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Abstract


Low-frequency ocean noise (50–500 Hz) was recorded by a single omnidirectional hydrophone in the open waters of the Chukchi Plateau from 31 August 2021 to 6 September 2021 (local time). After other non-wind interference was filtered out, wind-generated noise source levels (NSLs) were extracted from the wind-generated noise. The correlation coefficients between the one-third octave wind-generated NSLs and sea surface wind speed exceed 0.84, an improvement of approximately 10% compared to those between the raw data and the wind speed. For 200–500 Hz, the wind-generated NSLs are highly consistent with Wilson’s (1983) estimated curve. The 50–300 Hz results closely match those of Chapman and Cornish (1993) from vertical line array (VLA) measurements. Both demonstrate the feasibility of extracting wind-generated NSLs by utilizing a single omnidirectional hydrophone in the Chukchi Plateau’s open waters. Furthermore, the research results of wind speed dependence and frequency dependence can be applied to calculate wind-generated NSLs in the Chukchi Plateau. Wind-derived ocean ambient noise data are useful for background correction in underwater target detection, recognition, tracking, and positioning.
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1. Introduction


Ocean ambient noise results from the combined effects of various noise sources, including wind-generated noise, ice-induced noise, and ship noise. Among these, wind-generated noise occupies the majority of the frequency spectrum of ocean ambient noise, including the 50–500 Hz range. Wind-generated noise serves as an interfering background factor in sonar detection. Therefore, studying wind-generated noise is beneficial for eliminating its interference from sonar signals, thereby improving the accuracy of underwater target detection, identification, tracking, and localization.



The 50–500 Hz ocean noise level measured by hydrophones is not only related to wind speed but also influenced by distant ships and other factors [1,2,3,4]. The contribution of a single distant ship (e.g., more than 100 km away) to ocean noise is minimal, but in ocean basins with numerous ships, the collective contribution of distant ships dominates the 50–500 Hz frequency band, with their ocean noise levels far exceeding the contribution from nearby winds. In such cases, a method like the vertical line array (VLA) is typically used to study wind-generated noise within 50–500 Hz. However, in the Arctic, even during the summer, the number of ships is extremely low. Based on our extensive experience in the Arctic, we often encounter only polar research ships and a small number of oil and gas exploration ships. Additionally, distant ships in the North Pacific contribute little to the Chukchi low-frequency ambient noise due to the Aleutian Islands and the Bering Strait which act as topographic barriers. Therefore, studying 50–500 Hz wind-generated noise using single hydrophone data points in the Chukchi Plateau raises the question of whether it can yield similar results as VLA measurements. This is the focal point of our study. In the Arctic, aside from wind-generated noise, there is also 50–500 Hz ice-induced pulse interference which must be removed.



Wind-generated noise is produced through sound propagation from wind noise sources on the ocean surface. The sound propagation loss varies across different marine environments. Wind-generated NSLs primarily depend on wind speed, with minimal influence from other environmental factors. Conducting in-depth research on the relationship between wind-generated NSLs and wind speed can fundamentally address the limitation of the relationship between wind speed and ocean noise, which is constrained by specific sea areas, times, and hydrological environments [5]. Unfortunately, wind-generated NSLs cannot be directly measured. However, there is a quantitative relationship between the wind-generated NSL and the wind-generated noise level [6]. If we have “pure” wind-generated noise which contains no other interferences, the wind-generated NSL can be inferred from the intensity of the wind-generated noise. Nowadays, the quantitative relationship between wind-generated NSLs and wind speed in mid-high frequency bands (>500 Hz) is widely accepted [5,7,8]. However, there is still debate regarding the relationship in low-frequency bands (50–500 Hz). Wilson [8] derived a semi-analytical formula for NSLs based on the whitecap index and direct acoustic path, applicable to the 50–1000 Hz range and wind speeds of 10–30 knots. Kuperman and Ferla [7] inferred wind-generated NSLs from the measured ambient noise by using a model to remove sound propagation effects, though this relationship was limited to shallow water and a 400–3200 Hz range. Kewley et al. [9] and Chapman and Cornish [10] used VLA directional characteristics to extract wind-generated NSLs, effectively eliminating distant ship noise contribution.



This paper uses single hydrophone data points obtained in the Chukchi Plateau to study wind-generated noise within 50–500 Hz. In Section 2, we describe the experiment and the data. In Section 3, we explain the methods for extracting “pure” wind-generated noise from the raw data and inferring the wind-generated NSLs. In Section 4, we present the results of the frequency and wind speed dependence of the 50–500 Hz wind-generated NSLs, and compare the wind-generated NSLs determined in this study with those from other studies. Finally, we provide the conclusions.




2. Descriptions of the Experiment and Data


From 31 August 2021 to 6 September 2021 (local time), an acoustic mooring was deployed in the open waters of the Chukchi Plateau (74.9940° N, 160.1345° W, Figure 1). According to the ETOPO2022 dataset from the National Centers for Environmental Information (NCEI) of National Oceanic and Atmospheric Administration (NOAA) [11], the water depth at the mooring location is approximately 1954 m. An underwater sound recorder (USR) with a single omnidirectional hydrophone attached to the mooring recorded ocean noise at a depth of 883 m. The USR, calibrated by the Chinese National Defense Underwater Acoustics Calibration Laboratory, has a sensitivity of −170 ± 1 dB re 1 V/μPa within the 20 Hz to 5 kHz range. It recorded 2 min of underwater noise data every hour with a 16 kHz sampling rate and 24-bit A/D conversion resolution.



Sea surface wind speed and ice concentration data were retrieved from the ERA5 dataset, freely available from the European Centre for Medium-Range Weather Forecasts (ECMWF) [12], with a temporal resolution of 1 h and a spatial resolution of 0.25° × 0.25° (Figure 2). We utilized the nearest grid point (74.99° N, 160.10° W) data to represent the wind speed and ice concentration at the hydrophone location, with a distance of approximately 1000 m. The ocean bottom data of the Chukchi Plateau are based on scientific reports from the 9th and 10th Chinese Arctic Expeditions. Sound speed profile data were derived from three-dimensional temperature and salinity data products from the Hybrid Coordinate Ocean Model (HYCOM) model, calculated using the Chen and Millero sound speed conversion algorithm.




3. Methodology


The method for extracting the wind-generated NSLs in this paper mainly has two steps. Firstly, the “pure” wind-generated noise is extracted by sequentially removing non-wind noises, such as air gun noise, ice-induced noise, and unidentified noises, from the raw data. Secondly, using the relationship between wind-generated noise source strength and wind-generated noise intensity derived by Bannister et al. [6] from the omnidirectional hydrophone, our wind-generated NSLs are extracted base on “pure” wind-generated noise data.



To avoid confusion, non-wind noises will be referred to as non-wind interferences in the following text, including ship interference, air gun interference, ice-induced interference, and unidentified interferences.



3.1. Extraction of “Pure” Wind-Generated Noise


Within 50–500 Hz, ocean noise at the Chukchi Plateau consists of wind-generated noise and non-wind interferences. The latter originates from ship interference (mainly from oil and gas exploration vessels), air gun interference, ice-induced interference, and unidentified interferences. In order to obtain “pure” wind-generated noise, non-wind interferences need to be removed from the raw ocean noise data. Due to the Chukchi Plateau’s geographic location, local ships are now very rare and distant ships from the North Pacific contribute little to ocean ambient noise in the Chukchi Plateau. The noise contribution of Arctic exploration ships during summer is weighted first to demonstrate that it can be deemed negligible. Secondly, several methods are employed to remove air gun interference, ice-induced impulse interference, and unidentified interferences based on their temporal and frequency characteristics. Finally, “pure” wind-generated noise data are extracted and corrected according to wind-generated NSL spectral features. The following is a detailed description of the method to extract “pure” wind-generated noise.



3.1.1. Ship Interference


According to the AIS data, no ships were present within a 100 km radius of the USR mooring during the study period. As the dominant ocean noise of the low-frequency band in mid-low latitude sea areas, ship interference contributes little to the ocean ambient noise at the Chukchi Plateau. We prove this point by calculating the ship interference weight, which is an indicator of the ship interference contribution to the ocean ambient noise of the Chukchi Plateau in the 50–500 Hz range. The contribution of ship interference is weighted as follows:


  Q = 1  0  (  SL  ships   − TL ) / 10   / 1  0  NL / 10    



(1)




where Q is the ship interference weight, SLships are the ship NSLs, TL is the sound propagation loss of ship interference, and NL is the received sound level of the USR.



For instance, at 50 Hz, SLships, within 200 km from the USR, are calculated using the RANDI-3 model [13] based on the ship speed and length provided by AIS data, which is about 140–160 dB. TL is determined using the For3D model, in which the parameters include the Chukchi Plateau bottom data and sound speed profiles described in Section 2. As shown in Figure 3, the blue line represents the estimated ship interference levels received by the USR, i.e., SLships − TL. The red line represents the received sound levels of the USR. The average ship interference weight is calculated by Equation (1) to be 0.4%, indicating the negligible impact of ship interference on the recorded data in this area.




3.1.2. Air Gun Interference


Using acoustic data from a specific period (Figure 4) as an example, the hydrophone detected low-frequency impulsive interference below 200 Hz at regular intervals. These data were captured on 31 August 2021, 3 September 2021, and 6 September 2021. Based on the period of the data recorded and the time–frequency characteristics, we can distinguish air gun interference from the sources of wind, ships, ice, and marine mammals. Previous studies also have identified air gun interference in the Arctic by using the same method [14,15]. Air gun interference has regular intervals and can be effectively removed from the raw data in the time domain. In compared to automated methods, manual removal proves to be more accurate, and finally, we manually eliminated air gun interference in this study.




3.1.3. Ice-Induced Interference


Although the acoustic mooring area is part of the open waters of the Chukchi Plateau in summer, there is still a small amount of patched sea ice. Summer ice events such as cracking, fracturing, melting, and drifting can generate ice-induced interference. Ice-induced interference typically occurs below 1 kHz, with high transient sound pressure amplitudes and short durations of about ten milliseconds [16,17,18].



To eliminate ice-induced interference from raw data, we employed an enhanced transient extraction algorithm [19] to detect ice-induced interference in the time domain. After locating the ice-induced interference, it was removed from the time series, with effectiveness confirmed by the stable amplitude of the 50–500 Hz bandpass-filtered data in the time domain




3.1.4. Unidentified Interferences


After the removal of air gun and ice-induced interference, the low-frequency residue non-wind interferences at the Chukchi Plateau may also originate from other unidentified sources such as electrical interference [1] and mooring swing [20,21]. Spectrum levels of ocean noise below approximately 5 knots are typically independent of wind [22]. Consequently, the spectrum levels of the measurement data, after removing air gun and ice-induced interferences, can be used as a rough estimate of the unidentified interferences. Efforts were made to eliminate unidentified interferences and allow us to extract wind-generated noise data. The wind-generated noise level can be calculated as follows:


  L = 10  log  10   ( 1  0   L 1  / 10   − 1  0   L 2  / 10   )  



(2)




where L1 is the ocean noise level after air gun and ice-induced noise is removed, L2 is the unidentified interference level, and L is the wind-generated noise level.



To process the hourly USR data, a Hanning window and a 16,000-point FFT with 50% overlap were applied, resulting in a 1 Hz spectrum for both L1 and L2. The spectrum levels of the unidentified interferences vary over time, but the spectrum levels are approximately identical over short periods. We divided the 168 h measurement data into 56 segments, assuming that L2 within each 3 h interval is constant. Thus, L can be calculated using Equation (2).



If a group has wind speeds consistently above 5 knots, the residual non-wind interference levels cannot be directly obtained. We estimated the L2 of this segment using Equation (2) and the L from another segment, where the wind speed difference is less than 0.1 m/s. Subsequently, Equation (2) was again applied to calculate the L at each hour. We compared the removal effectiveness of unidentified interferences every 3 h with those recorded every 6 h, with fewer data substitutions in the latter. Compared to the 3 h segment, the 6 h segment has a linear fit goodness for wind speed dependence that decreased by less than 5%. The linear fit goodness for frequency dependence for both segment choices exceeds 0.94. The difference in wind-generated noise levels between segments is less than 1 dB, indicating minimal data replacement impact on linear fit quality.




3.1.5. Wind-Generated Noise Correction


Since the unidentified interference estimate serves as only a rough one, treating the wind-generated noise as “pure” wind-generated one is unjustified. Therefore, further “purification” of the excess ocean noise data becomes nontrivial. Reeder et al. [23] proposed a theorem stating that in the absence of contaminated noise, the slope of the wind-generated noise spectrum above 500 Hz remains consistent regardless of wind speed variations. Chapman and Cornish [10] compared wind-generated noise spectrum levels at 110 Hz and 200 Hz, achieving a nearly constant difference at the two frequencies. They suggested that wind speed has minimal influence on the slope of the low-frequency wind-generated noise spectrum, thereby demonstrating the feasibility of applying Reeder’s theorem to low-frequency data correction between 50 and 500 Hz. The selection of 1 kHz as the reference frequency is based on the fact that wind-generated noise dominates at 1 kHz and ensures a minimum octave interval from the above frequencies in order to avoid forced correlations of noise levels when the two frequencies are too close to each other. The relation between the wind-generated noise spectrum levels of the two frequencies is expressed as follows:


   L f  = (  b 0  )  L  1 k H z   −  b 1   



(3)




where Lf is the wind-generated noise level, L1kHz is the wind-generated noise level at the reference frequency of 1 kHz, and b0 and b1 are the linearly fitted slope and intercept, respectively.



Taking 500 Hz as an example (Figure 5), outliers are manually removed, in which data points significantly deviate from the fitted line. Specifically, outliers are identified as points where the deviation from the fitted line exceeds three times the standard deviation.





3.2. Extraction of Wind-Generated NSLs


The main two methods for the estimation of wind-generated NSLs include extraction from VLA measurements and calculation by modeling ocean noise [9,24]. The VLA method determines NSLs based on ocean noise arriving at the steepest horizontal angle, only depending on the hydrophone array data, without additional environmental data requirements. In contrast, the second modeling approach necessitates massive environmental data to construct models describing noise source depth and directionality. Then, NSLs are determined by aligning the measured and modeled values. Given the specific Chukchi Plateau geographical context, ship interference is negligible in this study. Data from a single omnidirectional hydrophone are employed to determine wind-generated NSLs, requiring much less labor to collect the experimental data compared to the VLA method and fewer environmental data compared to the modeling approach. The relationship between the “pure” wind-generated noise intensity and wind-generated noise source intensity is expressed as follows [6]:


   I 0  = 2 π ⋅ s    ∫   θ r  = 0    π / 2       1 + b (  θ b  )   1 − b (  θ b  )      ⋅    a    θ s      s i n  θ s     cos  θ r  d  θ r   



(4)




where I0 is the “pure” wind-generated noise intensity obtained by processing a single omnidirectional hydrophone measurement at 883 m. s is the monopole noise source strength per square meter. b(θb) is the bottom reflection coefficient, as shown in Equation (5). a(θs) is the directionality function of the noise source, as shown in Equation (6). θb is the angle between the ray and the seabed. θr is the angle between the ray at 883 m and the horizontal direction of the receiver, and θs is the angle between the ray and the sea surface. θb, θs, and θr are governed by Snell’s law for a given sound speed profile.



The directionality of the noise source in the volume source distribution model is not sufficiently validated [9], while the monopole planar distribution model of the noise source is confirmed and widely accepted. The directivity function of the noise source is given by the following:


  a    θ s    = 4   sin  2    2 π ⋅ z s i n (  θ S  )    



(5)




where z is the source depth of the monopole plane (in wavelengths), generally taken as 1/4 [9,10].



Poikonen and Madekivi [25] assumed the ocean environment to be a stratified medium where the medium parameters in each layer are uniform and proposed that the bottom reflection coefficient b(θb) is given by the following:


  b (  θ b  ) =     ρ 2   c 2  s i n  θ b  −  ρ 1   c 1  s i n  θ r     ρ 2   c 2  s i n  θ b  +  ρ 1   c 1  s i n  θ r      



(6)




where    ρ 1    and    c 1    are the density and sound speed of the seawater layer medium.    ρ 2    and    c 2    are the density and sound speed of the bottom layer medium, which are 1.58 g/cm3 and 1578 m/s, respectively.



Based on Equations (4)–(6), the wind-generated noise source intensity can be derived from the “pure” wind-generated noise intensity I0 by processing a single omnidirectional hydrophone measurement at 883 m. The relation between the monopole wind-generated NSL and the wind-generated noise source intensity is as follows:


  S = 10  log  10   ( s )  



(7)









4. Results and Discussion


4.1. Characteristics of Wind-Generated Noise Source Level


The Pearson correlation coefficient is employed to quantify the relationship between wind-generated NSLs and wind speed. Within 50–500 Hz, the correlation between third-octave band levels of raw ocean noise data and wind speed averaged about 0.75 (Figure 6). The correlation coefficient is high compared to that in mid-low latitude ocean and reflects the negligible contribution of ship interference to ocean ambient noise in the Chukchi Plateau, where wind-generated noise predominates in low frequencies. The removal of non-wind interferences from raw ocean noise data reveals that Pearson correlation coefficients between wind-generated NSLs and wind speed exceed 0.84 within 50–500 Hz, which shows a nearly 10% increase in comparison with raw measurement data, demonstrating the effectiveness of wind-generated NSL extraction.



Recent research has increasingly focused on the PDF of wind-generated noise levels [26,27]. The PDF is determined by factors such as sound velocity profiles, bottom geological parameters, and noise source distributions. Unlike wind-generated noise levels, wind-generated NSLs correlate exclusively with wind speed and remain constant independently of time and sea areas. To facilitate comparison, PDFs of one-third octave wind-generated NSLs within 50–500 Hz and those of wind speed logarithms are normalized and then estimated using Kernel Density Estimation (KDE). Figure 7 illustrates that both PDFs exhibit similar curve profile characteristics. Skewness, which measures distribution symmetry, ranges from −0.19 to 0.29 for wind-generated NSL PDFs and is −0.31 for that of wind speed logarithms, indicating close symmetry between the two distributions. Kurtosis, a measure of distribution flatness, ranges from 1.99 to 2.42 for wind-generated NSLs and is 2.33 for wind speed logarithms, demonstrating similar shapes between the two. Variance, which assesses dispersion, ranges from 0.21 to 2.25 for wind-generated NSLs and is 0.23 for wind speed logarithms, suggesting comparable dispersion in between. Quantile–Quantile plots, by comparing the quantiles of one dataset with the corresponding quantiles of another, further verified similarities between the PDF curve shapes, with data points closer to the 45° reference line indicating a higher similarity between the two. Data points of wind-generated normalized NSLs within 50–500 Hz and wind speed logarithms are closely near the approximate 45° reference line, indicating high similarity between wind-generated NSL PDFs and those of wind speed logarithms.




4.2. Dependence of Wind-Generated Noise Source Level


4.2.1. Wind Speed


The wind-generated noise generation mechanisms differ in different wind speed ranges, typically classified into three categories. Wind speeds above 30 knots represent wind speed saturation, where further increases do not generate more breaking waves; instead, persistent bubble clouds cause noise intensity to attenuate [5]. Since the highest measured wind speed did not exceed 30 knots in our observation, saturated wind speeds are not considered here. The dual-parameter expression between NSLs and wind speed was proposed to separate the remaining two wind speed regions corresponding to the two ocean noise generation mechanisms [28]. The dual-parameter expression is formulated as follows:


  S  u  =  S 0  + 10 l o  g  10   ( 1 +     u /  u c     k  )  



(8)




where S is the one-third octave averaged NSL, S0 is a constant, u is the wind speed, uc is the critical wind speed threshold, and k is the wind speed dependence factor. By curve fitting using least squares, parameters S0, uc, and k were estimated for the wind speed dependence of the one-third octave NSL within 50–500 Hz (see Table 1). As illustrated in Figure 8, the goodness of linear fit for Equation (8) approaches 0.8, indicating a strong linear relationship.



The wind speed dependence factor k describes the rate at which the wind-generated NSLs increase with wind speed, similar to the parameter n introduced by Piggott [29]. The value of n is half of the factor k at high speeds, i.e., n = k/2. Piggott proposed the following relationship between wind-generated NLs and wind speed:


  L = B + 20 n l o  g  10   u  



(9)




where L is the wind-generated noise level, B represents the constant, u denotes wind speed, and n is the wind speed dependent factor.



Carey and Browning [30] and Kewley et al. [9] observed that the parameter n ranged from 0.5 to 1.0 below 8–10 knots and varied from 0.85 to 2.0 above 10–12 knots based on Equation (9). The parameter n above 10–12 knots is approximately equal to half of the factor k. Wind speed dependence is linearly fitted in two separate regions based on Equation (9), using 10 knots as a critical threshold. Within 50–500 Hz, the wind speed dependence n ranges from 0.46 to 0.66 below 10 knots and from 1.49 to 1.88 above 10 knots, also roughly consistent with Carey and Kewley’s observation. However, as depicted in Figure 8, the goodness of fit for wind speed dependence below 10 knots is poor, below 0.2 based on our data, whereas it ranges from 0.56 to 0.7 above 10 knots. Comparatively, the dual-parameter expression shows significantly better fit in 0–30 knots compared to Piggott’s model, which is segmented into two wind speed regions. The result suggests that the dual-parameter expression could notably improve the accuracy of wind-generated NSL estimation.



Noise primarily originates from turbulent pressure fluctuations before wave breaking at low wind speeds [4,31]. After wave breaking at high wind speeds, noise is dominated by collective oscillations of bubbles generated by breaking waves, which have a frequency as low as 30 Hz [30,32,33,34,35]. Equation (9) may not effectively capture both ocean noise generation mechanisms simultaneously. Additionally, the critical wind speed between the low and the high leads to much controversy. The selection of 10 knots as the critical wind speed threshold is based on observable breaking waves, which may not be true since bubbles can form at wind speeds well below 10 knots. Compared to 10 knots, the wind speed threshold uc in Equation (8), ranging from 5.77 knots to 6.72 knots, may provide more accurate estimates for wind speed dependence. Poikonen and Madekivi [25] and Jiang et al. [5] utilized 3.4 m/s and 3 m/s as critical thresholds for wind speed dependence, respectively, achieving similarly excellent fitting results.




4.2.2. Frequency


The primary mechanism of wind-generated noise within 50–500 Hz shifts from turbulent pressure fluctuations to the oscillation of bubble concentrations carried by breaking waves above 5.77–6.72 knots (See Table 1). Consequently, the spectral slope changes when this noise generation mechanism begins. Chapman and Cornish [10] proposed that the spectral frequency slope is determined by the difference in noise levels between two frequencies at the same wind speed. This approach applies well when the two frequencies are close, but errors increase significantly as the frequency difference increases, making it unsuitable for accurately representing frequency dependence across the entire frequency range with a single formula. Instead, a dual-parameter expression for frequency dependence [36] proves very effective in accurately describing frequency characteristics within 50–500 Hz. The dual-parameter expression is formulated as follows:


  S  f  =  S 0  − 10 l o  g  10   ( 1 +      f /   f 0       m  )  



(10)




where S is the NSL, S0 is the constant describing the NSL, f is the frequency, f0 is the critical frequency threshold, and m is the frequency dependence factor.



Due to the influence of different mechanisms on the shape of the low-frequency spectrum, we selected the average value (6.3 knots) as a critical wind speed threshold. Using the least squares method, we then linearly fitted the frequency dependence into two separate wind speed regions. This fitting process revealed the estimated parameters S0, f0, and m for the NSL frequency dependence within 50–500 Hz (see Table 2). The goodness of linear fit for Equation (10) approaches 0.94 and 0.98 for the two regions, respectively, indicating that the linear relationship is excellent. Moreover, adopting the 6.3 knots as a critical threshold in wind speed dependence fitting is demonstrated to be highly effective. Compared to 10 knots, the 6.3 knots critical threshold may provide more accurate estimates for both wind speed and frequency dependence, suggesting that it is closer to the low limit of wind speeds for bubble generation.



The wind speed and frequency dependence of wind-generated NSLs in this study are applicable to the open waters of the Chukchi Plateau during the summer and may also apply to other open waters. The latter still requires further validation.





4.3. Comparison of Wind-Generated Noise Source Level


The wind-generated NSL is independent of various times and sea areas. To validate the accuracy and ubiquity of our result, wind-generated NSLs are compared with those from previous results such as Wilson [8], Kewley et al. [9], and Chapman and Cornish [10].



Wilson’s wind-generated NSLs are derived from a dipole radiation model assuming an effective source depth of zero. To facilitate meaningful comparisons, it is essential to align the radiation model and effective source depth used in this paper with those employed by Wilson. The relationship between Wilson’s source level and the monopole source level as defined by Kewley et al. [9] is established as follows:


   S w  = S + 10 l o  g  10     ( 4 π z )  2   



(11)




where Sw is the dipole source level, S is the monopole source level, and z is the source depth of the monopole in the plane (in wavelengths).



To convert to the monopole source level S with an effective source depth of 1/4, Wilson’s dipole source level Sw needs to be subtracted by 9.9 dB     = 10   log   10    π 2     . Figure 9 presents a comparison between our wind-generated NSLs and Wilson’s converted source levels. Within 50–200 Hz, Wilson’s source levels appear relatively low, possibly due to the transition from predominant turbulent pressure fluctuations to bubble oscillations. Wilson’s source levels are estimated by weighting two physical mechanisms, which may introduce errors in this frequency range. Within 200–500 Hz, the spectral slopes in this study are 4 dB/octave, 3.2 dB/octave, and 2.8 dB/octave at wind speeds of 10 knots, 20 knots, and 30 knots, respectively. Wilson’s spectral slopes at these wind speeds are 2.5 dB/octave, 1.8 dB/octave, and 1 dB/octave, respectively. The comparatively less spectral slope in Wilson’s source levels is attributed to only considering the direct noise propagation path and neglecting bottom loss. However, the decrease in spectral slope with increasing wind speed in Wilson’s curve is highly consistent with our results. Considering NSL values, the difference between our results and Wilson’s source levels is less than 2.3 dB. At wind speeds of 10 knots and 20 knots, the difference of less than 1 dB is approximately 40% and 45% of the total, respectively. At 30 knots, the difference of less than 1 dB is roughly 80% of the total.



Kewley et al. and Chapman and Cornish obtained wind-generated NSLs from the vertical direction by beamforming a deep-sea VLA. To compare our results with those of Kewley et al. and Chapman and Cornish, a method outlined by Bannister et al. [6] is adopted as follows:


   S  VLA   = S + 10 l o  g  10   a    θ s     



(12)




where SVLA is the NSL in the vertical upward direction, and S is the monopole noise source level. By setting the noise source effective depth (in wavelengths) to 1/4, the NSLs in the vertical upward direction SVLA can be converted to the monopole source levels S by subtracting 6 dB     = 10   log   10   4     using Equations (5) and (12).



Figure 10 compares our NSLs with those from Kewley et al. Below 10 knots, the differences between our results and those of Kewley et al. are generally less than 3.5 dB, which is evenly distributed between 0 and 3.5 dB. Above 10 knots, our results are notably higher than those of Kewley et al., with a maximum difference of 8.2 dB. Kewley et al. utilized two fixed values n to represent the dependence of noise levels on wind speed, setting n = 0.5 for wind speeds below 10 knots and n = 1.5 for wind speeds above 10 knots. The main cause of the above discrepancy between our results and those of Kewley et al. is the two employed fixed n values rather than one derived from data fitting, which are suggested by Chapman and Cornish [10].



Chapman and Cornish obtained NSLs from the vertical direction within 13–300 Hz. Illustrated in Figure 11, our NSLs within 50–300 Hz exhibit a similar frequency decay slope to Chapman and Cornish’s results. Considering the different dominant mechanisms in two wind speed regions, Chapman and Cornish employed 12 knots or 15 knots as critical wind speed thresholds for linear fit analysis. They realized that the critical threshold of 12 knots or 15 knots could overlook the influence of low wind speeds. At a wind speed of 10 knots, Chapman and Cornish provided the error range of the NSLs rather than the NSL values themselves. However, our NSLs are highly consistent with Chapman and Cornish’s, within the acceptable error range. At 20 knots, the frequency decay slopes range from 1.3 dB/octave to 2.9 dB/octave. Differences in NSLs range from 0 to 1.78 dB, with about 37% of the total being less than 1 dB. At 30 knots, the spectral slope differences range from approximately 1.1 dB/octave to 2.3 dB/octave, with differences of approximately 70% of the total concentrated in the range of 1.1–2.0 dB. With a dual-parameter expression to linearly fit wind-generated NSLs, using critical wind speed thresholds and wind speed factors derived from data fitting, our method proved to be very effective. It is important to elucidate that this study does not include comparisons with Kuperman and Ferla’s [7] wind-generated NSLs, which are defined based on noise levels received from a monopole layer in a homogeneous semi-infinite half-space. Given this fundamental difference, direct comparisons with Kuperman and Ferla’s method lack practical significance in the context of this study.



Importantly, one must consider that in our study, although the method of extracting low-frequency wind-generated NSLs from a single omnidirectional hydrophone measurement saves much labor in terms of experimental data collection compared to the VLA method, it is only applicable to sea areas where ships are very rare, such as the Chukchi Plateau. In ocean basins with numerous ships, the VLA method would still be the better approach.





5. Conclusions


This study extracted wind-generated NSLs from a single omnidirectional hydrophone collecting underwater noise data obtained at a depth of 883 m in the open waters of the Chukchi Plateau. Our results are compared with those of previous studies. The main conclusions are as follows:



Given the Chukchi Plateau’s special location, no ships were found within 100 km of the acoustic mooring during the period of the recorded data. Noise from more distant ships contributed only 0.4% to the measured underwater noise, which is negligible for wind-generated NSL extraction. Through comprehensive data processing of both in the time and frequency domain, air gun interference, ice-induced pulse interference, and unidentified non-wind interferences were effectively removed and wind-generated NSLs were obtained.



In the open waters of the Chukchi Plateau, the correlation coefficient between wind-generated NSLs and wind speed in the 50–500 Hz range exceeds 0.84, an improvement of approximately 10% compared to the raw data. Furthermore, the “PDF profiles” of wind-generated NSLs resemble those of wind speed logarithms, indicating the "purity" of the wind-generated noise extracted.



The dual-parameter expression for wind speed dependence in the 50–500 Hz range exhibits a goodness of linear fit of approximately 0.8, significantly higher than that of previous results such as Piggott’s. By choosing a critical threshold of 6.3 knots, the frequency dependence was divided into two separate wind speed regions, and excellent goodness of fit values of approximately 0.94 and 0.98 were achieved. This critical threshold may be closer to the low limit of wind speed that generates significant bubble noise. The empirical formula for low-frequency wind-generated NSLs in relation to wind speed and frequency is also applicable to the open waters of the Chukchi Plateau, providing wind-generated noise data for background correction in underwater target detection, recognition, tracking, and positioning.



Although Kewley et al. used empirical values of the wind-speed dependency factor to fit the relationship between wind-generated NSLs and wind speed, which may lead to larger errors, our results differ significantly from those of Kewley et al. However, within 200–500 Hz, the wind-generated NSLs obtained in our study are highly consistent with Wilson’s results. Within 50–300 Hz, the wind-generated NSLs obtained in this study closely match those reported by Chapman and Cornish. Both demonstrate the feasibility of extracting wind-generated NSLs by utilizing a single omnidirectional hydrophone in the Chukchi Plateau’s open waters.
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Figure 1. Location of acoustic mooring (74.9940° N, 160.1345° W). 






Figure 1. Location of acoustic mooring (74.9940° N, 160.1345° W).



[image: Jmse 13 00049 g001]







[image: Jmse 13 00049 g002] 





Figure 2. (Color of line) Red line: Time series of wind speed during experimental period. Blue line: Time series of ice concentration during experimental period. 
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Figure 3. A comparison of the estimated ship interference levels received by the USR and the received sound levels of the USR. 
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Figure 4. Time–frequency spectrogram of acoustic data from 0:00 to 0:02, 9 September 2021. 
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Figure 5. Wind-generated noise level at 500 Hz versus noise level at 1 kHz. Solid line is linear regression on data. 
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Figure 6. (Color of line) Green line: correlation of wind-generated NSLs with wind speed. Yellow line: correlation of raw data with wind speed. 
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Figure 7. Comparison of PDF between normalized wind speed logarithm and normalized wind-generated NSL within 50–500 Hz. 
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Figure 8. (Color of line) Blue line: the goodness of fit for Equation (9) below 10 knots; green line: the goodness of fit for Equation (9) above 10 knots; yellow line: the goodness of fit for Equation (8). 
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Figure 9. Comparison of our wind-generated NSLs with those of Wilson. 
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Figure 10. Comparison of our wind-generated NSLs with those of Kewley et al. 
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Figure 11. Comparison of our wind-generated NSLs with those of Chapman and Cornish. 
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Table 1. The parameters used in Equation (9) of the one-third octave within 50–500 Hz. Their goodness of linear fit is described in Figure 8.
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Frequency (Hz)

	
Parameter




	
S0

	
k

	
uc






	
50

	
38.9

	
3.47

	
6




	
63

	
40

	
3.49

	
6.72




	
80

	
37.5

	
3.52

	
5.77




	
100

	
37.2

	
3.57

	
6




	
125

	
36.1

	
3.69

	
6.08




	
160

	
35.3

	
3.74

	
6.42




	
200

	
34.5

	
3.88

	
6.7




	
250

	
32.5

	
3.91

	
6.49




	
400

	
29.38

	
4.1

	
6.38




	
500

	
28.1

	
4.18

	
6.29











 





Table 2. The parameters used in Equation (10). The good critical fit for the two regions with the critical wind speed threshold of 6.3 knots is 0.94 and 0.98, respectively.
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Wind (knots)

	
Parameter




	
S0

	
m

	
f0






	
0–6.3

	
43

	
1.72

	
6




	
6.3–30

	
56.26

	
1.33

	
50.5
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