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ABSTRACT:
During an experiment in deep water off the coast of Southern California, wind speeds ranged from 10 to 15 m/s and

wind forcing produced large breaking waves. A mid-frequency vertical planar hydrophone array recorded underwa-

ter ambient noise while an airplane equipped with a high-resolution video camera captured images of the sea surface

above the array. Beams of ambient noise between 5 and 6 kHz were projected onto the sea surface and synchronized

in space and time with the aerial images. Despite the array’s limited azimuthal resolution of the surface, due to its

modest 1 m horizontal aperture and relatively deep 130 m deployment depth, concentrated areas of high intensity in

the acoustic surface projection were observed to match visible breaking events in the aerial images.
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I. INTRODUCTION

Breaking waves are the dominant natural source of

surface-generated ocean noise. Laboratory experiments1–5

suggest that the principal mechanism by which breaking

waves generate sound at frequencies greater than 500 Hz is

the entrainment of bubbles that briefly oscillate on creation.

The mid-frequency (1–10 kHz) acoustic signature of a sur-

face wave is, therefore, confined to the time during which

the wave is actively breaking. Individual breaking events

have been observed acoustically as transient peaks in mid-

frequency power spectral density (PSD) on shallow hydro-

phones from the surf zone6,7 to the continental shelf8 and

deep ocean.9 The area of ocean surface that contributes sub-

stantially to ambient noise PSD increases with hydrophone

depth. Consequently, the temporal variance of PSD on time

scales of seconds decreases with hydrophone depth because

a deep hydrophone integrates over a larger radius on the sur-

face than a shallow one. Single-hydrophone measurements

of individual breaking events are generally restricted to shal-

low deployments.

Hydrophone arrays need not be as close to the surface

as single hydrophones to detect wave breaking events

because they can separate acoustic sources in space. Field

experiments have demonstrated localization and even track-

ing of breaking wave trajectories. Ding and Farmer9–11

tracked breaking waves along the ocean surface by calculat-

ing time-domain cross correlations of horizontally separated

hydrophones suspended 25 m below the surface.

Most analogous to the results presented here is the

extensive study of surface-generated high-frequency

(10–50 kHz) noise undertaken by Crowther and Hansla12 in

80 m water with a bottom-mounted, upward-looking array.

They found that tracks of spatially concentrated ambient

noise followed the trajectories of breaking waves visible on

recorded video and acoustic power coincided in time with

active breaking.

In this experiment, breaking waves were localized

acoustically with a mid-frequency noise array (MFNA)

deployed 130 m below the surface, and acoustic events were

matched to synchronized aerial images of the ocean surface

above the array (Fig. 1). The relatively deep deployment of

the MFNA, compared to those of instruments used in past

studies of surface noise, was due to the fact that the

TFOEx21 experiment was primarily intended to study

acoustic propagation at elevation angles close to horizontal

(h¼ 0). The deep location of the MFNA limited its resolu-

tion of surface sources but enabled observation of a larger

area of ocean surface than that observed in preceding field

measurements. The listening radius at 130 m depth, as

defined by Farmer and Vagle,8 is about 180 m at 6 kHz.

Breaking events were observed throughout a 250 m observa-

tion radius on the surface.

II. ENVIRONMENT

The TFOEx21 experiment took place 500 km west of

San Diego in 4000 m deep water. The part of the experiment

described here is a segment of one flight during which the

MFNA was in the field of view of the Modular Aerial

Sensing System (MASS). This flyover occurred on 2021–05-

09 from 21:05:59 to 21:07:41 UTC (14:05:59–14:07:41 local

time), during which time the MFNA recorded ambient noise.

All times reported here are UTC unless otherwise specified.

Directional surface wave spectra were measured by an

instrumented Wave Glider (Boeing Liquid Robotics SV3,

Herndon, VA); detailed description of available instrumen-

tation and processing is presented in Grare et al.13 The sig-

nificant wave height (Hs) during the flyover was 4 m

[Fig. 2(b)]. The dominant wave period was about 10 sa)Email: rsaenger@ucsd.edu
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[Fig. 2(c)]. The Wave Glider also carried two ultrasonic ane-

mometers that measured wind speed and direction. Winds

greater than 10 m/s were sustained for approximately 60 h

before the flyover [Fig. 2(a)], so the sea was well developed.

The wind and wave directions were nearly aligned at a head-

ing of about 340 deg.

The sound speed profile (SSP) was calculated by Del

Grosso’s method14 from 60 min (2021-5-9 20:30–21:30

UTC) of temperature measurements made by a thermistor

chain and a Wirewalker (Del Mar Oceanographic, San Diego,

CA). The thermistor chain and Wirewalker were linked

together and located 3 km from the MFNA at the time of the

flyover. From 0 to 50 m deep, 17 thermistors with 2.9 m spac-

ing measured temperature. The Wirewalker measured both

temperature and salinity between 50 and 100 m. From 100 to

200 m, 34 more thermistors with 2.9 m spacing measured

temperature. A complete salinity profile was obtained by

combining the Wirewalker salinity measurement with salinity

from a later conductivity–temperature–depth (CTD) cast on

2021-5-11 at 16:14 UTC. The Wirewalker measurements

were combined with thermistor chain measurements to make

a complete SSP from 0 to 200 m.

The mean SSP was downward refracting below the

mixed layer, which was about 40 m deep. Rays were traced

from the MFNA to the surface with Bellhop.15 Within the

250 m observation radius at the surface, measured from the

point on the surface directly above the MFNA, refraction is

weak because the propagation ranges are short and the

angles are steep. Rays through the measured SSP are similar

to those through an isospeed medium. For a given launch

angle from the MFNA, the range at which a ray through an

isospeed medium intersects the surface is within 7.5 m of

the range at which a ray through the measured SSP inter-

sects the surface. This is a modest discrepancy relative to

the radial beam width at a range of 250 m, which is nearly

FIG. 1. (Color online) Experiment schematic. Surface images and ambient noise were simultaneously recorded with the MASS and the MFNA, respectively.

The MFNA consists of 8 vertical staves of 64 elements each. Only the top 48 elements from each stave (pictured in black) were included in the results shown

here. Elevation (h) and azimuth (/) are defined with respect to broadside.

FIG. 2. (Color online) Wind and waves over four days leading up to the flight.

During the flight on 2021-5-9 from 21:05:59 to 21:06:41 (vertical dashed line),

the wind was 11 m/s from north-northwest. The significant wave height was 4 m.

The dominant wave period was about 10 s and incident from north-northwest.
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50 m [Fig. 3(b)], but the assumption of an isospeed profile

makes surface sources appear slightly closer in range.

III. INSTRUMENT PROPERTIES

A. MFNA

The MFNA consists of eight vertical staves separated

horizontally by 0.125 m. Each stave has 64 elements that are

separated vertically by 0.125 m. The MFNA was deployed

at a depth of 130 m and attached to a drifting surface buoy

tracked by the Global Positioning System (GPS).

Intermediate floats along the cable between the surface buoy

and the MFNA mechanically decoupled the MFNA from

wave action on the surface. A buoyant float at the top and

ballast at the bottom held the MFNA upright, but it was free

to rotate in azimuth. Pitch, roll, and heading sensors

recorded its orientation, and pressure sensors recorded its

depth. An analog filter with a passband between 500 and

9500 Hz followed each hydrophone, and the filtered signals

were sampled at fs¼ 25 kHz. During the flyover discussed

here, only the top 48 elements of each 64-element stave

were recording.

B. MASS

The component of MASS used here is an imaging sen-

sor called DoppVis,16 which records images of the ocean

surface at 2 frames/s and approximately 0.5 m resolution

over wide areas. The surface footprint of the camera’s field

of view during the flyover was approximately 3� 5 km. The

images were projected onto a georeferenced grid using the

aircraft’s location and attitude. The MFNA was in the field

of view for about 100 s during the flyover, which was

enough time to capture several large wave breaking events.

A 500 m box surrounding the MFNA was isolated for com-

parison with the acoustic measurements. The measured GPS

location of the MFNA was validated in the DoppVis

images.

IV. BEAMFORMING AND SURFACE PROJECTION

A. Conventional beamforming in vertical wavenumber

Frequency-domain snapshots of the recording are

obtained by fast Fourier transform (FFT) of segments of

length M¼ 4096 samples with a Kaiser window applied

(b ¼ ap ¼ 2:5p, where a is the parameter in the Kaiser win-

dow definition as written by Harris17). Each snapshot is a

vector of temporal Fourier transform coefficients, one for

each array element, at a specific frequency bin. The delay

between snapshots is R¼ 1024 (snapshots overlap by 75%).

Given time-domain pressure samples, pl;mðnÞ, on element m
of stave l, the rth snapshot, ~pl;mðx; rÞ, at normalized fre-

quency, x, is

~pl;mðx; rÞ ¼
XrRþM�1

n¼rR

wðn� rRÞpl;mðnÞe�ixðn�rRÞ; (1)

where snapshot number, r, begins at zero and wðn� rRÞ is

the temporal window.

Conventional beamforming in vertical wavenumber is

performed on each stave independently with a spatial Kaiser

window (b ¼ 1:5p) applied. The normalized vertical wave-

number, kz, is related to elevation, h, according to

kz ¼ kdz sin h; (2)

where k ¼ x=c is the wavenumber magnitude, c is the local

sound speed, and dz is the vertical spacing of array elements.

Similarly, the normalized horizontal wavenumber, ky, is

ky ¼ kdy cos h sin /; (3)

where / is the azimuthal angle. Positive elevation angles

correspond to downward-propagating waves. Each stave

consists of Nelm ¼ 48 elements numbered in order of

increasing depth, z, such that element “0” is nearest to the

ocean surface and element Nelm � 1 is deepest. The complex

vertical beam, xlðx; kz; rÞ, on stave l at normalized vertical

FIG. 3. (Color online) (a) Conventional beam pattern of a simulated 5 kHz

plane wave incident from 37.5� elevation and 30� azimuth on the 48� 8

element MFNA and (b) its projection onto the surface. Overlaid on beam

pattern are 3-dB beam contours for 5 kHz plane waves incident from 30� to

67.5� in elevation in 7.5� increments and 0�;630�, and 690� in azimuth,

as well as 90� elevation (overhead). A spatial Kaiser window (b ¼ 1:5p) is

applied to the vertical aperture and a rectangular window is applied to the

horizontal aperture. One mainlobe in elevation and azimuth becomes two in

northing and easting due to the front-back ambiguity of the MFNA. The

weights are not adaptive for this demonstrative example. Broadside points

north.
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wavenumber kz may be written as a discrete Fourier trans-

form (DFT) in �kz,

xlðx; kz; rÞ ¼
XNelm�1

m¼0

wzðmÞ~pl;mðx; rÞeikzm; (4)

where wzðmÞ is the spatial window. To efficiently interpolate

between DFT wavenumber bins, this step is implemented by

FFT with zero padding. For each normalized vertical wave-

number kz, the complex vertical beam coefficients,

xlðx; kz; rÞ, from all eight staves are combined in an eight-

element vector, xðx; kz; rÞ.

B. Sample covariance at each vertical wavenumber

Beamforming in horizontal wavenumber is then per-

formed at each vertical wavenumber. Array covariance

matrices for beamforming in horizontal wavenumber are

estimated by the sample mean of M0 ¼ 16 outer products

of xðx; kz; rÞ. The covariance matrix estimates overlap by

R0 ¼ 8 snapshots. The time between covariance estimates is

R0R=fs ¼ 0:32 s, and the duration of each covariance esti-

mate is 0.65 s. The r0th covariance estimate is

R̂ðx; kz; r
0Þ ¼ 1

M0

Xr0R0þM0�1

r¼r0R0
xðx; kz; rÞxHðx; kz; rÞ: (5)

C. Adaptive beamforming in horizontal wavenumber

For each eight-element array vector corresponding to a

vertical beam from each of the eight staves, horizontal

beams are formed such that output power is

Pðx; kz; ky; r
0Þ ¼ wHðx; kz; ky; r

0ÞR̂ðx; kz; r
0Þ

� wðx; kz; ky; r
0Þ; (6)

where the weights, wðx; kz; ky; r
0Þ, are determined by adap-

tive methods to sharpen the azimuthal beam response to

concentrated sources like breaking waves and suppress loud

interference from the surface buoy caused by wave action.

The weights are computed from a regularized version of the

minimum variance distortionles response (MVDR)18 in

which a white noise constraint (WNC)19 is imposed on the

white noise gain (WNG) of the beamformer. The adaptive

weights are

wWNC ¼
ðR̂ þ �IÞ�1

s

sHðR̂ þ �IÞ�1
s
; (7)

subject to the constraint on WNG,

jwH
WNCsj2

wH
WNCwWNC

¼ GN; (8)

where the N-element replica vector, s, is normalized such

that sHs ¼ N, and N is the number of sensors in the array.

WNG is defined as the factor by which the signal to noise

ratio increases due to beamforming when the noise is white.

The WNG of the adaptive beamformer is GN, where G is an

adjustable parameter. The WNG of a conventional beam-

former with a rectangular window (uniform shading) is N;

this is equivalent to choosing G¼ 1, in which case the

weight vector is equal to the replica: wWNC ¼ s. The diago-

nal loading parameter, �, is chosen such that the WNC is sat-

isfied based on the selected value of G. The adaptive

weights give up some gain over white noise to suppress

interferers.

For adaptive beamforming in azimuth on the MFNA, s

is the eight-element replica of a plane wave incident on the

MFNA as a function of frequency and vertical and horizon-

tal wavenumbers. The gain factor, G, is chosen such that

10 log10G ¼ �1 dB because this is sufficient to achieve

modest focusing on concentrated sources. A lower value of

G would result in an adaptive beamformer that is less robust

to mismatch between the replica and the true signal.

The beams presented here are normalized so that broad-

band noise with unity PSD at frequency x, incident from

one direction ðh;/Þ, results in a beamformer output of unity

when steered to that direction. At each frequency x, the

direction ðh;/Þ corresponds to vertical and horizontal wave-

numbers kz and ky as defined in Eqs. (2) and (3). In terms of

beamformer output power defined by Eq. (6), the PSD in the

beam is

FIG. 4. (Color online) (a) Single-hydrophone ambient noise spectrogram

was computed from the mean spectrogram of the 48 elements of one stave

from 21:06:30 to 21:07:00, and (b) the temporal average of PSD was com-

puted from 0.5 to 10 kHz over those 30 s. Loud transients resulting from the

surface buoy are evident as thin horizontal stripes in the spectrogram and

spikes between 3 and 7 kHz in the average PSD. Expected ambient noise

levels (Ref. 21) at Beaufort Force 5 and Force 8 are labeled for reference.

Wind speed during the flight was about 11 m/s, which is between Force 5

(8–11 m/s) and Force 6 (11–14 m/s).
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PSDðx; kz; kyÞ ¼ 10 log10

2Pðx; kz; kyÞ

fsW2
z ð0ÞW2

y ð0Þ
XM�1

m¼0

w2ðmÞ

2
664

3
775
;

(9)

where w(m) is the temporal window, and Wzð0Þ and Wyð0Þ
are the first bins of the DFTs of the vertical and horizontal

spatial windows, respectively. That is, Wzð0Þ ¼ 26:4 is the

sum of the samples of the 48-element vertical Kaiser win-

dow (b ¼ 1:5p). Similarly, the horizontal window is an

eight-element sequence of ones, therefore, Wyð0Þ ¼ 8.

D. Surface projection of broadband beamformer
output

Two-dimensional narrowband beamforming is per-

formed at 31 frequencies spaced uniformly between 5 and

6 kHz. The mean PSD over all 31 frequencies is then geo-

metrically projected onto the sea surface to make a map of

surface-generated ambient noise. Beams in elevation and

azimuth are mapped to the sea surface assuming an

isovelocity SSP. This is a reasonable approximation because

beam displacement due to refraction in the measured SSP is

approximately 7.5 m at 250 m range from the array, which is

substantially smaller than a typical beam width in range.

Attenuation due to geometric spreading and source directiv-

ity is not included here; the mapping is purely geometric.

Figure 3 depicts the conventional beam response of the

MFNA to a plane wave incident at 37.5� elevation and 30�

azimuth and its corresponding surface projection, as well as

the surface projections of 3-dB beam contours for a range of

directions in elevation and azimuth that map to the 250 m

observation radius at the surface.

V. RESULTS

A 30 s ambient noise spectrogram for each hydrophone

of stave 1 was estimated from 4096-point DFTs with a

Kaiser window (b ¼ 2:5p). The incoherent average of the

48 single-element spectrograms is shown in Fig. 4(a) and

the 30 s average of the spectrogram is depicted in Fig. 4(b).

Ambient noise levels were generally consistent with previ-

ous studies of the relationship between wind speed and noise

FIG. 5. (Color online) (a) Aerial image of 500 m box around MFNA during a wave breaking event near edgefire just after breaking at 21:06:45 and (b)

acoustic surface projection during breaking is depicted. Broadside (black arrow) points south-southeast. The event in focus occurs at the center of the 150 m

solid black box. (c)–(g) Sequence of close-up views, separated by 2 s, of aerial images and (h)–(l) surface projections in the solid black box are displayed.

The high-intensity peak directly above the array [(j), (k)] is noise due to surface buoy motion. Not all white patches in (a) are actively breaking waves; many

are residual foam patches from recent wave breaking events. However, there is one additional active event in view at the center of the dashed box.
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PSD. The slope of the ambient noise spectrum from 1 to

10 kHz was about �19 dB/decade, which is similar to that

reported in past laboratory and field experiments.3,20

Loud, impulsive interference from the surface buoy was

visible as thin horizontal stripes in the single-hydrophone

spectrogram [Fig. 4(a)]. This interference was attributed to

the surface buoy because it was incident from directly above

the array and contained some narrowband components

between 3 and 7 kHz, which were visible as spikes in the

average PSD [Fig. 4(b)].

FIG. 6. (Color online) (a) Aerial image of 500 m box around MFNA during a wave breaking event near broadside at 21:06:55 and (b) acoustic surface pro-

jection just before that time are shown. Broadside (black arrow) points south-southeast. The event in focus occurs at the center of the 150 m solid black box.

(c)–(g) Sequence of close-up views, separated by 2 s, of aerial images and (h)–(l) surface projections in the solid black box are displayed. Not all white

patches in (a) are actively breaking waves; many are residual foam patches from recent wave breaking events. However, there is one additional active event

in view at the center of the dashed box.

FIG. 7. (Color online) (a) Acoustic surface projection and (b) cross sections in range, (c) azimuth, and (d) time of a wave breaking event at 21:06:45 are

shown. Range and azimuth cross sections follow the cut lines from green to red on the surface projection in (a). The time series in (d) represents average

PSD from 5 to 6 kHz at the event location over a 2-min period. In each panel, the peak corresponding to the breaking wave is marked with an open circle.
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Individual breaking waves were not evident in the

single-hydrophone spectrogram, which is not surprising

given the depth of the MFNA and the large region of ocean

surface over which it integrates sound. However, through

beamforming, several large events were clear in the acoustic

surface projection and matched synchronized aerial images.

Two events are depicted in Figs. 5 and 6 as sequences of

images and acoustic surface projections. The first event

(2021-5-9 21:06:45 UTC) occurred near edgefire in azimuth,

the second (2021-5-9 21:06:55 UTC) occurred near broad-

side. The peak PSD of these events was about 42 dB re lPa

in the surface projections, and the average single-

hydrophone ambient noise level between 5 and 6 kHz was

about 54 dB re lPa [Fig. 4(b)]. That the peak beamformer

output level of each breaking event is less than the average

ambient noise level is consistent with the fact that individual

breaking waves were not distinguishable in the single-

hydrophone average spectrogram. This is related to the fact

that the beamformer is normalized such that a broadband

source emitting plane waves from one angle of incidence

results in a beamformer output equal to the PSD of the

source, as discussed in Sec. IV C. Beamforming makes it

possible to detect breaking events with received levels less

than the average ambient noise level by focusing on sound

incident from one area of the surface and suppressing all

other sources.

In each case, broadside pointed nearly south and the

surface projection was symmetrical in that direction because

of the front-back ambiguity of the MFNA. A concentrated

acoustic source appeared in the surface projection just

before foam became visible in the aerial image. Elevated

source level in the surface projection was coincident with

the period during which the foam patch formed in the image.

The foam patch persisted for tens of seconds but was

FIG. 8. (Color online) (a) Acoustic surface projection and (b) cross sections in range, (c) azimuth, and (d) time of a wave breaking event at 21:06:55 are

shown. Range and azimuth cross sections follow the cut lines from green to red on the surface projection in (a). The time series in (d) represents average

PSD from 5 to 6 kHz at the event location over a 2-min period. In each panel, the peak corresponding to the breaking wave is marked with an open circle.

FIG. 9. (Color online) (a)–(d) Selected wave breaking event images and (e), (f) their corresponding acoustic surface projections, presented during the active

breaking phase, are shown. The breaking events in focus are centered in the solid black boxes. The large foam patch in the dashed black box in (a) is an addi-

tional active breaking event with an acoustic signature in (e). Video shows that the active breaking event in the dashed box in (a) ended before 21:07:14,

therefore, it did not contribute to the acoustic signature in the solid box in (f), which is due primarily to the active breaking event in the solid box in (b). The

event in the solid box in (e) is still active in (f), indicating that the active breaking phase extends through frames (a) and (b), which is consistent with video.

In contrast, the event in (g) vanishes before (h), indicating active breaking ended even though the foam patch from (c) is still visible in (d). This is also con-

sistent with video.
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acoustically inactive after the active phase of breaking

ended. Cross sections of the acoustic surface projection in

range, azimuth, and time (Figs. 7 and 8) show that these two

large wave breaking events were 5–10 dB above background

noise and concentrated in space and time.

Wave breaking is often difficult to see in still images

because even loud breaking events do not always create

foam patches as large as those in Figs. 5 and 6, and sunlight

reflected from the ocean surface can be difficult to distin-

guish from foam. Breaking is easier to identify in video

because it provides time-domain context. Reflective facets

on the sea surface tend to translate continuously in the direc-

tion of wave propagation, but foam created by wave break-

ing appears abruptly and does not follow the wave crest

after formation. The detection of active breaking events in

sequences of images is well studied,22–25 but the scope of

this paper is limited to events that are clearly visible by eye

in video and in the acoustic surface projection. Figure 9

shows four acoustically detectable events: two that are eas-

ily visible in still images [Figs. 9(a) and 9(b)] and two that

are visible in still images but better identified in video

because their foam patches are small [Figs. 9(c) and 9(d)].

VI. CONCLUSION

Direct comparison of aerial images to the acoustic sur-

face projection provided conclusive evidence that the con-

centrated sources of mid-frequency ambient noise observed

were the result of large breaking waves.26 Although the

array used in this experiment was limited by front-back

ambiguity and relatively small horizontal aperture, its deep

deployment and high array gain enabled detection of indi-

vidual breaking events throughout a relatively large 250 m

radius on the surface.
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