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Abstract: Attributing omnidirectional sound levels to a specific source in the ocean can be challenging when there are multi-
ple competing sources of sound such as boats, or biological activity. Here, we present a method to directionally filter acoustic
measurements based on vector measurements of acoustic pressure and particle velocity. The directional discrimination is
applied to estimate sound energy from two marine energy sources: sound generated during the decommissioning of an oil
platform and those from an operating tidal energy converter. The application of a directional mask leads to distinctly different
spectra and some differences in energy, relative to the unmasked scenarios. VC 2025 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

A key regulatory aspect for the permitting of anthropogenic noise-generating activities is sound source verification
(SSV).1,2 This effort typically involves field measurements of underwater sound around noise-generating activities such as
pile driving for offshore wind, with the goal of validating prior model predictions whose results may have been used in
permit applications to agencies such as the Bureau of Ocean Energy Management or the National Marine Fisheries
Service. SSV is typically performed using omnidirectional hydrophones deployed at various distances from a source whose
acoustic output was first modeled using best guesses for source levels. However, measurements of sound in the vicinity of
a source can reflect contributions from the source of interest in addition to contributions from ambient sources like waves,
precipitation, animals, and shipping traffic, making it difficult to unambiguously identify and quantify sound attributable
to a single source.

The use of directional acoustic sensing, such as vector sensors or tetrahedral arrays, can provide two- or three-
dimensional bearing estimates to sources of sound.3 The parsing of acoustic data by frequency and direction (i.e.,
“azigrams”4,5) can be a powerful tool for SSV. An azigram is a method of organizing and visualizing directional informa-
tion of acoustic data across time and frequency. In essence, it is a spectrogram where the color of a coordinate is deter-
mined by the dominant directionality of active intensity.4 Here, we demonstrate the utility of using azigrams calculated
acoustic vector sensor data as directional filters to estimate sound pressure levels from specific, known sources in the water
column.

2. Experimental data and analysis

Data are gathered on a three-element, three-dimensional vector sensor array.6 The NoiseSpotterVR (www.noisespotter.com)
is equipped with three-vector sensors where each vector sensor measures both acoustic pressure and three-dimensional
(3D) acoustic particle velocity in the 10 Hz–3 kHz frequency range. Sensors are mounted on three vertical poles arranged
as a triangle and spaced by 1 m horizontally and 25 cm vertically, with the lowest sensor located 16 cm above the seafloor.
While the sensors are located too close together to allow for beamforming, the proximity can allow for coherent averaging
of time series to help isolate low signal-to-noise ratio signals. In this paper, however, only a single vector sensor is used
since data from the other sensors in the data sets studied were found to be contaminated by flow and electronic noise.

The directional filtering method is applied to two data sets: (1) data collected to evaluate noise generated during
oil platform decommissioning activities, such as the mechanical cutting of conductor pipes,7,8 and (2) data collected during
the operation of a 3-foot by 4-foot vertical axis tidal energy turbine.9 For both data sets, a long-term spectral average
(LTSA)10 is first computed on the acoustic pressure data to evaluate varying frequency contributions with time. An LTSA
is essentially a spectrogram over long time periods where successive spectra are calculated and averaged over short time
periods to provide a time series of the spectra. The LTSA is computed using 1024-point fast Fourier transforms (FFTs),
Hanning windowed with no overlap between windows, and averaged over successive 10-s periods that result in a 10-s data
resolution. Azigrams are also calculated using the same frequency resolution and temporal averaging as the LTSA.
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Directional filtering is first applied to acoustic data collected close to Platform Hermosa near Santa Barbara, CA,
during the mechanical cutting of its conductor pipes prior to the decommissioning of the oil platform. The NoiseSpotter
was deployed 100 m from the oil platform at a bearing of 44� at 33.454�N, 120.648�W, in 189 m deep water on March 31,
2021, at 1800 Pacific Daylight Time. The system recorded continuously through April 8, 2021, and was recovered on April
21, 2021. The LTSA for the data collection period [Fig. 1(a)] shows broadband streaks of high intensity that are associated
with periods of conductor cutting activity. The dominant directionality of this intensity is between 40 and 60 degrees from
true north. The intention of the directional filtering is to isolate cutting noise from nearby vessel noise associated with a
platform service ship, the Harvey Challenger. By isolating these sound sources, the contribution of conductor cutting noise
to the power of LTSAs during conductor cutting activity was determined.

Next, the filtering method was applied to acoustic data gathered near a tidal energy converter, collected at
Pacific Northwest National Laboratory’s Marine and Coastal Research Laboratory in the inlet of Sequim Bay, Washington
State [Fig. 1(b)]. The target signal, mechanical noise from a small turbine on a gravity foundation, was around 20 dB less
intense than the conductor cutting operations but propagated in a noisy tidal channel with regular boat traffic. The
NoiseSpotterVR was deployed 100 meters from the turbine at a bearing of 90� from February 1, 2024, through February, 14,
2024, and recorded continuously during this time. The turbine operated during periods with strong currents through 11
February 2024. The direction of flood and ebb tides were roughly along the north-south axis.

The LTSA (Fig. 1) and azigrams were calculated for the entirety of both datasets. The directional display can
also be used as a filter5—sound sources at distinct azimuths from a vector sensor can be isolated from one another in
pressure spectrograms. Here, directional bins are identified based on the known location of a source of interest and used
to construct a Boolean mask that is applied to the LTSA. The pressure spectrogram multiplied by this Boolean mask only
contains time-frequency content from the chosen directional range.

The acoustic energy of the masked and unmasked spectrograms (units of dB re 1 lPa2/Hz) for each conductor
cutting period were calculated by integrating acoustic pressure-squared over frequency and time according to

E ¼ 10 log10

ðt1

t0

ðf1

f0

p t; fð Þ
�� ��2 df dt

 !
dB re 1 lPa2s; (1)

where E is energy, p is acoustic pressure, t is time, t0 and t1 temporally bracket the window examined, f is frequency, f0

and f1 bracket the sensor’s frequency range. Time windows were identified as either the entirety of either a cutting period
or tidal cycle.

3. Results

Instances of conductor cutting were reviewed, and the mechanical cutting of a single conductor pipe was selected as the
subject of investigation due to the presence of vessel noise during two of three cutting periods. Vessel noise occurred for

Fig. 1. LTSAs of (a) conductor cutting noise data collection period, and (b) tidal energy turbine data collection period.
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only part of the first two conductor cutting periods. The service vessel was located near the eastern crane of the oil plat-
form. The vessel’s distinct bearing to the vector sensor array from the conductor cut makes the two acoustic events distin-
guishable with the use of a directional filter. By isolating these two events, the contribution of vessel noise to measured
acoustic energy was determined. Figure 2(c) shows a masked spectrogram between 40� and 60�—the approximate azi-
muthal range of the cutting activity for the mechanical cutting noise only. Notably, periods of vessel activity near 14:00
and 15:20 are missing once the mask is applied.

The tidal turbine dataset was filtered using the sequence of steps as was used on the Hermosa conductor cutting
data, but for horizontal bearings between 75� and 115�, with a true bearing of the lander being 90�. The unmasked spec-
trogram, azigram, and masked spectrogram of one tidal cycle of turbine activity are shown in Fig. 3. The broadband
streaks of energy at the beginning of the time window are known to be vessel noise [Fig. 3(a)] and are easily ignored by
the directional filter. Other sounds, such as the signals in the 1500–3000 Hz frequency range (February 7, 16:30–19:00),
and the period immediately after sounds from the northerly direction (February 7, 21:00–21:30) are just outside the direc-
tional window attributed to the tidal turbine. The application of the directional mask removes all but one of the vessel
traffic noise occurrences from the spectrogram.

Fig. 2. (a) Unmasked spectrogram over a conductor cutting period 1 (April 4, 2021, 14:19–16:37), (b) azigram of conductor cutting period 1,
(c) masked spectrogram of conductor cutting period 1, masked in a directional window from 40� to 60�.

Fig. 3. (a) Unmasked spectrogram of tidal turbine over one tidal cycle (07 Feb 2024 12:00 to 08 Feb 2024 02:00) in Sequim Bay, WA, (b)
azigram over the tidal cycle, (c) masked spectrogram over the tidal cycle, mased over 75� to 115�, (d) rotations per minute (rpm) of tidal tur-
bine during flood tide, followed by ebb tide, for the same tidal cycle.
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It is also observed in Fig. 3 that no tidal turbine sounds are observed during the flood tide. This is possibly due
to somewhat lower turbine rotation rates during the flood tide relative to the ebb tide or the turbine configuration itself.
This effect was intermittently observed throughout the data set [Figs. 1(c) and 1(d)]. A deeper evaluation of why this phe-
nomenon is observed is beyond the scope of this letter.

Next, an example of mechanical cutting contributions in terms of acoustic energies [calculated by using the
masked and unmasked spectrograms from Figs. 2 and 3 in Eq. (1)] for each conductor cutting period is summarized in
Table 1. The difference between the unmasked and masked spectrogram energies indicates a 4.5–6.5 dB contribution of
vessel noise to the overall acoustic energy during each event.

Mean frequency spectra were computed over the unmasked and masked time periods for cutting period 1 (oil
platform) and one tidal cycle (tidal turbine). A distinct difference is seen (Fig. 4) when data are selected based on direc-
tional bins, with the key result being lower energy levels and spectral shape for the directionally filtered spectrum vs the
unfiltered spectrum. For example, for the conductor cutting example, much of the lower frequency content below 300 Hz
that comes from a different direction in Fig. 3 is not attributed to the spectrum associated with conductor cutting.
Directional filtering of tidal turbine sounds is seen to highlight the tonal structure of radiated sound while helping sup-
press some of the broadband ambient noise from outside the directional window.

4. Conclusions

A directional filtering method was demonstrated for two marine energy applications using azigrams to parse data into
directional bins. The omnidirectional spectrograms, when filtered by the directional azigrams, yield insight into the
specific contributions of an acoustic source being characterized. As a result of directional filtering, omnidirectional
spectra for both case studies are seen to have more energy than the filtered spectra, but also a somewhat different
shape and frequency content. Like differences in directionally filtered and unfiltered spectra, total average energy is
also lower for the directionally filtered case relative to the unfiltered case. Of course, the way filtered power calculations
include or exclude acoustic data outside the directional window of interest should change the way these calculations
are interpreted.

In terms of implications for SSV, the directionally filtered spectra, when backpropagated to estimate the source
spectra, can result in a different (potentially more representative) modeled field for a specific sound source. Consequently,
more precise energies, dosage levels, and spectra can be attributed to specific sources of sound. With further exploration of
these techniques, more accurate and thorough SSV is possible.

Table 1. Unfiltered and directionally filtered energy for each conductor cutting period examined (dB re 1 lPa2 s).

Period 1 Period 2 Period 3

Unfiltered 173 dB 180.15 dB 170.56 dB
Filtered 166.52 dB 175.65 dB 168.70 dB
Difference �6.46 dB �4.5 dB �1.85 dB

Fig. 4. (a) Frequency spectra of conductor cutting period 1 (April 4, 2021 14:19 to 16:37) calculated from unfiltered and directionally filtered
power spectral averages, (b) frequency spectra of tidal turbine operation throughout one tidal cycle (from 12:00 February 7, 2024, to 02:00
February 8, 2024) in Sequim Bay, WA.
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