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Abstract: This work demonstrates the feasibility of using autonomous surface vehicles equipped with a shallow towed acoustic
module (TAM) to survey the spatial variability of low-frequency acoustic propagation across complex bathymetry, such as the
Atlantis II seamounts in the Northwest Atlantic. The abrupt seamount topography is found to significantly influence the
TAM’s recordings of chirp transmissions (500–600Hz band) from a bottom-moored source �30 km from the seamounts by
notably causing blockage of in-plane propagation paths and complex reverberation arrivals displaying three-dimensional
effects, as confirmed by synthetic aperture beamforming. Ray tracing simulations are compared to these observations based
on a data-assimilated ocean model. VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Deepwater abrupt topography changes, such as canyons and seamounts, can significantly enhance the complexity of
underwater sound propagation by notably creating highly variable three-dimensional (3D) scattering effects (Heaney and
Baggeroer, 2006; Ballard and Sagers, 2019; Ballard et al., 2023; Guo et al., 2023), thus making it more challenging to pre-
dict numerically (Jensen et al., 2011). Previous numerical studies have used idealized seamount shapes to investigate such
effects (Luo and Schmidt, 2009; Lin et al., 2013; Mallik et al., 2024) and more realistic modeled bathymetry near an island
(Lin et al., 2022). However, further modeling and experimental studies are needed to investigate the complex sound propa-
gation effects caused by abrupt seamount topography specifically. One avenue to precisely survey the spatial variability of
deepwater sound propagation induced by isolated seamounts, e.g., causing topography-induced scattering effects, is to use
instrumented autonomous surface vehicles (ASVs) that can be accurately geo-located. These precise acoustic observations
can, in turn, be used to validate numerical model predictions in these complex environments.

In 2023–2024, the Office of Naval Research (ONR) sponsored a series of experiments near the Atlantis II (A2)
seamounts, which are part of the volcanically created New England Seamount chain. The A2 seamounts were chosen as
the study area due to their unique characteristics, comprising three nearby peaks rising more than 3000m above the sea-
floor with steep flanks. The central peak on the northern end is traditionally called the A2 summit [A2 label on Fig. 1(a)].
In contrast, the smaller peak to the southeast is called the Caldera [C label on Fig. 1(a)] because it has the typical features
of a collapsed volcano. The Gulf Stream (GS) axis frequently crosses over the A2 seamounts’ area. Interaction of the GS
with the complex bathymetry leads to substantial spatial and temporal sound speed variability near its frontal structure
[see Figs. 1(b) and 1(c)] (Godin et al., 2024; McKinley et al., 2024; Walters et al., 2024). While the presence of strong cur-
rents in the upper ocean (such as the GS) can create significant operational challenges for ASVs due to set and drift, espe-
cially when equipped with a towed array (Premus et al., 2022; Treloar et al., 2024), we demonstrate here the feasibility of
using an ASV, specifically an instrumented Liquid Robotics (Herndon, VA) SV3 wave glider (WG) (Grare et al., 2021), to
experimentally characterize the spatial variability of low-frequency sound propagation near the A2 seamounts.

To do so, the ASV was equipped with a hydrodynamic towed acoustic module (TAM), composed of a compact
tetrahedral hydrophone array (with 13 in. arm length) to minimize drag effect, and a conductivity-temperature-depth
(CTD) probe was deployed shallow (depth �12m) along the GS boundary and crossed over the A2 seamounts’ region.
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Specifically, the TAM recorded low-frequency chirp transmissions (500–600Hz) from a bottom-moored source (depth
�1250m) located �30 km south of the A2 Caldera [see Fig. 1(a)]. We report observations of convergence zone (CZ) prop-
agation paths in the plains surrounding and between A2 seamounts, as well as blockage of the main propagation paths
while the WG crosses north of the Caldera, as well as the presence of a complex reverberation arrival structure and 3D
(i.e., out of plane) sound propagation effects at most surveyed locations. The out-of-plane propagation effects are con-
firmed by the synthetic horizontal aperture beamforming of groups of closely spaced successive source transmissions
recorded by the WG’s TAM. Furthermore, two-dimensional (2D) and 3D ray tracing simulations are performed with input
sound speed fields computed from the outputs of a data-assimilated Massachusetts Institute of Technology general circula-
tion model (MITgcm) (Marshall et al., 1997) to help interpret these experimental observations.

2. Methods

2.1 Data collection

Oceanographic and acoustic data were collected using the WG and ASV. The system comprises three components: the sur-
face float (housing the scientific payload, including sensors for conductivity, temperature, and sound velocity), the propul-
sion unit, called the sub (8m below the float), and the TAM, positioned at 10–12m deep, towed �10m behind the sub.
The TAM includes a tetrahedral hydrophone array (HTI-96-MIN; High Tech, Inc., Long Beach, MS), a four-channel
acoustic recorder (RESEA; RTsys, Caudan, France), and an AML-3 XC probe (AML Oceangraphic, Inc., Victoria, BC,
Canada) for measuring CTD parameters and sound velocity. This study used data from a single hydrophone sampled at
39 kHz. The WG was operated along the southern edge of the GS from May 31 to June 2, 2023 [see Fig. 1(a)], during the
NESMA-Pilot cruise.

2.2 Passive synthetic array beamforming procedure

The bottom-moored acoustic source [Woods Hole Oceanographic Institution Transceiver (WHOI-TR)] used in this study
was deployed at (38.04175�N, 63.0085�W). Initially set at 700m depth, the source was blown down to 1200–1250m due
to strong local currents while the WG was deployed. Thus, a nominal source depth of 1250m was used for the acoustic
simulations. The source signal was a 2.5-s up-chirp (500–600Hz), transmitted every 10 s during 5-min intervals at the start
of each hour, totaling 30 chirps per hourly cycle. The recording of these successive 30 chirp transmissions by the moving
TAM’s hydrophone (see Fig. S2 in the supplementary material) enables the emulation of WHOI-TR reception by a 30-
element horizontal synthetic array (Autrey, 1988) along the WG’s track (see Figs. S2–S6 in the supplementary material).
This synthetic array allowed for (1) incoherent stacking of the envelope of the selected arrival windows across the 30 ele-
ments of the synthetic aperture to enhance the signal-to-noise ratio of the selected arrival and (2) determining the direc-
tion of arrival of the selected arrival window based on incoherent time-delay beamforming (Johnson and Dudgeon, 1993).

Fig. 1. Wave glider (WG) track at the start of each WHOI-TR transmission cycle (black and white dots) overlayed on bathymetry (a) and sim-
ulated surface sound speed (b). White dots represent WG locations where acoustic data are missing. (c) Simulated speed profile South to
North transect, which intersects with the Woods Hole Oceanographic Institution Transceiver (WHOI-TR) source (white diamond) at
63.0085�W. K, A2, and G are the Kelvin, Atlantis II, and Gosnold seamounts, respectively, and C is a caldera associated with the Atlantis II
seamount complex.
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The heading of the synthetic array was determined based on the initial geo-localized position of WG’s surface float at the
start of the 5-min reception period. The standard deviation and mean value of this heading angle over the 5-min reception
period are provided in Sec. 3 hereafter. The following simplifying assumptions were also made: (1) The WG has a uniform
linear motion for 5min (or shorter if the time is truncated due to the WG turning significantly between intervals). (2)
There is a constant relative position of the TAM to the WG’s surface float. (3) There is steady hydrophone depth. (4) The
plane wave beamforming procedure used the TAM’s average AML-measured mean sound speed over the 5-min reception
period. Based on this simple approach and inherent uncertainties, it was found that performing incoherent stacking and
beamforming of the selected arrival wavefronts from WHOI-TR transmissions yielded the most robust estimation of their
apparent angle of arrival in this complex environment.

2.3 Ocean circulation model setup

The data-assimilated MITgcm solutions provided the sound speed field used for ray tracing simulations. This model solves
the Boussinesq equations of motion on a rotating sphere and is implemented on a 1/12� grid (�9 km resolution) with 50
vertical z-levels and bathymetry from ETOPO-1. Initial and open boundary conditions were derived from HYCOM-GOFS
3.1 1/12� global analysis (Chassignet et al., 2007) and adjusted with Copernicus Marine Environment Monitoring Service
(CMEMS) sea surface height (SSH) data. Atmospheric forcing was based on ERA5 reanalysis, and assimilated observations
included satellite along-track SSH from Jason-3, CryoSat-2, SARAL/AltiKA, and Sentinel-3A satellites via the Radar
Altimeter Database System (RADS) (National Oceanic and Atmospheric Administration, 2024a) and geo-polar daily
blended sea surface temperature (SST) data at 5 km resolution (National Oceanic and Atmospheric Administration,
2024b). A four-dimensional variational assimilation (4D-Var) framework (Stammer et al., 2002; Forget et al., 2015) con-
strained the model state during the selected observation period to enhance the accuracy of the estimates’ GS features like
eddies and meanders.

2.4 Ray tracing simulations

Ray tracing simulations used BELLHOP (Porter, 2011) and BELLHOP3D (Porter, 2019). The input sound speed field, derived
from MITgcm outputs for June 1, 2023, at 12:30, was calculated using the TEOS-10 toolbox (Roquet et al., 2015) and
interpolated from a 9 km model resolution to a 1 km resolution. Bathymetry was based on the GEBCO database, while the
seafloor was crudely modeled as a fluid layer with a sound speed ratio of 1.5 and attenuation of 0.2 dB/wavelength.
Transmission loss (TL) simulations were conducted at the center frequency (550Hz) of the WHOI-TR transmissions.

3. Results

The ASV was primarily located along the southern edge of the GS, i.e., in the Sargasso Sea [see Figs. 1(a) and 1(b)]. During
at-sea operations, this track was selected to ensure the ASV did not experience the full strength of the GS’s current to main-
tain maneuverability. Preliminary comparisons between the physical observations collected by the ASV (i.e., local ocean tem-
perature, salinity, and sound speed) and the outputs of the numerical models are presented in Fig. S1 in the supplementary
material. Overall, these comparisons highlight the challenges to accurately predict the details of the meso(sub)-mesoscale GS
dynamics, especially at shallow depths [�12m here corresponding to the average TAM’s depth during the WG deployment;
see Fig. S1(d)], with currently available approaches for ocean circulation models. A more detailed analysis will be the scope of
future work. In the remainder of the analysis, we will solely focus on the influence of the A2 seamounts’ topography on the
spatial variability of the recorded low-frequency transmissions from the WHOI-TR source.

Figure 2 shows the predicted TL values (for the center frequency 550Hz of the WHOI-TR transmissions) at the
TAM’s depth (12m) using either 2D [Fig. 2(a)] or 3D [Fig. 2(b)] ray tracing simulations. A notable feature is the typical
deepwater CZ propagation ring (at a range of �58 km for the first CZ annulus), which is interrupted by the presence of
the A2 seamounts. Note that the 3D ray simulations predict a stronger increase in TL behind the seamounts than 2D ray
simulations, thus confirming the 3D influence of the seamounts on the blockage of propagation paths originating from
WHOI-TR. The ASV’s track is also overlaid on Figs. 2(a) and 2(b), with green dots indicating locations where the TAM’s
hydrophone successfully recorded clear arrivals resulting from WHOI-TR transmissions. In contrast, red dots indicate
locations where no clear arrivals were detected on the TAM (see Fig. S5). White dots mark locations where acoustic data
were missing due to hardware issues. These observations are consistent with the predicted TL values, confirming that
WHOI-TR transmissions can be recorded along most of the ASV’s track, except when the ASV was located north of the
Caldera [see Fig. 1(a)]. To further illustrate this effect, Fig. 2(c) shows a vertical transect of the TL variations (from 2D ray
tracing), which displays the formation of the first CZ and how it can be recorded at the selected shallow TAM’s location.
On the other hand, Figs. 2(d) and 2(e) show vertical transects of the TL variations, which shows the Caldera seamount
can block the WHOI-TR transmissions from reaching the location of the TAM at the selected range. A white vertical line
marks the corresponding ASV’s range on each transect.

Figure 3 shows examples of the incoherently stacked envelopes of the 30 recorded WHOI-TR transmissions by
the TAMs (which were time-aligned based on the delay of the first arrival) for the hours when the ASV crossed near the
CZ annulus locations on the western [Fig. 3(b)] or the eastern [Fig. 3(e)] side and also for the hour right before or after
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the CZ crossing [Figs. 3(a), 3(c), and 3(d)]. Each panel first displays a couple of distinct arrivals associated with isolated
ray arrivals, followed by a more diffuse sequence of weaker multipath arrivals and reverberation patterns. The amplitude
scale is truncated to the same arbitrary threshold on all panels of Figs. 3(a)–3(e) to help visualize the weaker reverberation
arrival structure. However, Figs. 3(f) and 3(g) display the full amplitude scale of the CZ receptions (see gray and red
shaded arrivals) recorded, respectively, on the western side or the eastern side of the A2 seamounts [same as Figs. 3(b)
and 3(e), respectively]. Overall, the amplitude of the CZ arrivals appears to be an order of magnitude (�10) louder than
receptions made at other locations, i.e., a 20 dB increase in amplitude level, which is consistent with the ray tracing predic-
tions shown in Fig. 2. For completeness, Figs. S3 and S4 show the envelopes of the full recorded waveform from each of
the 30 successive WHOI-TR transmissions corresponding to the same ASV locations shown in Fig. 3. Overall, the compar-
ison between the TAM’s measurements and the ray tracing simulations shown in Figs. 2 and 3 confirms that the simulated
sound speed profiles obtained from the selected regional ocean model and selected bathymetry resolution for the area are
sufficiently accurate to predict the dominant features of the low-frequency sound prediction between WHOI-TR and the
ASV, such as the occurrence of the CZ (see Figs. S3 and S4) or blockage of the main propagation paths between them by

Fig. 2. Nx2D (a) and 3D (b) ray tracing TL simulations at a depth of 12m overlayed with the WG track. Green dots indicate locations where
the WG TAM’s hydrophone recorded a clear reception of the WHOI-TR transmissions, while red dots indicate locations where no clear
reception was made. White dots indicate locations where acoustic data were missing. Panels (c) and (d) are 2D variations of simulated TL for
the transects marked by white lines in panels (a) and (b), respectively. The 3D variation of panel (d) is shown in panel (e).

Fig. 3. Mean value of the time-aligned (based on the first arrival wavefront) envelopes recorded across the 30-element synthetic aperture (i.e.,
incoherent stacking) of the arrival wavefront structure of the hours before and during and the hour after the WG passed the location where
the west [(a), (b), and (c)] CZ propagation annulus and the east [(d) and (e)] occur. No data were available for the hour after the WG crossed
the eastern CZ annulus. The first arrivals corresponding to CZ propagation in panels (b) and (e) are shown in panels (f) and (g), respectively,
with their full amplitude shown. In panels (b) and (f) and (e) and (g), the propagation paths corresponding to CZ propagation are shaded in
black and red, respectively.
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the Caldera (see Fig. S5). However, as expected, accurate predictions of the weaker reverberation structure visible in the
TAM’s recordings shown in Fig. 3 (and see Figs. S3–S5) were not found to be possible with the selected modeling
approach.

To further investigate the spatial origin of the multipath structure observed on the TAM’s recordings, Fig. 4
displays the results of synthetic aperture beamforming processing for two selected locations of the ASV. The left column
panels of Fig. 4 correspond to a location (38.4465N, 63.3782W) on the western side of the seamounts where the ASV
intercepted CZ propagation paths from WHOI-TR, the same location as Figs. 3(b) and 3(f). Beamforming results confirm
that the strongest first CZ arrival (red window) occurs along in-plane propagation at an apparent bearing angle of 143.6�,
i.e., along the geodesic path linking WHOI-TR and the ASV. Note that the standard deviation of the array heading during
the reception period was 0.74�. The effective values for the synthetic aperture and element spacing used to generate the
beamforming results in Fig. 4(e) were L¼ 191.73m and d¼ 10.65m (see Fig. S2). However, the weaker reverberation
arrivals (green window) appear to originate from slightly out-of-plane propagation at an apparent bearing angle of 136.7�,
which thus likely results from scattering from the seamount flanks.

On the other hand, the right column panels of Fig. 4 correspond to a location (38.4337N, 63.1441W) where the
ASV was above the southern edge of the A2 summit and approaching the Caldera seamount. Beamforming results for this
configuration also confirm that the first arrivals (red window) occur along in-plane propagation at an apparent bearing
angle of 164.3�. Note that the standard deviation of the array heading during the reception period was 2.10�. The effective
values for the synthetic aperture and element spacing used to generate the beamforming results in Fig. 4(f) were
L¼ 327.5m and d¼ 10.91m (see Fig. S2). However, the later multipath arrivals (starting after 2.5 s reduced time) exhibit a
highly complex mixture of distinct peaked arrivals surrounded by a more diffuse reverberation structure. Beamforming
onto the last peaked arrival (green window) indicates that it is associated with more pronounced out-of-plane propagation
at an apparent bearing angle of 156.0�. Similar out-of-plane propagation angles were found for the preceding group of
peaked arrivals visible in this later multipath structure. Additionally, given the shallow receiver depth (�12m), ocean sur-
face scattering effects will likely also influence the observed scattering effects induced by the seamounts.

4. Conclusions

In this work, we show that an instrumented ASV can be used to characterize the spatial variability of low-frequency deep-
water sound propagation. The study area was centered around A2 seamounts, a feature that significantly affected local
sound propagation. Notably, it caused blockage of in-plane propagation paths from a bottom-mounted source in-stratum
with the SOFAR channel when the shallow ASV’s TAM receiver was located behind the Caldera seamount, along with an
overall complex reverberation structure, which displayed 3D out-of-plane propagation effects as confirmed by horizontal

Fig. 4. Arrival-time structure recorded along the 30 WG positions used to create the horizontal synthetic aperture [(a) and (b)], mean value of
the time-aligned (based on the first arrival) envelopes recorded on the selected horizontal synthetic aperture [(c) and (d)], and selected plane
wave beamformer outputs [(e) and (f)] for two WG locations. For the left column panels, the WG was near where the western CZ arrival
from WHOI-TR occurred (same as shown in Fig. 3). For the right column panels, the WG is located above A2 seamounts. Specific locations
of the WG overlying the bathymetry are shown in Fig. S6 in the supplementary material.
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synthetic aperture beamforming. The TL predictions using the simple modeling approach implemented in this study were
found to be sufficiently accurate for predicting the main features of the received waveforms, such as the locations of CZ at
the shallow depth of the ASV’s TAM as well as locations where blockage of in-plane propagation paths occurs due to the
influence of the Caldera seamount. However, the standard modeling approach used in this study did not capture the more
complex propagation effects associated with the rough seafloor and seamount scattering. To do so would likely require
using full waveform 3D acoustic modeling combined with inputs from high-resolution bathymetry and potentially a
higher-resolution ocean model.

Supplementary Material

See the supplementary material for supporting data and a schematic of the synthetic array procedure.
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