the frontaévident in the longer bin averages shown in the lower frame.
area around the WVLA, and it is likely that changes in tem- The second method of estimating spread, standard de-
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viation, is very similar to the first; the main difference is in We also looked at our Fig. 8 time series in the frequency

its sensitivity to outlying energy. The third method, absolutedomain. The spectrenot shown reconfirm the existence of
value of peak minus mean, strictly speaking, is more a measignificant variability near the M2 semidiurnal tidal fre-
sure of “non-Gaussianess” than a measure of spread, bujuency. This tidal variability is consistent with our under-
these usually go hand-in-hand. Whereas the first three metitanding of the most probable source of the spread in the

ods require evaluation of the arrival envelope, the fourthgrrivals: internal wave solitons associated with nonlinear M2
method, standard deviation of peak times, only requires thgyternal tides called “solibores.?*

peak arrival times to be recorded. The tradeoff for this is that  The relationship between tides and soliton formation ap-
only one measurement can be obtained per transmission, 8gars to be strong, but it is not simple, and it is certainly not

opposed to 22 per transmission for the other three. linear; the numbers and sizes of solitons, as well as the ex-

Applying each of these methods to the mode one arrivalgnt of the internal tidal boredong wavelength, nonlinear
records from SWARM produces varying degrees of similarniern | tide isotherm depressigrtbey are often associated

ity between methods. Using 1.4-h bin averagese Fig. 8 with, can change dramatically from one tidal cycle to the

asrrb:er:phnmar:(s, tget fOIICr)]WtIrTg tll;nnatrlx r_Of zerno-lra? dcrgssj['next. This, coupled with multiple soliton-generation sites and
correlation vaiues betwee € ime series generated by qge complicated relationship between acoustic spread and
different methods can be constructed: : ) o
soliton density, produces a rather broad M2 line in the pulse
100 097 085 0O spread spectrum. Figure 9 graphically illustrates this vari-
ability in the soliton packets from cycle to cycle. Figure 9
1.00 0.82 0.6 ; i
also displays another very important effect—the mean spread
1.00 0.29° levels are seemingly controlled by the density of solitons in
1.00 the near-receiver portion of the waveguide. The sensitive de-
pendence of the pulse spreading to solitons near the receiver
As expected, the correlation is the strongest between metfis an important point in this paper, as well as in the sequel
ods one and two, and the other combinations show limitegbaper to this oné? A brief explanation of the physics of why
similarity. The IQR will from here on be the primary method the spreading depends most crucially on near-receiver soli-
by which spread is measured. tons is to be found in the Appendix of this paper; a more
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FIG. 9. WVLA temperature as function of time and depth overlaid by the 1.4-h bin averaged IQR estimate of mode one arrival spread at the WVLA. Both
the variability in the fields and the correlation of the spread to the near-receiver temperature fluctuations are of note here.

detailed explanation can be found in the sequel paper. three records(past yearday 214, e.g., see Fig. 9 for the
To further understand the relationship between théNVLA record) have weaker M2 internal tidal signals that
oceanography and the acoustic spread and bias seen, we vélle hard to correlate between moorings. Assuming this fixed
look at the propagation of the solibores along our acoustipropagation velocity of 0.8 m/s anti-parallel to the acoustic
track. This oceanography and its relation to the sound spegghath, the disturbances at the WVLA would reach the acoustic
field is most easily seen in the isotherm displacement recordsources some 670 min later. Thus using Fig. 9, an inference
made by the thermistor strings placed along the acoustican be made that the temperature profiles in the graph up to
path.(We have already looked at these records somewhat i670 min earlier than a given spread reading at tigyewhen
examining the acoustic wandgince the majority of soli- converted to distance using 0.8 m/s, are a rough approxima-
tons in the SWARM region propagate anti-parallel to thetion to what the waveguide looked like at the time of the
acoustic path, one can assume, to first order, that most of theansmission. This inference is basically a “frozen field,”
temperature disturbances seen at the WVLA will propagateonstant velocity advection approximation that follows
in some fashion across the shelf toward the acoustic sourd@ubenstein and Briff® Such an approximation ignores the
region at speeds from 0.6 to 0.8 m?sTo show this, Fig. 10 the spatial and temporal evolution of the soliboredut
illustrates an analysis of three thermistor records from varigiven that we did not have the extensive data needed to
ous locations along the acoustic path. The first is record igjuantify the evolution of individual solibores, it is a reason-
from a thermistor on the WVLA at a depth of 12.5 m. The able, “data based” first approximation.
second record, at a range of 5 km, is from a thermistor from  As mentioned, a visual analysis of Fig. 9 reveals a rea-
Temperature String 598 at a depth of 17.5 m. The finakonable degree of correlation between mode one spread lev-
record, at a range of 32 km, is from a thermistor on the Navaéls and soliton induced thermal activity near the receiver.
Research Laboratof\NRL) source mooring at a depth of 18 The estimated WVLA-receiver-to-source transit time of 11.2
m. (The NRL source was moored about 0.6 km downslopéh is sufficiently short to place the bulk of the previous tidal
from the 400-Hz tomography source. It did not function, butcycle’s solitons outside the acoustic path when a solibore
the thermistor pod on it dighThe diagonal lines on Fig. 10 packet of interest is in the region of the waveguide near the
correspond to a nominal solibore propagation speed of 0.8ceiver. However, the situation reverses if slightly lower,
m/s; this speed reasonably connects many of the tidal periodlut still reasonable, soliton propagation speeds are assumed;
disturbances evident in the three records, especially the low speed of 0.6 m/s yields a receiver—source transit time of
frequency M2 “solibore envelope.” Later portions of all 14.9 h, placing two sets of solitons in the acoustic path at the
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times when large numbers of solitons are near the receiveactivity and spread levels visually. However, if the standard
Also, it is observed that “M2 arrival times” of trains of deviation of the temperature at 22.5-m depth over the previ-
solitons at a fixed point a few tens of kilometers shorewardus 4.3 h(a reasonable binning time and “much less” than
from the shelfbreak fluctuate by-10—20 percent, due to either the 11.2-h transit time or the 12.42-h M2 peyidl
changes in oceanographic conditions. Thus 11.2 h is reallysed as a measure of soliton activity near the receiver, then
just a mean of a distribution of solibore transit times betweerwe can see a clearer picture of the time series correlation, as
the WVLA and the source location. This is reflected in theshown in the upper panel of Fig. 11. A correlation level of
Fig. 10 data, and implies that our present data thus cann@.65 is obtainedsee Fig. 11, lower panel This level is
unambiguously differentiate between effects due to solitonsather good, given the inherent variability in the oceano-
near the acoustic sources and near the acoustic receiveggaphic field and the acoustic pulse shapes.
(The third array deployed, which failed due to flooding,
would have been able to make such an unambiguous separa- |
tion due to its shorter source-to-receiver patie thus must < //gher modes
still appeal somewhat to physics arguments that the time Peak arrival scattergrams for the higher order modes
spreading observed is due to near-receiver solitons, as ook similar to the mode one scattergram shown in Fig. 7.
posed to solitons near the source. Again, we refer the readd@ihe scattergram data for the first four modes are summa-
to the Appendix and to our sequel pafer. rized, using their leading edges and bin averaged mean ar-
Even with an assumed 11.2-h transit time, it is difficult rival times, in the plots shown in Fig. 12. These figures show
from Fig. 9 to exactly quantify correlations between solitontwo more statistics with a strong M2 tidal influence. The
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Mode 1 IQR (ms) and T-String STD (centidegrees)
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mean mode four arrival time has an M2 tidal variability that 3. 224-Hz arrivals
is greater than the tidal modulation of the PAML1 arritiaa.,
the peaks in the upper panel dotted line have larger ampli-  1"€ 224-Hz tomography source, moored about 1000 m
tudes than the peaks in the lower panel solid )lifEhese farther up the shelf, provides a second source of acoustic

mean mode four arrivals are also negatively biased reIativ%‘rzr‘il\’;a_"IS at the ,V\%/LA' Tlhe ngr;lov:ﬁerb bang(\)/vidth of theh
to the predicted PAM4 arrival, and are generally within 805%™ Z source yields a pulse width of about 60 ms versus the

ms or less of the mode one leading ed§6 ms is the aver- 10-ms puls_e width of the 400-Hz signal.

. ; The wider pulse width of the 224-Hz source no doubt
age difference between computer simulated PAM1 anq:ontributes to the somewhat fuzzy distribution of 224-Hz
PAM4 arrivalg. In physical terms, this implies that the mode y

mode four would be extremely wedue to bottom attenu- o+ ncertainty associated with the broader pulse, but using
ation) were it not for mode coupling. the shape of the 400-Hz pulse leading edge as a guide, an
~ Following Fig. 11 for mode one, Fig. 13 compares 1.4-h,ncertainty of around=5 ms appears to be appropriate. A
bin-averaged spread statistics for modes 24 to the standagilyjjar qualitative analysis of Fig. 7 leads us to believe the
deviation of the temperature at 22.5-m depth over the previgncertaintity for the 400-Hz peak arrival times is less than
ous 4.3 h. The behavior of the mode two spread is veryphoyt+2 ms. An interesting feature of the Fig. 14 plot is the
similar to the mode one behavior, and the correlation Withapparent divergence between the leading edges of the
the temperature statistic is equally strong. As the mode nuM24-Hz and 400-Hz distributions of peak arrival time. Fre-
ber increases past mode two, the tidal signal appears to decguency dependence in the mode one group velocity is not
rrelate from our measure of “near-receiver” soliton activity. |arge enough to explain all of this divergence. One possibil-
Physically, we believe that this is due to a larger fraction ofity is that the leading edge in the mode one 224-Hz arrivals
the high mode energy being due to mode coupling whenevenay not be as strongly tethered to the PAM1 arrival time as
it is seen, so that it will have a more constant amount ofis the case for the 400-Hz mode one arrivils.
spread versus clock time. The time histories of the 224-Hz and 400-Hz bin aver-
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aged mode one spred@QR) statistics are compared in Fig. variability over a 6-min period is quite dramatic. The mode
15. Both records exhibit fairly strong M2 tidal modulation of pressure amplitude patterns at 6-min lag are basically uncor-
the spread during the first part of the recorded period. Theelated.

latter portions of both records have more limited tidal signa- A more quantitative measure of the individual mode
tures, but the modulation that does exist is somewhat similatemporal coherences can be reached using our data by com-
and the mean levels of spread exhibited are both about 23 niuting the correlation coefficient between the first sequence
above their respective unscattered levels of 7 and 31\Ws.  (arrival structurg of a transmission and the 20 subsequent
note that we have included the natural width of the pulse insequences in that transmission. Figure 17 displays the results
the spread both in Fig. 15 and our other work, i.e., reportegf sych computations when averaged over ten transmissions.

“total pulse width” as spread. The zero-lag cross- por the analyzed time period, the average 3-dB down points
correlation between the two entire records is 0.72. The Closei-or the correlation functions fall between 70 and 90 s.

ness of the spread numbeB8 mg is easily understood from Analysis of this limited number of records tends to con-

our receiver dominance argument in the Appendix. The; uspicions that decorrelation times for the mode arrivals
strength of the two-frequency cross-correlatior72 needs are fairly short, but further analysis shows the decorrelation

amore complex picture of the coupled scattering to explai%mes themselves to be highly variable. Figure 18 shows the
I "?‘“.dmvgi refer the reader to the papers by Duda an ariations of 1.4-h bin averaged 3-dB down decorrelation
Preisig.™ times for modes 1-4 over a one week period. The broken
nature of the datéapproximately 2 min of data followed 4
B. Temporal coherence and intensity fluctuations min of silence is such that quadratic extrapolation is needed
Given the Significant Spread observed in the modeIO estimate decorrelation times beyond the 107-s point. This
filtered outputs, which implies significant scattering, one€xtrapolation leads to some large correlation time estimates
would expect to observe fairly short average decorrelatiorihat are obviously unrealistic; this is an unavoidable error,
times. To illustrate this, Fig. 16 shows mode 1-4 filteredgiven our data sampling.
outputs for five sequences separated by 20 s and five se- A semidiurnal tidal signature is evident in each of the
guences separated by 6 min, over a 30-min period. This figfour plots in Fig. 18. This modulation is a direct consequence
ure shows fairly strong correlation between sequences sepaf the semidiurnal fluctuations in the distribution of solitons
rated by up to 1 min and 22 s; however, the temporaln the waveguide. They cause most of the coupled scattering,
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FIG. 13. The upper frame shows a comparison of 1.4-h
bin averaged IQR levels for mode twolid line),
mode three(dot-dash line, offset by an additional 10
ms), and mode fourdotted line, offset by an additional
20 m9, and the standard deviation of the temperature at
22.5-m depth over the previous 4.3dashed ling The
standard deviation of the temperature is in tenths of a
degree C to facilitate comparison with the IQR levels in
milliseconds. The lower frame shows the cross-
correlation of the temperature statistic with the three
bin-averaged spread statistics.

FIG. 14. Distribution of SWARM 224-Hz mode one
peak arrival times. The zero reference is at an arrival
time of 22.453 s. The plotted transmissions occurred
every 5 min. Only 8 sequencésvery 4th from 1 to 29
are shown of the 29 available. An upshifted leading
edge of the 400-Hz peak arrival distribution is also
shown for comparison. The later zero reference time,
relative to Fig. 7, stems from the difference in source
mooring locations.
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FIG. 15. Comparison of 224-Hz and 400-Hz 1.4-h bin
averaged IQRspreadl. The IQR pulse width of an un-
scattered 224-Hz pulse would be about 37(fhms for

a 400-Hz pulse

FIG. 16. Mode coefficient outputsf; (solid), A,
(dashegl A; (dot-dash, andA, (dotted, as a function
of time. The five plots in the left column depict the
evolution of the mode arrivals over a period of 82 s.
The plots in the right hand column depict the evolution
of the mode arrivals over a period of 30 min.
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and as the overall amount of mode coupling increases, theource would also be in agreement with recent numerical
level of temporal coherence decreases. The individual modstudies by Duda and Preisi.
temporal coherence decrease again correlates well with soli- Finally, the plots in the lower frame of Fig. 20 show the
ton activity near the receiver. cross-correlations between intensity and spread levels for

Increased coupling between modes also affects the peakodes 1-4; no phase lags are evident, but only mode one
intensities of the mode arrivals, as evidenced by the stronghows a significant negative peak. The mode one result is not
tidal modulation seen in the Fig. 19 plots of 1.4-h bin aver-too surprising, as its phase lag in the middle panel is only 1.4
aged peak SNR levels for modes 1-4. Intensities of thesk (one unit of resolution
lower order modes are reduced as scattering levels increase,
so their peak intensity tends to oscillate in phase with tem-
poral coherence and decorrelation time. IV. SYNOPSIS OF MAIN RESULTS, CONCLUSIONS,

The strength of the correlation between the modal intenaNp FUTURE DIRECTIONS
sity and mode decorrelation time appear to increase with
mode number, as evidenced by the cross-correlations shown The following conclusions and thoughts on future direc-
in the upper frame of Fig. 20. The cross-correlation betweettions can be drawn from our data analyses.
mode 1-4 peak intensity and our general measure of “near-  To begin with, acoustic normal mode arrival time spread
receiver” soliton activity is shown in the middle frame of and bias, and the modal intensities and decorrelations times
Fig. 20. Whereas mode one and twpread levels were measured in the 1995 SWARM experiment show distinct M2
shown to be “in-phase” with soliton activity near the re- tidal period fluctuations. These are highly correlated to the
ceiver (see Figs. 10 and 12the peak negative correlations passage of trains of solitons between the source and receiver.
with intensity fluctuations occur when the intensities Iélayl A particular interesting correlation was that of the maximum
2 or 3 b our soliton activity measurement. One possiblemodal pulse spread with solitons near the acoustic receiver.
explanation for this result is that, given our experimentalAlthough we have not shown it here, there are no other oce-
configuration, solitons from the previous tidal cycle that areanic or bottom acoustic phenomena which can create this
near the source are scattering energy from the low modesame M2 type of signal in our data, so we can reasonably
into the high modes, which are more quickly attenuated. Thistate that these effecése due to internal tide soliboreéThe
sensitivity of amplitude effects to soliton activity near the interested reader is referred to the thesis by Headfick.
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Mode 1-4 Peak Intensity vs. Decorrelation Time
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FIG. 20. The upper frame shows cross-correlations be-
tween peak intensities and decorrelation times for
400-Hz modes 1-4. The middle frame shows the cross-
correlations between mode 1-4 peak intensities and the
standard deviation of the temperature at 22.5-m depth
over the previous 4.3 h. The lower frame shows the
cross-correlations between mode 1-4 peak intensities
and the mode 1-4 spread levelQR). Mode one is

: solid, mode two is dashed, mode three is dot-dashed,
0.4 i ! ! I I . ! ! ! and mode four is dotted.
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Next, under a common shallow water circumstance, i.e.receiver were spaced at a distance which corresponds to
when mode one has the highest group speed, a pseude-11.2 h for the time of propagation of a soliton train be-
adiabatic mode on€PAM1) arrival time can be estimated tween the two. This is very close to the 12.42-h M2 tidal
from a distribution of peak mode one arrival times by finding period at which solitons are generated. Sindg:the soliton
the leading edge envelope of the distribution. We saw thatrains have “time spreads” of-3 h to transit a given point,
mode one had the highest path-averaged group speed fand(2) the times of propagation can also very 10—20 percent
most, if not all, of the duration of the SWARM experiment. due to oceanographic conditions, we often have solitons
This leading edge peak can be very useful for ocean therwlose to both the source and the WVLA receiver. Thus our
mometry(or tomography studies. As an example of this, we data cannot resolve perfectly well whether the acoustic scat-
observed that large fluctuations in the path-averaged modering due to solitons was due to solitons near the source or
one group speed occurred over tidal and subtidal periodsear the receiver. It can, however, distinguish between scat-
during the course of the experiment. A significant percentagéering at the endpoints and scattering in the middle of the
of the mode one group speed fluctuations could be attributedath. Working with model predictions has allowed us to re-
to warm water advection in the seaward 5 to 10 km of thesolve this experimental ambiguity to some extent.

SWARM waveguide. This advection, which is probably as- As to the future, there are still many gaps that need to be
sociated with movement of the foot of the warm, salty shelf-filled in our studies of modal acoustic scattering by soliton-
break front, was clearly seen in deep thermistor records nedilled ocean waveguides. These includd) examining a
the receiver. broader range of acoustic frequenci€8) obtaining data

Additionally, although the M2 signal was stressed in thisalong a shorter path where the source/receiver scattering am-
paper, our time series also showed that soliton-filledbiguity we encountered does not exif&<20 km) (we actu-
waveguides produce significant mode arrival structure distorally had such a path in our SWARM experiment, but the
tions with fluctuation time scales ranging from minutes toreceiver floodef (3) examining longer continuous time se-
days. We need both better high frequency data and low freries of acoustic transmissiorgs our 2-min transmissions
guency data to study the 0—10 min and 3 days— 3 monthsbviously did not give us quite enough time to fully estimate
variability signals due to internal waves. modal acoustic temporal decorrelation and our one week

Finally, our data had at least one “feature” we wish we time series could not see longer term effects such as spring
could have avoided. The tomography sources and the WVLAeap cycles (4) looking at along-shelf propagation paths;
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and(5) examining arrivals across a horizontal array. This listThe amplitudgignoring the coupling strength and spreading,
is obviously an incomplete one, but represents some of thand just including modal attenuation for simpligitgf the
first order issues the SWARM group sees as important. Ousingle coupled mode arrival is
study here also obviously does not encompass full wave A, — ADg— Box (A2)
acoustic studies, array coherences, or modeling issues— 1© ’
these topics are being pursued, but are beyond the scope of Clearly Eq.(Al) gives the greatest time spread of the
the one pursued in this paper. pulse whenx=L, i.e., when the scattering is near the re-
ceiver. However, there is a decrease in amplitude of the
single scattered arrival, which producesménimumampli-
tude whenx=L in this case. Thus there is some trade-off
We would first like to heartily acknowledge all of our between time spread maximizatidbest atx=L) and scat-
SWARM collaborators; without their superb efforts, the suc-tered arrival amplitude maximizatiofpest atx=0). In the
cess of the SWARM experiment would not have been poscase of the mode two arrivals, things are in fact a bit more
sible. Our principal Office of Naval Research sponsor, Drfavorable to “near-receiver dominance.” The time spread
Jeff Simmen, is also warmly acknowledged for his strongbetween the unscattered mode two arrival and (fastej
support of the project. The support of Dr. Lou Goodman ofcoupled mode arrival is simply expressed as
ONR for some of the oceanographic analyses is gratefully
acknowledged as well. The funds for the data analyses by R. Aty=|LIVE = (XIVEH(L=)NVZ)], (A3)
Headrick were provided by the Office of Naval Research  which again is a maximum whex=L. The amplitude
through an ONR FellowshigMassachusetts Institute of of the single scattered coupled mode arrival is
Technology award 002734-001the general funds for _ Byl
SWARM were provided by the Office of Naval Research Ar=Aze ' (A4)
through ONR Grant No. N00014-95-0051. This is Woods  The amplitude in Eq(A4) is clearly amaximumwhen
Hole Oceanographic Institution contribution number 10076.x=L, thus giving the maximum amplitude for the scattered
arrival when the scatterer is near the receiver.
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