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Abstract: A compact three-dimensional vector sensor array (termed the NoiseSpotter) was 
recently developed with the goal of characterizing and localizing sources of sound in energetic 
environments such as those where marine renewable energy devices are likely to be located. 
The three vector sensors on the NoiseSpotter are mounted on a bottom platform with each 
sensor suspended inside an optional flow noise removal shield. The multiple pressure and 
particle velocity channels on the NoiseSpotter are simultaneously sampled and stored on-board 
to enable coherent array processing of vector sensor array data.  
 
A series of field trials were conducted where the NoiseSpotter was deployed on a bottom 
platform in an 8 m deep tidal channel in Sequim Bay, Washington. Pure tones were transmitted 
from a drifting vessel whose distance from the bottom platform varied between 50 m and 500 
m. The effect of flow noise on vector sensor array performance is quantified along with the 
detectability of low intensity sound in an energetic environment. Flow noise removal efficiency 
for each channel of every vector sensor is demonstrated using multiple metrics derived from 
the active and reactive intensities computed using the pressure-velocity cross-spectral density 
matrix.  A flow noise removal shield is shown to improve the detectability of low intensity sound 
such as those that are expected to be emitted by marine renewable energy devices.   
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1. INTRODUCTION  
 
In support of monitoring technologies to evaluate the potential environmental effects of 
marine and hydrokinetic (MHK) energy devices, a compact three-dimensional array of 
acoustic vector sensors (termed the NoiseSpotter) was developed that characterizes, classifies, 
and provides accurate location information for anthropogenic and natural sounds. By virtue of 
measuring the acoustic pressure and three-dimensional particle velocity, a vector sensor array 
(VSA) provides a compact means of achieving sound source localization, and thereby help 
characterize sound specific to a source [1]. This localization ability is key to characterizing 
sounds from MHK devices, which have been found to emit low intensity sounds on the order 
of 106-109 dB re 1 µPa in the frequency band 125-250 Hz and undetectable above the 
ambient noise outside this band [2].  
    Operational deployments of the NoiseSpotter are likely to occur in ocean regions with 
energetic flows induced by wave- or tidally-induced currents. The strong flows can induce 
non-acoustic pressure fluctuations that lead to contamination of acoustic signals. Flow noise 
contamination can be particularly acute with vector sensors due to saturation of the built-in 
accelerometer signal by energetic flows.  
    To facilitate NoiseSpotter deployments in energetic environments, a flow noise removal 
shield was developed and tested in a tidal channel in Washington, USA. Using a series of 
controlled source playbacks, the efficiency of the flow noise removal system is demonstrated 
using quantitative metrics that utilize the off-diagonal elements of the pressure-velocity cross 
spectral density matrix.  

2. BACKGROUND 

Vector sensor measurements consist of four measured quantities that represent acoustic 
pressure and particle velocity, represented as A(x,t) = [p, vx, vy, vz], where the particle velocity 
components are expressed in units of pressure via the scaling ρc, where ρ is the density of sea 
water (1000 kg/m3), and c is the nominal speed of sound in sea water (1500 m/s). Velocity 
components are typically measured in a local frame of reference and transformed to an earth-
based frame of reference using Eulerean angles measured by an in-built or collocated inertial 
motion unit.  

The Fourier transform of the time series in A(x,t) is given by A(x,ω). The cross-spectral 
density matrix S(ω) is then given by the ensemble-averaged outer product of the vector A(x,ω). 
Individual components of the cross-spectral density matrix can be expressed as Sij(x,ω) = 
Ai(x,ω)Aj*(x,ω). Assuming ergodicity, S(x,ω) can be calculated by averaging successive 
snapshots of A(x,ω) computed over an interval of time. S(x,ω) can then be decomposed into its 
real and imaginary components as S(x,ω) = C(x,ω)+i Q(x,ω), where  C(x,ω) and Q(x,ω) 
represent the in-phase and quadrature components of the individual elements of the cross-
spectral density matrix. For example, the off-diagonal elements S1j(x,ω) represent the pressure-
velocity cross-spectra whose in-phase and quadrature elements have been related to physical 
quantities that represent acoustic power flow [3]. The in-phase components C1j(x,ω), termed 
the active intensity, represents the net power being propagated by the acoustic field. The 
quadrature component, Q1j(x,ω), termed the reactive intensity, relates pressure and particle 
velocity components that are orthogonal to each other, and represents spatially heterogeneous 
power flow [3]. 

A number of metrics to describe the non-acoustic contributions to acoustic propagation can 
be derived using the reactive intensity components of the cross-power spectral density matrix. 
For example, one can derive the metric [4],  



 

𝑅𝑅𝑗𝑗 ≡  
𝜌𝜌0𝑐𝑐0𝑄𝑄1𝑗𝑗(𝜔𝜔)
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where Rj is the scaled ratio of the reactive intensity to the acoustic pressure autospectrum. For 
propagating acoustic signals, the metric Rj when sampled over time can be expected to cluster 
around a mean value, where the magnitude of this mean value depends on the level of spatial 
heterogeneity in the signal. In the event of non-acoustic contamination by flow noise, the phase 
relationship between the pressure and particle velocity signals is random and the distribution of 
Rj is uniformly spread over a range of values. Therefore, an examination of the distribution of 
Rj can provide an indication of the degree of non-acoustic contamination.  
    An additional metric to evaluate the contribution of the non-acoustic component can be 
defined [4] that arises from the relationship between the particle velocity cross-spectra and 
active and reactive intensity vectors: 
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The notation X1[2,3,4] represents the off-diagonal elements of the matrix X, arranged as a vector, 
and ‘×’ is the vector cross-product. Values of M2j that deviate significantly from zero are 
considered to be a flag of non-acoustic contamination.  

3. EXPERIMENT 
 
The VSA was deployed at the mouth of Sequim Bay in Washington, USA on a bottom 
platform in a water depth of 8 m with respect to the mean sea level. This location is an 
energetic tidal channel, where the tidal excursion during the deployment was 2.5 m. Sensors 
on the VSA consisted of two Geospectrum M20-040 vector sensors and one Geospectrum 
M020-100 vector sensor that also measures sensor orientation. In this paper, sensor data from 
the M20-100 are analysed for flow noise contamination. The sensors are sensitive to acoustic 
frequencies in the 50 Hz- 5 kHz range, with a flat frequency response on the pressure channel, 
and a peak in the response at 1 kHz on the particle velocity channels. The flow noise shields 
were constructed of 1050 ballistic nylon wrapped around a baffled PVC tube in which a 
vector sensor was suspended. The flow shield was in place during an outgoing tide (Figure 1), 
and removed from the PVC baffle during the subsequent rising tide.  Low-frequency 



 

sinusoidal pulses and frequency sweeps were transmitted using a sound source on board a 
boat that drifted past the sensor platform at distance that ranged from 50 m to 500 m. 

  
Figure 1: Tidal water level over the course of the field test on August 30, 2018. 

4. RESULTS 
 
Particle velocity and pressure frequency spectra were calculated with and without the flow 
noise removal shield (Figure 2).  

 
Figure 2: Frequency spectra for the pressure and particle velocity channels, with and without 
the flow shield. 

Improvements in flow noise reduction are seen in the primary flow noise frequency band of 0-
500 Hz on the pressure, x-, and z-particle velocity channels. Little to no change is observed 
for the y-particle velocity channel, attributed to the flow being orthogonal to the y-axis.  
    The probability distribution of Rj (Equation 1) is computed over a 30-minute period during 
each tidal cycle and is shown in Figure 3. The distribution markedly clusters around zero for 
the x-channel with the flow shield, consistent with the lowering of flow noise seen in the 
frequency spectra (Figure 2). No improvements are seen on the y-channel, while 
improvements in the z-channel are seen below 100 Hz where the Rj distribution without the 
flow shield is somewhat more randomly distributed than that without the flow shield. In 
general, low mean values of the Rj indicate a spatially homogeneous signal. 



 

 

 
Figure 3: Probability distribution of Rj metric, with and without a flow shield. 

Figure 4 shows the probability distribution of the M2j metric, with and without the flow 
shield.  A marked contrast is seen in the distributions with and without the flow shields. 
Distributions with the flow shield are seen to cluster around zero between 0-250 Hz, and no 
significant deviations towards higher values are observed. In contrast, the M2j distributions 
without the flow shield are seen to cluster towards a value of 1 over much of the 0-500 Hz 
range shown, indicating the presence of non-acoustic signal contamination.  
 

 
Figure 4: Probability distribution of M2j metric, with and without a flow shield. 

Figure 5 compares spectrograms of frequency sweeps as received on the pressure channel of a 
vector sensor, which illustrates the significant signal degradation in the absence of the flow 
noise removal shield. A visibly higher noise floor is seen in the absence of the flow shield, 
indicating significant degradation of signal detectability in the absence of the flow shield. Of 
particular interest is the low frequency portion of the spectrogram where the presence of a 
flow shield noticeably lowers the low frequency noise floor.  

5. CONCLUSIONS 
 
A field test of a vector sensor array was conducted in an energetic tidal channel where 
controlled source sweeps were transmitted over a full tidal cycle. Efficiency of a flow noise 
shield is demonstrated using analytical metrics [3,4] of vector sensor measurements of 
pressure and particle velocity. Improvements in the spectral levels and probability 



 

distributions of the reactive ratio are observed. Spectrogram signal-to-noise and particle 
velocity cross-spectral metrics show significant improvements with the flow shield installed. 
Use of the flow shield on vector sensor arrays in energetic ocean environments is critical to 
improving acoustic measurements 

 
Figure 5: Received controlled source transmissions on the pressure channel of the vector 
sensor, with and without the flow shield. 
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