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Marine mammals are sensitive to changes in frequency among third 
octaves, therefore summarizing sound amplitude using third-octave 
bands is useful for approximating sound levels for a range of fre
quencies (Richardson et al., 1995). Third-octave bands have a lower 
frequency limit, an upper frequency limit that is equivalent to 21/3 of the 
lower frequency, and a central frequency roughly equivalent to the 
square-root of the product of the lower and upper frequencies. Third- 
octave bands are referred to by their central frequencies; for example, 
the 250-Hz third-octave band has a central frequency of 250 Hz and 
covers the frequency band from 223 to 281 Hz. We calculated the root- 
mean-square (RMS) sound pressure levels integrated over the 17 stan
dard third-octave frequency bands between 25 and 1000 Hz for each 
recording using PAMGuide software in MATLAB (FFT with a 1-s long 
Hann window and 50% overlap; Merchant et al., 2015). We hereafter 
refer to third-octave sound levels as TOLs. 

2.2. Effects of wind and water speed on sound levels 

We examined the impact of wind and water speed on TOLs 
commonly used to quantify radiated sound from ships, specifically TOLs 
with center frequencies of 63 Hz, 125 Hz, and 250 Hz (Van der Graaf 
et al., 2012; Dekeling et al., 2014; Merchant et al., 2014), to understand 
how wind and water speed may affect sounds recorded by our hydro
phones. Wind is an important contributor to ambient sound levels dur
ing the open-water season (Wenz, 1962; Hildebrand, 2009; Roth et al., 
2012; Insley et al., 2017; Stafford et al., 2018; Halliday et al., 2021b; 
McKenna et al., 2021), and thus, should be taken into consideration 
when quantifying the impact of ship noise. The Bering Strait has high 
water speeds, with hourly mean northward water speeds occasionally 
exceeding 130 cm/s (Woodgate, 2018), which can lead to flow noise 
and/or mooring line strumming (McKenna et al., 2021). Consequently, 
it was also important to consider how water speeds contribute to sound 
levels recorded by the hydrophones in the three third-octave frequency 
bands. Both flow noise and line strumming result from water flowing 
past the mooring, and therefore are not considered features of the 
broader acoustic environment (Robinson et al., 2014). 

We analyzed ambient sound recordings—recordings without ship 
noise, line strumming, or biotic sounds—to isolate the effect of wind and 
water speeds on third-octave sound levels recorded by the hydrophones. 
We computed TOLs for the three third-octave bands (63 Hz, 125 Hz, and 
250 Hz) over 1-s time windows and then time-averaged the sound levels 
over the full duration of the recording (~ 20 min in 2013 and 2014: 
1199 s; ~ 22 min in 2015: 1399 s). We assumed that sound levels 
recorded when the hydrophones were on (i.e., during the first 20–22 min 

of the hour) were representative of the entire hour. We then calculated 
the daily median for each TOL band. Surface wind speed and direction 
were taken from the National Centers for Environmental Predication 
(NCEP) North American Regional Reanalysis 2 (NARR) wind data 
product (grid size of ~32 km; Mesinger et al., 2006) calculated for the 
closest grid point to the strait, ~110 km southwest of the moorings 
(65◦N, 170◦W; Fig. 1). We calculated daily mean water speeds using 
hourly water velocity data measured at 30-m depth by Acoustic Doppler 
Current Profilers (ADCP) attached to each mooring (Woodgate, 2018). 

Given that the daily median TOLs for a given day could be correlated 
to the daily median TOLs from the previous day, we used generalized 
least squares (GLS) regression to examine the influence of daily mean 
wind and water speeds on daily median TOLs for the three bands. GLS 
regression accounts for correlation between the model residuals, making 
the method a good choice when temporal correlation in the response 
variable is a concern (Aitken, 1936). We built individual models for each 
third-octave band using data from each mooring site with all three years 
combined (e.g., we created a separate model for the 63 Hz TOLs recor
ded at Site A2 in 2013–2015, etc.) using the nlme package in R (v. 4.1.0; 
R Core Team, 2021; Pinheiro et al., 2022). We included a first-order 
autoregressive correlation structure in each model using a continuous 
time variable (day number) and the Pearson correlation coefficient 
taken from correlation tests between daily median TOLs as inputs 
(Table 2). We defined a day as a 24-h period starting at 00:00 UTC and 
assumed that daily means for wind and water speeds were independent. 
We used a significance threshold of 0.05 for all statistical tests. 

2.3. Characterizing ship activity 

We used Automatic Identification System (AIS) vessel tracking data 
to characterize the presence of ships throughout the open-water season 

Table 1 
Hydrophone deployment data, including latitude and longitude (in decimal degrees), and recording settings. Dates are in the format ‘yyyy-mm-dd.’ Mooring names are 
from the Bering Strait mooring program (Woodgate et al., 2015). See Fig. 1 for the mooring locations.  

Mooring Deployment 
Year 

Latitude 
N 

LatitudeW Record Start 
Date 

Record 
End Date 

Hydrophone Depth 
(m) 

Water Depth 
(m) 

Sampling Rate 
(Hz) 

Hourly Duty 
Cycle  

2013 65.78◦ 168.57◦ 2013-07-15 2014-07- 
01 

48 54 8192 20 min 

A2 2014 65.78◦ 168.57◦ 2014-07-10 2015-07- 
04 

49 53 8192 20 min  

2015 65.78◦ 168.57◦ 2015-07-05 2016-07- 
08 

49 54 8192 22 min  

2013 66.33◦ 168.97◦ 2013-07-15 2014-07- 
02 

52 56 8192 20 min 

A3 2014 66.33◦ 168.97◦ 2014-07-10 2015-07- 
02 

50 56 8192 20 min  

2015 66.33◦ 168.97◦ 2015-07-05 2016-07- 
08 

48 56 8192 22 min  

2013 65.75◦ 168.26◦ 2013-07-15 2014-07- 
02 

42 47 8192 20 min 

A4 2014 65.75◦ 168.25◦ 2014-07-10 2015-07- 
02 

42 47 8192 20 min  

2015 65.75◦ 168.25◦ 2015-07-05 2016-07- 
08 

41 47 8192 22 min  

Table 2 
Correlation coefficients and p-values from Pearson correlation tests between 
daily median third-octave sound levels measured for the 63-Hz, 125-Hz, and 
250-Hz bands. The correlation coefficients were used in the autoregressive 
correlation factors for the generalized least squares regression models (See 
Section 2.2).   

A2 A4  

63 Hz 125 Hz 250 Hz 63 Hz 125 Hz 250 Hz 

Correlation 
Coefficient 

0.51 0.5 0.54 0.53 0.53 0.5 

p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001  

E.D. Escajeda et al.                                                                                                                                                                                                                             
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conditions brought on by climate change (Laidre et al., 2008; Hauser 
et al., 2018; Halliday et al., 2020). The results presented here can serve 
as a baseline for measuring future impacts of shipping on the acoustic 
environment of the Bering Strait. More research is needed, however, to 
understand, anticipate, and mitigate the impacts of ships on the marine 
environment of the Pacific Arctic. 
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