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The influence of sea ice 
on the detection of bowhead whale 
calls
Joshua M. Jones1*, John A. Hildebrand1, Bruce J. Thayre1, Ellen Jameson2, Robert J. Small3 & 
Sean M. Wiggins1

Bowhead whales (Balaena mysticetus) face threats from diminishing sea ice and increasing 
anthropogenic activities in the Arctic. Passive acoustic monitoring is the most effective means for 
monitoring their distribution and population trends, based on the detection of their calls. Passive 
acoustic monitoring, however, is influenced by the sound propagation environment and ambient 
noise levels, which impact call detection probability. Modeling and simulations were used to estimate 
detection probability for bowhead whale frequency-modulated calls in the 80–180 Hz frequency 
band with and without sea ice cover and under various noise conditions. Sound transmission loss 
for bowhead calls is substantially greater during ice-covered conditions than during open-water 
conditions, making call detection ~ 3 times more likely in open-water. Estimates of daily acoustic 
detection probability were used to compensate acoustic detections for sound propagation and noise 
effects in two recording datasets in the northeast Chukchi Sea, on the outer shelf and continental 
slope, collected between 2012 and 2013. The compensated acoustic density suggests a decrease 
in whale presence with the retreat of sea ice at these recording sites. These results highlight the 
importance of accounting for effects of the environment on ambient noise and acoustic propagation 
when interpreting results of passive acoustic monitoring.

Passive acoustic monitoring (PAM) is an important tool for studying marine mammal seasonal distribution, 
migration, and behavior, especially in remote locations such as polar regions, where sea ice cover and light limi-
tations prevent ship access and visual surveys for much of the  year1–4. PAM allows marine mammal population 
density estimation to help with stock assessment and  management5–8. Density estimation requires knowledge 
of the distance between the source (calling animal) and the receiver (PAM sensor)9, but environmental factors 
can substantially alter the effective listening area around a recording location. Factors in the environment that 
can influence the propagation of underwater sounds include water column and seabed physical properties, 
bathymetry, sea state and sea ice coverage. These influences on acoustic propagation are specific to a hydrophone 
location and affect the detectability of recorded signals by altering the signal-to-noise ratio. Accounting for these 
factors is important for analysis of PAM detection time series and for understanding their relationships with 
habitat or other ecological variables.

Acoustic propagation modeling and ocean noise levels have been used previously to account for environmen-
tal effects on marine mammal sound  detection10,11. For example, the estimated probability of detecting humpback 
whale calls in the 0.2–1.8 kHz frequency range within a 20 km radius of three recording locations off California 
differed by up to 60% due to site-specific effects of bathymetry and seabed properties on sound  transmission10. 
At one location, detection probability was also reduced by > 50% within the 20 km radius due to an increase in 
ocean noise levels by 10  dB10,12. When propagation modeling is combined with measurements of ambient noise 
and instrumental self-noise levels, it is possible to compensate for time-varying acoustic detection probability 
and thereby to improve estimates of acoustic  density12.

In Arctic waters, rapid decreases in sea ice and increases in human activities, such as commercial shipping 
and mineral extraction, motivate the need to monitor marine mammal  populations13. Bowhead whales (Bal-
aena mysticetus) are closely associated with sea ice and have been the subject of decades of research  efforts4,14, 
especially in the Bering-Chukchi-Beaufort (BCB) Seas where bowheads are harvested for subsistence by Inupiat 
 communities15 and where exploration and development of offshore petroleum has raised concerns about under-
water noise  impacts16. Reductions in Arctic sea ice have the potential to significantly impact bowhead whales, 
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both by changing their foraging environment and by exposing them to anthropogenic activities such as ship 
traffic and commercial  fishing17.

Bowhead underwater sound production includes a great variety of sounds, but often consists primarily of 
simple, narrow-band, frequency-modulated calls (FM calls), usually less than 200 Hz Fig. 114,18,19. These relatively 
simple bowhead calls have been used to indicate their seasonal presence in PAM-based studies across much of 
the BCB bowhead  range4,18,20,21, contributing to knowledge of their seasonal movements and distribution.

In the Arctic, the presence of sea ice influences acoustic propagation and ambient  noise22,23. Sea ice strongly 
scatters sound in ways that are dependent upon ice thickness and underside roughness, and upon the frequency 
of the sound. Across a 100 Hz frequency band that includes most bowhead FM calls (80–180 Hz), there is sub-
stantially higher attenuation when sea ice cover is present than when compared to open-water  conditions24–26. 
Previous experiments in the Arctic have found scattering from sea ice cover to contribute 10 to 15 dB of attenu-
ation at frequencies between 70 and 200 Hz with sound paths at surface grazing angles of 10–20°27–29.

Interaction with the sea bottom is another factor influencing the propagation of sound, with bottom inter-
actions increasing for a given frequency as water depth of the source or receiver  decreases30. At a site on the 
Beaufort-Chukchi continental slope (receiver depth 328 m), airgun pulses from a deep-water survey (> 3000 m 
water depth) were recorded more than 500 km away, whereas from a shallow-water survey (< 100 m water depth) 
they were detected only up to ~ 100 km and experienced transmission losses much greater than the typical spheri-
cal spreading, due to interaction with the  seafloor31.

Arctic ambient noise levels may vary over time due to sea ice, wind, currents and surface waves changing on 
seasonal and shorter time  scales32–34. Mean ambient noise levels in the bowhead whale FM call frequency band 
(80–180 Hz) are highest during fall open-water conditions and lowest during spring ice-covered  conditions33. 
Sound pressure spectrum levels increase with wind speed (u) by ~ 20  log10(u) in open-water35 but by only ~ 5 
 log10(u) with 75–100% ice-cover33. Episodic events in the sea ice layer (motion, deformation and fracturing) 
also create underwater  noise34,36. Seismic surveys can increase noise levels significantly; for example, by 3–8 dB 
in the 80–180 Hz band during extended seismic survey  periods33. Ocean currents can also cause flow-induced 
oscillations of the hydrophone (strum) in the 1–500 Hz band, resulting in instrumental noise, rather than true 
ocean ambient  noise37.

In this study, we use underwater acoustic modeling to develop a site-specific and time-dependent compen-
sation applied to time series of bowhead whale acoustic detections at recording sites in the northeast Chukchi 

Figure 1.  Spectrograms of bowhead FM calls including: (A) upsweep, (B) undulating n, (C) downsweep, 
and (D) constant. Undulating u call type not shown. Sample rate: 2000 Hz, FFT length: 550 samples, window 
overlap: 87%, window type: Hanning.
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Sea outer shelf and continental slope (Fig. 2). The compensated bowhead whale acoustic detections provide a 
quantitative assessment of whale presence during changing environmental conditions, such as during the transi-
tion between open-water and sea ice-cover.

Results
Model for acoustic propagation and detection probability. Sound transmission losses in the fre-
quency band of bowhead whale FM calls are substantially higher in the presence of ice-cover than for open-
water conditions (Fig. 3 and Table 1). This suggests that there will be long-range propagation of 80–180 Hz 
signals during open-water but rapid attenuation during ice-cover. At a range of 20  km, losses are 25–30  dB 
greater during ice-cover, consistent with the expectation that interaction with an ice-covered surface results in 
scattering of acoustic energy.

Figure 2.  Acoustic recorder deployment sites near Utqiaġvik (Barrow, Alaska, USA) from 2012 through 2013. 
Contour depths in meters with darker shading indicating deeper depths. Sites C (slope) and D (shelf) at depths 
320 and 100 m, respectively. Map created using M_Map mapping package (www. eoas. ubc. ca/ ~rich/ map. html) 
for Matlab (MathWorks Inc., Natick, MA).

Figure 3.  Average transmission loss for ranges from 0 to 40 km at the shelf (blue) and slope (red) sites in open 
water (solid lines) and ice-covered (dashed lines) conditions.

http://www.eoas.ubc.ca/~rich/map.html
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Averaged across all azimuths at distances from 0 to 20 km, propagation losses are greater at the slope site than 
at the shelf site in both ice states (Table 1), partly due to the slope site’s greater exposure to deep water (Fig. 4). The 
slope site has higher losses than the shelf site at 0–20 km distance in both the upslope and downslope directions 
with ice cover and in the downslope direction in open water. Two exceptions occurred in the overall pattern of 
propagation losses with changing depth at ranges of 0–20 km. There was little difference in upslope propagation 

Table 1.  Average modeled sound transmission loss (TL) for 80–180 Hz sounds traveling in all directions (All 
azimuths), toward shallower water (Upslope), and toward deeper water (Downslope) at the slope and shelf 
recording sites. Values are average and standard deviation of all 1  km2 model locations within radii < 20 km, 
20–40 km, and for all locations < 40 km. Number of locations included in statistical computation given as 
n(locs).

Direction of propagation (deg T) Radius n (locs)

Slope site  TLavg (dB) Shelf site  TLavg (dB)

Ice-covered Open-water Ice-covered Open-water

All azimuths  < 20 km 1256 91.1 ± 8.3 73 ± 5.8 85.9 ± 11.1 65.7 ± 3.9

0–360°
20–40 km 3654 108.7 ± 7.5 82.3 ± 5.1 117.6 ± 21.2 75.3 ± 3.4

 < 40 km 4910 104.2 ± 10.9 79.9 ± 6.7 109.5 ± 23.6 72.8 ± 5.5

Upslope  < 20 km 158 92.1 ± 8.2 69.8 ± 3.2 90.8 ± 13.6 64.6 ± 3.1

22.5–67.5°
20–40 km 454 116.2 ± 9.1 78.2 ± 2.8 143.3 ± 14.5 73.3 ± 2.4

 < 40 km 612 110 ± 13.8 76.1 ± 4.7 129.8 ± 27.1 71 ± 4.6

Downslope  < 20 km 158 92.5 ± 8.9 78.4 ± 6.5 82.7 ± 6.6 67.7 ± 4

202.5–247.5°
20–40 km 454 105.9 ± 4.1 88.5 ± 2.5 103.2 ± 7 78.5 ± 3

 < 40 km 612 102.4 ± 8.2 85.9 ± 5.9 97.9 ± 11.4 75.7 ± 5.8

Figure 4.  Transmission loss in dB for: open-water (left panels) and ice-covered (right panels) conditions for 
Chukchi slope (upper panels) and shelf (lower panels) sites with receivers at 320 and 88 m, respectively. Contour 
lines in m.
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between the two locations in open water. With ice cover, average 0 to 20 km upslope and downslope losses were 
also not substantially different at the slope site.

At longer distances of 20–40 km from both sites during ice cover, sounds traveling upslope toward shallow 
water have higher predicted propagation loss than sounds traveling downslope toward deeper water (Table 1). 
This spatial pattern of propagation losses at longer distances is reversed during open water. Down slope propa-
gation losses from 20 to 40 km distance are higher relative to sounds traveling upslope during open-water 
conditions. Upslope propagation results in more surface interactions with increasing distance, hence, more loss 
in the presence of ice-cover, whereas downslope propagation results in less surface interaction, hence avoiding 
the impact of ice-cover scattering.

Average detection probabilities for calls follow similar patterns to sound transmission loss (Fig. 5 and Table 2). 
Detection probability is substantially reduced in the presence of sea ice when compared to open-water; little or no 
detection is possible beyond 20 km in ice-cover, whereas calls are readily detected even at 40 km in open-water. 
Detection probability across all azimuths within a 40 km radius of each site is improved on the shelf compared 
to the slope in ice-free and ice-covered conditions.

Averaging detection probability across azimuth also gives detection probability as a function of distance for 
each noise level and ice state (Fig. 6). The probability of call detection falls off with range from the recording site, 
more steeply with increasing ambient noise level, both with and without sea ice (Fig. 6). Detection probability 
decreases slowly with range in open-water but decreases rapidly for ice-covered waters.

Mean detection probability is modeled as a function of noise level for each site and ice state within the 40 km 
radius in Fig. 7. With sea ice-cover, average detection within 40 km is substantially lower than with open-water at 
both sites and all noise levels; the average detection probability is 20–60% lower with the sea ice layer. Detection 
is somewhat higher on the shelf than the slope, but with the sea ice layer (dashed lines in Fig. 7), average detec-
tion probability is similar at both locations and ranged from ~ 50% at the lowest noise levels (50 dB re 1 µPa2) to 
less than 5% at the highest noise levels. With ice cover, the effect of additional noise on detection probability is 
greatest at distances 5–20 km, while the effect of added noise is greatest at > 20 km distance in open water. For 
example, at distance 10 km on the slope site, increasing noise from 60 to 80 dB reduces detection probability 
from 80 to ~ 5%. In open water, this noise increase reduces detection probability at a 10 km radius from > 95 
to ~ 60%. Overall, adding noise results in substantially lower detection probabilities and a decreased detection 
area at shorter radial distances with ice cover and longer radial distances in open water.

Figure 5.  Detection probability for open-water (left panels) and ice-covered (right panels) conditions for slope 
and shelf recording sites (upper and lower panels) with 70 dB re 1 μPa2 noise spectrum level in the 80–180 Hz 
band.
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In both open-water and ice-covered states, the spatial patterns in detection probability also correspond to 
bathymetry (Fig. 5). At shorter distances from 0 to 20 km and typical noise conditions of 70 dB re 1 µPa2 spectrum 
level in the 80–180 Hz band, detection probabilities in open water are > 90% for calls originating upslope from 
both sites and for sounds originating downslope from the shelf site (Table 2). Under the same open-water and 
noise conditions, 0 to 20 km average detection probability is reduced to approximately 70% for sounds originating 

Table 2.  Average simulated detection probability (DP) with 70 dB re 1 μPa2 noise spectrum level in the 
80–180 Hz band for sounds traveling in all directions (All azimuths), toward shallower water (Upslope), and 
toward deeper water (Downslope) at the slope and shelf recording sites. Values are average and standard 
deviation of all 1  km2 model locations within radii < 20 km, 20–40 km, and for all locations < 40 km. Number 
of locations included in statistical computation given as n(locs).

Direction of propagation (deg T) Radius n (locs)

SlopesiteDPavg (%) ShelfsiteDPavg (%)

Ice-covered Open-water Ice-covered Open-water

Allazimuths  < 20 km 1256 30.5 ± 25.7 85.9 ± 14.1 49.3 ± 30.1 97.2 ± 3.7

0–360°
20-40 km 3654 1.9 ± 3.7 61.5 ± 20.3 4.9 ± 8.5 83.8 ± 10.6

 < 40 4910 9.4 ± 18.5 68.1 ± 21.7 16.5 ± 25.9 87.3 ± 11

Upslope  < 20 km 158 27.9 ± 24.3 93.7 ± 5.3 38.6 ± 34 98 ± 2.6

22.5–67.5°
20-40 km 454 0.4 ± 1.6 77.2 ± 10.8 <0.1 ± <0.1 88.2 ± 6.9

 < 40 612 7.8 ± 17.5 81.6 ± 12.2 10.3 ± 24.5 90.8 ± 7.4

Downslope  < 20 km 158 26.6 ± 27 71.3 ± 19.1 57.3 ± 21.1 95.1 ± 4.9

202.5–247.5°
20-40 km 454 2.4 ± 3.9 38.6 ± 12 6.9 ± 10.3 75.2 ± 11.1

 < 40 612 8.7 ± 17.7 47.1 ± 20.2 20.1 ± 26.2 80.4 ± 13.2

Figure 6.  Detection probability as a function of distance for (A) shelf and (B) slope sites at ambient sound 
pressure level 60, 70, and 80 dB re 1 μPa2 (blue, green, and red lines) with open-water (solid line) and ice-
covered (dashed line) conditions.
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downslope from the slope site (Table 2). With ice cover, 0–20 km average detection probabilities are similar in 
the downslope and upslope directions at the slope site, but higher in the downslope than upslope direction at 
the shelf site (Table 2). The greater probability of detecting bowhead calls at 0–20 km distances downslope from 
the shelf with ice cover corresponds to the approximately 10 dB lower transmission losses predicted for sounds 
traveling into deeper water from the shelf site than the slope site with ice cover (Table 1).

At longer distances of 20–40 km in typical noise conditions, average upslope detection probabilities are > 77% 
at both sites in open water, whereas the longer-range downslope detection probability is substantially lower at the 
deeper slope site (Table 2). This pattern disappears or is reversed with ice-cover. While detection probabilities 
are low in all directions at 20–40 km, there may be somewhat greater probability of detection downslope than 
upslope from the recorder, particularly at the shelf site.

Observations of bowhead acoustic occurrence. In October 2012, open-water was present at both the 
slope (Fig. 8) and shelf (Fig. 9) recording sites but by early November 2012 both sites experienced a rapid transi-
tion to nearly complete ice-cover. The ice remained at these sites for ~ 8 months, until July 2013, at which time 
there was an approximately one-week transition to open-water conditions.

Ambient noise levels in the 80–180 Hz frequency band were higher by ~ 10 dB during periods with little or 
no ice coverage at both the slope (Fig. 8) and shelf (Fig. 9) sites. In addition, average noise levels during open-
water at the slope (63 ± 6 dB re 1 μPa2) were ~ 7 dB lower than those at the shelf (70 ± 7 dB re 1 μPa2) site due to 
current-induced strumming of mooring hardware at the shelf recorder.

The detection probability for bowhead FM calls was significantly higher during open-water than during ice-
cover at both sites (Figs. 8 and 9). At the slope site during open-water the detection probability was 68 ± 10% and 
fell to 10 ± 5% during ice-cover. Likewise, at the shelf site open-water detection was 85 ± 10% and ice-cover was 
18 ± 5%. This suggests that bowhead calls are ~ 3 times more likely to be detected during open-water periods, 
owing to the signal attenuation with ice-interactions.

Bowhead whale FM calls were detected at both sites in the fall, during the time of ice formation, and in 
the spring, well before and following ice breakup (Figs. 8 and 9). Calls were present during most open-water 
periods, during spring and early summer high ice cover, and during freeze-up in October and November. From 
April through July, as sea ice concentration varied between 90 and 100%, bowhead detections increased at both 
sites, with some variability on daily and weekly time scales. The detection rates appear comparable before and 
after transitions between open-water and ice-covered conditions at both sites, for instance, at the shelf site high 
rates of detection (> 18 h/day) were experience both in June (ice-covered) and August (open-water) conditions.

Compensating the detection time series using Eq. 5 provides acoustic occurrence relative to detection area 
(detection hrs/1000 km/day). The compensated density of acoustic occurrence reduces the estimate for bowhead 
presence during open-water periods, for instance, in the period before freeze-up at the shelf site in October 2012 
(Fig. 8). This occurs primarily due to the effect of lower sound transmission losses in open water, which raises 
detection probability and increases the effective listening area around the recording sites. Even at relatively 
high noise levels (e.g. 80 dB), the detection probabilities are greater in open water at distances 20–40 km than 
during the lowest noise levels (e.g. 60 dB) with ice cover (Fig. 6). At both sites, there was a decline in estimated 
acoustic density following the breakup of sea ice (Fig. 8 and Fig. 9) that was not reflected in the uncompensated 
detection time series.

Figure 7.  Modeled average detection probability (P̂) within a 40 km radius as a function of noise level in the 
80–180 Hz band for each ice state and site. Blue and red lines represent the shelf and slope sites, respectively in 
open-water (solid line) and ice-covered (dashed line) conditions.
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Discussion
In the Arctic, seasonal sea ice cover dramatically decreases the range over which bowhead whale FM calls can be 
detected. With the presence of ice-cover, sound attenuates to undetectable levels over much shorter distances than 
in open-water. This has a large effect on call detection probability, yielding a bimodal distribution of detection 
probability over the course of a year, whereby calls are ~ 3 times more likely to be detected during open-water 
conditions. Without compensating for the effects of ice-cover on sound propagation, acoustic presence is over-
estimated during open-water periods and underestimated when sea ice is present. This is despite the increase 
in ambient noise levels during open-water. The impact of sound attenuation by ice-cover on call detection is 
greater than the decrease in signal-to-noise owing to higher open-water noise levels. The compensation method 
presented here, therefore has the effect of normalizing the estimates of detection density across periods of vary-
ing ice-conditions, as well as between the two sites, including differences in environmental and instrumental 
characteristics. This presents the possibility of comparing detection densities between sites to provide quantitative 
estimates of bowhead presence.

The presence of a sea ice layer dramatically increases transmission loss (TL), consistent with previous stud-
ies of Arctic long-range sound  propagation29.  Diachok25 found TL of 95 dB at 200 Hz from 40 km with sea ice, 
compared with a theoretical prediction of 76 dB with open-water conditions. For the slope site, TL was 105 dB at 
40 km with ice cover and 76 dB in open-water. The shelf site had higher TL of 110 dB at 40 km range for ice-cover 
and TL of 68 dB in open-water. The increased TL for the shelf site with sea ice-cover is likely due its shallower 
depth, resulting in more reflections off the seafloor which then interact with the underside of the sea ice at the 
surface. The low up-slope and along-slope TL at the shelf site may also be related to less interaction with the sea 
bottom and the surface. Due to the sound speed profile and deeper water, the slope site is located in an acoustic 
waveguide during open-water31.

In the arctic, increasing sound speed with depth results in rays that are upward refracted and interact with the 
surface, making surface scattering an important parameter for sound propagation. Surface scattering strength 
increases as a function of wind speed during open-water  conditions38. Our model uses an RMS roughness of 
1.38 m for the sea surface in open-water, which would correspond to typical wind speeds (~ 5 m/s) observed 
in the study  area33. Higher wind speeds do occur during open-water (> 15 m/s) and would result in greater 

Figure 8.  Slope site (A) Average daily ambient noise levels in daily 10th 50th, and 90th percentiles (black, red, 
and green lines, respectively) for 80–180 Hz frequency band and mean daily sea ice concentration (blue line 
from October 2012 to October 2013. (B) Daily detection probability within a 40 km radius, gray bars show 
range for the 90th and 10th percentile noise level. (C) Bowhead whale call detections as uncompensated daily 
detection hours (blue bars) and compensated detection density (black and white bars). Gray shaded areas 
indicate period of no recording.
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surface roughness and increased ambient noise levels. At higher wind speeds, scattering strength increases for 
bowhead whale call frequencies at grazing angles up to 25°39. The effect of surface roughness might reduce the 
high detection probability we predict for open-water conditions and should be incorporated into future models. 
Scattering of acoustic energy is also affected by the number and depth of ice keels under pressure  ridges25 and 
in the marginal ice  zone40. Future models should develop additional parameters to account for these factors in 
acoustic propagation.

Applying the detection density function (Eq. 5) to uncompensated detections had the effect of normalizing 
acoustic occurrence across the two sites that differ in both sound propagation environment and noise charac-
teristics. The uncompensated daily call occurrence suggests a greater presence of bowheads at the slope than the 
shelf site during ice-cover, with many June and July days having nearly continuous (24 h) presence at the slope 
site but with few days above 12 h of presence at the shelf site. Examining the acoustic density at both sites (Figs. 8 
and 9) this apparent difference in bowhead presence between the two sites disappears. With the model-derived 
compensation applied, the density of acoustic occurrence at the two sites is comparable during the same time 
period, with both sites having a density index of ~ 7.5 h/103km2/day within a 40 km radius.

Examining bowhead acoustic density with respect to sea ice, the annual patterns of presence are similar at 
both sites, with whales first appearing in April during full ice-cover and again approximately two weeks before 
the onset of ice formation through freeze-up. A sustained period of acoustic density occurs at the shelf site prior 
to freeze up in the fall and increases during ice formation. This fall density of occurrence does not appear as 
pronounced at the slope. Both sites exhibit peaks in acoustic density in June and July, which decreases around 
the onset of sea ice break-up. This pattern does not appear in the uncompensated acoustic detection time series 
and is consistent with satellite telemetry results showing seasonal movements of bowheads extending to areas 
of their range outside of previous survey coverage for their abundance and  distribution41.

How might bowhead whales have optimized the propagation of their FM calls based on the environment of 
the Arctic? The frequency for optimum (minimum loss) acoustic propagation in shallow open-water is depend-
ent on depth. In temperate oceanographic conditions, optimum propagation frequencies are about 220–50 Hz 
for depths from 100 to 300 m,  respectively30. Optimum frequencies decrease in the Arctic due to the upward 
refracting sound speed profile, increasing sound transmission loss through surface  interactions31. Loss to the 
seafloor becomes greater at lower  frequencies30 and is expected to be significant in the thick sediment layers of 
the Chukchi Sea. This may increase the lower end of the optimum frequency band relative to other areas. The 

Figure 9.  Shelf site (A) Average daily ambient noise levels in daily 10th 50th, and 90th percentiles (black, red, 
and green lines, respectively) for 80–180 Hz frequency band and mean daily sea ice concentration (blue line 
from October 2012 to October 2013. (B) Daily detection probability within a 40 km radius, gray bars show 
range for the 90th and 10th percentile noise level. (C) Bowhead whale call detections as uncompensated daily 
detection hours (blue bars) and compensated detection density (black and white bars).
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combined effects of these factors may act to narrow the bandwidth of frequencies that propagate best within the 
study area, presumably corresponding to the 80–180 Hz band used for bowhead FM calls.

Characteristics of bowhead whale calls may change over time or with environmental conditions and ambi-
ent sound levels; and this potential variability may need to be incorporated into future development of acoustic 
density estimation for bowhead whales. Minimum and peak frequencies of bowhead calls in the Beaufort Sea 
decreased during 2008–2014, with an increasing proportion of calls below 75  Hz42. Thus, frequencies below 80 Hz 
should be evaluated for inclusion in sound propagation modeling for bowhead acoustic density. While this study 
does not distinguish between call categories beyond a focus on non-song FM calls, some call categories such as 
“complex” calls may be shifting to lower frequencies to a larger degree than  others42. Where call categories have 
different frequency characteristics, the proportion of calls by category may also be important for improving 
future detection probability and density estimation.

Detection of acoustic signals from bowhead whales in Arctic shelf and slope waters are subject to environ-
mental factors that affect the transmission of the sounds and factors that affect the levels of ambient noise. To 
help interpret results from passive acoustic monitoring detections, it is necessary to address these factors and 
account for them. Applying this compensation method to multi-year time series of acoustic data will substantially 
improve the use of passive acoustic monitoring in estimating abundance and distribution of marine species and 
to investigate ecological relationships with environmental factors, such as sea ice.

Methods
Acoustic recordings. High-frequency Acoustic Recording Packages (HARPs) were deployed at two loca-
tions along the northeast Chukchi Sea shelf (site D) and slope (site C) between October 2012 and October 
2013 (Fig.  2). These instruments recorded at a sampling rate of 200  kHz (effective bandwidth 10–100  kHz) 
with a schedule of 10 min recording every 15 min. The hydrophone consisted of a low-frequency stage with six 
cylindrical transducers (Benthos AQ-1; http:// teled ynebe nthos. com) with a combined sensitivity of − 193.5 dB 
re: V/µPa and preamplifier gain of 50 dB, and a high-frequency stage with a single spherical transducer (ITC 
1042; http:// www. piezo- kinet ics. com) with a relatively flat (± 2 dB) sensitivity of − 200 dB re: V/µPa from 1 to 
100   kHz43. All acoustic recordings were converted into an adapted wav file format (XWAV) for analysis. To 
minimize computational requirements, XWAV files were decimated by a factor of 20 using an eighth-order 
Chebyschev type I filter (10–5000 Hz). Analyses were conducted using the Triton program, based on MATLAB 
(MathWorks Inc., Natick, MA), to calculate and display long-term spectral averages (LTSA) and spectrograms, 
to perform audio playbacks, and to log call  detections43.

Call detections. Data were visually scanned as 30-min decimated LTSAs (FFT length: 500, no overlap, 
frequency range 10–500 Hz) for bowhead whale FM calls, using previously described acoustic  behavior14,18 to 
compare with calls detected in the recordings. To simplify identification, only the simple, frequency-modulated 
non-song type calls were accepted as initial detections of bowhead whales

Figure 1 Following detection in the 30-min LTSA window, a spectrogram (FFT length: 1000, overlap 60%, 
frequency range 5–500 Hz) of 60 s or less was inspected to check the identity of the call. A minimum of one call 
was logged for each hour in which calls were taken to be present, providing hourly resolution. Finally, spectro-
grams of the logged calls were re-inspected for errors, and misidentified calls were removed.

Detection probability. To convert acoustic occurrence to a model for density, the area monitored must 
be estimated; for a single sensor this is done by estimating the detection probability as a function of horizontal 
range from the  hydrophone44. Detection probability for calling whales can be estimated using a Monte Carlo 
 method11,45 with adaptation for site-specific sound  propagation12. Detection probability ( ̂P ) for an area within 
the maximum detection radius ( w ) can be calculated as a function of range ( r ) and azimuth ( θ ) from the record-
ing location as follows,

where ρ(r, θ) is the probability density function for whale locations and g(r, θ) is the detection probability. If 
an homogeneous distribution of whales within the detection area is assumed, then the probability density func-
tion becomes ρ(r, θ) = 1/πw2. Detection probability is then estimated using a parametric model for g(r, θ) that 
includes characteristics of bowhead whale acoustic behavior including source level and depth for calling whales, 
and the seasonal acoustic environment, including time-varying ambient noise levels, recording site properties, 
and sound propagation modeling.

Source levels for bowhead whale FM calls (Fig. 1) have been reported with a roughly normal distribution at 
157 ± 10 dB re 1 μPa @ 1  m46 or similarly 161 ± 9  dBRMS re: 1 μPa @ 1  m47. Some of the variability in bowhead call 
source level may be related to their directivity pattern for radiated  energy48, with a source level for whales trave-
ling toward the receiver ~ 4–5 dB higher than for whales moving away. For the purpose of modeling detection 
probability, random orientation of the animals with respect to the receiver was assumed, and a constant calling 
depth of 26 m was chosen, as estimated by Thode et al.47 from localizing calls in the Beaufort Sea.

To choose a signal-to-noise threshold appropriate for detection probability simulation and modeling, an 
additional analysis was performed for a subset of calls from each site using every detectable call for: (1) the last 
one-week period before sea ice breakup with mean weekly ice concentration greater than 90% (ice-covered), 
(2) the week centered on the last day with 50% sea ice concentration before open-water (transitional), and (3) 

(1)P̂ =
w
∫
0

2π
∫
0
ρ(r, θ)g(r, θ)rdrdθ

http://teledynebenthos.com
http://www.piezo-kinetics.com
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the last full week with sea ice no greater than 10% (open-water). The peak-to-peak (p-p) and root mean square 
(RMS) received sound pressure level for each call were calculated as follows:

where pressure, P, is evaluated over the duration, T, in which the energy is between 5 and 95% of the total inte-
grated energy in the band 80–180 Hz. To estimate ambient noise level, p-p received levels were calculated during 
the one second prior to each call. A simplified equation was used to determine the signal-to-noise ratio (SNR),

where RL is the p-p received level during the call and NL is the p-p level one second prior to the call. The detec-
tion threshold was estimated from the SNR distributions. A single threshold of 2 dB was chosen because 95% 
of the actual detected calls had a measured SNR above 2 dB. We assume that calls with RL less than 2 dB above 
the background level were not reliably detectable.

Recording site properties. The outer shelf and continental slope of the northeast (NE) Chukchi Sea is a transition 
zone between the shallow Chukchi Sea shelf (avg. depth ~ 50 m) and abyssal Canada Basin (avg. depth ~ 3600 m). 
The region is covered by seasonal sea ice, typically present from October through August, with substantial inter-
annual variability in timing of ice formation and  breakup49. Sea ice is primarily first-year with interannually vari-
able proportions of thicker multi-year  ice50. The water column characteristics in the NE Chukchi Sea slope vary 
seasonally and are strongly influenced by sea ice, extreme low air temperatures, sea ice melt, and Atlantic water 
present at  depth23. A two-layer profile of temperature and salinity is often present, with a cold (~ − 2° C) relatively 
fresh upper layer during periods with ice cover, saltier relatively warmer underlying water column, and a weak 
 thermocline51,52. The seafloor consists of relatively thick fine silt, sand, and clay, especially on the shallow  shelf53.

Data on the surface, water column, seafloor, and seabed were compiled (Table 3) to create a seasonal model 
for sound propagation at the recording sites. The hydrographic data were collected during complete ice cover 
by an ITP-62 Ice Tethered  Profiler54 in May, 2013, and during open-water from the USCGC Healy in October, 
2013. Sound speed profiles (Fig. 10) were calculated from pressure, salinity, and temperature using the Equation 

(2)RLp−p = 20 log10 (max(P(t)−min(P(t))

(3)RLrms = 20 log10

√

1

T

T
∫
0
P2(t)dt

(4)SNR = RL− NL

Table 3.  Acoustic model parameters.

Location Parameter Symbol Value(s) Units Source

Sea ice

Sea ice thickness zi 2.7 m Goff, 1995

Ice-water RMS roughness 1.38 m (Ibid.)

Ice-air RMS roughness 0.45 m Gavrilov & Mikhalevsky, 2006

Sea ice density ρi 0.89 g/cm3 Alexander et al. 2013

Sea ice compressional speed ci 3000 m/s Gavrilov & Mikhalevsky, 2006

Sea ice shear speed 1800 m/s (Ibid.)

Compressional wave attenuation 0.45 dB/l (Ibid.)

Shear wave attenuation 0.9 dB/l (Ibid.)

Water column

Surface sound speed cw 1435 ITP-62; HLY1303

Seafloor sound speed cw 1465 ITP-62; HLY1303

Range-independent water depth zw 2500 m

Density and sound speed profile 
shelf – – ITP-62; HLY1303

Density and sound speed profile 
basin – – ITP-62; HLY1303

Absorption Negligible Fisher & Simmons, 1977

Seafloor
Seafloor mean grain size d 3.0, 3.6 µm Xiangmei et al. 2015

Depth (bathymetry) zb – IBCAO v.3 1-min grid

Subbottom

Number of subbottom steps 5 Warner et al. 2015

Step depths 2, 5, 10, 20, 40 m (Ibid.)

Layer compressional speed cb 1465, 1555, 1605, 1750, 2200 m/s (Ibid.)

Layer shear speed (Ibid.)

Layer density ρb 1.49, 1.77, 1.87, 2.06, 2.2 g/cm3 (Ibid.)

Basement

Compressional speed cu 2300 m/s (Ibid.)

Shear speed (Ibid.)

Density ρu 2.3 g/cm3 (Ibid.)
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of State 55. A key feature of these profiles is that for both open-water and ice-covered conditions, a minimum in 
sound speed is observed at the sea surface, owing to the presence of cold and fresh water, resulting in upward-
refracting ray paths and a surface sound transmission duct, with ample interaction of sound with the sea  surface56.

Bathymetric data were extracted from the International Bathymetric Chart of the Arctic Ocean 57 at a spatial 
resolution of 1 km and we adopted seafloor acoustic properties and a sub-bottom sound speed profile from 
previous studies on the Chukchi  Shelf53,58.

Daily Advanced Microwave Scanning Radiometer 2 (AMSR2) sea ice  maps59 were obtained from the Uni-
versity of Bremen (http:// www. iup. uni- bremen. de: 8084/ amsr2 data/ asi_ daygr id_ swath/ n6250/) and processed 
using Windows Image Manager (WIM) and Windows Automation Module (WAM)  software60 to produce time 
series of mean daily Sea Ice Concentration (SIC) within 40 km of each recording site. WAM software was used 
to compute the daily arithmetic mean, variance, and median of the sea ice concentration as a percent of the total 
mask area. The 40 km radius was selected as a conservative detection range for bowhead whale calls based on 
previous  studies18.

Sound propagation modeling. Acoustic modeling was used to predict the sound transmission loss of bowhead 
FM calls under open-water and ice-covered conditions within a 1 km resolution spatial grid of 40 km radius 
about each recording site. Transmission loss (TL) grids were created using the freely-available Acoustics Toolbox 
User Interface and Post-processor (AcTUP v 2.2L)61, which provides a Matlab-based graphical user interface for 
the Acoustics Toolbox (HLS Inc. San Diego, CA). The RAMGEO parabolic equation  model62 was used since it 
is well suited for shallow water environments and for frequencies < 1  kHz63 and can incorporate water column, 
seabed, sea surface and sea ice input parameters. Sound speed profiles were selected from hydrographic data col-
lected in ice-covered and open-water conditions (Fig. 10). The sea ice layer was assumed to be uniform first-year 
ice with no ridging, layer thickness 2.7 m, underside RMS roughness 1.38  m64, compressional speed 3000 m/s, 
and shear speed 1800 m/s65.

Transmission loss models were calculated along transects at 22.5° angular intervals originating at the record-
ing site. Models were executed in one Hz steps from 80 to 180 Hz with source depth 26 m below the sea-air 
surface and receiver depth 10 m above the seafloor. The models were incoherently averaged across frequency 
(Alexander et al. 2013)63 and a 100-point moving average was applied with range, to smooth each transect. Using 
linear interpolation between transect points, transmission loss was estimated within a 1 km resolution grid cen-
tered on each recording site. Grid locations were mapped to geographic coordinates using a polar stereographic 
projection, yielding 40 km radius transmission loss grids for each site and ice condition. An additional range-
dependent loss term of − 0.26 dB/km was applied to all locations in the transmission loss grids to approximate 
excess loss observed for the Chukchi Shelf 31.

Monte Carlo detection probability simulation. A simulation method was used to estimate call detection prob-
ability for different ocean noise levels and ice states. Seven ambient noise levels were used from 50 to 85 dB re 
μPa2 in 5 dB steps. For each noise level, two simulations were run using the modeled transmission loss grids for 
open-water and ice-covered states. For each combination of site, noise level, and ice state, the simulation ran-
domly selected 100,000 bowhead call source level values and placed them within the 40 km radius grid. Source 
levels were randomly generated from a probability distribution fit to source level estimates for bowhead calls 
reported by Cummings and  Holliday46 (157, ± 10 dB re 1 μPa @ 1 m). Each 1 km by 1 km cell in the detection 

Figure 10.  Sound speed profiles during 2013 October (left) and May (right). Black dots are measurements. 
Curve fit to the data (red line) is used as a representative sound speed profile. Open-water and ice-covered 
measurements were from the USCGC Healy and an Ice Tethered Profiler (ITP Misfigsion 62; Toole et al. 2011), 
respectively.

http://www.iup.uni-bremen.de:8084/amsr2data/asi_daygrid_swath/n6250/
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grid was scored with the proportion of detected calls, those having a received level at least 2 dB above the noise 
level. The detection probability, P̂, was calculated as the proportion of detected to total simulated calls originat-
ing from that location. The mean detection probability for each site, ice condition, and noise level was calculated 
by weighted average of the detection probability values for all locations in the 40 km radius grid. Finally, a spline 
interpolation was used to fit a curve to detection probability as a function of noise level for both ice conditions.

Upslope and downslope sound propagation and detection probability. To examine patterns in sound transmis-
sion loss and detection probability with changing bathymetry and ice state, we identified azimuths for each site 
to represent upslope and downslope propagation. True bearings between 22.5 and 67.5° from both sites were 
defined as downslope and bearings between 202.5 and 247.5° were defined as upslope. Since the shelf site was 
located directly upslope from the slope site, these azimuthal definitions of up and downslope propagation were 
the same for both recording locations. Transmission losses and detection probabilities were averaged for all 
model locations within the up and downslope sectors for distances from 0 to 20 km and 20–40 km to compare 
relatively long and short-range estimates for the locations with and without sea ice.

Estimating density of occurrence. Using the acoustic data recorded in the northeast Chukchi Sea 
(Fig. 2), the detection probability for each hour of data was estimated using the detection probability from the 
simulation for the measured 50th percentile noise level and the corresponding mean daily sea ice state for that 
hour. We calculated the hourly 10th, 50th, and 90th percentile received levels within the 80–180 Hz bowhead 
call frequency band, using 5 s averages from the LTSA. The first and last 15 s from each 75 s raw data file were 
excluded to remove instrumental self-noise associated with writing to hard disk. Assuming no false detections 
and a unity calling probability during each one-hour period, the daily detection density, D̂T , becomes,

where N̂T is the number of hours per day with acoustic detections and P̂T is the average detection probability 
of all hours in day T. To evaluate uncertainty in D̂ due to noise, detection probability was also calculated for the 
hourly averaged 10th and 90th percentiles and input to Eq. 5 to yield lower and upper bounds, D̂10andD̂90 , for 
detection density. A threshold of 20% ice cover was set to determine whether the detection probability function 
for the ice-covered or open-water model would be used for each hour.
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