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ABSTRACT: 

The influence of dynamical ocean features on seabed-interacting acoustic transmissions was investigated south

east of Malta in the Mediterranean Sea. Waveforms at 610–890 Hz were transmitted to mimic impulse propaga

tion over two fixed paths of 25 and 45 km length. Area conditions included topographically trapped diurnal 

waves, stochastic internal waves, a 60-m-thick surface mixed layer, and weak mesoscale flows. Many stable 

arrivals with transmission loss of 57 to 66 dB were observed on the short path. The matched-filter recovered 

impulse response showed a high degree of temporal coherence over the 5-d-long experiment. Travel times of 

tracked individual signal peaks showed root mean square variation of 3 ms. Much of this reported travel-time var

iability results from slowly fluctuating dominance between micromultipaths, rather than time variation of a single 

steady ray. Spectral analysis of the travel times provided weak evidence of a peak at the diurnal tidal frequency, 

with no reliable evidence of semidiurnal-band oscillations of arrival peak levels or times. Most rays interact with 

the seabed, and model simulations with different bottom attenuation coefficients support intuition that seabed 

properties determine a base-state transmission loss and impulse response in the area, only slightly modified by 

water column variations.
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I. INTRODUCTION

Seabed-interacting sound propagating upslope in the 

ocean often displays strong time variability caused by many 

environmental factors (Duda et al., 2004; Sperry et al., 

2003; Chiu et al., 2004; DeCourcy et al., 2022; Johnson 

et al., 2023). Underwater sound is always affected by 

sound-speed variability in the water itself. Additionally, 

when sound moves upslope and encounters the seabed, rays 

are deflected to steeper angles upon reflection, increasing 

the rate of surface and seabed interaction as distance grows. 

This can amplify the effects of water column sound-speed 

variations because altered rays interact with the boundaries 

at new (and possibly more) locations, potentially changing 

all aspects of the reflection process. In this work, 

610–890 Hz linear frequency modulated (LFM) pulses propa

gating 25 and 45 km from a deep-water source to shallow- 

water receivers on the south side of the Malta Plateau in the 

central Mediterranean Sea are analyzed, and the stability of 

seabed interacting sound is quantified. The arriving sound was 

more stable in this study than sound in some recent experi

ments (e.g., Johnson et al., 2023, their Fig. 2). Some of those 

experiments were conducted in dynamically active areas, thus 

not contributing to knowledge of conditions in less energetic 

areas (Duda et al., 2004; Sperry et al., 2003; Chiu et al., 

2004). The study reported here used matched-filtering pulse 

synthesis with higher bandwidth than was used in some previ

ous upslope studies at 200 to 500 Hz (Duda et al., 2004; 

Sperry et al., 2003; Chiu et al., 2004), allowing better multi

path resolution. Johnson et al. (2023) and Decourcy et al. 

(2022) used 400-Hz bandwidth sources centered at 725 Hz to 

study upslope propagation, similar to this study. An interesting 

aspect of this study is that tidal-frequency sound-speed pertur

bations compose a large fraction of the total sound-speed vari

ability, whereas the received sound variability is spread over a 

wide swath of frequencies. This implies that macroscopic 

sound pathways are unaffected by the tidal sound-speed 

anomalies, and that time-dependent splitting of sound rays 

into microrays and resultant micromultipath interference plays 

an important role in the time-dependence of the propagation 

(DeFilippis et al., 2023). This paper analyzes a set of stable 

ray-like arrivals along the two paths and interprets the behav

ior in terms of surface reflection variability and microray 

interference.

Data from the study area showed sound-speed variabil

ity dominated by boundary-trapped internal tides (ITs), with a)Email: tduda@whoi.edu 
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other internal waves contributing. ITs (internal waves at tidal 

frequency), are an important source of sound-speed anomalies 

at many locations, with examples discussed in the next para

graph. ITs can be either primary or secondary causes of 

acoustic propagation time dependence, depending on the rela

tive strengths of the sound-speed anomalies they cause and 

any other time-dependent anomalies. Although ITs have been 

observed since the early 20th century (Nansen, 1902; 

Petterson, 1907), their direct measurements became possible 

only in more recent times with the advancements in the tech

nology of oceanographic instruments (Wunsch, 1975). ITs 

are generated by the interaction of barotropic tidal currents 

(currents from surface tides) with the topography of the ocean 

floor (Morozov, 2006; St. Laurent et al., 2003; Merrifield 

et al., 2001), and they have a profound role in the general 

mixing in the ocean (St. Laurent and Garrett, 2002) as well as 

in the dissipation of tidal energy (Munk and Wunsch, 1998). 

We find that ITs have a small effect on sound at the Malta 

site, which contrasts with their measurable effects noted in 

other studies, referred to in the paragraphs to follow.

The Malta Plateau study area has relatively strong ITs 

with respect to internal waves of other frequencies (Poulain 

et al. 2023). As they propagate in an area, internal waves 

and ITs generate oscillations of the isotherms, isopycnals, 

and isohalines in the water column, thus altering the sound 

velocity field (Robertson and Hartlipp, 2014; Tiemann 

et al., 2001; Colosi et al., 2013; Chiu et al., 2004). In some 

areas, such as the Philippine Sea, vertical displacement of 

isopycnals and isotherms at tidal frequencies dominates the 

sound-speed variability (Colosi et al., 2013). Non-tidal 

internal waves, subtidal effects, and barotropic tides also 

affect the sound-speed field, acoustic propagation paths, and 

acoustic travel times.

In the past, absolute acoustic travel times were mea

sured in the Strait of Gibraltar, and the travel times of early 

arrivals, in a multipath setting, showed a tidal signal 

(Tiemann et al., 2001). In another study conducted in the 

South China Sea, ITs and solitons influenced the received 

levels of phase-modulated signals with a carrier frequency 

of 400 Hz (Chiu et al., 2004; Duda et al. 2004). This paper 

describes a situation not covered by those works, 25 and 

45 km upslope propagation paths with center frequency and 

bandwidth high enough to resolve ray arrivals, and to make 

vertical modal arrivals too complex to be understandable 

without a dense array receiver. Interestingly, although ITs 

are a primary component of sound-speed variability 

observed in the area, IT effects on sound are minimal. 

Instead, other factors control the macroscopic nature of the 

sound propagation, which is stable for the 5 days of the 

experiment, and control the ray splitting into microrays 

from either turning-point effects (Duda and Bowlin, 1994; 

DeFilippis et al., 2023) or reflection effects.

The paper is organized as follows. Section II describes 

the experiment area and methods. Section III presents the 

acoustic data, some simulation results, and compares these 

two. Section IV discusses the results and presents some 

interpretation. Section V is a summary.

II. EXPERIMENT AREA AND METHODS

A. Geography and experiment layout

The experiment was carried out southeast of Malta in 

the Sicily Channel of the central Mediterranean Sea (Fig. 1). 

This was part of the Mediterranean Recognized 

Environmental Picture (2020) (MREP20) sea trial conducted 

by NATO Science and Technology Organization Centre for 

Maritime Research and Experimentation (CMRE). The 

scope of the trial was to study the oceanographic and acous

tical properties of frontal zones where the Eastern and 

Western Mediterranean water converge. The MREP20 tem

perature, salinity, and current data evidenced variability at 

the mesoscales and submesoscales that included a weak 

frontal system that separates the Atlantic fresher waters 

from the Ionian saltier waters (Oddo et al., 2023). Three 

acoustic moorings were situated such that the source (Tx) 

was at the south in the deepest water, and two receivers (Rx2 

and Rx3) were at the north at distances from Tx of 25 km 

(Rx2) and 45 km (Rx3) (Fig. 1). A fourth mooring collected 

physical oceanographic data (W1). The seabed along the 

short path was slightly upslope (Fig. 1). The seabed along 

the longer path was slightly upslope than more steeply 

upslope to the outer-shelf receiver (Fig. 1). As will be 

shown, at the time of operations, a bottom-focused diurnal 

tidal oscillation dominated the sound-speed variability 

(Poulain et al., 2023), but the acoustic fluctuations were 

not primarily diurnal. The environmental regimen of strati

fication and tidal oscillations may be unique to this site.

B. Circulation and stratification

In the eastern Sicily Channel, in the central 

Mediterranean Sea, there is a net eastward flow of Atlantic 

Water at the surface, and there are eddies generated by topo

graphic features and internal baroclinic effects. A deeper 

layer of Levantine Intermediate Water flows to the west, and 

it is mainly constrained by the bottom topography 

(Lermusiaux and Robinson, 2001; Astraldi et al., 1996, 

1999, 2002; Lermusiaux, 1999; Millot, 1987; B�eranger 

et al., 2004).

C. Surface tides and ITs

Tides in the Mediterranean Sea have smaller amplitudes 

than ocean tides. However, in some areas, the tidal currents 

can reach considerable speeds. In addition to the locally 

generated tides, Atlantic tides propagate into the sub-basins 

of the Mediterranean Sea (Lozano and Candela, 1995; 

Tsimplis et al., 1995). In the studied area, the primary tidal 

sea level variations are those of the M2 semidiurnal constit

uent (Grancini and Michelato, 1987), while the tidal currents 

are dominated by the K1 constituent (Cosoli et al., 2015; 

Poulain et al., 2018). Studies have shown that this diurnal 

current amplification happens in the eastern Alboran Sea, 

Sicily Channel, and northern Adriatic Sea (Poulain et al., 

2018). This effect has been reported on the Sicilian conti

nental shelf, with diurnal oscillations around Malta 
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(Tsimplis et al., 1995), and to the east on the Maltese Bank 

(Grancini and Michelato, 1987; Poulain et al., 2018).

Analysis of the MREP20 dataset revealed that strong 

diurnal baroclinic tidal displacements existed on the 

Maltese Bank. Mixed diurnal and semidiurnal internal tidal 

signals were found in the deeper water to the south. The 

measurements also evidenced that tidal currents are domi

nated by a diurnal constituent (K1) that is not accompanied 

by a dominant diurnal tidal elevation signal. The sea-level 

signal is mainly an M2 semi-diurnal oscillation. Poulain 

et al. (2023) reported that the K1 component propagates as 

a Kelvin-type bottom trapped wave northwestward with an 

estimated phase velocity of 1 m/s and a wavelength of 

�100 km, but the study could not disclose where these ITs 

are generated. In a follow-up study (Oddo et al., 2023), ITs 

at the Maltese Banks have been further investigated and 

modeled using the oceanographic dataset collected during 

the same experiment (MREP20). The work further demon

strated that the baroclinic variability in the area was indeed 

dominated by diurnal ITs, and discovered that they are gen

erated by the interaction of the barotropic tidal flows with 

the steep bathymetric gradient between the Sicily Channel 

and the Ionian Sea.

D. Measurement methods and data types

MREP20 took place between October 27 and 

November 8, 2020, with the acoustic measurements 

described here taken November 1–6. Using NRV Alliance, 

CMRE deployed, among many other assets, a mooring with 

oceanographic sensors and a sound source (Tx), two moor

ings with hydrophones and oceanographic sensors (Rx2 and 

Rx3), and a mooring denoted W1 carrying a WireWalker 

profiler (Del Mar Oceanographic, San Diego) (Fig. 1). A 

complete description of the sea trial methodology is reported 

in Poulain et al. (2023) and Oddo et al. (2023). The Tx, 

Rx2, and Rx3 moorings were equipped with several oceano

graphic sensors to measure conductivity, temperature, and 

pressure [built by Sea-Bird Electronics (SBE, now Sea-Bird 

Scientific, Bellevue, WA), RBR (Canada), and Star-Oddi 

(Iceland)]. In this study, we use the sound emitted from Tx 

and received at Rx2 and Rx3 (Fig. 1). Oceanographic data 

from the moorings are also used.

Mooring Tx carried a sound source designed by the 

Woods Hole Oceanographic Institution (WHOI). The 

source was placed 130 m below the sea surface. An 

IcListen hydrophone (Ocean Sonics, Truro Heights, Nova 

Scotia, Canada) was also mounted on Tx, 50 m below the 

source, continuously sampling at 50 kHz. The source trans

mitted 5-second-long LFM sweeps (610–890 Hz) that were 

intended to be emitted twice every 20 s between the 5th 

and the 25th minute, and the 35th and 55th minute of each 

hour. Up and down-sweeps were alternated, and only the 

upsweeps at 20-s repeat rate are analyzed here. However, 

hardware and firmware performance issues created a silent 

gap of a few minutes during most of the 20-min transmis

sion windows. This does not impact the results, but it does 

reduce the number of pulses used to compute statistical 

quantities. The transmissions started at the beginning of 

November 1. The Tx hydrophone was used to measure the 

transmission times and levels of each LFM emitted by the 

source.

Mooring Rx2 had two WHOI Several Hydrophone 

Receiver Units (SHRUs), each one equipped with four 

hydrophones sampled at 9765.625 Hz. Hydrophone depths 

were 65, 85, 105, and 125 m for the upper unit, and 145, 

165, 185, and 205 m for the lower unit. Temperature was 

measured at 13 levels, while conductivity was measured at 

three of the levels yielding salinity. The flow-induced hori

zontal displacement time-series of the Rx2 receivers is not 

corrected for in this study. The Rx2 sound receptions shown 

throughout this paper are obtained by matched-filter proc

essing the receptions via cross correlation with the wave

form. A normalization is applied so that the matched-filter 

peak height is equal to an arriving multipath signal root 

mean square (RMS) sound pressure level. Filtering to 

remove sound at frequencies below and above the signal 

band of 610–890 Hz was not done because of the high sig

nal-to-noise ratio (SNR) of the main signals, and filter 

choice would be subjective. Thus, ambient sound at all 

recorded frequencies contributed to the matched-filtered 

waveform time series.

FIG. 1. Study area (left, black box) of the MRE20 sea trial and a zoomed map (middle) indicating the location of the moorings Tx, Rx2, Rx3, and W1 used 

in this study. Sicily is north of the study area and Tunisia to the West (left). The bathymetric profiles (right) from the European Marine Observation and 

Data Network (EMODnet), used for sound simulations, are shown for the two acoustic paths.
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The Rx3 mooring was equipped with an 8-channel linear 

vertical array (SLIVA) recording continuously at a sampling 

rate of 50 kHz. The eight hydrophones spanned a length of 

50 m and the center of the array was at about 90 m of depth. 

Two SBE pressure sensors on the Tx mooring and two RBR 

pressure sensors on the Rx3 mooring were used to evaluate 

effects of mooring lateral motions by estimating the mooring 

slant angle (a) and the horizontal displacement (dx) of the Tx 

source and the SLIVA using the following equations: 

a ¼ cos−1 S2 − S1ð Þ

D
; (1) 

dx ¼ B − Zð Þ � sin a; (2) 

where S2 and S1 are the depths measured by the deeper and 

shallower depth sensor, respectively; D is the nominal distance 

between the sensors; B is the depth of the bottom of the ocean; 

and Z is the unperturbed depth of the element to be localized 

(Tx source and the SLIVA array). SBEs were deployed at 107 

and 162 m on Tx; RBRs at 36 and 153 m were used on Rx3. 

With this approach, we could not determine the direction of 

the swinging movement of the moorings; nevertheless, these 

estimates were used to compute upper bounds for travel time 

alterations caused by mooring displacement.

The main instrument at W1 was an RBR Concerto con

ductivity-temperature-depth device sampling at 8 Hz, used 

to measure the velocity of sound as a function of time and 

depth. As explained by Poulain et al. (2023), all the W1 

upcasts consistently lasted about 5 min, while the W1 down

casts had a high variability in their descent rates. Hence, 

only W1 upcasts data were used.

The transmissions from Tx were recorded at Rx2 from 

00:05 UTC on November 1 to 06:17 UTC on November 6, 

2020 when Rx2 was recovered, and at Rx3 until the end of 

November 6. Figure 2 shows matched-filter output for Rx2 

recordings at the 85-m depth hydrophone. The time series at 

the other hydrophones had similar qualities and are not exam

ined here. The figure shows a reduced set of arrivals, one pulse 

each 15 min. The time shown (tr) is relative to a distance- 

determined mean travel time (ttt) and time trend that offsets a 

steady drift (td) in the sound source time base, tr(t) ¼ t – ttt – td(t). 

The SNR of the highest peak is often over 50 dB and typi

cally over 35 dB. The impulse response lasts approximately 

0.8 s. There are some steady but weak early arrivals, a strong 

arrival, a pair of strong arrivals, two intervals with fluctuat

ing arrivals, and finally two weak fluctuating arrival inter

vals. On the right, Fig. 2(b) shows the strong arrivals. This 

Rx2 impulse response, and a similar impulse response 

recorded at Rx3, will be analyzed further in Sec. III.

The W1 profiler produced a time series of temperature 

T and salinity S versus pressure (depth) and time, T(P,t) and 

S(P,t). Figure 3 shows the W1 data and two sound-speed 

profiles from W1. A very strong thermocline/pycnocline is 

evident, shoaling from about 75 to about 60 m in the record. 

Quantifying the local internal tidal signals, Poulain et al. 

(2023) reported the diurnal oscillations to be typically 

15–25 m in height at around 160 m depth, with vertical 

velocities of 0.1–0.2 m/s, and that semidiurnal oscillations 

with a local maximum at 170 m were present but of much 

smaller amplitude. Local maxima for the K1 and M2 ITs 

were also measured at the base of the mixed layer. In gen

eral, their harmonic analysis tidal model (K1þM2) 

explained 60%–80% of the total variability.

E. Acoustic analysis methods for Rx3 arrivals

The receptions at Rx2 were processed in a routine way, 

with a clock drift fitted after the data were matched-filtered. 

Rx3 hydrophone data were matched-filter processed in the 

same way, but an automated method was used to extract 

multipath arrivals (pick peaks) in the filtered dataset. The 

transmission, reception, and travel times were measured by 

matched-filtering the recorded signal on the IcListen 

mounted on the Tx mooring and the signal recorded by 

channel 4 (about 80 m of depth) of the SLIVA array on the 

Rx3 mooring with a synthetic replica of the real LFM wave

form. All times for transmissions and receptions were mea

sured from the sample numbers. Time zero was the first 

acoustic pressure measurement recorded by the IcListen for 

the transmissions and by the SLIVA for the receptions. The 

method was adopted to mitigate the effects of interfering 

acoustic signals at Rx3.

The source and the SLIVA array clocks were not syn

chronized and drifted at different rates. To identify each pair 

of transmission/detection, we adopted a pattern analysis 

approach based on the relative time of the first transmission. 

The pattern of transmissions detected on IcListen at Tx should 

match the pattern of receptions detected on the SLIVA at 

Rx3. This way, the Tx and SLIVA clock offsets could be dis

regarded, and Tx transmission gaps served as timing 

FIG. 2. (a) The impulse response recorded in dB re 1 micropascal at the 85-m 

depth Rx2 phone. A decimated set of the full set of impulses is shown here, 

with a 15-min sample rate, four pulses per hour. (b) An expanded view of the 

time window with two strong peaks and the first interval of fluctuating arrivals. 

We refer to these features as Arrival 1 (arr 1, usually a single peak) at time 

zero in the plot, Arrival 2 (usually a pair of peaks), and Arrival 3 (the interval 

after 0.1 s).
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identifiers. For this pattern analysis, we first matched the 

transmission times with the times of arrival at Rx3 of the 

strongest arrivals. Once each transmission was matched with 

a dominant arrival at Rx3, we then associated each multipath 

arrival within 0.6 s to its respective transmission. The 0.6-s 

time window for this analysis was used after inspecting the 

matched-filter outputs. We observed that a 0.6 s time window 

was long enough to capture the multipath arrivals.

The received levels of each multipath arrival at the 

SLIVA were computed in dB from their corresponding peak 

of matched-filter output. The travel time between each 

transmission and its respective reception (including multipath 

arrivals) was then computed relative to the travel time of the 

first reception of the study. The one-way travel time set was 

detrended by removing the best straight-fit line from the data 

to remove the effects of the clock drifts. Figure 4 shows the 

multipath arrivals, both with and without detrending. This pat

tern analysis generated a dataset of 12 133 matched pairs of 

transmission/receptions and 70 349 multipath receptions. For 

comparison, 120 upsweeps/h for 5.2 days is 14 976. Some 

very persistent arrivals with strong intensity variations are 

evident, along with some intermittently detected arrivals. 

FIG. 3. (a) Temperature at W1. See (c) for time axis label. (b) Salinity at W1. (c) Sound speed at W1. The time axis is labeled such that November 1 begins 

at time label 01. (d) Two W1 sound-speed profiles. One profile (red line, lower value at 160-m depth) was taken when the deep isotherm oscillation was at a 

peak in height (19:10 November 3), the other profile (blue line) 12 h earlier in the trough. Large diurnal water column oscillations are seen deeper than 

125 m. Spring tide peak is October 31.

FIG. 4. (a) Identified Rx3 matched-fil

ter phone-4 peaks. (b) The identified 

Rx3 matched-filtered peaks after 

accounting for uniform clock drift.
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The procedure provides a picture with less dynamic range of 

intensity than the conventional Rx2 processing, but suffi

ciently shows the behavior of the strongest arrivals.

III. ACOUSTIC DATA AND COMPARISON TO 

SIMULATIONS

A. Rx2 observed arrivals

The multipath arrival structure of sound at Rx2 (Fig. 2) 

begins with four weak intermittent arrivals that are followed 

by one strong arrival and a pair of strong arrivals. After that 

are four bands of fluctuating weak sound. This is shown in 

Fig. 5. The figure shows a mean pulse produced by oversam

pling each matched-filtered waveform to yield a 48-kHz 

sample rate, then detrending to remove clock drift, then time 

averaging. The mean first strong arrival is narrow despite 

some small arrival time wander, whereas the second strong 

arrival is widened and averaging the wander causes the two 

peaks to essentially merge. The four peaks (p annotation in 

Fig. 5) that precede the strong arrivals (arr 1, arr 2) are 

steady in form and appear narrow, even after averaging over 

5 days. Conversely, the groups of arrivals (lines g) that fol

low the strong arrivals are spaced closely together and fluc

tuate in time such that 5-day mean does not show narrow 

peaks. The figure also shows moderately well-fitting simu

lated pulse snapshots (see Sec. III E).

B. Rx2 arrival short-term stability

The arriving multipath signals have high temporal 

coherence at short time intervals, i.e., are very stable in 

form. This is not evident in Fig. 2 because only one pulse 

every 15 min is shown over the many-day period. Figure 6 

shows high rep-rate data for the two strong arrivals (arr 1 

and arr 2) and the first diffuse arrival (arr 3) for four 20-min 

pulse groups, called geotimes 1–4. Shown are color plots of 

matched-filter output (micropascals) in pulse-time/clocktime 

format, and time-mean pulses for the 20-min windows. The 

first examined 20-min period (geotime 1) has intermittent 

noise that is near the highest observed level, with noise 

levels in the matched-filter time series varying from the typ

ically observed low level of 50 to 82 dB. Geotimes 2 and 3 

are consecutive, with geotime 2 showing a transition of the 

first arrival to a new time (new path) as an arrival fades. 

Geotime 4 shows sound that is steady at a time of typically 

low noise.

The stability of arrivals at Rx2 can be quantified with 

correlation (cross correlation) functions computed for pairs 

of waveform profiles separated in time. Figure 7(a) shows 

correlation functions for time separations of up to 20 min. 

Twelve are shown, covering arr 1, arr 2, and arr 3 over the 

four geotime windows. These are computed by first forming 

the pair-wise cross-product (inner product) of waveforms 

separated in time [clock time t with lag (separation) s], and 

also lagged by time within the pulse waveform (also called 

fast time tf, with t1< tf< t2, and with lag dtf), then taking the 

maximum with respect to fast time lag. Before the 

maximum-taking step, the inner products are normalized 

such that autocorrelations at zero lag equal to 1. The expres

sion for the temporal correlation function for a collection of 

time-lagged matched-filtered waveforms U is as follows:    

R sð Þ ¼

*

max
dtf

(
Xt2

tf¼t1

U tf ; tð ÞU tf þ dtf ; tþ s
� �

 
Xt2

tf¼t1

U2 tf ; tð Þ

!1=2 
Xt2

tf¼t1

U2 tf ; tþ sð Þ

!1=2

)+

; (3) 

where tf indicates time incremented within the waveform. 

The angle brackets indicate ensemble average over correla

tions of pairs of pulses sharing a common lag s. This proce

dure is like that used by Duda et al. (2012) to compute 

coherency of broadband waveforms. In that paper, spatially 

lagged correlation along an array was computed, with the 

maximum-taking step used to accommodate along-array 

arrival time delay, also called arrival time wander 

FIG. 5. The thick blue line indicates time-mean of the detrended 15-min 

subsampled Rx2 arrivals of Fig. 3. Each arrival is oversampled before the 

averaging is done. Four narrow (steady in time) weak arrivals before the 

three strong main arrivals are visible, marked “p.” After the 90-dB main 

arrivals, four wide time-windows marked “g” filled with fluctuating sound 

sum to low levels no higher than 73 dB, 20 dB below the main peak. Two 

BELLHOP3D modeled pulse arrival snapshots (not averages) are also 

shown. One is for a range-independent sound speed situation, and the other 

is for 3D-variable sound-speed from a data-assimilating model.
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(Flatt�e et al., 1979). Here, using the maximum, which may 

not be at fast time lag 0, also accommodates wander that 

does not effect waveform shape. The use of the matched- 

filter processed waveforms mitigates the effects of noise on 

the estimated signal coherence. However, some brief instan

ces of high noise and the steady moderate noise, as shown in 

for arr 3 at geotime 1 in Fig. 6, do alter the temporal coher

ence structure, so the mitigation is not complete and the 

computed R values are lower bounds. The R values are 

above 0.9 except for the 7.22–7.27 s (first arrival) time win

dow with the multipath transition, geotime 2. Figure 7(b) 

shows the R functions for the entire received waveform, 

which has properties similar to the short time-window func

tions of Fig. 7(a). Geotime 1 has a noise event that distorts 

the function. Geotime 2 has a micromultipath transition that 

reduces correlation. The other two 20-m windows (geo

times) show high R. For comparison, the ASIAEX 2001 

dataset from a shelf-edge environment with energetic ITs 

FIG. 6. The matched-filtered Rx2 signals of the two strong peaks and the interval of fluctuating arrivals are shown for four 20-min pulse windows. These win

dows are named geotimes 1–4 as labeled. Three arriving waveform sections are depicted bottom to top: (bottom row) arr 1 first strong arrival; (middle row); 

(top row) arr 3 weak arrival period, signals 20 dB below arr 1. The “fast time” pulse arrival time axis has an arbitrary offset that differs from the offset in 

Figs. 2, 4, and 5. For each geotime, the pulse groups and the time-mean pulse are shown in left/right pairs, with the time-mean pulse (micropascals) on the right, 

and the 60 repeats of the arriving sound (3 per minute) on the left. Geotime 1 is a period with elevated noise. Geotimes 2 and 3 are two consecutive 20-min 

windows that show some pulse transitions that exceed what was typically observed. Geotime 4 has low noise and a typically steady first arrival at 7.25 s.

FIG. 7. (a) The time-lagged maximum normalized correlation of each of the 12 multipath sequences shown in Fig. 6 (three steady arrivals, four geotimes). 

The geotime 1 sound (plotted in black) has lower SNR. The immediate drop for arrival 3 geotime 1, and the fluctuations at 4, 8, and 12 min for the other geo

time arrivals, are caused by incoherent noise. Geotime 2 sound has a multipath transition and a reduced correlation. Geotime 4 sound has high temporal cor

relation that is typical for the experiment. (b) Correlation calculated for the entire waveform, 7.2–7.5 s reduced time.
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and nonlinear waves showed e-folding correlation times of 

2–15 min for snapshots of vertically sampled narrowband 

signals extracted from broadband signals (Mignerey and 

Orr, 2004).

Figure 8 shows the mean R(s) functions for the three 

analyzed arrival groups (two strong arrivals, arr1 and arr2, 

and the first extended arrival group, arr3) computed for all 

pulses over the 5 day experiment. These curves corroborate 

the finding understood from the careful examination of the 

selected pulses analyzed in Figs. 6 and 7. The 5-d median 

values are higher than the mean correlation coefficient val

ues, showing that outlier events reduce the mean. Reduced 

R is associated with noise events, such as those examined in 

Figs. 6 and 7.

C. Rx2 arrival long-term tidal periodicity and stability

The signal correlation at time lags longer than 20 min is 

examined using ensemble averages of the matched-filter 

arrival time series in each 20-min window, which we refer 

to as the mean pulses for the 20-min windows. Figure 6 

shows portions of the mean pulses for four geotimes as line 

plots. Two parameters are used to quantify window-mean 

peaks that are sustained in the 6-day time series: the travel- 

time anomaly of a given peak (arrival time of a persistent 

peak after clock corrections with the mean corrected time 

removed), and the peak level. Figure 9 shows these parame

ters for the first strong arrival (at time zero in Figs. 2 and 5 

and time 7.25 in Fig. 6). The peak level [Fig. 9(a)] varies 

over 20 dB, with an RMS fluctuation of 4.6 dB. The time 

anomaly range is about 12 ms [Fig. 9(b)]. Figure 9(c) shows 

the spectrum of the time variations computed using eigen

value spectrum and periodogram methods. The eigenvector 

method (Marple, 1987), suitable for analyzing sums of 

sinusoids, produces parameter-dependent results. The 

method computes eigenvalues and eigenvectors of the auto

correlation function, with parameter p being the number of 

FIG. 8. The time-lagged correlation functions calculated by averaging over 

the entire 5-d series of pulses recorded at Rx2 are shown with solid lines. 

These are the means of the R values obtained by averaging within 20-min 

pulse windows. The median over the record of the individual 20-min R esti

mates is given by the dashed lines.

FIG. 9. (a) The time series of peak matched-filtered sound intensity for the first main arrival (arr 1) of the 20-min mean pulses. The standard deviation is 

4.6 dB. (b) The timeseries of arrival-time for each arr 1 peak [dB level shown in (a)] with mean removed. The standard deviation is 2.4 ms. (c) A scatterplot 

of arrival delay-time anomaly [(in (b)] versus peak level [in (a)] shows no correlation. (d) Seven estimates of the spectrum of the data [in (b)] are shown. 

The parameter p is the signal subspace dimension used in each eigenvector method spectral estimation. Peaks near one and two cycles/d, and other frequen

cies, can be seen in all spectra, although with low confidence level (not shown).
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eigenvalues to include in the signal subspace for spectral 

computation. Spectral peaks appear in tidal bands of one 

and two cycles per day in a few spectral estimates. 

Spectrum computations for the peak-level fluctuation time 

series do not show any tidal peaks. The analysis does not 

support the hypothesis that the observed tide-linked motions 

have a strong acoustic signature.

The pulse-to-pulse correlation analysis used for the 20- 

min windows was also applied to the window-mean pulses. 

Figure 10 shows the results. The correlation coefficient 

drops significantly below the high 20-min values of Fig. 8, 

falling below 0.94 for the first arrival (arr 1) after a few 

hours, and falling below 0.87 for the third (fluctuating) 

arrival (arr 3). The correlation for a longer pulse section 

containing arr 1 and arr 2 (fast time 7.22–7.35 s) is lower 

than it is for arr 1 or 2, implying that the individual arrivals 

have independent fluctuations, so that the wave form 

changes shape over time. The curves also reflect the fact 

that arr 1 and arr 2 carry virtually all of the energy for mean 

pulses computed in 20-min segments (arr 1, 2 and arr 1, 2, 3 

curves almost identical).

D. Rx3 arrivals

The Rx3 arrivals are a blend of isolated steady arrivals, 

closely spaced arrivals that are difficult to separate and 

track, and intermittently detected arrivals that probably 

appear at times of low noise. The automated detector analy

sis method does not allow the effects of noise to be exam

ined, nor arrival patterns to be examined with complete 

detail. Nonetheless, some aspects of arrival variation can be 

examined. Figure 11(a) shows some arrivals in detail. The 

isolated steady arrival at 0.08 s reduced time shows a 15-dB 

variation (the color scale is saturated), while the next arrival 

at 0.1 s show less variation. On November 4–6, the 0.08 s 

arrival also shows a diurnal oscillation in arrival time, some

what anti-correlated with the plotted depth-averaged sound 

speed. This is the most notable example of a diurnal tidal 

oscillation that we have found in these data. These time var

iations exceed those caused by sensor motions (see next par

agraph). The delay of arrivals under conditions of lower 

sound speed is an intuitive effect that is readily understand

able for high-angle paths that are governed more by bound

aries than by refraction. However, the effect is not seen 

every day for this arrival, and is not present for other arriv

als. The 0.08 s arrival amplitude shows hints of a diurnal 

cycle, three high-intensity peaks November 3–5, although 

these are spaced apart less than 24 h. Figure 11(b) shows 

many untrackable arrivals with timing and amplitude varia

tions at many time scales, including subtidal.

The pressure sensor records from Tx and Rx3 showed 

that Tx had a limited horizontal displacement, oscillating by 

about 1 m (mean –0.0476 m; SD 0.3862) and that Rx3 hori

zontal displacement was also limited to about 1 m. These 

showed oscillations consistent with diurnal tides as well as a 

large single displacement event in the second half of 

November 6. The measurements of the oscillation of a 

mooring with respect to the other, when accounting for the 

sound speed at 90 m of depth recorded by W1, are consistent 

with variations of the measured pulse travel time of maxi

mum on 6 November of 3.5 ms, with SD of less than 0.2 ms. 

The large 6 November displacement is excluded from 

acoustic analysis. The low displacements at the other times 

contribute insignificant error to our analysis and 

interpretation.

The matched-filtered Rx3 phone 4 waveforms show 

strong temporal variations not seen in the Rx2 dataset, 

although the full scope of variations is not fully captured in 

the automated Rx3 arrival data (Figs. 4 and 11). Two full 

matched-filter waveforms, midstream in the automated anal

ysis, are shown in Fig. 12. These are waveforms spaced 12 h 

FIG. 10. The normalized correlation functions R(s) for time series U(tf,t) 

are shown for the 20-min window-mean pulses for the three arrival sections 

displayed in Figs. 2 and 6. The first strong arrival (arr 1, fast time 7.22– 

7.27 s) has the highest correlation over time, with arr 2 being the next high

est. Correlation is lower for arr 3. The [arr 1 arr 2] time window of 7.22– 

7.35 s has a low correlation, similar to the result for a wider window ([arr 1 

arr 2 arr 3], 7.22–7.45 s). The curves for arr 2 and [arr2 arr3] are similar.

FIG. 11. (a) Matched-filtered pulse arrivals at Rx3 of Fig. 4(b) are replotted 

to show two persistent arrivals in more detail. The black line indicates the 

time series of depth-averaged sound-speed measured at W1, near the 

receiver, with maximum value 1528.8 and minimum 1520.8 m/s. The effect 

of the deep diurnal wave can be seen. (b) A different subset of Rx3 

matched-filtered pulse arrivals from Fig. 4(b) is plotted.
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in time. At the time of the first waveform (about 7 AM), the 

ocean has high depth-averaged sound speed (deepened 

lower isopycnals), the other has low average sound speed 

(see sound speed in Fig. 3 and average sound-speed curves 

in Fig. 11). The early selection shows 11–13 peaks, and the 

highest peak is not prominent above the others. The later 

selection has one tall peak surrounded by six or seven other 

peaks. The implication is that steeper upslope propagation 

in the final 20 km of the Tx to Rx3 path is strongly impacted 

by the water column, with such impact not seen in the Tx to 

Rx2 path.

E. Simulated arrivals

The BELLHOP computational model (Porter, 2011) 

was used to simulate 3D propagation over the experiment 

paths. A parallelized version (bellhopcxx) from the 

University of California San Diego was used (https://github. 

com/A-New-BellHope/bellhopcuda). The purpose was to 

understand the propagation geometry of the stable arrival 

pattern. BELLHOP simulates underwater sound propagation 

by computing rays and using beam propagation theory to 

build sound fields around those rays. Here, the model is 

used to find rays that contribute sound at the receivers, and 

then to compute the temporal impulse response consistent 

with those rays. The model produces various output parame

ters that are useful for understanding the nature of the simu

lated sound. Two water-column sound-speed field 

conditions were considered. One is a uniform (range-inde

pendent) sound-speed profile throughout the area, and the 

second is a 3D-variable sound-speed snapshot from a data- 

assimilating numerical model of the area developed for this 

project (Oddo et al., 2023).

Figure 13 shows a simulated pulse arrival at 85-m depth 

at Rx2, and parameters of the rays that contribute to the 

simulated pulse. Seabed properties used here were acoustic 

wave speed 1600 m/s, shear wave speed 0 m/s, density 

1800 kg/m3, and p-wave attenuation 0.8 dB per wavelength 

(type 1 seabed, here). The 3D variable sound-speed field 

FIG. 12. Matched-filter Rx3 output at high tide (top) and at low tide (bottom). Red circles indicate the flagged and analyzed multipath arrivals (11 arrivals at 

07:08 AM, 4 at 07:10 PM). In other words, the red-circle flagged peaks appear in Figs. 4 and 11. Time zero is set 0.3 s before the highest peak in these two 

plots only.

FIG. 13. (a) The headings at the source and the receiver of rays received at 

Rx2 in a BELLHOP3D model run for November 8 model conditions, bot

tom type 1. Heading in degrees is plotted using math convention, so that 0�

is east and 45� is northeast. The sound arrives first going in the direction 

40�, then arrives traveling gradually more easterly. The early arrivals are 

nearly straight-line, while the later rays are deflected to the right. (b) Ray 

deflections computed using the points in (a) are plotted. (c) The number of 

surface reflection and bottom reflections is plotted for each ray. (d) The sim

ulated broadband synthesized waveform is plotted, also shown in Fig. 5.
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from the 0200 UTC November 7 snapshot of the data- 

assimilating model put together for this area was used 

(Oddo et al., 2023). This snapshot was late in the experi

ment and incorporates more experimental observations than 

earlier snapshots. The initial arrival rays are close to 

straight-line in plan view, whereas the rays that follow are 

deflected to the right looking toward the receiver, with 

deflection increasing with time up to 3� at 1 s of delay. The 

number of surface reflections of these rays increases from 0 

to 10 with time, while the number of bottom reflections 

increases from 1 to 10. The maximum excursion of eigen

rays to the left side of the straight-line path (looking from 

source to receiver) is 140 m (not plotted). The simulated 

pulse arrival bears some resemblance to the measured pulse, 

with both plotted in Fig. 5. Seven distinct groups of multi

path arrivals are seen in the simulated pulse [Figs. 5 and 13 

(a)–13(d)]. Each group of arrivals shares a common number 

of bottom reflections [Fig. 3(c)], with three different num

bers of surface reflections in each group. Bottom reflections 

range from 5 to 10 for the six delayed groups. The ray 

groups are also distinguished by vertical declination angle 

(not plotted). The first group has angles between 0� and 10�

from the horizontal (upward or downward), consistent with 

rays not intersecting the seabed or grazing the seabed. The 

second group (five bottom reflections) has ray-angle abso

lute values between 11� and 14�. The third group has values 

of 15�–16�, and these angles continue upward to 24� for the 

seventh group. Upslope conversion causes declination to 

increase with each reflection. The multiple groups of dis

persed arrivals are similar to those observed for a 10-km 

upslope path off the South New England shelf (DeCourcy 

et al., 2022).

Inspection of Fig. 5 shows that the arrivals are split into 

two types: a single long set of arrivals, then four groups of 

horizontally deflected arrivals each with a fixed number of 

implied bottom reflections (from 5 to 8). These arrive at 

times 0.02–0.6 s in the model, and times 0.1–0.6 s in the 

data. Some time misalignment may be caused by errors in 

the bathymetric database. The initial extended set of arriv

als, for few bottom bounces, has a different character in the 

simulation and the data, which may be caused by inaccura

cies in the model sound speed field or the model bathymetry. 

The main peak arrivals, with two bottom reflections, are 

modeled to have intensity near that seen in the data, but the 

later arrivals with more bottom reflections are too strong in 

the simulations. This implies that the additional reflections 

are not attenuated enough in the model. Reducing the seabed 

acoustic wave speed, changing to an elastic medium seabed 

type to divert energy to shear waves, and increasing attenua

tion would each serve to decrease the seabed reflection coef

ficient. Considering the option of a seabed inversion, it is 

apparent that signal attenuation is not proportional to the 

number of seabed reflections for the later, steeper arrivals, 

despite the restricted range of ray grazing angles (10�–25�), 

and that full 3D propagation physics with a variable seabed 

would be needed to fully utilize the data. For example, using 

duration and amplitude to estimate energy in each group of 

arrivals, and accounting for noise, the relative energies for 

the 5, 6, 7, and 8 seabed reflection groups are 0, –4.7, – 9.1, 

and –10.1 dB. The similarity of the energy in the final two 

received groups is notably inconsistent with a simple reflec

tion model.

Simulations of sound emitted from Tx and received at 

Rx3 were performed for three seabed types. The seabed 

sound-speed of 1600 m/s (seabed type 1) used for the Rx2 

simulation was again used. Two additional sound speeds 

were also used: 1720 m/s and 1520 m, which yield high and 

low bottom reflection in BELLHOP, respectively. Figure 14 

shows the results. For this sound path, the received sound is 

deflected to the left up to 4� as it propagates in the type 1 

simulation. All sound reflects off the seabed a least four 

times in the simulation.

The type 1 seabed yields sound that is attenuated more 

than 15 dB from its peak value at times outside of a 0.08 s 

main arrival window. The data show strong arrivals spread 

over more than 0.2 s, so this is a little inconsistent. The more 

reflective seabed shows strong arrivals about 0.2 s after the 

main early peak, better matching the data in this respect, yet 

inconsistent with the data because the simulated energetic 

sound window (above –15 dB re peak) extends 0.6 s longer 

than in the data. Although we attempt to mitigate the effect 

of varying SNR by looking here at the strongest 15 dB of 

signal, low SNR and processing restrictions may mask some 

sound in the data.

The time-dependence of the Rx3 multipaths illustrated 

in Fig. 12 was investigated with a time series of 2D 

BELLHOP simulations using the 4D-variable ocean model 

FIG. 14. Similar to Fig. 13, showing simulated sound at Rx3 from Tx. (a) 

The headings at the source and the receiver of contributing rays are shown 

for the bottom-type 1 model. Units are degrees counterclockwise from east. 

The initial arrivals are nearly straight-line, while the later rays are deflected 

to the left. (b) Ray deflections computed using the points in (a) are plotted. 

(c) The number of surface reflection and bottom reflections is plotted for 

each ray. (d) The simulated broadband synthesized waveform is plotted for 

the bottom-type 1 simulation (1600 m/s bottom sound speed), and for two 

other simulations with the listed seabed sound speeds.
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fields. The eigenrays at the times of the Fig. 12 waveforms 

are shown in Fig. 15.

The 7 AM regimen returns a higher number of ray inter

actions with both the surface and the bottom, when com

pared with the 7 PM regimen. The process of the sound 

penetrating into the surface duct (mixed layer) is very sensi

tive to model details, for example, the tilt of the upper sur

face of the transition layer (Colosi and Rudnick, 2020). This 

tilt is also quantifiable as variable surface layer depth, which 

can occur with IT displacements, as observed in our records 

but likely not accurately represented in the models because 

of sensitivities to grid spacing, bathymetry, and stratification 

(Ponte and Cornuelle, 2013; Zhang et al., 2014; Duda et al., 

2016). Nonetheless, some aspects of the IT signals in the 

model are consistent with observations. The sound-speed at 

the depth of the receiver (90 m) fluctuates with semidiurnal 

frequency on the Tx end of the Tx-Rx3 path (not illustrated). 

Semidiurnal variability is also seen in the middle of the 

path, although 90-m depth sound speed is lower here than at 

Tx. Moving toward Rx3, the sound speed fluctuation 

become mainly diurnal. Thus, the modeling agrees with the 

observations (Poulain et al., 2023), who found that the diur

nal K1 signal in the vertical displacement of isopycnals is 

significantly enhanced on the Maltese Bank.

IV. DISCUSSION

The data show notable sound properties. Our main find

ings are as follows: 

1. The 25-km path sound at Rx2 is remarkably steady. It is 

extremely coherent over 20-minute periods, with R gen

erally well above 0.92 (Figs. 6–8), and very coherent 

over 6 days, with R above 0.85 (Fig. 10).

2. The diurnal oscillation that dominates the sound-speed 

anomalies in the area does not cause dominant diurnal 

sound-field fluctuations. A few cycles of diurnal sound 

travel-time fluctuation are seen in the longer 45-km path 

to Rx3 [Fig. 11(a)].

3. Multipath fading is one cause of temporal decorrelation, 

but steady multipaths overwhelm the effects of intermit

tent fades to maintain coherency of the overall waveform 

at Rx2 (Fig. 6 shows multipath arrival time series with 

correlation values in Fig. 7).

4. The simulated pulses do not match the data very well. 

This may be caused by a lack of 2D high-resolution 

bathymetric data, such as can be obtained with multi

beam survey sonar. However, the Rx2 arrivals validate 

the model suggestion that sound arrives in multipath 

groups that each have a common bottom-reflection count, 

with each group increasingly horizontally deflected with 

reflection count, with deflection up to 3� (Fig. 5).

Expanding on point (1), the full-waveform correlation 

coefficients greater than 0.97 for 20 min (Fig. 7) are notable. 

It is important to note that many underwater acoustics stud

ies showing rapid sound decorrelation have been done at 

sites chosen for their active dynamic features. The purpose 

of those was to identify and quantify strong episodic effects 

on the sound (e.g., Badiey et al., 2005; Chiu et al., 2004; 

Duda et al., 2004, 2012; Sperry et al., 2003). This study did 

not target a site of pronounced water-column variations, and 

it shows that steady sound can exist, at times, for seabed- 

interacting sound in a Mediterranean Sea slope environment. 

This work provides a valuable benchmark for long-duration 

coherence in upslope propagation conditions.

The signal stability is consistent with weak scattering. 

For example, in the limit of zero fluctuation, signals will 

FIG. 15. Modeled ray paths 

between Tx and Rx3 during the 

early morning (A) at 07:08 AM 

and during the late afternoon (B) at 

07:10 PM overlaid on the modeled 

sound speed field. Rays in blue 

interact only with the bottom.
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never decorrelate. On the other hand, the intensity variations 

for the multipath (ray path) arr 1 shown in Fig. 9(a) are 

strong, with scintillation index (SI) of 0.97, far greater than 

the weak scattering limit of about 0.3, with SI defined as 

intensity (amplitude squared) variance divided by the square 

of mean intensity. SI near 1 implies saturation, interference 

of many microrays with uncorrelated fluctuations. For rays 

that are water-column refracted, and not strongly affected 

by boundary reflection, fluctuation behavior has been exam

ined in many studies in terms of the strength parameter (U), 

which is close to the RMS phase fluctuation in most situa

tions, and a diffraction parameter K, which is related to 

intensity variation (Lynch et al., 2006; Colosi, 2015 and 

2016; Esswein and Flatt�e, 1980). In particular, Colosi 

(2015) lists estimates of these parameters for many experi

ments and compares observed versus predicted sound fluctu

ation behavior. These parameters are computed using 

models for internal waves, and can be used to delineate a 

weak-scattering regimen and stronger-scatter saturated fluc

tuation regimens where rays split into groups of interfering 

microrays. In partial saturation, microray fluctuations are 

correlated, while in full saturation microrays behave inde

pendently. Multipath arr 1 is largely refracted, with three or 

fewer boundary reflections, so we make a brief examination 

of the K-U theory. Previously, Sliwka and Fabbri (2023) 

presented a K-U analysis of MREP20 sound-speed data and 

sound data recorded at Rx2. The sound was from a 3-kHz 

source 13 km to the NE of Rx2. The along-path depth varied 

by about 10% and was not strictly upslope. They found con

ditions along rays on that path to be consistent with weak 

scattering bordering on partial saturation (KU2� 2), and 

verified this K-U regimen for supertidal-frequency sound 

fluctuations (tidal-band fluctuations removed). They show U 

of 7–10 radians and K of 0.02–0.07. Here, using U¼ 2pfrt, 

f¼ 750 Hz and RMS time perturbation rt¼ 2.4 ms for arr 1 

[Fig. 9(b)], we have U¼ 11.3, which is close to the value for 

the 13-km path. Sliwka and Fabbri employ an expression 

appropriate for weak scattering, K¼ 4SIU−2, which is not 

appropriate for arr 1 because unity SI implies the saturation 

regimen where SI is independent of details of the medium 

that are quantified in terms of the parameters. Nonetheless, 

using that expression gives us K¼ 0.03 for arr 1. Because 

SI� 1, K may indeed be much higher, beyond where SI is 

proportional to it. For U¼ 11.3, K would need to exceed 0.1 

for full saturation (see K-U diagrams in the references). 

Regardless of our diffraction parameter uncertainty and 

despite the possibility that boundary reflection effects not 

covered in the K-U theory may be contributing to intensity 

fluctuations, our lengthy correlation times for the entire 

waveform and for arr 1, and low U for arr 1, suggest that 

sound-speed perturbations along the separate ray paths, and 

any reflection geometry perturbations, are weak and uncor

related between paths, and have no trends, resulting in the 

overall arrival pattern being steady for 5 days.

Our Rx2-received signals showed a high coherence 

within 20-min time windows, with correlation R > 0.93 up 

to a delay of 20 min. Moreover, R remained above 0.75 over 

the 6 days of transmission. Previously, LFM signals with 

center frequencies of 450, 1200, and 3550 Hz transmitted in 

Mediterranean Sea showed much lower coherence even at 

shorter ranges (Yang, 2006). Coherence values were also 

lower in the ASIAEX experiment (Duda et al., 2004), with 

values dropping below 0.6 within about 6 min of delay and 

reaching 0.7 between 50 and 200 s of delay throughout the 

length of the transmissions.

Finding (2) follows directly from the fact that the sound 

is passing through the oscillating deep layers at large graz

ing angle. The time spent in the layer of perturbations 

caused by the deep oscillation is minimal, so the travel time 

anomalies are low. Also, intensity fluctuations generally 

result from encounters with changes in the sound speed gra

dient and second derivative normal to the path of the sound, 

so perturbations to gradients and second derivatives at turn

ing points dominate this process for vertical cycling rays 

(Duda and Bowlin, 1994; Colosi, 2016; DeFilippis et al., 

2023). The findings agree with theory that internal-wave 

based sound fluctuations are created at water-column turn

ing points (Colosi, 2016) because the rays have zero, one, or 

two turning points. Scattering effects during the more 

numerous reflections from the rough surface for the later 

(steeper) rays cause the later signals to fluctuate more, but 

these carry only a small energy fraction.

Finding (3), that multipath fading reduces coherence in 

an identifiable way, is illustrated in Figs. 6 and 7. Figure 6 

shows such fading for arrival 1 at analyzed geotime 2, fol

lowed by the onset of a new arrival (columns 3 and 4, lowest 

panels). This event causes the lowest 20-min correlation 

value of the 12 curves plotted in Fig. 7(a), for the 12 acous

tic records of Fig. 6, and the lowest full waveform correla

tion [Fig. 7(b)].

Finding (4) stems from the fact that the bathymetry and 

the water column are not precisely known. Despite the 

unknowns, a few points can be made about the patterns. Our 

Rx2 arrival patterns and the modeled patterns have similari

ties with patterns in DeCourcy et al. (2022). They did not 

observe leading arrivals with intensity higher than the dis

persed groups, which we did observe for our 25-km path. 

On the other hand, their modeling produced the intense lead

ing arrival pattern (leading arrivals have fewer seabed 

reflections). DeCourcy et al. (2022) attribute the modeled 

intense arrivals to surface ducting along at least a portion of 

the path, which is difficult to model without accurate mixed- 

layer depth. Our modeling shows that the early bottom- 

reflecting arrivals may have incident angles with the seabed 

of 10�–12�, low angles that may increase their energy in a 

manner that is beyond the scope of this paper to determine.

V. CONCLUSION

Previous studies conducted using oceanographic data 

from our research campaign indicate that the Malta Plateau 

is characterized by ocean dynamics at the diurnal and semi

diurnal frequencies. The diurnal K1 tidal oscillation is mod

ulated fortnightly with amplitudes of 15–25 m at 160 m of 
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depth. Its greatest amplitude is near the seafloor, and there is 

only weak oscillation of the surface mixed layer base. This 

oscillation gets stronger moving from the deeper water onto 

the shelf (Poulain et al., 2023). Semidiurnal oscillations 

were also measured, but they were much smaller. A subse

quent numerical modeling study (Oddo et al., 2023) evi

denced that the K1 oscillations behave as Kelvin-like 

bottom trapped waves propagating southward, generated by 

the interaction of the barotropic tidal flow with the steep 

bathymetry. Despite all these dynamical internal ocean fea

tures, the sound field of the area remained stable during our 

sound transmission experiment. While several cycles of 

diurnal sound fluctuations were measured along the longer 

Rx3 path, diurnal tides had little impact on temporal coher

ence of which we have quantified in detail on the shorter 

Rx2 path. Moreover, our study demonstrated that upslope 

sound transmissions along two paths in the Malta Plateau 

are very coherent over our observation period of 6 days. 

Signals received in our experiment showed a high coherence 

over 20-min periods. The correlation coefficient was higher 

than 0.93 up to a delay of 20 min, and remained above 0.75 

over the 6 days of transmission. These are lower bounds for 

coherence because processing steps to remove out-of-band 

noise were not done.

Of note is that acoustic simulations did not match the 

acoustic observations. This is not surprising given the uncer

tainties in the water column sound speed and the bathymetry 

for this strongly bottom-interacting sound. The quantities 

and locations of seabed interactions of the multipath arrivals 

are potentially knowable with better information. At this 

time, the data support the hypothesis of a heterogeneous sea

bed in the area because the number of seabed reflections 

does not strongly track with signal strength of the arrival 

groups, which have distinct numbers of seabed reflections.
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