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Monitoring Arctic cetacean habitat use enables identification of biologically important regions 

and predictions of climate change effects, both of which are critical to conservation efforts. The 

beluga (Delphinapterus leucas) and narwhal (Monodon monoceros) are the only toothed whale 

(odontocete) species that occupy Arctic waters year-round. As social animals, these species 

produce a variety of sounds to communicate with conspecifics and echolocate to forage and 

navigate. In recent decades, underwater recordings of their sounds have been collected to track 

seasonal movements and detect phenological shifts in response to sea ice declines. Yet, the vocal 

repertoires of belugas and narwhals are diverse, occur in similar frequency bands, and are only 

partially described, which can make it challenging to identify them in recordings. Furthermore, 

many questions remain surrounding what physical features of the marine environment explain 



 

why belugas and narwhals occupy certain areas. This thesis takes a multidisciplinary approach to 

investigate Arctic odontocete echolocation and their marine habitat in West Greenland with goals 

to improve sustained observation methods. First, beluga echolocation click parameters were 

calculated using data from a 16-channel hydrophone array. Results revealed belugas had a 

narrow sonar beam emitted at high intensities, which was concordant with previous work 

showing the highly directional beam of narwhals. Second, beluga and narwhal click parameters 

were compared and found to be differentiable where beluga echolocation was distinguished by 

higher frequency content. Following this comparison, machine learning models were developed 

to classify the two species’ clicks and the best model yielded highly accurate predictions (97.5% 

correct classification). Finally, this classifier was tested with a large acoustic dataset collected 

from seafloor-mounted moorings near glacier fronts in Melville Bay, Northwest Greenland. We 

present novel guidelines for visual identification of beluga and narwhal clicks using 

spectrograms from the moored recordings. Beluga clicks were characterized by frequencies >30 

kHz whereas dominant narwhal click frequencies ranged from 20 to 30 kHz. Further, spectral 

energy in narwhal clicks quickly dropped below 20 kHz, providing a distinct lower frequency 

limit that was not visible in beluga clicks. These differences were reflected in one-third octave 

levels (TOL) calculated from click spectra. Narwhal clicks had a large increase between the 16 

and 25 kHz TOL bands that was absent in beluga click spectra, and beluga clicks had a large 

increase between the 25 and 40 kHz TOL bands that was absent in narwhal click spectra. 

Compared to other variables, TOL ratios provided the strongest predictions to identify beluga 

and narwhal clicks. Our results provide compelling evidence to reliably identify beluga and 

narwhal clicks in long-term recordings and can be applied to future passive acoustic monitoring 

studies.  



 

Often passive acoustic recording platforms also contain multiple oceanographic sensors 

to collect synchronous data on ocean conditions. In the final chapter of this thesis, synchronous 

year-round oceanographic observations were examined from the same moorings introduced in 

the preceding acoustic analyses. Results showed consistent seasonal hydrographic variability 

across sites. Differences in upwelling from subglacial plume mixing were found between sites 

where deep glaciers with higher freshwater runoff produced larger plumes. Maximum 

temperatures were observed in spring, priming deep glaciers for increased submarine melt during 

summer. Physical oceanographic variability has important implications for biological processes, 

including primary production, prey availability, and predator communities. Future work will 

continue to relate physical and biological processes at the glacier-ocean boundary and evaluate 

impacts from a warming ocean on ecosystem structure. Altogether, results from this thesis fill 

key knowledge gaps in Arctic odontocete click classification and ocean variability along 

Greenland’s coast, enabling advancements in future passive acoustic and oceanographic 

observation procedures in the Arctic. 
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Chapter 1. INTRODUCTION 

1.1 GREENLAND IN A CHANGING ARCTIC 

The Arctic is characterized by extremes, where dramatic seasonal cycles in temperature, light, and 

ice shape the physical, biological, and ecological landscapes. Arctic warming is occurring more 

than three-times as fast as the global mean and unequivocally altering marine and terrestrial 

ecosystems with global consequences (IPCC, 2021; 2022; Rantanen et al. 2022). Sea ice is one of 

the most important features of Arctic marine ecosystems because it drives biophysical processes 

and serves as critical habitat to resident species. Over the last four decades, the age, extent, and 

thickness of sea ice has declined at unprecedent rates and current models predict the Arctic will 

experience an ice-free summer by mid-century (Wang & Overland 2009; Overland & Wang 2013; 

Kwok 2018; Onarheim et al. 2018; Kacimi & Kwok 2022). Beyond environmental changes, longer 

open-water seasons due to sea ice declines are providing opportunities for human development in 

the Arctic (Comiso & Hall 2014; Kwok 2018; Overland et al. 2019). It is estimated that more than 

80% of international trade in commodities by volume is transported by sea (UNCTAD, 2021). 

Accordingly, vessel traffic is expected to increase through previously inaccessible trans-Arctic 

shipping routes (i.e., the Northwest Passage and Northern Sea Route) and transform remote regions 

of the Arctic to commercial marine highways (Smith & Stephenson 2013; Reeves et al. 2014; 

Hauser et al. 2018; Mudryk et al. 2021). It is without question that major regime shifts in Arctic 

marine ecosystems are underway, and consequently, serious concern has grown surrounding 

negative impacts to native species and local human communities. 

Greenland has experienced some of the most dramatic changes due to climate warming 

seen in the accelerated mass loss of its ice sheet (IMBIE Team 2020; Otosaka et al. 2023). In fact, 
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the loss of Greenland’s ice sheet has caused global sea levels to rise by 13.7 mm since 1972, half 

of which occurred over the last eight years (Mouginot et al. 2019). As a result, Greenland has 

become a primary focus across many research disciplines as changes to its ice sheet, marine and 

land-terminating glaciers, and surrounding waters will have widespread physical and biological 

impacts at both local and global scales. Perhaps of most importance is Greenland’s coast where 

large seasonal transformations occur and most ecological diversity is found. Human communities 

have settled in regions of high productivity, particularly on the west coast, to access the abundance 

of marine resources. Greenland’s fjords, bays, and inlets host a variety of species during productive 

summer months including seabirds, fish, seals, whales, and polar bears (Ursus maritimus), all of 

which support local human subsistence and commerce. Interdisciplinary efforts have been made 

to couple ice, ocean, and atmospheric systems along Greenland’s margins but resolving fine-scale 

physical and biological processes to predict ecosystem variability remains a considerable challenge 

(Straneo et al. 2022). 

Within marine ecosystems, Arctic marine mammals are especially sensitive to sea ice 

declines, warming temperatures, and increased human activities in the Arctic (Laidre et al. 2008; 

Moore & Huntington 2008; Hauser et al. 2018; Halliday et al. 2020). Among Arctic marine 

mammals, cetaceans are especially at risk due to cumulative stressors from climate change (e.g., 

habitat loss) (Kovacs et al. 2011; Laidre et al. 2015), hydrocarbon development and commercial 

shipping (e.g., ship strikes, hearing damage, underwater noise disturbance) (Reeves et al. 2014; 

Hauser et al. 2018; Halliday et al. 2020), and insufficiently managed commercial or subsistence 

harvest, in particular for some Greenland subpopulations (Marcoux & Hammill 2016; Hobbs et al. 

2019; Nammco 2022). The inaccessibility and hazardous conditions of the Arctic combined with 
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studying migrating animals that spend a fraction of their time at the ocean’s surface makes studying 

Arctic cetaceans a difficult scientific endeavor. 

This dissertation focuses on the acoustic ecology and marine habitat of two Arctic top 

predators in West Greenland: the beluga (Delphinapterus leucas) and narwhal (Monodon 

monoceros). Passive acoustic, oceanographic, and remote sensing technologies were used to 

describe foundational properties of the sounds produced by these species and their marine 

environment. Results help enable future long-term studies using passive acoustics and provide a 

firm understanding of seasonal ocean conditions in a previously understudied area in northwest 

Greenland. The following sections provide the biological and physical basis for this work.  

1.2 ARCTIC ODONTOCETES 

While numerous cetacean species migrate north into Arctic waters during summer, only belugas, 

narwhals, and bowhead whales (Balaena mysticetus) reside there year-round and are referred to as 

true Arctic cetaceans. The beluga and narwhal are closely related, mid-sized toothed whales 

(odontocetes) and sole members of the Monodontidae family. Known as Monodontids, they reach 

approximately 3–5 meters (~1,200–1,600 kg) as adults. Like bowhead whales, belugas and 

narwhals lack a dorsal fin, an evolutionary adaption to navigate ice-covered waters (Harington 

2008). Juvenile belugas and narwhals are grayish in color, and upon maturity, develop their adult 

skin colors. Commonly known as the “white whale,” adult belugas are white in color whereas adult 

narwhals have a mottled dark gray/blueish pattern on their dorsal side and are primarily white on 

their abdomen. Narwhals are known to be long-lived, some exceeding 100 years (Garde et al. 

2007), and as individuals reach ages over ~15 years, their body color begins to fade to white. 

Current estimates of the beluga life span are ~80 years (Stewart et al. 2006).  
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Both species exhibit sexual dimorphism, where males tend to be larger than females (Garde 

et al. 2015; O’Corry-Crowe 2018). Specifically for the narwhal, males (very rarely females) 

develop an elongated, spiraled tooth out of the left side of their jaw, known as a tusk, that is 

understood to be a sexually selected trait used in male-to-male competition and to attract a mate 

(Graham et al. 2020). Male narwhals reach sexual maturity around 12–20 years and females 

between 8–9 years (Garde et al. 2015). Generally, narwhals have a calf every 3 years and mate in 

the spring (late May to early June), giving birth approximately 14 months later the following year 

during their annual northward migrations (Garde et al. 2007; Garde et al. 2022). Similarly, female 

belugas give birth approximately every 2–3 years once they reach sexual maturity between the 

ages of 9–12 years. Belugas mate in late winter to early spring and then give birth the following 

summer (July–August), although this can vary (O’Corry-Crowe 2018).  

Belugas and narwhals are highly social species with complex community structures that 

are still not fully understood. It is estimated that there are 180,000 belugas and between 85,000–

100,000 narwhals globally, though some subpopulations are poorly studied (NAMMCO 2017; 

Hobbs et al. 2019). As social animals, they travel in groups (pods) that range widely from a few 

individuals to tens or hundreds of individuals. Arctic odontocetes are composed of numerous 

subpopulations, or stocks, that are distinguished by their summering grounds. Belugas have an 

expansive range with 22 stocks (1 extirpated) that span Arctic and subarctic regions (Figure 1.1; 

Hobbs et al. 2019). While some beluga populations are resident, the majority are migratory and 

travel between coastal wintering grounds with minimal sea ice and northerly estuarine summering 

grounds to molt, feed, and give birth (Frost & Lowry 1990; Smith & Martin 1994; Innes et al. 

2002; Lewis et al. 2009). Narwhals are only found in the Atlantic sector of the Arctic in 12 discrete 

stocks within the Canadian High Arctic, West and East Greenland, and western Russia (Richard 
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et al. 2010; Ahonen et al. 2019; Hobbs et al. 2019). It is well documented that narwhal populations 

in the Canadian Arctic and West Greenland undergo extensive annual migrations. They overwinter 

in the dense pack ice of Baffin Bay and Davis Strait and return to the same summering grounds in 

fjords and inlets with high site fidelity (Dietz et al. 2001; Heide-Jørgensen et al. 2003a). Migration 

pathways of narwhals in the eastern sector of the North Atlantic are not well known, but studies 

indicate that while some whales migrate between coastal and offshore environments similar to 

West Greenland stocks, others may remain offshore year-round (Heide-Jørgensen et al. 2015; 

Ahonen et al. 2019). In the recent global review of the status of Monodontids (Hobbs et al. 2019), 

greatest concern was identified for the Melville Bay and East Greenland narwhal stocks and several 

beluga stocks that are very small (Cook Inlet, St. Lawrence Estuary, Cumberland Sound, and 

Ungava Bay) and/or understudied (Eastern Hudson Bay and Barents-Kara-Laptev Seas). 
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Figure 1.1. Beluga and narwhal distributions in the Arctic. Species ranges (beluga: blue; 

narwhal: amber/orange; overlap: green) are based on distributions outlined by Hobbs et al. 

(2019) and are inclusive of summering and wintering grounds as well as migratory areas. The 

black box outlines the study region for this thesis in West Greenland where both species occur. 

Lines with arrows show the general fall southward migration of the Eastern High Arctic-Baffin 

Bay beluga stock (dashed line) and Melville Bay narwhal stock (solid line). Note: some of this 

beluga subpopulation overwinters in the North Water polynya (Richard et al. 1998a; Richard et 

al. 1998b; Heide-Jørgensen et al. 2003b). Melville Bay stock movements are from narwhal 

telemetry studies (Dietz & Heide-Jørgensen 1995; M. P. Heide-Jørgensen et al. 2013). 
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As social species, Monodontids are vocal animals that use a wide variety of sounds to 

communicate and interact with one another, and as toothed whales, they have evolved the ability 

to echolocate for navigation and feeding (Au 1993; Madsen & Wahlberg 2007). Narwhals that 

overwinter in Baffin Bay are deep-divers, reaching depths greater than 1000 m deep (Laidre et al. 

2002; Laidre et al. 2003). Diet studies examining stomach contents coupled with dive profiles 

found narwhals feed primarily in the winter on Arctic and polar cod (Arctogadus glacialis and 

Boreogadus saida), squid (Gonatus spp.), shrimp (Pandalus spp.), and Greenland halibut 

(Reinhardtius hippoglossoides) (Laidre et al. 2003; Laidre et al. 2004; Laidre & Heide-Jørgensen 

2005; Garde et al. 2022). Diving behavior varies across sub-populations which is likely related to 

prey availability and foraging behavior. The beluga diet is much more variable than the narwhal 

diet given the beluga’s wide distribution across the Arctic. As such, the beluga is more of a 

generalist predator across diverse habitats (Laidre et al. 2008). However, across the Arctic polar 

cod appears to be the most dominant prey species for many populations. Belugas can also dive to 

great depths but not as deep as those of narwhals. Recorded dives range from shallow depths to 

those >500 meters reaching the seafloor and are likely determined by regional prey abundance 

(Hauser et al. 2015; Lydersen & Kovacs 2021). 

With ongoing climate warming, partial or complete beluga and narwhal habitat loss from 

warming ocean temperatures and sea ice declines is expected. The beluga and narwhal are ice-

associated species and are found in coastal bays, fjords, leads, and pack ice (loose and dense) 

throughout the year. The life histories of migratory belugas and narwhals follow annual sea ice 

advance and retreat during their annual southward and northward movements. In a comprehensive 

study conducted by Laidre et al. (2008), the narwhal, along with the hooded seal (Cystophora 

cristata) and polar bear, was determined to be the most sensitive marine mammal species to 
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climate-induced habitat change. The beluga was classified as moderately sensitive. However, 

evaluating the relative sensitivity of Arctic marine mammals remains a considerable challenge 

given some subpopulations are still understudied and exposure to various threats is region specific. 

For example, in a more ice-free Arctic, cetaceans may benefit from increased prey as waters 

become more productive, but at the same time increased vessel traffic pose threats to some 

populations (Hauser et al. 2018; Moore & Reeves 2018). Narwhals are considered to be specialist 

predators and belugas generalist predators related to their dietary preferences summarized above. 

Narwhals are the most restricted in their distribution compared to bowhead and beluga whales and 

are adapted to winters in dense pack ice to feed (Laidre et al. 2004; Laidre & Heide-Jørgensen 

2005). Further, narwhals occupy waters within narrow temperature ranges and prefer cold water 

below ~2°C (Chambault et al. 2020; Heide-Jørgensen et al. 2020). In addition to reduced suitable 

habitat, indirect and cumulative effects of climate change are more challenging to quantify. 

Climate-induced habitat change is likely to negatively impact both species, but the narwhal is at 

greater risk given its specialized diet, small population, thermal tolerance, and reduced distribution 

compared to the beluga (Laidre et al. 2008; Kovacs et al. 2011). 

 The largest spatiotemporal overlap between belugas and narwhals occurs in waters within 

the Canadian Arctic Archipelago and Baffin Bay, West Greenland (Figure 1.1). These regions also 

overlap with the Northwest Passage sea route and the vessel corridor for the Mary River Iron Ore 

Mine on Baffin Island where anthropogenic underwater noise is expected to increase (Stewart et 

al. 2011; Reeves et al. 2014; Halliday et al. 2021a; Kochanowicz et al. 2021). Underwater sounds 

from seismic surveys, drilling and oil production, military sonar, and motorized vessels can 

substantially disturb the acoustic environment that these whales depend on to communicate and 

forage (Erbe & Farmer 2000; Blackwell et al. 2004; Mads Peter Heide-Jørgensen et al. 2013; 
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Heide-Jørgensen et al. 2021; Kochanowicz et al. 2021). The Northwest Passage connects the 

Atlantic to the Pacific oceans via waterways along West Greenland, the Canadian High Arctic, 

and Alaska, and crosses key beluga and narwhal seasonal habitats. The peak commercial shipping 

season occurs in September which coincides with beluga and narwhal fall migrations into West 

Greenland waters. With increasing threats from vessel traffic in the region, there is a growing need 

to monitor beluga and narwhal movements and changes to their acoustic environment.  

1.3 GREENLAND’S CONTINENTAL SHELF WATERS 

Passive acoustics can effectively address questions surrounding the distribution and behavior of 

belugas and narwhals, but studying changes to their marine environment requires oceanography. 

The large-scale circulation patterns along Greenland’s continental shelf are generally agreed upon, 

but regional hydrography—in particular seasonal variability—is not well defined on a pan-

Greenland scale. Greenland is bordered by Baffin Bay to the west, the Arctic Ocean to the north, 

the Nordic Seas (comprised of the Greenland, Icelandic, and Norwegian Seas) to the east, and the 

North Atlantic Ocean subpolar gyre to the south, including the Labrador and Irminger Seas (Figure 

1.2). Northward transport of warm, saline subtropical Atlantic water (AW) originates from the 

Gulf Stream and North Atlantic Current (NAC) and meets cold Polar water (PW) as it circulates 

Greenland’s coastline. The NAC branches and forms the Norwegian Atlantic Current to the east 

and the Irminger Current (IC) to the west following bathymetric contours that border the Irminger 

Sea. The Norwegian Atlantic Current runs along the coast of Ireland and through the Faroe-

Shetland Ridge into the Nordic Seas where a branch joins the East Greenland Current (EGC) and 

moves south. The southward flow of the EGC follows the eastern boundary of Greenland and is 

formed from PW flowing through Fram Strait and AW from the Norwegian Atlantic Current. With 

a sill depth of ~2600 meters, Fram Strait acts as the main gateway for sea ice export and fresh 
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water from the Arctic. Fresh PW transported by the EGC occupies the shelf adjacent to the 

coastline and the upper layer in the water column. A warmer AW wedge of the EGC and IC flow 

farther offshore over the continental slope and below the PW layer. As the IC and EGC flow around 

Greenland’s southern tip, the EGC becomes the West Greenland Current (WGC) that travels 

northward along the continent’s western boundary. Bound by the bathymetric sill in Davis Strait 

(~640 m deep), a portion of the WGC recirculates south into the Labrador Sea and the western 

lobe of the North Atlantic subpolar gyre. 
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Figure 1.2. Dominant ocean currents surrounding Greenland. Black arrows indicate the major 

ocean currents: Irminger Current (IC), East Greenland Current (EGC), West Greenland Current 

(WGC), and Baffin Island Current (BIC). The dominant circulation patterns around Greenland 

are described by Talley et al. (2011) and summarized by many others (e.g., Cuny et al. 2002; 

Tang et al. 2004; Straneo et al. 2010; Straneo et al. 2012). 
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Ocean waters surrounding Greenland experience progressive heat loss as northbound 

warm, saline AW meet cold, fresh PW from outlets of tidewater glaciers and the Arctic Ocean. 

Waters along southeast Greenland and the Irminger Sea experience the warmest mean near-surface 

temperatures (~8 to 10°C), owing to their proximity to the NAC; the coldest mean near-surface 

temperatures are found in north and northwest Greenland (~ -1.5 to 2°C) where AW has mixed 

with PW and released heat during transit via air-sea temperature exchanges (Straneo et al. 2010; 

Rignot et al. 2012; Straneo et al. 2012; Rysgaard et al. 2020). Importantly, the Labrador Sea and 

Nordic Seas are where some of the greatest heat fluxes in the world take place, resulting in deep 

convection and the formation of North Atlantic Deep Water (NADW) and the upper limb of the 

Atlantic Meridional Overturning Circulation. Dramatic ocean heat/buoyancy loss in the winter is 

driven by cold air temperatures and surface winds, causing newly dense surface waters to sink to 

depths sometimes exceeding 2,000 meters (Marshall et al. 1998; Våge et al. 2009). The formation 

and flow of NADW is a primary means of freshwater transport equatorward and carbon 

sequestration to the deep ocean and has widespread effects as an important component of the global 

climate system. 

Specifically in Baffin Bay, the dominant circulation is cyclonic (counterclockwise). The 

northbound WGC follows the coastline of Greenland’s western boundary and is generally 

composed of a fresh PW coastal current on the shelf and AW on the slope. Terminology in the 

literature varies for the WGC where it may be referenced as a single water mass (Tang et al. 2004; 

Myers et al. 2007; Rykova et al. 2009) that carries warm water northward or as two partitioned 

components: an AW (offshore slope) and PW (onshore shelf) branch (Curry et al. 2011; Curry et 

al. 2014; Pacini et al. 2020). Warm, saline waters from the IC turn at Cape Farewell and a portion 

of it branches northward and crosses Davis Strait. Curry et al. (2011; 2014) refer to this water mass 
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as the West Greenland Slope Current (WGSC). The EGC has a fresh, PW inner continental shelf 

branch south of Denmark Strait called the East Greenland Coastal Current (EGCC; Sutherland & 

Pickart 2008; Harden et al. 2014). The EGCC and the low-salinity wedge of the EGC feed into the 

WGC’s analogue named the West Greenland Coastal Current (WGCC) that also hugs the shoreline 

(Pacini et al. 2020). Inflowing waters on the eastern side of Davis Strait that comprise the WGC 

are modified during their cyclonic circulation in Baffin Bay where they meet the southward 

flowing Baffin Island Current (BIC) on the western boundary of Baffin Bay. The BIC transports 

cold, fresh water from the Canadian Arctic Archipelago southward (Cuny et al. 2002; Tang et al. 

2004).  

Generally, the water column surrounding Greenland and within its fjords is composed of a 

surface PW layer above an AW layer with a transition zone of intermediate water in between. The 

fresh, cold PW layer observed in the upper 100–200 m is more buoyant than the warm, saline 

dense AW typically found below 200 to 300 m (Straneo et al. 2010; Wood et al. 2021). However, 

the seasonal and interannual variability of Greenland’s surrounding waters is not fully understood 

and is driven by thermohaline circulation, seafloor geometry, atmospheric forcing, and the annual 

sea ice cycle (Straneo et al. 2010; Harden et al. 2014; Carroll et al. 2018). On a large scale, 

throughout the year AW is circulating through the pathways described above, but summer melting 

of the ice sheet, glaciers, and seasonal sea ice delivers a seasonal freshwater pulse. The seasonal 

presence of fresh, PW originating from remote and local sources has been observed in fjords 

around Greenland, but the timing and magnitude varies.  

The subpolar gyre has warmed since the 1990s (Bersch et al. 2007; Myers et al. 2007; Våge 

et al. 2011) with increased heat transport to high latitudes (Keil et al. 2020). Warming of AW has 

been hypothesized to be related to increased subsurface melt at the ice-ocean interface and 
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consequently glacier retreat (Holland et al. 2008; Straneo et al. 2010; Straneo & Heimbach 2013; 

Harden et al. 2014; Carroll et al. 2018; Rignot et al. 2021; Wood et al. 2021). Central to this 

hypothesis is the transport of heat from the subpolar North Atlantic Ocean to Greenland’s marine-

terminating glaciers via the network of coastal currents described above. Through these currents, 

AW is shunted across coastal shelves into drainage basins and fjords where it comes into direct 

contact with glacier fronts (Straneo et al. 2010; Straneo et al. 2016). However, the characteristics 

of tidewater glaciers and their drainage basins are highly diverse, and many factors contribute to 

the propensity of a given glacier to retreat in the presence of warming AW. Knowledge of ocean 

variability at the glacier-ocean interface is critical to accurately quantify the ocean’s role in glacier 

retreat and infer how changes to physical processes along Greenland’s coast due to warming 

temperatures will impact ecosystem structure. For top predators such as the beluga and narwhal, 

changes to their marine environment are expected to have cascading effects through the food web 

through trophic linkages as temperatures warm, sea ice declines, and nutrient fluxes and primary 

production shift.  

1.4 OBSERVATION METHODS 

As the Arctic continues to experience unprecedented environmental changes, monitoring changes 

to the distribution, behavior, and marine habitat of belugas and narwhals is an increasing research 

priority. In particular, sustained observations (i.e., months and years) are needed to identify 

biologically important regions and quantify changes to marine ecosystems. Approaches widely 

used in marine mammal research include ship-based or aerial visual surveys, telemetry, 

experiments in captivity, and passive acoustics. For long-term studies to identify where and when 

animals are present in the Arctic, passive acoustics is likely the most effective tool. Passive 

acoustic instrumentation can be deployed for short (e.g., days using animal-borne tags) or long 
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(e.g., months using moorings) durations depending on the research objective (Mellinger et al. 

2007). One of its greatest strengths is obtaining a continuous time series of animal occurrences 

spanning months to years that is coupled with a synchronous oceanographic dataset (e.g., 

temperature and salinity). 

Passive acoustic monitoring relies on the ability to distinguish between species solely based 

on their characteristic sounds, which means specific sonic identifiers must be known for each 

species. Call types typically used in acoustic classification of odontocetes include echolocation 

clicks, burst pulses, whistles, and combined signals (Sjare & Smith 1986b; Chmelnitsky & 

Ferguson 2012; Marcoux et al. 2012; Garland et al. 2015; Rasmussen et al. 2015; Castellote et al. 

2020; McCullough et al. 2021). Echolocation, also known as biosonar, is characterized by the 

emission of high frequency, relatively broadband clicks of high directionality and listening for 

returning echoes. It is a dominant sense for odontocetes, much like vision is for humans (Au 1993; 

Madsen & Wahlberg 2007). Burst pulses are a series of broadband pulses (clicks) with a high 

repetition rate (Ford & Fisher 1978; Sjare & Smith 1986b; Rasmussen et al. 2015). Whistles are 

narrow-band and frequency-modulated tonal vocalizations (Sjare & Smith 1986b; Rankin et al. 

2017). Combined signals include overlaid or paired pulsed and tonal sounds (Shapiro 2006; 

Marcoux et al. 2012; Walmsley et al. 2020). Single or multiple call types may be used to 

differentiate species in acoustic classifiers. For the beluga and narwhal specifically, distinguishing 

between their sounds has proven challenging given the considerable overlap and variability in 

frequency ranges used by the two species (Ford & Fisher 1978; Marcoux et al. 2012; Stafford et 

al. 2012; Frouin-Mouy et al. 2017). Research objectives pursued in this dissertation specifically 

address improving methods for beluga and narwhal acoustic classification. 
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Coupled passive acoustic and oceanographic observations enable researchers to study 

marine mammal occurrence and ocean conditions separately, as well as investigate potential 

linkages between them. While large-scale circulation around Greenland has been described as 

summarized above, ocean observations at a sufficiently high resolution to characterize regional 

and seasonal hydrographic patterns along the continental shelf have been limited. In 2015, NASA 

launched the Earth Venture-Suborbital Oceans Melting Greenland (OMG) mission to improve 

ocean observations along Greenland’s continental shelf to better understand the role of warm AW 

melting marine-terminating glaciers from below. Between 2015–2021, OMG launched several 

annual surveys: 1) ship-based and airborne expendable conductivity-temperature-depth (CTD and 

AXCTD) sensors to measure ocean properties (e.g., temperature, salinity, sound speed; Figure 

1.2), 2) ship-based multibeam sonar and airborne gravimetry to map coastal bathymetry on the 

shelf and within fjords, and 3) airborne interferometric radar to measure surface topography 

including the extent and height of marine-terminating glaciers (Fenty et al. 2016). OMG’s 

extensive sampling effort was performed principally to examine to what degree are Greenland’s 

glaciers melting from submarine warm water. Results from OMG’s effort show many of the >200 

glaciers around Greenland terminate in deep fjords that consequently expose glacier ice to 

incoming warm Atlantic water (Fenty et al. 2016; Wood et al. 2021). While OMG’s AXCTD 

mission has obtained oceanographic measurements around Greenland at an unprecedented spatial 

scale, it could not capture seasonal hydrographic variation given its yearly sampling regime. 

Identifying seasonal trends in temperature and salinity provides foundational knowledge about 

annual cycles in key ecosystem processes (e.g., subglacial plumes and spring blooms). Year-round 

observations also provide important baseline measurements to characterize the marine 

environment as ocean temperatures warm due to climate change. 
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Figure 1.3. Oceans Melting Greenland (OMG) AXCTD locations and mean profiles. AXCTD 

profile sampling sites between 2016–2021 are shown in (d). Four regional sectors were defined 

to take average profiles: northwest (west of 45°W, north of 70°N), northeast (east of 45°W, north 

of 70°N), southwest (west of 45°W, south of 70°N), southeast (east of 45°W, south of 70°N). 

Mean temperature, salinity, and sound speed profiles for the northwest (a, b, c), northeast (e, f, 

g), southeast (h, i, j), and southwest sectors (k, l, m).  

 

1.5 THESIS OVERVIEW 

This dissertation seeks to address knowledge gaps in Greenland cetacean ecology and 

oceanography by quantifying features of beluga and narwhal echolocation and their marine 

environment. The work is motivated by an increasing need for sustained observations of Arctic 

odontocete behavior using passive acoustics and of ocean properties surrounding Greenland. At 

the outset of this research, advancements were needed to distinguish between beluga and narwhal 
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sounds to confidently identify them in mixed species recordings. Regions studied in this 

dissertation are within eastern Baffin Bay along the central and northwest Greenland continental 

shelf where the Eastern High Arctic-Baffin Bay beluga and Melville Bay narwhal stocks are found 

(Figure 1.1). Prior to this work, there had been no year-round ocean observations collected from 

northwest Greenland. Our findings provide an important hydrographic time series for Melville 

Bay, a region that supports narwhals during summer and belugas during their spring and fall 

migrations. In total, this thesis comprises four primary research studies (chapters 2–5) and a final 

section dedicated to concluding remarks (chapter 6).  

Chapters 2 and 3 of this thesis quantify characteristics of beluga and narwhal echolocation 

in central Baffin Bay and develop methods to acoustically classify each species. Specifically, 

chapter 2 uses recordings from a 16-channel hydrophone array to describe properties of beluga 

echolocation (Zahn et al. 2021a). This work compliments the study by Koblitz et al. (2016) who 

reported narwhal echolocation parameters using a similar approach. In addition to providing 

baseline acoustic parameters, we report the first sonar beam width estimate of in situ recordings of 

wild belugas with an average -3 dB vertical beam width of 5.4° and source level of 212 dB pp re 

1 µPa. Our findings reinforce the hypothesis that Arctic odontocetes have evolved a narrow 

echolocation beam with high source levels to reduce acoustic echoes from sea ice at the surface 

and to effectively identify open-water leads in pack ice (Koblitz et al. 2016; Jensen et al. 2018). 

Chapter 3 applies findings from Zahn et al. (2021a) and Koblitz et al. (2016) by examining whether 

beluga and narwhal clicks can be differentiated in acoustic recordings to support widespread use 

of passive acoustic monitoring of these species. We demonstrate belugas and narwhals can be 

classified acoustically using echolocation clicks with a high correct classification rate of 97.5% 

for the best model (Zahn et al. 2021b). Beluga echolocation was distinguished by more energy at 
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higher frequencies than narwhal clicks where spectral peaks, troughs, and center frequencies were 

generally >60 kHz and narwhal clicks <60 kHz. Results from chapter 3 provide strong support for 

using echolocation to distinguish between belugas and narwhals in passive acoustic studies. 

The focus of chapters 4 and 5 shifts to northwest Greenland in the vicinity of narwhal 

summering areas and beluga migration pathways. Narwhals from the Melville Bay stock return to 

glacier fronts each summer with high site fidelity (Laidre et al. 2016). Seafloor-mounted ocean 

moorings outfitted with hydrophones and a suite of oceanographic sensors were strategically 

deployed near three glaciers with known narwhal presence. The aim of chapter 4 was to test and 

improve the acoustic classifier developed in chapter 3 using large acoustic datasets from these 

moorings. We compared changes in one-third octave levels (TOL) between two pairs of one-third 

octave bands and show narwhal clicks have a steep increase between the 16 and 25 kHz TOL 

bands whereas beluga clicks have a large increase between the 25 and 40 kHz TOL bands. Results 

from chapter 4 confirm our ability to accurately classify beluga and narwhal clicks using both 

manual and automated approaches and encourage the use of TOL metrics in future acoustic 

detection efforts. 

Chapter 5 utilizes oceanographic measurements collected from the same moorings studied 

in chapter 4 to describe seasonal hydrographic variability and marine glacial habitats in Melville 

Bay. The high temporal resolution of the moored temperature and salinity observations (every 20–

180 sec for two years) builds on the spatially robust dataset obtained by NASA’s OMG program. 

Analysis of the moored hydrographic data revealed consistent seasonal hydrography across sites 

with differences in subglacial plume events where larger plumes were produced by deeper glaciers 

with large upstream ice basins. Glacier front ocean variability is greatest in the summer and fall, 

coincident with subglacial plumes and large wind events. Winter and spring are relatively stable 
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periods characterized by inshore advection from the WGC that feeds the renewal of warm, salty 

water. Coastal ecosystems near glacier fronts provide important habitat not only to narwhals during 

the summer but to a range of species. The variability described in chapter 5 can be linked to 

biological and ecological processes to better understand ecosystem-wide processes and seasonal 

trophic coupling. Results from chapter 5 will also help answer questions related to the sources and 

processes driving the retreat and acceleration of Greenland’s glaciers more broadly.  

The research presented in this thesis advances the current understanding of Arctic 

odontocete bioacoustics and Greenland seasonal hydrography and helps improve oceanographic 

and cetacean observation methods in the Arctic. The acoustic classifiers developed in chapters 3 

and 4 provide evidence for reliable classification of beluga and narwhal clicks and a framework 

that can be applied to any odontocete species. Results from chapter 5 will help parameterize ice-

ocean numerical models to make future projections about Greenland ice sheet dynamics and sea 

level rise under various climate warming scenarios. Altogether, this thesis highlights the strength 

of coordinating passive acoustic and oceanographic sampling for long-term observations in the 

Arctic and lays foundations for promising future research of belugas and narwhals. 
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Chapter 2. VERTICAL SONAR BEAM WIDTH AND SCANNING 

BEHAVIOR OF WILD BELUGAS (DELPHINAPTERUS 

LEUCAS) IN WEST GREENLAND 

This chapter is published as: 

Zahn, M. J., K. L. Laidre, P. Stilz, M. H. Rasmussen, J. C. Koblitz. (2021). Vertical sonar beam 

width and scanning behavior of wild belugas (Delphinapterus leucas) in West Greenland. PLoS 

ONE 16(9): e0257054. https://doi.org/10.1371/journal.pone.0257054  

2.1 ABSTRACT 

Echolocation signals of wild beluga whales (Delphinapterus leucas) were recorded in 2013 using 

a vertical, linear 16-hydrophone array at two locations in the pack ice of Baffin Bay, West 

Greenland. Individual whales were localized for 4:42 minutes of 1:04 hours of recordings. Clicks 

centered on the recording equipment (i.e., on-axis clicks) were isolated to calculate sonar 

parameters. We report the first sonar beam estimate of in situ recordings of wild belugas with an 

average -3 dB asymmetrical vertical beam width of 5.4°, showing a wider ventral beam. This 

narrow beam width is consistent with estimates from captive belugas; however, our results 

indicate that beluga sonar beams may not be symmetrical and may differ in wild and captive 

contexts. The mean apparent source level for on-axis clicks was 212 dB pp re 1 µPa and whales 

were shown to vertically scan the array from 120 meters distance. Our findings support the 

hypothesis that highly directional sonar beams and high source levels are an evolutionary 

adaptation for Arctic odontocetes to reduce unwanted surface echoes from sea ice (i.e., acoustic 

clutter) and effectively navigate through leads in the pack ice (e.g., find breathing holes). These 

results provide the first baseline beluga sonar metrics from free-ranging animals using a 

https://doi.org/10.1371/journal.pone.0257054
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hydrophone array and are important for acoustic programs throughout the Arctic, particularly for 

acoustic classification between belugas and narwhals (Monodon monoceros).  

2.2 INTRODUCTION 

Arctic cetacean species are faced with a growing threat of underwater noise pollution as vessel 

traffic is expected to increase with rising temperatures and ice-free conditions (Smith & 

Stephenson 2013; Reeves et al. 2014; Hauser et al. 2018). The Arctic is warming at a dramatic 

rate of two to three times the global mean with expected ice-free summers between 2030 to 2055 

(Overland & Wang 2013; Runge et al. 2016; Overland et al. 2019). Endemic Arctic cetacean 

species have evolved to use sound to locate prey and communicate with each other in ice-

dominant conditions. Man-made sounds such as engines, propellers, and air guns produce 

considerable noise underwater, interfering with the ability for cetaceans to sense their 

surroundings and find food (Mads Peter Heide-Jørgensen et al. 2013; Castellote et al. 2018; 

Hauser et al. 2018). The Northwest Passage and Northern Sea Route that are increasingly ice-

free overlap spatially with key foraging areas and migration routes for these Arctic cetacean 

species (Reeves et al. 2014; Hauser et al. 2018). As the open-water season lengthens, human 

expansion in the Arctic through commercial shipping, fishing, and oil and gas exploration poses 

substantial risks to Arctic marine mammals in the form of vessel strikes, acoustic disturbance, 

and exposure to spilled or leaked oil and other harmful chemicals (Redfern et al. 2013; Reeves et 

al. 2014; Hauser et al. 2018). With these anticipated changes, scientists have an opportunity to 

inform management of human activities in the Arctic to minimize negative impacts on cetaceans 

through strategies such as restricting ship speed and rerouting vessels to avoid key habitat areas 

(Ragen et al. 2008; Silber et al. 2012; Redfern et al. 2013; Reeves et al. 2014).  
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Beluga whales (Delphinapterus leucas) are one of only two endemic Arctic 

odontocetes—along with the narwhal (Monodon monoceros)—that occupy the Arctic year-

round. Unlike the narwhal, belugas have a circumpolar distribution. They are comprised of 

discrete subpopulations both in the Arctic and sub-Arctic (Innes et al. 2002; Reeves et al. 2014; 

Hauser et al. 2017b; Vacquié-Garcia et al. 2018). Given their large distribution and apex trophic 

position, belugas serve as an important ocean sentinel in a changing Arctic. While the eventual 

impacts of climate-induced habitat change on belugas remains unknown, monitoring their annual 

distribution and changes thereof are key to determine their responses and adaptations. Passive 

acoustic monitoring (PAM) is the most appropriate approach to study cetacean distributions, 

particularly for regions difficult to access such as the Arctic. It has been used to estimate range, 

seasonality, and population density of cetaceans (Mellinger et al. 2007; Marques et al. 2013), all 

of which are important considerations for managers to minimize spatial overlap and potentially 

harmful impacts of the developing shipping industry in the Arctic. 

Affectionately named the “canaries of the sea,” belugas are social and vociferous whales 

with highly variable acoustic profiles that use echolocation as a primary sense to target prey and 

spatially orient. They produce pulsed calls, combined calls, whistles, and echolocation clicks 

within broad frequency ranges from roughly 100 Hz to 20 kHz with some echolocation clicks 

reaching 120 kHz and higher (Au et al. 1985; Sjare & Smith 1986b; Garland et al. 2015). Despite 

the extensive work done on beluga acoustics, only three publications present information on 

echolocation of free-ranging animals (Schevill & Lawrence 1949; Sjare & Smith 1986b; Roy et 

al. 2010) with only one providing results on echolocation click parameters (Roy et al. 2010). 

Most studies focus on non-echolocation vocalizations (Sjare & Smith 1986b; Sjare & Smith 

1986a; Chmelnitsky & Ferguson 2012; Garland et al. 2015), investigate the echolocation 
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capabilities of animals in captivity (Au et al. 1985; Penner et al. 1986; Au et al. 1987; Turl et al. 

1987; Turl & Penner 1989; Turl et al. 1991; Lammers & Castellote 2009; Ames et al. 2020), or 

use recorded echolocation clicks as a proxy for animal presence during PAM (Castellote et al. 

2013; Lammers et al. 2013; Castellote et al. 2015; Castellote et al. 2016; Castellote et al. 2020). 

Beluga echolocation occurs within a wide spectral range of 30 to 120 kHz where most of the 

click energy is concentrated within 30-50 kHz and can change depending on the ambient noise in 

their environment (Au et al. 1985; Sjare & Smith 1986b; Roy et al. 2010). Still, the spectral 

characteristics of free-ranging beluga echolocation have not been examined at a high resolution. 

 The acoustic field of view of an echolocating animal, referred to as its sonar beam, is 

controlled by the properties of functional range (intensity) and angular coverage (directionality) 

of the emitted clicks (Madsen et al. 2007; Madsen & Wahlberg 2007; Jensen et al. 2015). By 

producing short, high-frequency signals, the animal ensonifies a three-dimensional area and 

listens for echoes to interpret its surroundings and locate prey. The source level (SL) is known as 

the intensity of the signal recorded on the acoustic axis of the beam at a standardized 1 m 

distance from the source (Urick 1983; Møhl et al. 2000) and can conveniently be quantified as 

the peak-to-peak (pp) sound pressure level for stereotypical signals like toothed whale 

echolocation clicks. Echolocation clicks are highly directional such that the signal intensity 

rapidly decreases with increasing angle away from the acoustic axis (Au 1993; Madsen & 

Wahlberg 2007). Thus, directionality refers to the angular width in degrees (°) of the biosonar 

beam and is measured at the angle where the click intensity has decreased by half (-3 dB) 

relative to the on-axis click intensity.  

There is evidence demonstrating toothed whales have active control over their sonar 

beam by adjusting output levels (Au et al. 1985; Au & Benoit-Bird 2003), beam width (Au et al. 
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1995; Wisniewska et al. 2012; Jensen et al. 2015), and the direction of the beam known as their 

acoustic gaze (Wisniewska et al. 2012; Koblitz et al. 2016; Ladegaard & Madsen 2019). Further, 

the biosonar beam is not only characterized by the signal itself, but the morphology of the sound 

generator and size of the animal (Jensen et al. 2018). However, reported beam width 

measurements from toothed whales converge around a narrow 5 – 14°, leading Jensen et al. 

(Jensen et al. 2018) to conclude that observed inverse frequency scaling where larger animals 

emit lower frequencies and smaller animals emit higher frequencies is driven by the evolutionary 

pressure to maintain a narrow acoustic field of view. A narrow beam facilitates precise sensory 

analysis of the animal’s environment by reducing unwanted echoes and clutter (Koblitz et al. 

2016; Jensen et al. 2018). Yet, the advantages of a narrow beam come with the cost of a small 

ensonified volume which can increase the risk of missed detections and reduce the animal’s 

sensory awareness. Scanning behavior, where an animal surveys the surrounding area by actively 

moving its sonar beam at various angles, may mitigate the costs associated with a narrow beam 

by increasing search volume and aiding in the localization of live prey (Wisniewska et al. 2012; 

Beedholm et al. 2021). As the only Arctic odontocetes, the narwhal and beluga have evolved in a 

unique marine environment characterized by sea ice with similar evolutionary pressures shaping 

their acoustic profiles. Koblitz et al. (Koblitz et al. 2016) reported that the narwhal has the most 

directional sonar beam among all odontocetes with a 5° beam width. For the beluga, Au et al. 

(Au et al. 1987) conducted a captive experiment and determined the beluga beam width to be 

6.5°. However, to date no estimate of beam width has been made for free-ranging belugas. Given 

the potential for variation in biosonar properties based on context, it is unknown whether belugas 

share an exceptionally narrow beam width like the narwhal in the wild. 
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Arguably the most important parameters that characterize whale biosonar systems are 

beam width, SL, and inter-click-interval as they provide information about how echolocation 

beams have evolved and how whales can be effectively monitored using passive acoustics (Urick 

1983; Madsen & Wahlberg 2007). Yet, these metrics are especially difficult to measure in the 

wild because animal position estimates and methods to isolate on-axis clicks are required 

(Madsen & Wahlberg 2007). Here, we use data from a 16-channel vertical hydrophone array to 

determine baseline acoustic parameters including vertical beam width and SL of in situ beluga 

echolocation. Our results represent a unique dataset of beluga echolocation from a wild context, 

filling critical data gaps for the understudied population in Baffin Bay, West Greenland. We 

discuss how our findings provide foundational data useful for PAM programs and contribute to 

the broad understanding of beluga acoustic ecology, including how they have evolved to use 

sound to navigate, forage, and communicate with one another in an ice-dominant environment. 

2.3 MATERIALS AND METHODS 

2.3.1 Study Region and Acoustic Recordings 

During March 2013, helicopter-based surveys were conducted out of Niaqornat, West Greenland 

from an Air Greenland AS350. Suitable weather permitted seven flying days between 21 and 31 

March and searches for whales occurred 100 to 150 km offshore in leads and cracks of pack ice 

>98% concentration (Figure 2.1). The primary objective of the study was to locate and record 

narwhals (Rasmussen et al. 2015; Koblitz et al. 2016), however, on two occasions pods of about 

6 and 30 belugas were recorded opportunistically (Figure 2.1). Beluga whales were observed 

from the air and then sea ice conditions and weather were assessed for landing. As soon as 

possible after landing, a hydrophone array was deployed at the edge of a lead positioned in a 



27 

 

 

vertical, linear orientation. Belugas were visible the entire time during the recording period and 

no narwhals were in the vicinity.  

 

Figure 2.1. Map of study region in Baffin Bay, West Greenland. Includes track lines of search 

effort, fuel depots, and sampling locations on March 25 and 31st, 2013. 

 

The array was composed of 16 individual Reson TC4013-5 hydrophones with a 

sensitivity of -215 dB +/- 2dB re 1V/µPa and flat (+/-2 dB) frequency response between 1–150 

kHz. Each hydrophone was spaced 1 m apart on a 2 mm diameter line with the topmost 

hydrophone at 3 m below the surface, the lowest at 18 m, and a 4 kg weight was tied to the 

bottom to maintain verticality. A custom 16-channel amplifier was used to amplify hydrophone 

signals by 35 dB; the hydrophones functioned as a low pass filter (150 kHz, 1 pole) and no high 
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pass filter was applied. The recordings were converted from analog to digital with a sampling 

rate of 500 kHz and 16-bit resolution using two eight-channel National Instruments PXI-6123 

A/D converters (voltage input range +/-10 V). A custom software MALTA (Microphone Array 

Localization Tool for Animals) by CAE Software & Systems was used to visualize recordings in 

real-time of multiple receivers. Recordings were partitioned, loss-less, in 5-second long WAV 

files as a safeguard against file corruption and for ease in data processing and analysis. Clipping 

level of the recording system was at 206 dB pp re 1 µPa at 100 kHz (Koblitz et al. 2016). All 16 

hydrophones were calibrated prior to deployment, and the resulting frequency response of each 

receiver determined. Localization accuracy was determined in the field using playbacks of 

recorded clicks at known distances from the array (Koblitz et al. 2016). 

2.3.2 Localization and Assignment of Clicks to Individuals 

Recordings were visually inspected for the presence of beluga echolocation and then used for 

localization analysis. Clicks were detected using channel 10 just below the center of the array 

with a signal to noise ratio (SNR) greater than 12 dB. A time window of -5 and +6 ms (5500 

samples) was extracted around each click detection for each channel and used for downstream 

analyses. The position of the individual at the time of click emission was calculated using the 

time of arrival difference (TOAD). Due to the vertical, linear organization of the hydrophones, 

the distance and depth of the whale were estimated but the direction in the horizontal plane could 

not be determined. Cross correlations of all 120 possible receiver pairs were calculated and the 

channel identified to have best match with other receivers was used as a reference. This reference 

channel was then used to compute TOADs between the 15 remaining channels and the beluga 

source position was determined based on a least square error optimization (Wahlberg et al. 

2001). For best localization accuracy, up to eight channels were excluded from localization 
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calculations for instances where localizations based on this receiver substantially differed from 

the remaining channel combinations. In most cases, position estimates were based on all 16 

channels but a minimum of eight channels were used. To confirm localization accuracy of the 

least square numerical solution for each click, the calculated source position was plotted over 

28–120 hyperbolas from the receiver pair TOADs considered (Wahlberg et al. 2001; Madsen & 

Wahlberg 2007). 

Manual assignment of clicks to echolocation sequences were based on the continuity 

between localized estimates of distance and depth, the sound pressure level recorded on each 

receiver—termed the received level (RL)—and inter-click interval (ICI). Clicks emitted beyond 

150 m from the array were not considered due to high localization error at distances greater than 

ten times the array aperture (15 m). Inconsistent positions, ICI, and RL values indicated 

overlapping click trains from more than one individual. Using these patterns, clicks were 

assigned to individuals as separate tracks. Since multiple, successive echolocation sequences 

may be produced by the same whale, we used a conservative approach for identifying individuals 

using criteria of spatial and temporal proximity. Click sequences were assumed to originate from 

the same individual if 1) the whale’s track line was consistently approaching the array, and 2) 

click sequences were not separated by more than 10 seconds or 10 meters in depth or distance. 

Localized clicks were isolated, bandpass filtered (1 kHz 4th order high-pass and 240 kHz 4th 

order low-pass), and sensitivity for each receiver incorporated to calculate source properties. 

 

2.3.3 Sonar Parameter Calculations and On-Axis Click Criteria 

Peak frequency (kHz), -3 dB and -10 dB bandwidth (kHz), -10 dB click duration (µs), apparent 

source level (ASL), ventral and dorsal -3 dB beam width (º), and the transmission beam 
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directivity index (DI; dB) were calculated for all localized clicks. Peak frequency was defined as 

the frequency of maximum amplitude in the spectrum (Madsen & Wahlberg 2007). The -3 dB 

and -10 dB bandwidth (kHz) were calculated as measures of the spectral variance around the 

centroid frequency of the spectrum, and the -10 dB click duration (µs) was determined using -10 

dB spectral bounds relative to the peak of the waveform envelope (Madsen & Wahlberg 2007). 

The ASL was computed over the -10 dB click duration using the sonar equation and assumed 

geometric spreading and signal attenuation: 

 ASL = RL + TL (2.1) 

 TL = 20 log(𝑟) + α𝑟 (2.2) 

where RL is received level, or sound pressure level recorded on each receiver, TL is transmission 

loss, α is the absorption (0.03 dB/m at 100 kHz) (Fisher & Simmons 1977), and r is the range, or 

derived distance of 1 m in front of the animal to the receiver. Following Møhl et al. (Møhl et al. 

2000), the peak-peak apparent source level (ASLpp) of each click was determined by the peak-

peak measurement of its Hilbert transformation re 1 µPa and back-calculated to 1 m distance in 

front of the beluga. Given echolocation clicks are very short and broadband, it is possible that the 

actual peak amplitude of the signal is missed when sampling at 500 kHz. However, the 

amplitude of the Hilbert envelope effectively approximates the absolute analog amplitude despite 

sampling limitations. The root mean square apparent source level (ASLrms) measured at 1 m was 

defined by the RLrms pressure over the -10 dB click duration. The energy flux density source 

level at 1 m was the integrated energy of the signal over a -10 dB duration and was calculated by 

ASLrms+10log(-10 dB click duration) (Madsen 2005).  

Given the vertical orientation of the linear hydrophone array, only the vertical beam 

width was calculated. To calculate the vertical -3 dB beam width, vertical beam patterns based 

on measured RL at each receiver were merged and aligned at the receiver of maximal intensity, 
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identified as the center of the beam. Using the approximated -3 dB beam width, the sonar beam 

directivity index (DI) was then calculated following the approximation by Zimmer et al. 

(Zimmer et al. 2005): Θ = 185º x 10(-DI/20), where Θ denotes -3dB beam width. 

Echolocation clicks are highly directional where signals received oblique to the animal’s 

acoustic axis are distorted (Au 1993; Madsen & Wahlberg 2007). Precise derivation of acoustic 

source properties thus depends on the isolation of clicks recorded as close to the whale’s acoustic 

axis as possible, herein referred to as on-axis clicks (Madsen & Wahlberg 2007). On-axis clicks 

are characterized by the condition where the maximal intensity of the whale’s beam is aimed 

directly towards the hydrophone array in both the vertical (up and down) and horizontal (left and 

right) dimensions (Figure 2.2). Following previous studies (Villadsgaard et al. 2007; Kyhn et al. 

2009; Kyhn et al. 2010; Ladegaard et al. 2015; Koblitz et al. 2016), we selected on-axis clicks 

based on specific criteria. On-axis clicks in the vertical plane were recorded clicks where the 

whale’s beam was centered between the top and bottom receivers (Figure 2.2A). If the whale’s 

apparent beam maximum was detected at one of the outermost receivers, it was assumed that the 

beam axis was directed outside of the array, and at best, only part of the ventral or dorsal beam 

was captured. Therefore, clicks were identified as vertically on-axis when both the ventral and 

dorsal -3 dB beam width could be calculated within the array. Similarly, on-axis clicks in the 

horizontal plane were recorded clicks where the whale’s beam is directed straight towards the 

receivers, not pointing to the left or right of the array (Figure 2.2B). Horizontal on-axis clicks 

were isolated by selecting the highest amplitude click that is part of a scan (i.e. click train where 

amplitude first increases then decreases) with the assumption that the animal maintains a 

constant source level and is scanning the array in both vertical and horizontal planes. All other 
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clicks were defined as being off-axis clicks. While up to eight channels were excluded for 

localization calculations, recordings from all 16 receivers were used for beam width estimates. 

 

 

 

Figure 2.2. Schematic showing experimental setup and spatial criterion for on-axis click 

selection in the (A) vertical and (B) horizontal planes. The radiation pattern of an echolocation 

click is shown where the passive sonar equation was applied. The source level (SL) is the sound 

pressure level calculated from the received level (RL) and transmission loss (TL) on the acoustic 

axis; apparent source level (ASL) is the sound pressure level calculated for off-axis clicks/clicks 

of unknown recording aspect. Vertical on-axis clicks were isolated when the whale’s acoustic 

axis (i.e. the maximal intensity of the whale’s beam) was vertically centered on the array which 

was determined by -3dB beam width calculations. For each scanning sequence (i.e., click train 

with first ascending then descending amplitudes), the highest intensity click was isolated as a 

horizontal on-axis click where the whale was pointing its beam towards the array (not to the left 

or right), assuming constant SL. 

 



33 

 

 

Given the on-axis characteristics defined above, we selected clicks for final sonar 

parameter values when they fulfilled the following criteria: (1) localized within 120 m of the 

array; (2) part of a click train defined by a sequence of more than 10 clicks; (3) the maximal 

intensity was not recorded at one of the outermost receivers; (4) both the ventral and dorsal -3 dB 

beam width were calculated; (5) part of a scan; (6) highest amplitude click in the scan; (7) one 

click selected per track to avoid pseudo-replication of individuals. For comparison, sonar 

parameters were calculated for two subsets of data: (1) on-axis clicks in only the vertical plane 

(criteria 1 – 4), and (2) on-axis clicks in both the vertical and horizontal planes (criteria 1 – 7). 

Using these two datasets, the degree of click parameter distortion when introducing horizontal 

off-axis clicks was evaluated. Finally, clicks where the maximal intensity was recorded at the 

top- or bottom-most receiver were removed for a third subset of data that included only “non-

edge clicks,” where edge refers to the outermost receivers in the array (criteria 1 – 3). Non-edge 

clicks were used to examine angular variation in beluga spectra and waveforms to see how 

beluga signals change with increasing angle (2 – 20º) away from the whale’s acoustic axis (0º). 

Once clicks were isolated for on-axis clicks in the vertical plane and on-axis clicks in 

both the vertical and horizontal planes, final calculations of mean sonar parameter values were 

determined. To account for any minor hydrophone sensitivity fluctuations not explained in 

calibrations, all vertical beam width measurements were interpolated to a resolution of 0.5º by 

applying a flat smoothing function  where 5 smoothing points were used for a moving average 

over 2º. The 2º width corresponded to the average localized source distances and sufficiently 

addressed any local peak artifacts from individual hydrophones. The final -3 dB beam width was 

determined by averaging individual -3 dB beam width values from on-axis clicks. The mean 

vertical beam pattern for all aligned on-axis clicks was smoothed (width of 2º) and normalized at 



34 

 

 

their center to zero. While the angle of the emitted click to the acoustic axis was unknown, we 

expected our ASL estimates to be close to the true source level by following the criteria outlined 

above for isolating on-axis clicks. 

After on-axis clicks were selected, inter-click intervals (ICIs) were calculated for several 

conditions. ICIs are defined as the time interval in milliseconds between successive clicks. 

Median ICI values were calculated for: 1) the interval preceding each selected on-axis click (pre-

click), 2) the interval proceeding each on-axis click (post-click), 3) a pooled sample of pre- and 

post-click intervals, and 4) intervals between all clicks from same localized click sequences, or 

tracks, that on-axis clicks were selected from.  

2.4 RESULTS 

Beluga recordings were made at two locations on March 25th and 31st 2013 for a total of 42:40 

and 20:45 minutes, respectively. Beluga data reported in this study were from one site and 

individual whales were localized for 4:42 minutes. Each location was validated by comparing the 

least square localization estimate with hyperbolae for each hydrophone pairwise solution (see 

Figure 2.3). Out of 1,876 total clicks detected above a threshold of 146 dB pp re 1 µPa, 672 

clicks were assigned to individuals in 17 separate tracks (see Figure 2.4). 133 clicks were 

isolated as on-axis in only the vertical plane and 12 clicks were selected as on-axis in both the 

vertical and horizontal planes. All on-axis clicks originated from 12 of the 17 total separate 

tracks and were used for sonar parameter calculations. For angular variation analysis, 351 clicks 

were isolated as being non-edge clicks where the maximal intensity of the click was not recorded 

at one of the outermost receivers. We estimate at minimum three to six individual belugas 

produced these tracks. 
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Figure 2.3. Hyperbolae for each of the 120 hydrophone pairs for a single click. Each blue dot on 

the y-axis indicates a hydrophone in the vertical array spaced 1 m apart. The red star demarcates 

the localization estimate in depth and distance from the array based on the least squares model. 

The hyperbolae intersect at the location of the analytical solution. 
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Figure 2.4. Echolocation localization tracklines assigned for at least three individual belugas. (A) 

localized distance from the array, (B) localized depth, and (C) Hilbert transform of the received 

amplitude for channel 10 recordings used for click detections. The black box indicates the click 

sequence used for Figure 2.7. Red circles are track 1, yellow circles track 2, and green circles 

track 3. Spatial information separates the individual shown in red from the individuals in yellow 

and green. Patterns in ICI, RL, and localized distance and depth allow for separation of the 

individuals assigned in yellow and green. 

 

2.4.1 Beluga Vertical Beam Width and Sonar Parameters 

Mean beluga sonar parameter values were similar between on-axis clicks in the vertical and 

horizontal planes and clicks on-axis only in the vertical plane (Table 2.1). A total of 133 clicks 

were on-axis in the vertical plane where both the ventral and dorsal -3 dB beam width could be 

determined, indicating that the echolocation beam was vertically centered on the array. Among 
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these, 12 clicks were determined to be on-axis in both the vertical and horizontal planes using the 

criteria outlined above. Mean beam width values for on-axis clicks in the vertical plane were 

larger (i.e., wider) and had larger ranges than clicks on-axis in both planes. Sonar parameter 

values for on-axis clicks in the vertical plane had greater variation than on-axis clicks in the 

vertical and horizontal planes (Table 2.1; Figure 2.5). All sonar parameter estimates are 

summarized in Tables 2.1 and 2.2.
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Table 2.1. Mean (± s.d.) and range of wild beluga sonar parameters calculated for all on-axis clicks with values from previous work 

included for comparison. Subscript “pp” is peak-peak, “rms’ is root-mean-square, and “EFD” is energy flux density. An asterisk (*) 

indicates significance (p < 0.05). References cited include Au et al. (Au et al. 1985; Au et al. 1987; Roy et al. 2010; Jensen et al. 2018) 

Roy et al. (Roy et al. 2010)§, Castellote et al. (Castellote et al. 2013)†† 

 On-axis in horizontal and 

vertical planes 

(n = 12) 

On-axis in vertical plane 

 

(n = 133) 

Previous work 

Parameter mean ± s.d. range mean ± s.d. range mean ± s.d. range 

-3 dB beam width (º) 5.4 ± 1.2 3.8 – 8.1 6.4 ± 2.4 2.4 – 18.3 6.5‡  

-3 dB dorsal beam width (º) 2.0 ± 1.0* 0.6 – 3.6 2.9 ± 2.0*  0.5 – 14.6   

-3 dB ventral beam width (º) 3.4 ± 1.0* 1.3 – 4.8 3.5 ± 1.5* 1.1 – 8.5   

DI (dB) 30.9 ± 1.8 27.2 – 33.7 29.8 ± 3.3 20.1 – 37.7 32.1‡  

ASLpp (dB re 1 µPa) 212 ± 6 198 – 219 206 ± 8 184 – 219 198 ± 5 – 206 ± 6†; 

218 ± 5‡; 

164 ± 10§ 

NA – 222†; 

206 – 218‡; 

150 – 184§ 

ASLrms (dB re 1 µPa) 206 ± 6 193 – 214 199 ± 9 175 – 214   

ASLEFD (dB re 1 µPa2s) 158 ± 6 144 – 164 152 ± 8 131 – 164 145 ± 5 – 149 ± 5† NA – 165† 

Peak frequency (kHz) 96.9 ± 7.4 88.0 – 110.0  90.1 ± 20.7 52.0 – 159.0 ~55, ~105†; 

107, 113‡ 

40 ± 6§; 

73†† 

40 – 60, 100 – 120†; 

10 – 54§; 

32 – 90, 40 – 120†† 

-3 dB bandwidth (kHz) 39.8 ± 19.6 19.0 – 62.0 45.4 ± 18.1 15.0 – 115.0 ~23, ~37†; 

13 ± 4§ 

15 – 30, 30 – 65†; 

6 – 38§ 

-10 dB bandwidth (kHz) 107.3 ± 21.1 68.0 – 137.0 97.2 ± 23.1 42.0 – 152.0 29 ± 10§ 12 – 53§ 

Duration-10 dB (µs)  14.5 ± 6.0 8.0 – 26.0 19.4 ± 8.6 8.0 – 60.0 163 ± 152§ 35 – 1470§ 

Localized depth (m) 19.7 ± 16.0  0.2 – 44.0 18.2 ± 8.1 0.2 – 44.3   

Localized distance (m) 56.7 ± 32.3 13.4 – 99.9 37.9 ± 24.3 5.8 – 99.9   

Localized range (m) 61.1 ± 28.8 15.6 – 100.4 39.9 ± 23.3 7.3 – 100.4   
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Table 2.2. Inter-click interval (ICI) values for on-axis clicks. Median ICI values were calculated 

for all clicks from same the click sequence, or track, as the selected on-axis clicks (all tracks), 

before the on-axis click (pre-click), after the on-axis click (post-click), and pooled pre- and post- 

intervals (pre + post). 25% and 75% quantiles (Q1 and Q3, respectively) and sample sizes of 

clicks considered (n) are included. All reported values are in milliseconds. 

 On-axis in horizontal and vertical 

planes 

On-axis in vertical plane 

Interval median Q1 Q3 n median Q1 Q3 n 

All tracks 97.4 76.8 141.1 552 97.4 76.8 141.1 552 

Pre-click 89.7 78.7 122.4 12 96.0 77.2 139.2 133 

Post-click 108.7 84.2 147.0 12 99.0 77.5 154.6 133 

Pre + post 95.0 78.7 133.4 24 105.4 78.2 154.2 166 
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Figure 2.5. Beluga echolocation click spectra and beam pattern for on-axis clicks. (A) Beluga 

spectra and (B) vertical beam pattern for 12 on-axis clicks in both the vertical and horizontal 

planes. (C) Beluga spectra and (D) vertical beam pattern for 133 on-axis clicks in only the 

vertical plane. Spectra in (A) and (C) show raw spectra in gray, mean spectrum in black, peak 

frequency with a yellow point, and -10 dB bandwidth in red. Vertical beam patterns in (B) and 

(D) show raw beam patterns in gray, mean beam pattern in black, and the smoothed and 

normalized beam pattern in blue; negative angle values correspond to the dorsal vertical beam 

and positive values refer to the ventral beam. 
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A two-lobed spectral pattern was observed for mean beluga spectra (Figure 2.5A,C). The 

peak frequency for on-axis clicks in both spatial planes was 96.9 ± 7.4 (Table 2.1; Figure 

2.5A,C). A spectral notch occurred at 130 kHz with a secondary peak at 150 kHz. This pattern 

was more pronounced in the 12 clicks that were on-axis in both planes (Figure 2.5A) but still 

evident for clicks that were on-axis in only the vertical plane (Figure 2.5C). The beluga 

echolocation mean waveform, consistent with all Delphinidae click shapes, showed an initial 

pressure increase followed by a strong pressure decrease and second pressure increase (Figure 

2.6A). For all 351 non-edge clicks, signals measured by individual hydrophones away from the 

acoustic axis (i.e., maximal RL) were averaged in 2º wide angle bins relative to the central axis 

(0º) and plotted to show angular variation in beluga spectra and waveforms (Figure 2.6). The 

signal was increasingly distorted and diminished with increasing off-axis angle (Figure 2.6). The 

-3 dB beam width was 5.4 ± 1.2º, ranging between 3.8–8.1º and the ASLpp was 212 ± 6 dB re 1 

µPa, ranging between 198–219 dB (Table 2.1; Figure 2.5B,D). The ventral beam width was 

significantly wider than the dorsal beam width for on-axis clicks in the vertical plane (Paired t-

test: p = 0.015) and on-axis clicks in both planes (Paired t-test: p = 0.010). ICIs were 

approximately 100 ms for selected on-axis clicks and associated click sequences (Table 2.2). 
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Figure 2.6. Mean angular variation for 351 non-edge clicks for beluga echolocation click (A) 

waveforms and (B, C) spectra. For all non-edge clicks selected where the RL of maximal 

intensity was not recorded at one of the outermost receivers, signals were received at various 

angles along the vertical hydrophone array where the center of the beam was at 0º. Angle bins 

between -20 to 20º (negative is dorsal; positive is ventral) show signal differences measured 

farther from the acoustic axis. The heatmap (C) in dB re center (0º) spectrum peak shows angle 

bin (º) and frequency ranges for the highest (dark blue) and lowest (white) spectral energy. 

 

2.4.2 Scanning Behavior 

Shifts in the acoustic gaze of belugas to probe their environment and increase their search 

volume—a behavior referred to as scanning—was observed in the vertical plane. Vertical 
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scanning was identified by sequential changes in the maximal RL on individual receivers 

throughout a click train revealing the upward and downward movement of their sonar beam over 

the array (Figure 2.7). All recordings used for analysis where individuals were localized between 

10 and 120 meters distance from the array demonstrated this behavior. The maximum scanning 

angle for consecutive clicks for all analyzed click sequences containing on-axis clicks was 9º. 

 

 

Figure 2.7. Vertical scanning of beluga sonar beam. Distribution of the received level (RL; 

represented via color spectrum) for each hydrophone for 41 clicks in 5 seconds, demonstrating 

vertical scanning of the array. Filled circles signify clicks where the hydrophone with the 

maximum RL was received by one of the outermost receivers and therefore was directed towards 

the edge of the array. 

 

2.5 DISCUSSION 

Despite significant ranges in body size, SL, and sonar frequency among odontocetes, toothed 

whale beam width remains strikingly consistent between 5–14º, suggesting there is selective 

pressure for long-range detection and spatial acoustic filtering to reduce unwanted echoes 
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(Jensen et al. 2018). Beam width and SL are defining characteristics of echolocation that provide 

insight into the evolution of biosonar systems and key information to biologists who employ 

passive acoustics for odontocete research and management (Madsen & Wahlberg 2007). Here, 

we present the first free-ranging beluga vertical beam width estimate of 5.4º and mean ASL of 

212 dB pp re 1 µPa with concomitant vertical scanning behavior (i.e. adjustments in acoustic 

gaze) across all localized sequences. Beluga clicks with high directionality and intensity allow 

for spatial filtering and a longer detection range while scanning increases acoustic spatial 

coverage. In the acoustically complex environment of the Arctic, these properties are likely eco-

evolutionary adaptations for belugas to reduce clutter and effectively navigate, particularly in the 

winter as they search for openings in the pack ice.  

2.5.1 Narrow Sonar Beam Width and High Source Level 

The majority of existing knowledge of beluga echolocation comes from experimental work 

where captive whales were held stationary with a hoop or bite plate to maintain a constant 

distance and angle to the hydrophone (Au et al. 1985; Penner et al. 1986; Au et al. 1987; Turl et 

al. 1987; Turl & Penner 1989; Turl et al. 1991; Lammers & Castellote 2009; Ames et al. 2020). 

No study has been conducted to measure beluga sonar beam width since the captive experiment 

completed by Au et al. (Au et al. 1987) where they determined the mean 3-dB vertical and 

horizontal sonar beam width to be a symmetrical 6.5º. Our results showing a vertical beam width 

of 5.4º (DI = 30.9 dB) confirm the narrow acoustic field of view of belugas, being 1.1º narrower 

than the estimate made by Au et al. (Au et al. 1987). Au et al. (Au et al. 1985) demonstrated how 

beluga biosonar changes in intensity and frequency for two environments with different ambient 

noise levels, an indication for the flexibility in echolocation behavior. The minor difference in 

vertical beam width determined in this study compared to Au et al. (Au et al. 1987) may indicate 



45 

 

 

individual or population-specific variation, environment-driven adaptation, or methodological 

differences.  

Being that toothed whale biosonar beam width ranges between 5–14º, the beluga beam 

width is one of the most narrow among odontocetes, second only to the narwhal (Koblitz et al. 

2016). The sperm whale (Physeter macrocephalus), Risso’s dolphin (Grampus griseus), and 

bottlenose dolphin (Tursiops spp.) exhibit symmetrical half-power beam widths between 8 – 9º 

(Møhl et al. 2003; Wahlberg et al. 2011; Smith et al. 2016). Wider beam widths have been 

observed for the harbor porpoise (Phocoena phocoena) with a beam width of 11º and 13º in the 

horizontal and vertical planes, respectively (Koblitz et al. 2012) up to the Ganges river dolphins 

(Platanista gangetica) with a beam width of 14.5º (Jensen et al. 2013). Ganges river dolphins 

inhabit shallow, riverine waters that may explain their wider sonar beam when compared to 

pelagic species (Jensen et al. 2013). In contrast to species with restricted distributions like the 

narwhal (Heide-Jørgensen et al. 2003a), belugas occupy a diverse range of habitats given their 

circumpolar distribution in the Arctic and sub-Arctic (Innes et al. 2002; Reeves et al. 2014; 

Hauser et al. 2017b; Vacquié-Garcia et al. 2018) which may result in greater sonar variability 

across subpopulations. Here we show belugas occupying the deep, ice-covered waters in Baffin 

Bay present clicks with high directionality (DI > 30 dB), high SLs, and ICIs of ~100 ms which 

all facilitate long-range detection and spatial filtering. Environments like riverine or coastal 

systems with vegetation and shallow depths can create conditions with high acoustic clutter and 

reverberation levels when compared to open ocean conditions (Jensen et al. 2013; Ladegaard et 

al. 2015). Narrow, short-range biosonar systems adapt best to riverine environments to reduce 

reverberation and clutter. It may be that beluga subpopulations that predominantly inhabit rivers 

or coastal habitats present clicks with characteristics like the Ganges or Amazon river dolphins 
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with lower SLs (<200 dB re 1 µPapp), a slightly wider beam (>10º), and shorter ICIs (<50 ms) to 

adapt to their environment (Jensen et al. 2013). Future work to establish estimates of sonar 

parameters from several wild beluga stocks (e.g., Cook Inlet, Alaska (Lammers et al. 2013; 

Castellote et al. 2016; Blevins-Manhard et al. 2017) or the Canadian Arctic (Roy et al. 2010; 

Vergara & Mikus 2019)) will demonstrate whether characteristics of beluga biosonar including a 

narrow beam and high SLs remain consistent across diverging habitats.   

As the only members of the Monodontid family, belugas and narwhals have broadband, 

high-frequency clicks and a narrow beam width, sonar properties that are broadly shared with 

other echolocating delphinids (McGowen et al. 2009; Jensen et al. 2018). Inverse frequency 

scaling where larger animals vocalize at higher source levels and lower sound frequencies 

compared to smaller animals has been an accepted hypothesis in acoustic communication for 

both terrestrial and marine environments (Fletcher 1992; Gillooly & Ophir 2010). Jensen et al. 

(Jensen et al. 2018) tested this hypothesis by claiming that this law operates differently for 

echolocating toothed whales. They examined how source level, directionality, and frequency 

vary with body size and reported that sonar output increased with body size at twice the rate than 

expected. As a result, having a narrow acoustic field of view, consistent for all toothed whales, is 

likely to be the primary evolutionary pressure for odontocete biosonar (Koblitz et al. 2012; 

Jensen et al. 2018). However, among toothed whales with average -3 dB beam widths between 5 

to 14º, belugas and narwhals are outliers with both high source levels and narrow beam widths 

relative to their body size (Figures 2A and 3D in Jensen et al. (Jensen et al. 2018)). This suggests 

that although manydelphinids share common acoustic properties, Arctic odontocetes may have 

specific biosonar adaptations to increase their detection range, decrease surface reflections in 

their ice-dominated environment, and effectively navigate through leads in the pack ice. In dense 
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pack ice conditions, belugas and narwhals rely on openings in the ice to breathe at the surface, so 

there is a strong selective pressure to locate open water and ensure survival. Our results 

corroborate the notion that Arctic odontocetes are outliers among all toothed whales by having 

the narrowest acoustic field of view.  

Echolocation is characterized by highly-directional acoustic emissions where signals 

become increasingly distorted off-axis to the center of the beam (Au 1993; Madsen & Wahlberg 

2007; Au et al. 2012; Macaulay et al. 2020). As a result, accurate sonar parameter estimates are 

contingent on the ability to isolate on-axis clicks. While the criteria used in this study to isolate 

on-axis clicks (Figure 2.2) follows similar studies (Villadsgaard et al. 2007; Kyhn et al. 2009; 

Kyhn et al. 2010; Ladegaard et al. 2015; Koblitz et al. 2016), the true acoustic axis from which 

the echolocation signals originated remains unknown. However, the beam width measurement 

reported here closely compares to that of Au et al. (Au et al. 1987) where the acoustic axis was 

known. Furthermore, examination of signals recorded on receivers away from the maximal RL—

assumed to be the center of the beam—show signal distortions (Figure 2.6). Finally, when 

comparing spectra between the 133 vertical on-axis clicks to the 12 horizontal and vertical on-

axis clicks, it is apparent that high frequency content is lost as horizontal off-axis clicks are 

introduced in the sample (Figure 2.5 A,C). The 12 on-axis clicks isolated in this study retain 

high-frequency content and reveal a narrow beam width consistent with captive experiment 

estimates, indicating they are likely close to the whale’s acoustic axis. 

Au et al. (Au et al. 1987) reported highly variable and multilobed vertical beam patterns 

for low-amplitude clicks and for sequences where click intervals were less than 5 milliseconds. 

The authors further describe that the major axis of the composite vertical beam pattern was 

elevated 5º above the horizon, defined by the plane of the animal’s teeth (Au et al. 1987). Due to 
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the in situ recording environment of the data analyzed here, the orientation of the animal’s 

cranium and body was unknown. Moreover, identifying lobes in the acoustic beam pattern with 

any certainty was impossible due to the spatial arrangement of the receivers; the recording 

aperture was too wide to yield a sufficient resolution to capture lobes. Yet, our results show an 

asymmetrical vertical beam width with a wider ventral beam, providing further evidence for 

beluga biosonar adaptability and evolutionary adaptations in the Arctic environment. A sonar 

beam with a wider ventral beam more effectively filters surface clutter from the pack ice when 

compared to a symmetrical beam. It is possible that Au et al. (Au et al. 1987) observed a 

symmetrical sonar beam given the captive environment devoid of dense sea ice, whereas the 

free-ranging beluga beam width estimates reported here show context-specific biosonar 

adaptability in response to the ice-dominated setting. 

Using the sonar equation and assuming a noise limited environment with spherical 

spreading, we computed a theoretical detection range for two scenarios: the maximum range for 

a beluga to ensonify a target prey and the maximum distance for a beluga click to reach an 

acoustic receiver. For both calculations, we used a SL of 212 dB re 1 µPa, which we computed 

from the 12 on-axis clicks used this study (Table 2.1). Transmission loss was calculated as 

20log(r) + αr where r is the distance in meters from the source and α (absorption) is 0.03 dB/m 

(estimated at 100 kHz) (Fisher & Simmons 1977). The theoretical detection range for a beluga to 

ensonify a target prey, Arctic cod (Boreogadus saida), is approximately 300 meters using a prey 

target strength of -45 dB (Crawford & Jorgenson 1996) and beluga hearing threshold of 50 dB re 

1 µPa (Castellote et al. 2014). However, beluga hearing thresholds have been shown to vary 

widely (>30 dB) (Castellote et al. 2014), and as a result, beluga prey detection ranges will also 

vary considerably. The estimated detection range for a beluga click reaching a hydrophone with 
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a broadband system noise level of 130 dB re 1 µPa, reflecting receivers used in this study, is 

approximately 800 meters. Indeed, there are many factors that drive the detection range of a 

beluga click, but these estimates along with the knowledge that belugas have a narrow beam 

provide important information when determining the density and spatial range to deploy future 

PAM receivers.  

2.5.2 Patterns in Frequency Spectra 

Beluga spectra from on-axis clicks showed a two-lobed pattern with characteristic peaks at 90 

and 150 kHz and a slight notch at approximately 130 kHz that has not been previously reported 

in captive or wild beluga acoustic studies (Figures 2.5A,C and 2.6). However, the high peak 

frequencies for clicks on-axis in both the horizontal and vertical planes (97 kHz) and on-axis in 

only the vertical plane (90 kHz) are consistent with earlier work (Au et al. 1985; Castellote et al. 

2013). It is possible that the animals used in experimental studies did not produce such high 

frequency, broadband clicks in the captive environment, or alternatively the sampling rate of the 

recording designs were too low to sufficiently capture the second peak. Nonetheless, we expect 

that the second peak at 150 kHz reported here was underestimated, and in reality, this peak is 

likely more pronounced given that higher frequencies attenuate faster than lower frequencies for 

broadband signals.  

Apart from the bimodal frequency pattern, the broadband spectra reported here aligns 

with characteristic spectral patterns for Delphinidae species. Extant toothed whale echolocation 

has been classified into four main click types: 1) multi-pulsed sperm whale (Physeteriidae) 

clicks; 2) frequency modulated beaked whale (Ziphiidae) clicks; 3) broadband delphinid clicks; 

and 4) narrow-band, high frequency clicks (Jensen et al. 2018). As part of the delphinid click 

type, belugas produce broadband signals similar to those generated by riverine and marine 
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delphinids (e.g. Tursiops and Orcaella genera) (Au 1993; Jensen et al. 2013; Jensen et al. 2018). 

Beluga spectra reported here, however, demonstrate a broadband signal with the presence of a 

unique spectral lobe pattern that distinguishes it from other delphinids. 

The broadband, lobed frequency pattern of beluga clicks shown in this study may provide 

necessary information to differentiate beluga echolocation from other species with similar 

acoustic profiles and spatial distributions, such as the killer whale (Orcinus orca) or narwhal. 

Increasing anecdotal and empirical evidence have showed range expansions of killer whales in 

the eastern Canadian Arctic and Baffin Bay, West Greenland, likely the result of declines in sea 

ice and increase in suitable habitat and foraging grounds (Lefort et al. 2020). Range shifts are 

likely as the Arctic changes, and knowledge of Arctic odontocete spectra are critical when 

choosing or designing recording equipment to measure echolocation parameters correctly and 

maximize characteristic echolocation features for species identification. When comparing killer 

whale and beluga spectra, broadband bimodal frequency spectra have been documented in killer 

whale clicks (Au et al. 2004; Simon et al. 2007) resembling the beluga lobed spectra we 

observed. Killer whale low and high frequency peaks occur at 24 and 108 kHz, respectively, 

(Simon et al. 2007) in contrast to the higher frequency peaks in beluga spectra reported here (97 

and 147 kHz; Figure 2.5A). When comparing narwhal and beluga spectra, the narwhal presents a 

unimodal spectrum with no clear spectral notches (Koblitz et al. 2016). Additionally, beluga 

click peak frequency (97 kHz) is higher than that of the narwhal (~70 kHz) (Rasmussen et al. 

2015; Koblitz et al. 2016) which may prove useful for species classification. Following work 

done by Soldevilla et al. (Soldevilla et al. 2008) where Risso’s and Pacific white-sided dolphins 

(Lagenorhynchus obliquidens) were classified using spectral properties including unique peaks 

and notches, our results show promise for species identification using spectral information from 
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beluga echolocation and other odontocetes found in Arctic waters. However, particular attention 

to sampling rate and on-axis click criteria must be carefully considered, since the presence of 

defined spectral peaks diminishes with increasing off-axis angle (Figure 2.6) and recordings 

using low sampling rates may lack high frequency content. 

2.5.3 Scanning Behavior 

Biosonar scanning behavior, also referred to as shifts in acoustic gaze, has been well documented 

for bats in both field and laboratory settings (Ghose & Moss 2006; Surlykke et al. 2009; Seibert 

et al. 2013; Falk et al. 2014), but it is much less described for echolocating marine mammals. 

Scanning is typically identified using a hydrophone array where successive changes in the 

maximal RL on individual receivers throughout a click train are measured, revealing movement 

of the animal’s sonar beam over time. Scanning of echolocating marine mammals was first 

reported by Schevill and Lawrence (Schevill & Lawrence 1956) and later by Kellogg (Kellogg 

1959) and Norris et al. (Norris et al. 1961), though all accounts were largely qualitative 

descriptions for captive experiments with bottlenose dolphins (Tursiops truncatus). Recent 

studies with captive harbor porpoises (Phocoena phocoena) describe scanning behavior and 

speculate that it increases the animal’s sensory volume, exploiting sonar beam directionality 

(Wisniewska et al. 2012; Ladegaard & Madsen 2019). Changes in an animal’s acoustic gaze may 

also function to assist in moving target localization. Kloepper et al. (Kloepper et al. 2018) 

showed one captive bottlenose dolphin directed the center of its beam slightly off-axis to its 

target and concluded that the animal’s off-axis emission strategy maximized angular position 

estimates of the target. In contrast, Beedholm et al. (Beedholm et al. 2021) gave two trained 

delphinids (Tursiops truncatus and Pseudorca crassidens) the same detection task and reported 

that while they rarely positioned their beam’s axis directly on the target, in each trial the target 
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was ensonified within the animal’s half-power beam width, likely to increase echo-to-noise 

ratios. A growing body of evidence has demonstrated the various ways animals adjust their 

acoustic gaze, including changes in beam width when approaching a target (Wisniewska et al. 

2012; Jensen et al. 2015). Further research is needed to investigate potential differences in 

scanning behavior among delphinid species, examining whether directionality and scanning 

angle are inversely correlated or behavioral variations exist between coastal and marine 

environments. Nonetheless, vertical scanning was reported for narwhals by Koblitz et al. 

(Koblitz et al. 2016), and we similarly show this behavior for belugas (Figure 2.7). To our 

knowledge, our results mark the first account to quantify scanning behavior of belugas and 

support the assertion that scanning is a compensatory trait that widens the whale’s acoustic gaze 

in response to a highly directional sonar beam. The degree to which wild beluga beam width 

changes during target selection remains to be studied. 

2.5.4 Error Estimation and Limitations 

Localization error was determined using methods and results outlined in Koblitz et al. (Koblitz et 

al. 2016) and is consistent with other studies using linear arrays for localization (Kyhn et al. 

2009; Kyhn et al. 2010; Jensen et al. 2013; de Freitas et al. 2015). Beluga recordings analyzed 

here were from the same field season and used the same instruments as Koblitz et al. (Koblitz et 

al. 2016) so error estimation equally applies. Accordingly, the source distance is expected to be 

underestimated by approximately 20%, resulting in an underestimation of the ASL by 1 to 4 dB. 

The beam width is likely overestimated as it is inversely proportional to the localized distance; 

further, our methods to account for any fluctuations in individual hydrophone sensitivities by 

interpolating and smoothing beam patterns resulted in a conservative vertical beam width 

estimate. When considering the distances that whales were recorded (up to 100 meters) for this 
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study, our vertical beam width measurement is estimated to be 1 to 2° wider than the true beluga 

vertical beam width. Thus, the true beluga vertical beam width is likely narrower and bears a 

higher directivity than what is reported here (5.4°). 

Although the sample sizes used here for on-axis clicks are comparable to other biosonar 

studies (Villadsgaard et al. 2007; Kyhn et al. 2009; Kyhn et al. 2010; Koblitz et al. 2016), there 

are limitations to the conclusions presented in this study to parameterize wild beluga 

echolocation given the small samples and number of individuals considered. Based on the 

localization analyses and individual tracks (i.e., click sequences) produced, we estimated 3 to 12 

individuals produced the on-axis clicks that were used for sonar parameter calculations (12 on-

axis clicks in both the horizontal and vertical planes; 133 clicks on-axis in the vertical plane). 

These data likely originated from the same group of individuals, which indicates that any 

potential variation in echolocation characteristics across different groups or stocks would not be 

represented in the parameter estimates presented here. Yet, the parameters reported here provide 

a strong foundation on which future work will continue to refine. In particular, continued 

research is needed to quantify how beluga echolocation varies across subpopulations that inhabit 

a variety of environments and how it broadly compares to odontocete echolocation in and outside 

of the Arctic. 

2.5.5 Implications for PAM in a Changing Arctic 

An increase in human activities and ambient underwater sound levels pose significant risks to 

Arctic cetaceans as warming temperatures lead to sea ice loss and a longer open-water season 

(Reeves et al. 2014; Hauser et al. 2018). Anthropogenic noise (e.g. commercial ships, pile 

drivers, helicopters, outboard motors) has been shown to mask beluga communication and 

hearing for the Cook Inlet population (Castellote et al. 2018) and could similarly threaten 
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populations in West Greenland. Human expansion northward into the Arctic is expected for oil 

and gas exploration, fishing, and recreation as regions like the Northwest Passage become ice-

free and navigable. In order to develop management plans and regulations that proactively 

minimize threats to Arctic cetaceans, monitoring programs that provide baseline data for 

cetacean ecology and their habitats are needed.  

PAM that uses multiple hydrophones over large spatiotemporal scales is the most viable 

tool to study Arctic cetacean populations in remote regions and identify ecologically important 

areas for management, including migration routes and mating grounds (Castellote et al. 2013; 

Sousa-Lima et al. 2013; Frouin-Mouy et al. 2017; Ahonen et al. 2019; Castellote et al. 2020; 

Zhong et al. 2020). Our results provide fundamental sonar parameters for belugas that can be 

implemented in Arctic and sub-Arctic PAM programs, particularly for the comparison and 

differentiation between belugas and narwhals. We also provide an approximation of 800 m as the 

range at which a beluga click can be detected using a PAM receiver similar to the instruments 

used in this study. Understanding the spatial resolution at which whales can be detected is 

important when designing the extent and frequency of PAM receivers to be deployed. 

Classification using echolocation is a promising tool, given its primary role in beluga and 

narwhal foraging ecology, and is increasingly being incorporated into classification regimes 

(Soldevilla et al. 2008; Baumann-Pickering et al. 2015; Rankin et al. 2017). To fully implement 

PAM using echolocation identifiers, appropriate acoustic receivers with a high sampling rate 

must be used. Arctic odontocetes use echolocation frequently as it is the primary way they sense 

their environment and locate prey, and as a result, echolocation data are especially useful for 

classification during times where vocalizations (e.g., whistles) are absent. This in situ study of 
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beluga biosonar provides foundational information for PAM programs and a baseline for future 

comparative studies with species that have overlapping ranges and similar acoustic profiles. 
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Chapter 3. ACOUSTIC DIFFERENTIATION AND CLASSIFICATION 

OF WILD BELUGAS AND NARWHALS USING 

ECHOLOCATION CLICKS 

This chapter is published as: 

Zahn, M. J., S. Rankin, J. L. K. McCullough, J. C. Koblitz, F. Archer, M. H. Rasmussen, K. L. 

Laidre. (2021). Acoustic differentiation and classification of wild belugas and narwhals using 

echolocation clicks. Scientific Reports 11:22141. https://doi.org/10.1038/s41598-021-01441-w 

3.1 ABSTRACT 

Belugas (Delphinapterus leucas) and narwhals (Monodon monoceros) are highly social Arctic 

toothed whales with large vocal repertoires and similar acoustic profiles. Passive Acoustic 

Monitoring (PAM) that uses multiple hydrophones over large spatiotemporal scales has been a 

primary method to study their populations, particularly in response to rapid climate change and 

increasing underwater noise. This study marks the first acoustic comparison between wild 

belugas and narwhals from the same location and reveals that they can be acoustically 

differentiated and classified solely by echolocation clicks. Acoustic recordings were made in the 

pack ice of Baffin Bay, West Greenland, during 2013. Multivariate analyses and Random Forests 

classification models were applied to eighty-one single-species acoustic events comprised of 

numerous echolocation clicks. Results demonstrate a significant difference between species’ 

acoustic parameters where beluga echolocation was distinguished by higher frequency content, 

evidenced by higher peak frequencies, center frequencies, and frequency minimums and 

maximums. Spectral peaks, troughs, and center frequencies for beluga clicks were generally > 60 

kHz and narwhal clicks < 60 kHz with overlap between 40–60 kHz. Classification model 

https://doi.org/10.1038/s41598-021-01441-w
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predictive performance was strong with an overall correct classification rate of 97.5% for the 

best model. The most important predictors for species assignment were defined by peaks and 

notches in frequency spectra. Our results provide strong support for the use of echolocation in 

PAM efforts to differentiate belugas and narwhals acoustically. 

3.2 INTRODUCTION 

Only three species of cetaceans occupy the Arctic year-round: the beluga (Delphinapterus 

leucas), narwhal (Monodon monoceros), and bowhead whale (Balaena mysticetus). As toothed 

whales (odontocetes), the beluga and narwhal are closely related and are the only two members 

of the Monodontidae family. They use echolocation to identify objects and locate prey, unlike 

the bowhead whale, a baleen whale, that has not evolved this sense (Au 1993; Madsen & 

Wahlberg 2007). Belugas are circumpolar in their distribution with approximately 22 

subpopulations, or stocks, some of which are highly migratory and others resident in both Arctic 

and sub-Arctic waters (Smith & Martin 1994; Lydersen et al. 2001; Innes et al. 2002; Reeves et 

al. 2014; Hauser et al. 2017b; Vacquié-Garcia et al. 2018; Hobbs et al. 2019). Most populations 

migrate from wintering regions among the pack ice and return to the same estuarine summering 

areas to feed, molt, and give birth (Frost & Lowry 1990; Smith & Martin 1994; Lewis et al. 

2009). In contrast, narwhals occur in approximately 12 stocks and have a more restricted 

distribution occupying waters of the Canadian Arctic, West and East Greenland, and western 

Russia within the Atlantic Arctic (Heide-Jørgensen et al. 2003a; Richard et al. 2010; Ahonen et 

al. 2019). Narwhals in the Canadian Arctic and West Greenland undergo extensive annual 

migrations with high site fidelity from their summer ranges in fjords of Greenland and Baffin 

Island to their wintering grounds in Baffin Bay and northern Davis Strait (Dietz et al. 2001; 

Heide-Jørgensen et al. 2003a; Reeves et al. 2014). Across their respective distributions, belugas 



58 

 

 

 

and most of the world’s narwhals overlap for much of the year in the waters of the Canadian 

Arctic and Baffin Bay, West Greenland, during their annual migrations (Figure 3.1a). 

 
Figure 3.1. Top panel: map of narwhal (purple) and beluga (green) annual ranges (a). 

Overlapping beluga and narwhal annual ranges is visible in dark purple. The Northwest Passage 

sea route between the Atlantic and Pacific oceans is shown in red. Bottom panel: map showing 
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track lines of search effort, fuel depots, and recording sites for narwhals and belugas in Baffin 

Bay, West Greenland, between March 21st and 31st, 2013 (b). The black inset box in (a) 

demarcates the area shown in (b). 

 

In addition to the use of visual surveys and telemetry to study wild beluga and narwhal 

populations, Passive Acoustic Monitoring (PAM) uses hydrophones over large spatiotemporal 

scales to localize regions of ecological importance (Castellote et al. 2013; Sousa-Lima et al. 

2013; Frouin-Mouy et al. 2017; Ahonen et al. 2019; Castellote et al. 2020; Zhong et al. 2020). 

Despite this, the acoustic profiles of Arctic odontocetes remain largely understudied, particularly 

during non-summer months, because they reside under sea ice much of the year and the 

deployment and recovery of acoustic equipment in the Arctic is challenging and costly (Ahonen 

et al. 2019). Further, PAM relies on the ability to distinguish between species solely based on 

their characteristic sounds (i.e., calls or echolocation clicks), which means individual or a 

combination of specific sonic identifiers must be known for each species. Call types typically 

used in acoustic classification of odontocetes include echolocation clicks, burst pulses, whistles, 

and combined signals (Sjare & Smith 1986b; Chmelnitsky & Ferguson 2012; Marcoux et al. 

2012; Garland et al. 2015; Rasmussen et al. 2015; Castellote et al. 2020; McCullough et al. 

2021). Echolocation, sometimes referred to as biosonar, is characterized by the emission of high 

frequency, relatively broadband clicks of high directionality and listening for returning echoes; it 

is a dominant sense for odontocetes, much like vision is for humans (Au 1993; Madsen & 

Wahlberg 2007). Burst pulses, or “buzzes,” are short bursts or a series of broadband pulses 

(clicks) with a high repetition rate (Ford & Fisher 1978; Sjare & Smith 1986b; Rasmussen et al. 

2015). Whistles are narrow-band and frequency-modulated tonal vocalizations (Sjare & Smith 

1986b; Rankin et al. 2017). Finally, combined signals, or “mixed calls,” include overlaid or 
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paired pulsed and tonal sounds (Shapiro 2006; Marcoux et al. 2012; Walmsley et al. 2020). 

Acoustic classifiers may use a single call type or multiple call types to differentiate species 

(Simões Amorim et al. 2019).  

Belugas and narwhals have large vocal repertoires that feature similar acoustic profiles 

(Ford & Fisher 1978; Marcoux et al. 2012; Stafford et al. 2012; Frouin-Mouy et al. 2017), which 

can make it difficult to distinguish between them acoustically without visual confirmation of 

species identity. To date, only one study has differentiated between belugas and narwhals 

acoustically (Frouin-Mouy et al. 2017) since other PAM studies have focused on regions where 

they do not co-occur (Lammers et al. 2013; Castellote et al. 2016; Ahonen et al. 2019). Frouin-

Mouy et al. (2017) identified narwhals when they observed whistles or buzzes combined with 

low-frequency echolocation clicks, and belugas were detected when bird-like whistles were 

combined with high-frequency clicks. When whistles and buzzes were absent, they used an 

increase in spectral power around the 20 kHz frequency band to identify narwhal mid-frequency 

clicks (Frouin-Mouy et al. 2017). However, their comparison was narrow in scope as it was not 

their primary research objective. Thorough analyses of echolocation clicks have been conducted 

separately on belugas (Au et al. 1985; Sjare & Smith 1986b; Au et al. 1987; Rutenko & 

Vishnyakov 2006; Roy et al. 2010; Zahn et al. 2021a) and narwhals (Ford & Fisher 1978; 

Rasmussen et al. 2015; Koblitz et al. 2016; Podolskiy & Sugiyama 2020), but no comparative 

study with data from the same region exists. The broadband signals of beluga and narwhal 

echolocation extend frequencies between 2–150 kHz, but high-frequency clicks have been 

reported for both species with energies up to 200 kHz (Rasmussen et al. 2015; Zahn et al. 

2021a). Measurements of beluga click peak frequencies in captive and wild environments vary 

widely between 40–120 kHz (Au et al. 1985; Au et al. 1987; Roy et al. 2010; Castellote et al. 
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2013; Zahn et al. 2021a). Unlike belugas, narwhals have not been held in captivity where 

controlled experiments can occur, and as a result, narwhal phonation is poorly described 

compared to belugas and other delphinids. Narwhal echolocation has been characterized by 

clicks with frequency maxima between 30–70 kHz (Miller et al. 1995; Shapiro 2006; Marcoux et 

al. 2011; Rasmussen et al. 2015), with some as low as 2–10 kHz and 7–14 kHz (Stafford et al. 

2012). Still, among these studies, differences in study design, sampling equipment, and location 

make direct comparisons between beluga and narwhal click characteristics challenging. 

As the Arctic continues to experience profound environmental changes due to climate 

warming (Comiso & Hall 2014; Kwok 2018; Overland et al. 2019), monitoring changes to the 

seasonal presence of belugas and narwhals is a growing research priority. Projections suggest 

that trans-Arctic shipping routes like the Northwest Passage and Northern Sea Route will be ice-

free by midcentury (Overland & Wang 2013; Smith & Stephenson 2013), leading to concerns 

surrounding the effects of increased human activities on Arctic cetaceans (Hauser et al. 2018; 

Halliday et al. 2020). Importantly, the spatiotemporal overlap of belugas and narwhals also 

overlaps with the vessel corridor for the Mary River Iron Ore Mine on Baffin Island and the 

Northwest Passage (Figure 3.1a) where potentially large increases in underwater noise are 

expected in the coming decades (Stewart et al. 2011; Reeves et al. 2014; Halliday et al. 2021a; 

Kochanowicz et al. 2021). Arctic odontocetes are especially at risk to northward human 

expansion as hydrocarbon development and commercial shipping pose substantial threats via 

ship strikes, hearing damage, vessel disturbance, and increased underwater noise (Reeves et al. 

2014; Hauser et al. 2018; Halliday et al. 2020). Underwater anthropogenic sounds from seismic 

surveys, drilling and oil production, military sonar, and motorized vessels can substantially 

disturb the acoustic environment which they depend on (Erbe & Farmer 2000; Blackwell et al. 
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2004; Mads Peter Heide-Jørgensen et al. 2013; Heide-Jørgensen et al. 2021; Kochanowicz et al. 

2021; Yang et al. 2021).  

Here, we use data collected from an offshore region in Baffin Bay, West Greenland to 

compare beluga and narwhal echolocation clicks. Our research objectives were twofold: (1) 

determine whether spectral properties between beluga and narwhal echolocation are significantly 

different, and (2) build an acoustic classifier to determine whether belugas and narwhals can be 

classified using only echolocation parameters. Employing methods to differentiate belugas and 

narwhals acoustically will equip scientists with the necessary tools to monitor their distribution 

and habitat-use changes. Further, using PAM to study Arctic odontocetes year-round will help 

managers mitigate any negative consequences of climate change and vessel traffic on these 

sentinel species. 

3.3 METHODS 

3.3.1 Data Collection 

Aerial searches for narwhals and belugas were conducted out of Niaqornat, West Greenland, 

from an Air Greenland AS350 helicopter in spring 2013 (Figure 3.1b). All field operations were 

in accordance with IACUC procedures as approved by the University of Washington (#4155–01, 

PI Laidre) and the US Office of Naval Research. The Government of Greenland and Greenland 

Institute of Natural Resources, Nuuk provided K. L. Laidre permission to conduct research in 

Greenland waters. All methods were carried out in accordance with relevant guidelines and 

regulations. Weather conditions allowed seven days between 21 and 31 March to search for 

whales 100–150 km offshore in leads and cracks in the pack ice > 98% concentration. When 

narwhals or belugas were observed, an aerial search radius of at least 5 km was required to 

ensure that the ice conditions were safe for landing, during which sightings for other whales and 
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species in the vicinity were made. On the ice, a hydrophone array was deployed at the edge of a 

lead and all recordings were paired with visual identification of each species. Only one species 

was observed and recorded at each sampling location, so there were no occurrences in which 

both narwhals and belugas were present. Since the detection range for echolocation is < 1 km 

(Zahn et al. 2021a) and our search radius was > 5 km, we assume our data are single-species 

recordings. 

The hydrophone array was composed of 16 individual Reson TC4013-5 receivers 

(sensitivity -215 dB +/- 2dB re 1V/µPa; flat +/- 2dB frequency response 1–150 kHz) positioned 

in a vertical, linear orientation. Prior to deployment, each hydrophone was calibrated and its 

frequency response determined. Each receiver was located 1 m apart along a 2 mm diameter line 

with the topmost hydrophone at 3 m below the surface and the bottom hydrophone at 18 m. A 4-

kg weight attached to the bottom maintained a vertical orientation of the array. While recording, 

a custom software, MALTA (Microphone Array Localization Tool for Animals by CAE 

Software & Systems), was used to visually examine recordings of all 16 receivers in real-time. 

Hydrophone signals were amplified by 35 dB using a custom amplifier, and recordings were 

converted from analog to digital (500 kHz sampling rate; 16-bit resolution) using two eight-

channel National Instruments PXI-6123 A/D converters. No high pass filter was applied, and the 

hydrophones served as a low pass filter (150 kHz, 1 pole). The clipping level was at 206 dB pp 

re 1 µPa at 100 kHz (Koblitz et al. 2016; Zahn et al. 2021a). To safeguard against potential file 

corruption and facilitate data post-processing, whale recordings were partitioned, loss-less, in 5-

second-long sound files.  
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3.3.2 Event Selection and Acoustic Parameter Estimation 

Individual echolocation clicks were detected using the open source passive acoustic analysis 

software PAMGuard (v. 2.01.03f) (Gillespie et al. 2008). Based on localization analyses using 

the same data (Koblitz et al. 2016; Zahn et al. 2021a), the highest amplitude signals were 

recorded on hydrophones 10 and 11 (positioned at 12 and 13 m deep, respectively) and thus 

provided the highest quality recordings. For species differentiation analyses and classification 

models, only data from clicks recorded on hydrophone 10 (12 m depth) were used to avoid 

pseudo-replication. Using the Click Detector module in PAMGuard, clicks were detected from 

hydrophone 10 recordings with a 14 dB signal-to-noise minimum threshold. To minimize false 

detections on low-frequency sounds, the detector included a 4th order IIR Butterworth high-pass 

filter with a 4 kHz corner frequency. No additional frequency filters were used. Click detections 

were labeled using PAMGuard click classifiers that were defined by specified frequency bins 

according to the peak frequency within each click. Each classifier was given a unique numeric 

code that corresponded to the target detection frequency range: 1 (4–20 kHz), 2 (20–50 kHz), 3 

(50–70 kHz), 4 (70–100 kHz), 5 (100–150 kHz), 6 (150–250 kHz), and 0 (unclassified).  

Groups of clicks (i.e., click trains) were then manually assigned to individual detection 

“events” using the bearing/time display in PAMGuard’s Viewer Mode (v. 2.01.03f). Although 

data from only one hydrophone were necessary for our analyses, bearing angles produced from 

two channels (hydrophones 10 and 11) were needed to effectively visualize and isolate click 

trains. Since the classification models employed in downstream analyses utilized subsamples of 

the entire dataset to evaluate model performance—much like a testing and training dataset—we 

assigned clicks to acoustic events using predetermined time windows to facilitate random 

partitioning of the data across all recordings. Two-minute intervals were used for narwhal 
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recordings and one-minute intervals were used for beluga recordings in an effort to obtain a 

similar number of clicks per acoustic event between species, because the beluga recordings had 

more overlapping click trains. For all events, we included clicks where the maximal intensity of 

the beam was both centered (i.e., on-axis) and not centered (i.e., off-axis) on the recording 

system to reflect the nature of most PAM data. Once all clicks were assigned to events, a suite of 

acoustic parameters was calculated (Table 3.1). Using the PAMpal package (v. 0.12.6) (Sakai 

2021) in R (v. 4.1.0) (R Core Team 2021), echolocation parameter values were calculated for the 

click sequences selected in PAMGuard using standard measurement criteria (Baumann-Pickering 

et al. 2010; Griffiths et al. 2020; Sakai 2023). Default PAMpal settings were used that included a 

10 kHz Butterworth high-pass filter and a FFT window length of 2.5 ms to use in calculations. 

Parameter values were calculated for individual clicks and then the mean parameter values 

determined for a given event, except for inter-click-interval (ICI) where the mode value was 

approximated for each acoustic event. 
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Table 3.1. Descriptions of echolocation acoustic parameters used as variables in species differentiation analyses and classification 

models. All parameters outlined here were used for the standard Random Forests classification model and BANTER’s first stage call 

classifier. Variable codes marked with an asterisk (*) indicate which acoustic parameters were used for multivariate differentiation 

analyses. A full list and the process used by the PAMpal package (Sakai 2021) for calculating click parameters can be found in the R 

package documentation (Sakai 2023). 

Variable Code Variable Name Unit Description 

peak* Peak frequency kHz Frequency value with the highest dB level 

peak2* Second peak frequency kHz Frequency value with the second highest dB level 

peak3* Third peak frequency kHz Frequency value with the third highest dB level 

trough* Frequency trough kHz Frequency value between peak and peak2 with the lowest dB value; also 

called spectral notch 

trough2* Second frequency trough kHz Frequency value between peak2 and peak3 with the lowest dB value 

peakToPeak2* First peak to second peak kHz Difference between the frequency values of peak and peak2 

peakToPeak3* First peak to third peak kHz Difference between the frequency values of peak and peak3 

peak2ToPeak3* Second peak to third peak kHz Difference between the frequency values of peak2 and peak3 

Q_10dB -10 dB resonant quality factor kHz Metric of frequency pureness at -10 dB calculated by dividing the center 

frequency by the bandwidth 

Q_3dB* -3 dB resonant quality factor kHz Metric of frequency pureness at -3 dB calculated by dividing the center 

frequency by the bandwidth 

fmin_10dB -10 dB frequency minimum kHz -10 dB frequency minimum 

fmin_3dB* -3 dB frequency minimum kHz -3 dB frequency minimum 

fmax_10dB -10 dB frequency maximum kHz -10 dB frequency maximum 

fmax_3dB* -3 dB frequency maximum kHz -3 dB frequency maximum 

BW_10dB -10 dB bandwidth kHz -10 dB bandwidth 

BW_3dB* -3 dB bandwidth kHz -3 dB bandwidth 

centerHz_10dB -10 dB center frequency kHz [min frequency + (max frequency - min frequency)]/2 at -10 dB 

centerHz_3dB* -3 dB center frequency kHz [min frequency + (max frequency - min frequency)]/2 at -3 dB 

duration* Click duration µs Time defined by the number of samples above 100 times the 40th percentile of 

the Teager Kaiser energy level 

ici* Inter-click interval sec Time interval between consecutive clicks; mode approximated for each event 
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3.3.3 Species Differentiation 

Multivariate analyses were used to assess potential differences in beluga and narwhal 

echolocation. When both the -3 dB and -10 dB measurement was calculated for acoustic 

parameters, only -3 dB parameters were considered for differentiation analyses to remove 

redundant variables (see Table 3.1). To ensure -10 dB measurements did not have a substantial 

contribution, we ran our analyses with both -3 dB and -10 dB measurements and our results were 

unaffected. Each acoustic parameter across all acoustic events was z-score transformed and a 

Euclidean distance dissimilarity matrix generated. A permutational multivariate analysis of 

variance (PerMANOVA; 999 permutations) was performed to test for differences between 

species among mean acoustic parameter values (Anderson 2001). However, a significant result 

from a perMANOVA can result from differences in the mean positions of each group in 

multivariate space, differences in within-group variance in multivariate space, or a combination 

of the two. Therefore, a permutation test of multivariate homogeneity of dispersions 

(PERMDISP; 999 permutations) was used to analyze whether within-group variance in 

multivariate space between beluga and narwhal acoustic parameter values was different 

(Anderson 2006; Anderson 2017). Differences between beluga and narwhal acoustic parameter 

values were visualized using principal component analysis (PCA) performed on a correlation 

matrix (Pearson 1901). As an ordination technique, PCA reduces a high-dimensional dataset with 

correlated variables into fewer, uncorrelated dimensions called principal components (PCs) 

(Lever et al. 2017). PCA variable loadings, or eigenvectors, on each PC were used to explore 

differences among groups. PCA eigenvalues provide the amount of variance explained by each 

PC and are used to determine which PCs are statistically significant. By applying the broken-

stick rule and examining a scree plot, eigenvalues that are higher than what is expected by 
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chance are considered to explain a significant amount of the variance in the original data 

(Jackson 1993). All statistical analyses were conducted in R using the vegan package (v. 2.5-7) 

(Oksanen et al. 2020). 

3.3.4 Species Classification Using Random Forests 

We used a Random Forests (RF) classification model (Breiman 2001) to classify beluga and 

narwhals using echolocation click parameters. RF has demonstrated to be an effective approach 

for bioacoustic studies (Ross & Allen 2014; Archer et al. 2020; Yang et al. 2020) as it is 

unaffected by nonparametric data and can accommodate many correlated variables. An RF 

model consists of many individual decision trees; each of these trees uses a random subset of 

samples and predictors. By combining thousands of trees, the final aggregated ensemble tree 

explores differences among species across the entire space of predictors in the original data and 

maximizes predictive power. RF models do not use a separate testing dataset to assess model 

accuracy. The random subsample drawn for each individual tree is termed the “in-bag” sample, 

while the remainder of the data not included are referred to as “out-of-bag” (OOB). OOB 

samples are used to test model performance by calculating an OOB classification error rate.  

The two primary parameters for RF classification are the number of randomly selected 

predictors to choose from at each node, mtry, and the number of randomly selected samples to 

classify in each tree, sampsize. We conducted a sensitivity analysis for mtry and sampsize to 

ensure we used parameter values that prevented overfitting and maximized classification 

accuracy. The model was fit over all possible combinations of both parameters within possible 

ranges (mtry: 2–19; sampsize: 2–18) and the model accuracy determined. For all combinations, 

the correct classification rate did not vary by more than 0.05%, and therefore the model result 

was not sensitive to mtry and sampsize. Thus, we used the default value for mtry (square root of 
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the number of predictors) and used half of the total sample size for the smallest species class for 

sampsize.  

For our final model, species were assigned a priori to acoustic events in PAMGuard and 

20 acoustic parameters were used as predictors to classify belugas and narwhals (Table 3.1). 

Each predictor (i.e., acoustic parameter) was the calculated mean across all individual clicks for 

each acoustic event. A randomized subset of four acoustic parameters (mtry) was used to split 

observations at each node. Each tree was grown using a randomized subset of nine acoustic 

events (sampsize) from each species group. The model was structured such that equal 

subsamples were drawn from each species class without replacement to account for our 

unbalanced dataset and to capture as much variation in the acoustic data as possible. For passive 

acoustics, there are occasions when individual whales may dominate the recordings with 

stereotyped calls; therefore, if we sampled with replacement, our model may underestimate the 

variation in the data. Model stability was visualized by plotting the trace of cumulative OOB 

error rate by number of trees and plotting the distribution of the fraction of trees that objects 

were in-bag. Ten thousand trees were constructed in the forest (ntree) to achieve model stability. 

To determine whether our model correct classifications rates were significantly greater than what 

was expected by chance alone (50%), a binomial test for statistical significance of model 

performance was conducted. Our classification model was built using the randomForest (v. 4.6-

14) (Liaw & Wiener 2002) and rfPermute (v. 2.5) (Archer 2021) packages in R. 

3.3.5 Species Classification Using BANTER 

For comparison with the singular RF model above, we also employed BANTER (Bio-Acoustic 

eveNT classifiER), a supervised acoustic classification method that can utilize multiple call types 

(Rankin et al. 2017) to classify belugas and narwhals. BANTER consists of two stages of RF 
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models (Rankin et al. 2017). The first stage is referred to as the “call classifier” in which 

individual classification models are built for each call type or detector. From the call classifier, 

BANTER produces a distribution of classification probabilities for each call type or detector. 

The second stage is the “event classifier” and uses the results from the first stage to classify 

acoustic events (collections of calls) to each species. 

Although BANTER has the potential to use information from multiple call types (e.g., 

whistles or burst pulses), our objective was to determine whether belugas and narwhals can be 

classified using echolocation signals alone. Therefore, our call classifier consisted of separate RF 

models for each of the echolocation click detectors used in PAMGuard. Two click detectors (1 

and 6) from the PAMGuard classification were removed due to insufficient data. For each 

detector, an RF model was built using 20 acoustic parameters (Table 3.1) to classify all 

individual echolocation clicks from that detector. RF models using default settings draw 

bootstrap samples from one pool containing the entire training dataset from all classes. 

Therefore, when an RF model is applied to an unbalanced dataset, the classifier will tend to 

correctly classify the dominant class. To offset this effect, BANTER draws equal random 

subsamples without replacement from each species group. Each model randomly selected 50 

clicks from each species (sampsize) without replacement and each forest contained 20,000 trees. 

The number of parameters randomly selected to choose from at each node was set to the default 

(square root of the total number of parameters). Results from the call classifier provide mean 

assignment probabilities for each click detector. For example, the click detector 2 model 

produces the mean probability that clicks from detector 2 will be assigned to a beluga or 

narwhal. The call classifier also determines the proportion of each detector present for a given 

event. For example, all events that do not have clicks detected by click detector 2 will have a 
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proportion of zero, and for events that do have clicks from detector 2 will have a proportion 

value between 0 and 1.  

Results from the call classifier (i.e., mean assignment probabilities for each click detector 

and proportions of each detector per event) were then applied to the second stage event classifier 

as variables. The mode inter-click interval for each event was added as an additional event-level 

variable. The event classifier assigned all acoustic events to either a beluga or narwhal using a 

single RF model. Parameterization of this model was the same as the call classifier (mtry = 

default; ntree = 20,000), except the number of events randomly selected (sampsize) was set to 

nine. Relative variable importance was examined for both the call and event classifiers. To 

determine whether the correct classification rates of our BANTER call and event classifiers were 

significantly greater than what was expected by chance alone (50%), binomial tests for statistical 

significance were conducted for each model. Our BANTER classification model was built using 

the banter (v. 0.9.4) (Rankin et al. 2017) and rfPermute (Archer 2021) packages in R. 

For the previous analyses, recordings were subdivided into one- and two-minute acoustic 

events for belugas and narwhals, respectively. As an alternate approach to using standardized 

temporal intervals, we examined BANTER performance using events assigned to independent 

acoustic encounters. Acoustic encounters are defined by separate sightings of groups of whales 

and can vary in recording duration, ambient noise, and environmental and recording conditions 

(e.g., greater distance or different orientation between whales and receivers). Here, individual 

encounters were comprised of several acoustic events. If sounds from independent sightings 

were substantially different, encounters that have a larger number of events will have a greater 

representation in the species classification model used above. Using the same BANTER 

framework, we tested whether unique encounters for each species were similar. To accomplish 
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this, a series of BANTER classification training models were created using all events from one 

encounter for each species (mtry = default; ntree = 10,000; sampsize = half the smallest class 

sample size) and then used to predict events from encounters that were not included. All unique 

pairwise combinations of acoustic encounters between species were used to build separate 

BANTER models. The correlation between the training confusion matrices and the prediction 

(validation) confusion matrices were then calculated. The presence of correlation (> 0.5) 

indicates that events from separate encounters are similar because the prediction classification 

scores are similar to the training scores. 

3.4 RESULTS 

A total of 1:03 hours of beluga recordings and 7:38 hours of narwhal recordings were made 100 

km or more offshore in the pack ice of Baffin Bay (Figure 3.1b). Belugas were observed and 

recorded at two unique locations and narwhals at nine unique locations, in pods of approximately 

six to thirty individuals. Narwhal recordings used for analyses originated from five independent 

sightings (i.e., encounters) and beluga recordings from two. We estimate there were 

approximately 22–36 individual belugas and 63–120 narwhals sampled across all seven 

encounters. Recordings were paired with visual confirmation of species, so all echolocation 

clicks were labeled as originating from belugas or narwhals. Species groups were assigned to 

events created in PAMGuard. A total of 11,319 clicks were assigned to 81 separate events with a 

median of 71 clicks per event (Supplementary Table S3.1). Out of the 81 events, 19 were belugas 

(2,537 clicks) and 62 were narwhals (8,782 clicks). Twenty acoustic parameters were used to 

compare beluga and narwhal echolocation (Table 3.1). Signal parameter measurements for each 

species across all acoustic events are summarized in Table 3.2. Beluga acoustic events had a 

higher mean peak frequency (68.7 ± 10.1 kHz), -3 dB center frequency (69.6 ± 10.6 kHz), and -
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10 dB center frequency (70.2 ± 9.2 kHz) than narwhal events (43.7 ± 7.8 kHz, 43.8 ± 7.8 kHz, 

and 46.2 ± 8.5 kHz, respectively). Spectral peaks, troughs, and center frequencies (variables: 

peak, peak2, peak3, trough, trough2, centerHz_10dB, and centerHz_3dB) for beluga clicks were 

generally > 60 kHz and narwhal clicks < 60 kHz with overlap between 40–60 kHz (Table 3.2). 

 

Table 3.2. Summary of signal parameter measurements for beluga and narwhal echolocation for 

all 81 acoustic events (beluga: n = 19; narwhal: n = 62). Mean ± standard deviation (s.d.) and 

range (min – max) are provided.  

  Beluga     Narwhal 

Variable Unit    Mean ± s.d.     Range   Mean ± s.d.    Range 

peak kHz 68.7 ± 10.1 54.4 – 96.7 43.7 ± 7.8 28.0 – 58.8 

peak2 kHz 67.6 ± 7.9 50.9 – 89.5 49.3 ± 6.8 34.9 – 63.3 

peak3 kHz 65.5 ± 10.7 43.0 – 86.4 46.1 ± 8.1 17.3 – 65.2 

trough kHz 68.7 ± 8.9 51.3 – 90.4 48.2 ± 6.5 32.1 – 64.3 

trough2 kHz 63.8 ± 9.4 42.4 – 77.4 44.2 ± 9.5 16.8 – 65.1 

peakToPeak2 kHz 16.6 ± 2.4 13.3 – 24.0 19.4 ± 2.8 11.0 – 25.1 

peakToPeak3 kHz 16.4 ± 2.4 11.6 – 22.2 15.3 ± 2.6 5.8 – 21.2 

peak2ToPeak3 kHz 23.5 ± 3.1 17.2 – 31.4 19.4 ± 4.8 6.2 – 31.8 

Q_10dB kHz 6.1 ± 4.7 1.7 – 16.0 3.3 ± 1.4 1.3 – 10.6 

Q_3dB kHz 33.3 ± 24.7 8.8 – 93.6 15.0 ± 5.6 6.0 – 34.8 

fmin_10dB kHz 53.1 ± 8.1 42.4 – 71.7 33.1 ± 5.5 22.2 – 51.3 

fmin_3dB kHz 65.0 ± 9.7 50.1 – 88.1 40.5 ± 6.6 26.3 – 57.0 

fmax_10dB kHz 87.4 ± 15.2 61.7 – 119.0 59.3 ± 13.8 33.9 – 90.0 

fmax_3dB kHz 74.2 ± 12.4 54.3 – 103.3 47.1 ± 9.3 29.6 – 66.6 

BW_10dB kHz 34.3 ± 15.9 9.3 – 65.5 26.2 ± 12.1 10.4 – 58.8 

BW_3dB kHz 9.2 ± 6.9 0.9 – 25.3 6.5 ± 3.9 1.9 – 17.8 

centerHz_10dB kHz 70.2 ± 9.2 53.1 – 93.6 46.2 ± 8.5 28.1 – 65.5 

centerHz_3dB kHz 69.6 ± 10.6 52.2 – 95.7 43.8 ± 7.8 28.1 – 58.9 

duration  µs 659.7 ± 479.9 53.4 – 1487.0 592.9 ± 488.0      15.0 – 

1667.1 

ici ms 177.9 ± 174.6 2.9 – 696.5 143.5 ± 70.1    20.3 – 334.2 
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3.4.1 Species Acoustic Differentiation 

Results from the perMANOVA reveal significant differences between beluga and narwhal 

echolocation characteristics (F1,79 = 42.35, p = 0.001; Supplementary Table S3.2). Beluga 

acoustic events also demonstrated a higher dispersion in multivariate space than narwhal acoustic 

events (PERMDISP, F1,79 = 8.37, p = 0.004; Supplementary Table S3.2). The PCA further 

displayed strong evidence for beluga and narwhal acoustic differentiation; beluga events were 

more dispersed than narwhal events (Figure 3.2a). Within the two-dimensional space of PC1 and 

PC2, 72.9% of the original trait variation was explained where most was captured by the first 

dimension (58.4%; Figure 3.2a). According to the broken-stick model, PC1 was the only 

dimension found to explain a significant amount of the variation in the original data. Beluga 

acoustic events are largely located on the right side of the PCA ordination space, representing 

higher echolocation click parameter values as compared to narwhal acoustic events that are on 

the left side (Figure 3.2b; Supplementary Figure S3.1). These findings are consistent with 

average spectra, acoustic event spectrograms, and mean parameter values for each species where 

beluga spectra present more energy at higher frequencies than narwhal spectra (Figure 3.3; Table 

3.2). 
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Figure 3.2. Multivariate PCA ordination plot for beluga or narwhal acoustic events (a) and 

acoustic parameter eigenvectors (b). Principle component (PC) 1 explains 58.4% of the variation 

and PC2 explains 14.5%. The total variable contribution is shown in vector length and color, 

where purple is a low contribution and green is high. Ellipses in (a) show 95% confidence 

intervals. (a) and (b) represent the same multidimensional space. 
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Figure 3.3. Average spectra and example concatenated spectrograms for beluga (a,c) and 

narwhal (b,d) acoustic events. Gray lines in (a) and (b) show average spectra for individual 

acoustic events: 19 beluga events and 62 narwhal events. Black lines in (a) and (b) represent the 

mean spectra for all echolocation clicks assigned to events for each species: 2,537 beluga clicks 

and 8,782 narwhal clicks. Example concatenated spectrograms in (c) and (d) show one acoustic 

event for each species (1024 point FFT; Hanning window). 

 

3.4.2 Species Acoustic Classification 

Both the RF and BANTER species classification models performed well with high OOB correct 

classification rates (P < 0.001 for all models; Table 3.3). The overall correct classification rate 
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for the RF model was 92.6% (95% CI: 84.6–97.2%); 94.7% correct classification for beluga 

acoustic events and 91.9% for narwhal events. One beluga and five narwhal acoustic events were 

misclassified (Figure 3.4a) and the most important predictors for species classification were -3 

dB and -10 dB frequency minimums and peak frequency (Figure 3.4b). Average spectra and 

waveforms for misclassified events presented signal patterns characteristic of off-axis clicks (i.e., 

clicks recorded away from the whale’s longitudinal acoustic axis) when compared to those that 

were correctly classified (Figure 3.5). 
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Table 3.3. Confusion matrices for the (a) standard Random Forest model, (b) BANTER call 

classifiers (Detectors 2, 3, 4, and 5), and (c) BANTER event classifier. The total number of 

correct and incorrect classifications of echolocation clicks are shown between the groups 

identified a-priori (rows) and predictions by the classifier (columns). Out-of-bag (OOB) percent 

correct (95% confidence interval) classification rates demonstrate model performance. Binomial 

test P-values using a prior probability of 0.5 are provided where an asterisk (*) represents 

statistical significance (P < 0.05). 

 Beluga Narwhal Correct classification (95% CI) P-value 

(a) Standard Random Forest model  

Beluga 18 1 94.7% (74.0 – 99.9%) <0.001* 

Narwhal 5 57 91.9% (82.2 – 97.3%) <0.001* 

Overall   92.6% (84.6 – 97.2%) <0.001* 

(b) BANTER call classifier  

Detector 2  

Beluga 351 31 91.9% (88.7 – 94.4%) <0.001* 

Narwhal 886 5022 85.0% (84.1 – 85.9%) <0.001* 

Overall   85.4% (84.5 – 86.3%) <0.001* 

Detector 3  

Beluga 1007 122 89.2% (87.2 – 90.9%) <0.001* 

Narwhal 540 1632 75.1% (73.3 – 76.9%) <0.001* 

Overall   80.0% (78.5 – 81.3%) <0.001* 

Detector 4  

Beluga 710 136 83.9% (81.3 – 86.3%) <0.001* 

Narwhal 121 449 78.8% (75.2 – 82.1%) <0.001* 

Overall   81.9% (79.7 – 83.8%) <0.001* 

Detector 5  

Beluga 131 39 77.1% (70.0 – 83.1%) <0.001* 

Narwhal 22 72 76.6% (66.7 – 84.7%) <0.001* 

Overall   76.9% (71.3 – 81.8%) <0.001* 

(c) BANTER event classifier 

Beluga 19 0 100% (82.4 – 100%) <0.001* 

Narwhal 2 60 96.8% (88.8 – 99.6%) <0.001* 

Overall   97.5% (91.4 – 99.7%) <0.001* 
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Figure 3.4. Ordination plots (a, c) from a multidimensional scale (MDS) conversion of Random 

Forest (RF) proximity scores to visualize species classification predictions. The top panel (a, b) 

corresponds to the single RF classification model and the bottom panel (c, d, e) are the results 

from the BANTER classification model. RF proximity scores are calculated for each pair of 

objects (i.e., acoustic events) to produce a NxN matrix, where N is the total number of objects. If 

objects occupy the same terminal node for one tree, their proximity score increases by one. All 

proximities are normalized by dividing by the total number of trees in the forest. Shaded regions 

show a-priori species groups with points colored according to their original (inner) and predicted 

(outer) species. Dimension 1 in (a) and (c) explains 98.3% and 98.4% of the total variation for 

the RF and BANTER models, respectively, and dimension 2 explains 0.8% and 0.6% of the 

variation, respectively. Relative variable importance is shown for both models (b, d, e). The 
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heatmaps show ranked variable importance from the least important (light gray) to most 

important (dark gray). Descriptions of predictors are provided in Table 3.1 and Supplementary 

Table S3.2. 

 

 

 
 

Figure 3.5. Example average spectra for beluga (a, b) and narwhal (c, d) acoustic events that 

were correctly classified (a, c) and misclassified (b, d). The waveforms of the highest amplitude 

click for each event are provided. The beluga acoustic event in (b) was misclassified by only the 

Random Forest model ansd the narwhal acoustic event in (d) was misclassified by both the 

Random Forest and BANTER classification models. 

 

 

BANTER’s two-stage approach achieved a higher accuracy than the standard RF model. 

The BANTER first stage call classifier used here consisted of four separate models for click 
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detectors 2, 3, 4, and 5 (Table 3.3), each producing mean species assignment probabilities and 

click detector proportions that were subsequently used as variables for the second stage event 

classifier (Supplementary Table S3.3). BANTER’s event classifier achieved a correct 

classification score of 97.5% (95% CI: 91.4–99.7%); 100% correct classification for beluga 

acoustic events and 96.8% for narwhal events (Table 3.3). Among the event-level variables, 

detectors 2 (20–50 kHz) and 3 (50–70 kHz) were the most important classifiers (Figure 3.4e). By 

examining the relative importance of the predictors (i.e., acoustic parameters; Table 3.1) for 

detector 2 and 3 call classifiers, the second peak frequency, the frequency difference between the 

second and third peaks, and the frequency trough were the most important for classification of 

individual clicks (Figure 3.4d). However, since the event classifier uses mean assignment 

probabilities from each detector classifier as predictors, the most important variables for the 

detector 2 and 3 classifiers are not necessarily important variables for the event classifier. 

Examination of the vote distributions for the detector 2 and 3 call classifiers revealed that the 

detector 2 call classifier produced confident species classifications (i.e., the majority of samples 

were classified at high probability) compared to the detector 3 classifier (Supplementary Figure 

S3.2). Overall, the BANTER model demonstrated strong predictive power with only two 

narwhal event misclassifications (Table 3.3; Figure 3.4c). For correctly classified events, the 

model had high confidence for its species assignment evidenced by its vote distribution 

(Supplementary Figure S3.3). 

 The correlation test to examine similarity between acoustic encounters revealed that 

events among different encounters were similar. A positive correlation between training 

confusion matrices (from models built using one encounter per species) and validation confusion 

matrices (from training models that predicted events from encounters not used in training model) 
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indicated similarity between encounters. With the exception of one pair, all encounter pairs had a 

positive correlation and 6 of the 10 pairs had a correlation greater than 0.5 (Supplementary Table 

S3.4). 

 For both the single RF and BANTER models, the majority of the predictions for beluga 

and narwhal acoustic events were tightly clustered (Figure 3.4a,c). These tightly clustered, 

correctly classified events were marked by clear differences between beluga and narwhal spectral 

characteristics. Beluga average spectra tended to be smoother, have a larger bandwidth, and 

higher -3 and -10 dB frequency minimums and maximums (Figures 3.3a & 3.5a). Conversely, 

narwhal average spectra presented peaks and notches, a lower bandwidth, and lower frequency 

minimums and maximums (Figures 3.3b & 3.5c). Average spectra from events that were 

misclassified and showed properties of both beluga and narwhal spectral characteristics generally 

had lower signal magnitudes (dB), smaller click sample sizes, and spectral variations that suggest 

a higher proportion of off-axis clicks (i.e., clicks not centered on the recording equipment; 

Figures 3.3 & 3.5). 

3.5 DISCUSSION  

Passive acoustics has been a primary method to monitor beluga and narwhal populations year-

round in remote regions of the Arctic, providing insight into their seasonal distribution and 

migratory routes (Roy et al. 2010; Marcoux et al. 2011; Castellote et al. 2013; Castellote et al. 

2016; Frouin-Mouy et al. 2017). Yet, prior to this study, the acoustic profiles of these two 

species were examined separately, despite their shared habitat ranges and acoustic features. Our 

results provide the first acoustic comparison between belugas and narwhals from the same region 

and reveal that they can be acoustically differentiated and classified using echolocation clicks 

alone. Belugas and narwhals have considerable acoustic overlap and variability in their social 
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calls which makes species classification using acoustic parameters challenging (Ford & Fisher 

1978; Marcoux et al. 2012; Stafford et al. 2012; Frouin-Mouy et al. 2017). Our analysis of 

beluga and narwhal recordings from the same region, during the same season, and acquired using 

the same equipment delivers a rare in situ comparison that fills a critical knowledge gap in the 

acoustic ecology for each species. We also provide a robust BANTER classification model that 

sets a precedent and foundation for echolocation parameters to be used in future PAM 

classification efforts, whether for belugas and narwhals or other odontocete species.  

Our multivariate analyses showed significant differences between beluga and narwhal 

echolocation characteristics (perMANOVA: p = 0.001) where beluga acoustic parameters were 

more dispersed and distinguished by higher frequency content (Figures 3.2 & 3.3). Spectral 

peaks, troughs, and center frequencies for beluga clicks tended to be > 60 kHz and narwhal 

clicks < 60 kHz with overlap between 40–60 kHz (Table 3.2). The greater variation observed 

among beluga acoustic events may be due to the sample size being smaller (n = 19) than the 

narwhal dataset (n = 62) or may reflect the true variation in beluga echolocation. Additionally, 

the lower frequency content observed in narwhal echolocation may indicate that narwhals have a 

longer echolocation detection range for prey and PAM receivers than belugas. Previous work to 

quantify beluga echolocation parameters reveals high variability and evidence of biosonar 

adaptability (Gurevich & Evans 1976; Au et al. 1985; Au et al. 1987; Rutenko & Vishnyakov 

2006; Castellote et al. 2013). For example, estimates of beluga echolocation peak frequencies 

range widely between 40–120 kHz across captive and wild environments (Gurevich & Evans 

1976; Au et al. 1985; Au et al. 1987; Rutenko & Vishnyakov 2006; Roy et al. 2010; Lammers et 

al. 2013) and have been shown to change depending on the ambient sound levels of the 

environment (Au et al. 1985). Narwhal echolocation has been largely characterized by lower 
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frequency clicks with maxima between 30–70 kHz (Miller et al. 1995; Shapiro 2006; Marcoux et 

al. 2011; Stafford et al. 2012), but high-frequency clicks have been reported where the entire 

bandwidth can extend up to 200 kHz (Rasmussen et al. 2015). Frouin-Mouy et al. (2017) used a 

difference in spectral power around the 20 kHz frequency band to distinguish between species 

for mid-frequency clicks with peaks within 30–60 kHz (Frouin-Mouy et al. 2017). However, 

their sample sizes were small with 20 beluga and 17 narwhal click trains (162 and 186 individual 

clicks, respectively), and their recordings came from five different locations and three different 

receivers which can introduce classification errors (Roch et al. 2015). Our findings are consistent 

with their preliminary comparison in which narwhal spectra contain more energy between 20–50 

kHz than beluga spectra (Figure 3.3). Yet, it remains unknown to what degree the variation 

observed in beluga and narwhal echolocation is due to context-specific active biosonar 

adjustments made by the whales, the orientation of whales relative to the receiver, differences in 

sound propagation in the water, population- or individual-specific characteristics, and/or 

differences in sampling design, recording equipment, or data processing.  

Between the two classification models presented in this study, the BANTER model 

proved to be the strongest classifier with a correct classification rate of 97.5%. The BANTER 

event classifier accurately predicted all beluga events (100%) and misclassified only two narwhal 

events (3.2%; Table 3.3). As a balanced design, the BANTER classifier does not bias towards 

either species, but it reveals that beluga events are more diagnosable evidenced by the correct 

prediction of all beluga events by the event classifier. This may occur because a higher 

proportion of the beluga events—the smaller sample size group—was randomly selected for the 

training dataset compared to the narwhal group across all n trees. Results from BANTER’s two-

stage approach identifies which frequency ranges contain the most useful information for species 
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classification. The call classifiers for detectors 2 (20–50 kHz) and 3 (50–70 kHz) were found to 

be the most important for BANTER’s event classifier, suggesting clicks with peak frequencies 

between 20–70 kHz largely contained the information necessary for correct species assignment 

to acoustic events (Figure 3.5a,c). Higher frequencies attenuate faster than lower frequencies 

(Madsen & Wahlberg 2007); therefore, it is possible that the lower frequency classifiers 

(detectors 2 and 3) were the most important because lower frequency signals were detected more 

than higher frequency signals. These results also indicate that the BANTER model will be less 

affected by variations in detection distances between species that would more largely influence 

the higher frequency detector 4 and 5 classifiers.  

While BANTER’s call classifiers used acoustic parameters for predictors, the event 

classifier used mean assignment probabilities and detector proportions for predictors. The most 

important predictors for the event classifier were the mean assignment probabilities for detector 

2 (Figure 3.4e). Given the reasonably high overall classification rate (85.4%) and vote 

distribution for the detector 2 call classifier, it is likely that the most important variables for this 

classifier were also important for the event classifier. For the detector 2 call classifier, the second 

peak frequency, frequency difference between the second and third peaks, and -3 dB center 

frequency were the most important variables for the classification of clicks (Figure 3.4d). 

Soldevilla et al. (2008) demonstrated that Risso’s (Grampus griseus) and Pacific white-sided 

dolphins (Lagenorhynchus obliquidens) could be classified using spectral peak and notch 

patterns from echolocation clicks. Here, we similarly demonstrate the efficacy of using unique 

spectral properties to classify belugas and narwhals. 

Our results from the single RF model demonstrate how a simple RF classifier using only 

echolocation parameters can still achieve a high correct species classification rate (92.6%). The 
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RF model accurately predicted beluga events more than narwhal events, with one beluga 

misclassification (5.3%) and five narwhal misclassifications (8.1%; Table 3.3). Much like the 

BANTER model, the lower misclassification rate of beluga events may be in part due to the 

unbalanced dataset; a higher proportion of the beluga events were randomly selected in the RF 

model because it was the smaller sample size group. However, it is also possible that beluga 

events contain more diagnosable features and thus yield higher classification scores. The most 

important acoustic parameters for species classification in the standard RF model differed from 

those in BANTER’s detectors 2 and 3 call classifiers. Among all 20 acoustic parameters used in 

the RF model, frequency minimum (-3 dB and -10 dB) and peak frequency were the most 

important variables for species assignment (Figure 3.4b).   

Using echolocation predictors for species classification is an effective approach, 

particularly given its primary sensory role for odontocetes. There is evidence for individual and 

group-specific call types among belugas (Vergara et al. 2010; Morisaka et al. 2013; Panova et al. 

2016; Vergara & Mikus 2019) and narwhals (Ames et al. 2021), which contributes to the 

variation in their vocal repertoire but also makes acoustic classification challenging. However, it 

is likely that echolocation clicks are characterized by more stable features due to their sensory 

function. There are occasions where whales are only echolocating and not producing other call 

types (e.g., whistles, burst pulses) (Frouin-Mouy et al. 2017), and as such, a classifier that uses 

echolocation may offer more reliable year-round detections. While it is likely that the addition of 

other call types (e.g., burst pulses or whistles) would improve classification (Roch et al. 2015; 

Rankin et al. 2017), the BANTER classifier presented here demonstrates belugas and narwhals 

can be classified by clicks alone. Echolocation is increasingly being incorporated into PAM 

classification programs (Soldevilla et al. 2008; Baumann-Pickering et al. 2015; Rankin et al. 



87 

 

 

 

2017; Yang et al. 2020) and is specifically gaining traction for monitoring belugas(Castellote et 

al. 2013; Castellote et al. 2016; Zhong et al. 2020). Noise from ice floes, vessels, or industrial 

activities below 40 kHz can mask lower frequency social calls (e.g., Lammers et al. 2013; 

Halliday et al. 2021b). The broadband, high frequency nature of echolocation clicks is largely 

protected from masking by lower frequency anthropogenic sounds. As vessel traffic is expected 

to increase in the Arctic, echolocation may be a stronger metric for PAM classification.  

Yet, the directionality and high-frequency nature of echolocation clicks pose their own 

limitations to species detectability and classification. Acoustic receivers will record echolocation 

sounds when the whale is facing the receiver but are unlikely to detect whales that are pointing 

their sonar beam away from the recorder. Narwhals are known to forage for Greenland halibut 

(Reinhardtius hippoglossoides) and Gonatus squid species at depths often > 1,000 meters in the 

winter (Laidre et al. 2003; Laidre et al. 2004), so they may be detected by seafloor recorders 

during these months. While belugas can dive to depths > 500 meters and reach the seafloor, they 

do not prey upon benthic species like narwhals; instead, they target fish species like the Arctic 

cod (Arctogadus glacialis) and polar cod (Boreogadus saida) that occupy shallower depths 

(Hauser et al. 2015; Lydersen & Kovacs 2021). Therefore, due to the differences in prey 

selection by belugas and narwhals, they may not be detected by seafloor recorders with the same 

confidence depending on the recording depth of the instrument. Additionally, the rapid 

attenuation of ultrasonic echolocation signals (Madsen & Wahlberg 2007) results in a smaller 

detection range for echolocation clicks (<1 km; Zahn et al. 2021a) compared to lower-frequency 

social calls. Multiple receivers and the inclusion of other call types (e.g., whistles) in the 

classifier may be required to detect whales at a sufficiently large spatial resolution. In addition to 

deploying more receivers, the instruments required to record echolocation clicks must record 
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higher frequencies with higher sampling rates, which typically depend on more battery power 

and memory storage. Ongoing development of acoustic receivers to be both economical and 

reliable will support monitoring populations using echolocation clicks at large scales.  

This study provides a unique case in which the methods employed were identical for each 

species studied, so confounding variables that can substantially affect parameterization, like 

differences in the frequency responses of recording systems used (Roch et al. 2015), are absent. 

However, the data used to build the classifiers originated from a limited number of independent 

acoustic encounters: two beluga and five narwhal. When testing for the similarity between 

independent acoustic encounters using a BANTER framework, our results indicate that there is 

likely not a strong effect of encounter on species classification. Additional data from multiple, 

independent groups of whales are needed to more accurately reflect the true variation in beluga 

and narwhal echolocation. While we show it is possible to differentiate and classify belugas and 

narwhals using echolocation clicks, incorporating data from additional independent encounters 

and other call types will strengthen the classifier against any individual- or pod-specific acoustic 

characteristics that may be present.  

Future work to test the BANTER classification model presented here will elucidate its 

efficacy for PAM applications. Acoustic recordings used in this study were collected with a 

hydrophone deployed off the ice-edge positioned at a depth of 12 meters. Assuming the new data 

follow the methodology employed here—including the recording equipment and sampling rate 

(500 kHz sampling rate; 16-bit resolution)—our model has the potential to be used on novel data. 

However, it remains unclear how effective the model presented here will be when data collected 

at depth, such as seafloor recorders where detectability of echolocation may decrease and 

recordings are expected to have a higher proportion of off-axis clicks, are applied. Additional 
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examination is needed to assess the degree to which differences in recording equipment (e.g., 

Scripps Institution of Oceanography High-frequency Acoustic Recording Package [HARPs] or 

Ocean Instruments’ SoundTrap recorders) or receiver depth would affect the outcome of the 

presented classifier. Likewise, further consideration of which acoustic parameters are more 

stable across various equipment may mitigate effects of differing platforms (Roch et al. 2015; 

Rankin et al. 2017).  

Insufficient data on beluga and narwhal populations has made it difficult to determine 

major threats to populations and thus hindered specific conservation efforts (Ragen et al. 2008). 

Narwhals have been identified as one of the most sensitive Arctic marine mammals to climate 

change due to their specialized habitat niche and restricted distribution range (Laidre et al. 2008). 

Both belugas and narwhals have been shown to have high site fidelity to their summering and 

wintering grounds, but little is known about what factors (e.g., prey availability or ice conditions) 

cause these behavior (Heide-Jørgensen et al. 2002; Laidre et al. 2004; Hauser et al. 2014). 

Furthermore, global climate warming is causing a lengthened open-water season in the Arctic 

that has galvanized opportunities for increased hydrocarbon exploration and commercial and 

recreational shipping development (Ragen et al. 2008; Huntington 2009; Overland & Wang 

2013; Reeves et al. 2014). Some of the largest unexploited hydrocarbon reserves are found in the 

Arctic, particularly Baffin Bay (Gregersen et al. 2013; McCauley et al. 2017), and most global 

trade depends on maritime transport. Over half of the distribution ranges of the three endemic 

Arctic whale species overlaps with known or anticipated offshore hydrocarbon deposits (Reeves 

et al. 2014). Stakeholders of international trade and hydrocarbon exploration need to be informed 

of what regions are critical to belugas and narwhals for vital processes (e.g., calving, feeding, 

migrating) in order to mitigate industrial activities (Frouin-Mouy et al. 2017). Strict regulations 
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on vessel speed, appropriate shipping lanes, and types of permissible activities will be needed to 

avoid harmful consequences (Ragen et al. 2008).  

As advances in PAM increase efficiency and robustness of data collection and analyses in 

the Arctic, present and future distributions of belugas and narwhals can be recorded with greater 

confidence and resolution, thereby improving efforts to monitor their changes in response to 

climate change and increased underwater noise. The multivariate nature of acoustic parameters 

lends itself to the interactive effects between variables, making methods like RF classifiers that 

can handle correlated variables robust for PAM species detection. BANTER increases 

classification accuracy beyond a standard RF model by using information from 

misclassifications at the call classification stage to inform the overall event classifier. Results 

from this study fill a critical data gap in the acoustic ecology of belugas and narwhals and 

provide a promising approach for future PAM programs. As recording systems advance and 

training datasets expand, classification programs such as the one presented here will develop 

greater predictive power and allow acousticians to reliably monitor Arctic odontocete 

populations long-term. Despite the variation in beluga and narwhal acoustic repertoires, our 

study suggests that the use of echolocation parameters for species classification may provide the 

most reliable method to differentiate these iconic species. 
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3.7 DATA AVAILABILITY 

All code used for model design and implementation are freely available via Github: 

https://github.com/mjzahn/beluga_narwhal_classifier. 

 

https://github.com/mjzahn/beluga_narwhal_classifier
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3.8 SUPPLEMENTAL MATERIALS 

 

Figure S3.1. Beluga (green) and narwhal (purple) echolocation parameter variation for each 

of the variables calculated in the PAMpal R package. Click amplitude and noise level were not 

used in analyses. 
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Figure S3.2. Distribution of model votes (beluga or narwhal classification) for each click that 

was assigned a priori to a species class for the detector 2 (a) and detector 3 (b) BANTER call 

classifiers. The distribution demonstrates the overall confidence of the call classifier results. 

 

 
Figure S3.3. Distribution of model votes (beluga or narwhal classification) for each event 

that was assigned a priori to a species class. The distribution demonstrates the overall confidence 

of the BANTER event classifier results. 
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Table S3.1. Summary of the number of echolocation clicks assigned to each acoustic event in 

PAMGuard for each species (N = narwhal; B = beluga). 

Event Species # Clicks Event Species # Clicks 

1 N 17 42 N 462 

2 N 65 43 N 49 

3 N 280 44 N 252 

4 N 27 45 N 279 

5 N 20 46 N 26 

6 N 17 47 N 64 

7 N 39 48 N 204 

8 N 444 49 N 364 

9 N 131 50 N 208 

10 N 6 51 N 472 

11 N 203 52 N 41 

12 N 111 53 N 126 

13 N 158 54 N 52 

14 N 284 55 N 274 

15 N 401 56 N 235 

16 N 119 57 N 239 

17 N 48 58 N 11 

18 N 93 59 N 24 

19 N 130 60 N 17 

20 N 238 61 N 18 

21 N 71 62 N 13 

22 N 155 63 B 120 

23 N 52 64 B 57 

24 N 31 65 B 10 

25 N 117 66 B 20 

26 N 14 67 B 292 

27 N 337 68 B 928 

28 N 608 69 B 37 

29 N 6 70 B 20 

30 N 14 71 B 183 

31 N 305 72 B 498 

32 N 137 73 B 89 

33 N 102 74 B 19 

34 N 266 75 B 16 

35 N 28 76 B 24 

36 N 150 77 B 18 

37 N 8 78 B 12 

38 N 55 79 B 171 

39 N 22 80 B 13 

40 N 57 81 B 11 

41 N 134    
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Table S3.2. PerMANOVA and PERMDISP test results on z-score transformed data to assess the 

differences between beluga and narwhal echolocation. The asterisk (*) indicates a statistically 

significant result (P < 0.05). 

 df SSE MSE F R2 P-value 

PerMANOVA 

Species 1 418.78 418.78 42.35 0.35 0.001* 

Residuals 79 781.22 9.89  0.65  

Total 80 1200.00   1.00  

PERMDISP 

Groups 1 12.95 12.95 8.37  0.004* 

Residuals 79 122.17 1.55    

Total 80 135.12     

 

 

 

Table S3.3. Descriptions of predictors used for BANTER’s event classifier. Values for these 

predictors are determined from BANTER’s call classifier. The ‘X’ in variable codes is a 

placeholder for either ‘beluga’ or ‘narwhal.’ 

Variable Code Description 

Det2.X Mean probability that Detector 2 clicks (20–50 kHz) for a given event will 

be assigned to species X 

Det3.X Mean probability that Detector 3 clicks (50–70 kHz) for a given event will 

be assigned to species X 

Det4.X Mean probability that Detector 4 clicks (70–100 kHz) for a given event will 

be assigned to species X 

Det5.X Mean probability that Detector 5 clicks (100–150 kHz) for a given event 

will be assigned to species X 

prop.Det2 Proportion of Detector 2 clicks (20–50 kHz) for a given event 

prop.Det3 Proportion of Detector 3 clicks (50–70 kHz) for a given event 

prop.Det4 Proportion of Detector 4 clicks (70–100 kHz) for a given event 

prop.Det5 Proportion of Detector 5 clicks (100–150 kHz) for a given event 

Det2.ici Time interval (in sec) between consecutive clicks for only Detector 2 clicks; 

mode approximated for each event 

All.ici Time interval (in sec) between consecutive clicks across all detectors; mode 

approximated for each event 
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Table S3.4. Results for the correlation test to examine the similarity between independent 

acoustic encounters. Each row corresponds to a separate BANTER classification model that used 

one encounter for each species as training data (10 unique combinations). The number of events 

comprising each encounter and out-of-bag (OOB) percent correct classification rsates (95% 

confidence interval) for model performance are reported. The correlation between the validation 

confusion matrices (made predictions on encounters that were not used in the training model) 

and the training model confusion matrices indicates degree of similarity between encounters. 

      Encounter ID    # Events Training model correct  

classification (95% CI) 

Confusion matrix 

correlation Beluga Narwhal Beluga Narwhal 

2 4 16 2 94.4% (72.7 – 99.9%) -0.54 

2 3 16 8 95.8%  (78.9 – 99.9%) 0.08 

2 6 16 8 91.7%  (73.0 – 99.0%) 0.12 

7 4 3 2 100%  (47.8 – 100%) 0.37 

2 5 16 14 100% (88.4 – 100%) 0.53 

7 5 3 14 100% (80.5 – 100%) 0.63 

2 1 16 30 97.8% (88.5 – 99.9%) 0.82 

7 6 3 8 90.9% (58.7 – 99.8%) 0.83 

7 1 3 30 100% (89.4 – 100%) 0.96 

7 3 3 8 100% (71.5 – 100%) 0.98 
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Chapter 4. ACCURATE SPECIES CLASSIFICATION OF ARCTIC 

TOOTHED WHALE ECHOLOCATION CLICKS USING 

ONE-THIRD OCTAVE RATIOS 

4.1 ABSTRACT 

Passive acoustic monitoring has been an effective tool to study cetaceans in remote regions of 

the Arctic. Here, we improve and validate methods to acoustically identify the only two Arctic 

toothed whales, the beluga (Delphinapterus leucas) and narwhal (Monodon monoceros), using 

echolocation clicks. Performance of an acoustic classifier was tested with long-term datasets 

from moorings in Northwest Greenland, and it correctly predicted >94% of acoustic events. 

Visual species identification was possible using spectrograms where beluga clicks had most 

energy >30 kHz and narwhal clicks had a sharp lower frequency limit near 20 kHz. We then 

compared changes in one-third octave levels (TOL) between two pairs of one-third octave bands 

from over one million click spectra. Narwhal clicks had a steep increase between the 16 and 25 

kHz TOL bands that was absent in beluga click spectra. Conversely, beluga clicks had a steep 

increase between the 25 and 40 kHz TOL bands that was absent in narwhal click spectra. 

Random Forest classification models built using TOL statistics accurately predicted the species 

identity of acoustic events (100%). Our findings support the use of echolocation TOL profiles in 

future automated click detectors and classifiers for acoustic monitoring of Arctic toothed whales. 
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4.2 INTRODUCTION 

In the Arctic, passive acoustic monitoring enables observations of biotic and abiotic processes 

over spatiotemporal scales that would otherwise be unfeasible (e.g., Halliday et al. 2021a; 

Mattmüller et al. 2022; Stafford et al. 2022). Notably, observations of cetacean occurrence 

acquired from passive acoustic data provide key information about changes in habitat-use and 

timing of life history events, or phenology, of Arctic species due to climate change (Ahonen et 

al. 2021; Stafford et al. 2021; Moore et al. 2022). The Arctic has warmed at rates more than three 

times the global mean, and sea ice extent at its September minimum has declined by more than 

12% per decade (Onarheim et al. 2018; relative to 1981–2010 mean; IPCC, 2022; Rantanen et al. 

2022). Greater accessibility in Arctic waters has spurred increased human activities, such as 

commercial shipping and oil and gas exploration, that have heightened underwater noise levels 

and the risk of acoustic disturbance (e.g., behavioral changes, masking, or hearing damage) to 

marine mammals (Finneran et al. 2002; Erbe et al. 2016; Halliday et al. 2020; Southall et al. 

2021). Studies using passive acoustics effectively track changes to natural and anthropogenic 

sounds, but they require knowledge of unique properties of specific sounds to accurately identify 

them in recordings. Given the efficacy and need for long-term passive acoustic monitoring in the 

Arctic, a firm understanding of acoustic parameters must be established for key species to ensure 

reliable acoustic classification. 

Narwhals (Monodon monoceros) and belugas (Delphinapterus leucas) are ice-associated 

Arctic toothed whales (Monodontidae family). Narwhals inhabit waters in the Atlantic sector of 

the Arctic around Greenland, Canada, Svalbard, and Russia, while the beluga range is 

circumpolar and extends into subarctic territories (Innes et al. 2002; Reeves et al. 2014; Hobbs et 

al. 2019). Migratory belugas and narwhals follow the annual sea ice cycle where their autumn 
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southward and spring northward movements are linked to sea ice advance and retreat, 

respectively. They return to the same summer and winter locations with high site fidelity, 

particularly the narwhal (Dietz et al. 2001; Innes et al. 2002; Heide-Jørgensen et al. 2003a). 

Phenological and distribution shifts have been documented for both species where animals are 

departing later during years with delayed sea ice freeze-up and expanding their range (Nielsen 

2009; Heide-Jørgensen et al. 2010; Hauser et al. 2017a; Louis et al. 2020; Shuert et al. 2022). 

Further, narwhals have been shown to be extremely sensitive to ship noise and seismic airgun 

pulses (Heide-Jørgensen et al. 2021; Williams et al. 2022; Radtke et al. 2023; Tervo et al. 2023) 

and are considered one of the most sensitive Arctic marine mammals to climate change due to 

their preference for cold waters and specialization in habitat and prey (Laidre et al. 2008; Heide-

Jørgensen et al. 2020). Belugas are also strongly affected by anthropogenic noise disturbance 

(Lesage et al. 1999; Erbe & Farmer 2000; Halliday et al. 2021b) and some stocks have had 

significant declines from cumulative climate and anthropogenic stressors (Hobbs et al. 2019; 

Lesage 2021).  

Narwhals and belugas have been studied using short- and long-term passive acoustic 

methods (Schevill & Lawrence 1949; Au et al. 1985; Møhl et al. 1990; Marcoux et al. 2011; 

Lammers et al. 2013; e.g., Ahonen et al. 2019). Both species are highly social with complex 

community structures, and accordingly, individuals produce a variety of vocalizations to interact 

with conspecifics and sense their environment. Call types produced by these whales are broadly 

categorized into whistles, pulsed calls (or “burst pulses”), and combined calls that contain both 

pulsed and tonal sounds (Blackwell et al. 2018). Vocalizations produced for sensory tasks (e.g., 

navigation and prey localization) include echolocation clicks and terminal buzzes that are found 

at the end of click sequences (Roy et al. 2010; Blackwell et al. 2018; Castellote et al. 2021; 
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Chambault et al. 2023). Pulsed calls and buzzes are defined by their short duration and high-

repetition rate signals. Although there is a considerable body of literature studying their sounds, 

beluga and narwhal vocalizations remain partially described due to recording limitations and the 

diversity in their social calls within and between subpopulations (Sjare & Smith 1986b; Marcoux 

et al. 2012; Garland et al. 2015). For regions where belugas and narwhals overlap in West 

Greenland and the Canadian High Arctic, distinguishing between their vocalizations is essential 

for passive acoustic monitoring of these two species. 

Scientific studies have historically estimated key acoustic parameters for each species 

individually (Au et al. 1985; Au et al. 1987; Møhl et al. 1990; Miller et al. 1995; Roy et al. 2010; 

Stafford et al. 2012; Rasmussen et al. 2015; Koblitz et al. 2016; Zahn et al. 2021a). The first 

direct species comparison was done by Frouin-Mouy et al. (2017) where they examined beluga 

and narwhal recordings and found narwhal clicks had a substantial increase in energy between 

the 16 and 20 kHz one-third octave bands which was lacking in beluga clicks. Jones et al. (2022) 

presented differences in two key parameters (peak frequency and inter-click interval). It is now 

well established that beluga and narwhals produce high-frequency, broadband clicks from ~20 

kHz to well over 100 kHz (Rasmussen et al. 2015; Koblitz et al. 2016; Zahn et al. 2021a), and 

beluga clicks contain more energy at higher frequencies (>40 kHz) than narwhal clicks (Frouin-

Mouy et al. 2017; Zahn et al. 2021b; Jones et al. 2022). Outside of descriptive statistics, Zahn et 

al. (2021b) reported the first attempt to automatically classify beluga and narwhal clicks from 

parameter estimates using machine learning Random Forest (RF) models. 

Here, we build on previous work and verify methods to classify beluga and narwhal 

clicks using manual and automated approaches on recordings from passive acoustic instruments 

mounted near glacier fronts in Northwest Greenland. Our primary objectives were twofold: 1) 
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test the narwhal and beluga acoustic classifier developed by Zahn et al. (2021b) with new 

acoustic data recorded with receivers and sampling rates that differed from the model’s training 

data, and 2) investigate the predictive capacity of two additional model parameters derived from 

one-third octave levels (TOL). The first objective investigated whether a classifier trained with 

data from high sampling rate recordings could predict observations from lower sampling rate 

recordings. Our findings provide an important step in automating beluga and narwhal detection 

in long-term acoustic recordings using echolocation signals, and thus improve methods to 

monitor these species.  

4.3 METHODS 

4.3.1 Study Area 

This study was conducted in Northwest Greenland and was part of a larger project to study the 

ecological importance of narwhal summering grounds in Melville Bay (Figure 4.1). Melville Bay 

(Greenlandic: Qimusseriarsuaq) is found on the northwest Greenland continental shelf (74°N – 

76.5°N) with a large trough that opens southwest into Baffin Bay. Both belugas and narwhals 

utilize regions along the eastern portion of Baffin Bay throughout the year. The Eastern High 

Arctic-Baffin Bay beluga stock occupies estuaries, bays, and inlets in the Canadian Arctic 

Archipelago during summer months (Hobbs et al. 2019). Over winter, a portion of the stock 

resides in the North Water polynya while the majority travel south during fall along the West 

Greenland coast remaining in mostly ice-free waters (Doidge & Finley 1993; Richard et al. 

1998b; Richard et al. 1998a; Heide-Jørgensen et al. 2003b). The Melville Bay narwhal stock 

spends summer months near glacier fronts in Melville Bay and migrates south to overwinter in 

the dense pack-ice of Baffin Bay and Davis Strait (Dietz & Heide-Jørgensen 1995; Dietz et al. 

2008; Laidre & Heide-Jørgensen 2011; Laidre et al. 2016). Narwhals are temporary summer 
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residents of Melville Bay. Belugas transit through the area during their fall and spring 

migrations.  

 

 

Figure 4.1. Map of the study region in Melville Bay, Northwest Greenland (a). The dashed 

outline in (a) demarcates the region (b), and the black box in (b) shows the region displayed in 

(c). Ocean mooring locations are marked with yellow diamonds (b, c). Mooring positions near 

Kong Oscar glacier and in the Fisher Islands are shown on a Landsat 8 image converted to 

natural color from 18 August 2019 (c) courtesy of the U.S. Geological Survey. Ocean 

bathymetry (a, b) is from the International Bathymetric Chart of the Arctic Ocean (Jakobsson et 

al. 2012). 
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4.3.2 Acoustic Data Collection 

Between 2019 and 2020, three seafloor-mounted ocean moorings were deployed from the R/V 

Sanna (Greenland Institute of Natural Resources) near glacier fronts in Melville Bay. Each 

mooring was equipped with a sound recorder and an array of oceanographic sensors to study the 

habitat of narwhals during summer. Instruments and floats were attached to 6 mm Dyneema line, 

and an 800 kg anchor connected to an acoustic release (PORT LF, Edgetech Instruments) 

mounted the mooring to the seafloor. After deployment in August 2019, one mooring was 

destroyed by icebergs and two were successfully retrieved in August 2020. These two moorings 

were positioned in the Fisher Islands and in front of Kong Oscar glacier, also known as 

Nuussuup Sermia (Figure 4.1). We refer to these mooring locations as the Fisher Islands and 

Kong Oscar sites. 

Moorings included SoundTrap ST500 STD (Ocean Instruments, New Zealand) acoustic 

recorders (Table 4.1). The SoundTrap instruments sampled at 144 kHz (16-bit) with a Nyquist 

frequency of 72 kHz to record beluga and narwhal echolocation clicks that contain most of their 

energy above 20 kHz (Koblitz et al. 2016; Frouin-Mouy et al. 2017; Zahn et al. 2021a; Jones et 

al. 2022). Specifications of the SoundTrap ST500 STD recorders included a system peak 

clipping level of 173 dB re µPa, bandwidth of 20 Hz to 60 kHz (±3 dB), and self-noise 36 dB re 

1 µPa above 2 kHz and better than sea-state zero at 100 Hz to 2 kHz. Acoustic data were logged 

40 minutes per hour. This duty cycle was selected to ensure the recorders maximized recording 

coverage each hour while retaining sufficient battery to last into winter, well after the area was 

covered in fast ice and whales had departed. 
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Table 4.1. Summary of acoustic data collected from the moored SoundTrap ST500 STD 

recorders in Melville Bay.  

Site 
Recording 

period 

Latitude 

(°N) 

Longitude 

(°W) 

Seafloor 

depth (m) 

Sampling 

rate (kHz) 

Duty 

cycle 

Instrument 

depth (m) 

Fisher 

Islands 

5 Aug 2019 – 

20 Dec 2019 
76.1038 61.7270 370 144 

40 

min/hr 
194 

Kong 

Oscar 

5 Aug 2019 – 

16 Jan 2020 
75.8418 59.8431 250 144 

40 

min/hr 
158 

 

4.3.3 Acoustic Data Processing and Species Assignment 

Raw acoustic data were processed using the open-source passive acoustic monitoring software 

PAMGuard (version 2.02.09; Gillespie et al. 2008). Echolocation clicks were detected using 

PAMGuard’s Click Detector when the amplitude of a transient signal exceeded 14 dB above the 

measured background noise. Subsets of the SoundTrap data were processed to adjust filter 

settings and determine an effective approach to reduce false detections (i.e., noise) while 

maximizing the detection of echolocation clicks. A 4-pole Butterworth 1 kHz high pass filter 

(“digital pre filter” in PAMGuard) was applied to remove a low frequency noise peak. Then, a 4-

pole Butterworth 20 kHz high pass filter (“digital trigger filter”) was applied for click detection. 

Signal waveforms from click detections were labeled and extracted from the 1 kHz high pass 

filtered data for subsequent analysis. 

Following the click detection stage, sound clips were labeled according to their peak 

frequency from power spectra within PAMGuard. Each classifier, or detector, in PAMGuard 

categorized clicks with a unique numeric code (i.e., detector number) when their peak 

frequencies fell within a specified frequency range. For consistency, we used the same classifier 

set as in Zahn et al. (2021b) but removed detectors 4 (70–100 kHz), 5 (100–150 kHz), and 6 
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(150–250 kHz) since the upper limit of the SoundTrap recording bandwidth was 72 kHz. 

Accordingly, detectors 1 (4–20 kHz), 2 (20–50 kHz), and 3 (50–70 kHz) labeled detections when 

clicks had peak frequencies within the respective target frequency range. Initial processing of the 

data revealed that detector 1 included only false detections (i.e., non-echolocation sounds), so 

only detectors 2 and 3 were enabled for downstream analyses. Further inspection of false 

detections showed that power spectra from transient noise signals decreased in energy with 

increasing frequency. Therefore, to further reduce abiotic transient sounds (e.g., ice or glacier 

calving), an additional constraint was added to detector 2 whereby clicks were only labeled as 

echolocation clicks when there was a >5 dB difference in energy between 10–20 kHz and 30–40 

kHz. Unclassified detections (detector 0) were discarded. 

Detections identified and labeled as clicks within PAMGuard were then processed into 

hourly acoustic events using the PAMpal package (version 1.0.4; Sakai 2021) in R (version 

4.3.1; R Core Team 2023). Upon ingestion of the PAMGuard detector output into R, twenty 

acoustic parameters were calculated for each detection using a fast Fourier transform (FFT) 

window length of 2.5 ms (360 samples). Due to the close proximity of the moorings to glacier 

termini, ambient noise levels were high for frequencies extending up to 20 kHz. A 4-pole 20 kHz 

Butterworth high pass filter was applied to remove the prevailing noise signal before calculating 

echolocation parameters. Any corner frequency below this drastically increased the risk of noise 

peaks rising above echolocation signal peaks and yielding erroneous variable estimates. Narwhal 

clicks can contain energy between 3.5–5 and 7–14 kHz (Stafford et al. 2012), but these 

components are relatively low in energy and thus echolocation peak frequencies are expected to 

be above 20 kHz. A full parameter list with descriptions is provided in Supplementary Material 

Table S4.1. Click parameter estimation by PAMpal follows methods outlined by Griffiths et al. 



106 

 

 

(2020) and Soldevilla et al. (2008) and further information about the process used can be found 

in the R package documentation (Sakai 2023). Detections were binned into 1-hour long acoustic 

events with unique identification numbers. Each event contained all the detections that occurred 

within a given hour from the start to end date of the recording period for each site (Table 4.1). 

Events that had fewer than 30 detections were found to generally contain only false detections 

and were removed.  

Concatenated click spectrograms and mean power spectra for all acoustic events were 

manually examined to identify each event’s source and classify them as beluga or narwhal. 

Events that contained only noise from crackling sea ice, glacier ice, and calving were removed 

from subsequent classification analyses. Beluga and narwhal events were identified based on 

differences in the energy distribution of each species’ clicks in the frequency domain. Belugas 

produce higher frequency clicks compared to those generated by narwhals as demonstrated by 

estimated peak frequencies being consistently >20 kHz higher in beluga clicks than narwhal 

clicks (Koblitz et al. 2016; Zahn et al. 2021a; Zahn et al. 2021b; Jones et al. 2022). This is partly 

because narwhal clicks have considerably more energy between 20–30 kHz than beluga clicks 

(Frouin-Mouy et al. 2017; Jones et al. 2022). Beluga clicks also do not contain a low frequency 

component that is sometimes observed in narwhal echolocation between 3 and 14 kHz (Stafford 

et al. 2012). For events where species designation was in doubt from concatenated click 

spectrograms or mean spectra, raw sound file spectrograms were manually audited in Raven Pro 

(version 1.6.5; K. Lisa Yang Center for Conservation Bioacoustics at the Cornell Lab of 

Ornithology 2023). Additionally, the presence of whistles aided manual species designation. 

Marcoux et al. (2012) describe beluga whistles as having more diversified contours than those 

produced by narwhals (Sjare & Smith 1986b; e.g., Belikov & Bel’Kovich 2007). The presence of 
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highly variable whistles below 20 kHz along with high frequency echolocation (click energy 

mainly >30 kHz) supported beluga species assignment. Finally, manually classified events were 

compared with an independently labeled dataset from a different human analyst of the same 

recordings at a 6-hour resolution to ensure no whale detections were missed or incorrectly 

classified.  

4.3.4 TOL Statistics 

Upon completion of the manual species classification for all acoustic events, the difference in the 

spectral distribution of energy between beluga and narwhal clicks was visually explicit in 

concatenated click spectrograms and mean spectra. In order to quantify this observed difference, 

we built upon methods developed by Frouin-Mouy et al. (2017) and calculated the TOL 

difference between two sets of one-third octave bands in R (version 4.3.1; R Core Team 2023). 

One-third octave band-edge frequencies were calculated using the American National Standards 

Institute (ANSI) standard base-ten center frequencies also known as decidecade bands (ANSI, 

2004). Three one-third octave bands were selected that best represented differences in spectral 

energy within the recording frequency bandwidth for the two species: 16 kHz (14,125–17,783 

Hz), 25 kHz (22,387–28,184 Hz), and 40 kHz (35,481–44,668 Hz). We refer to these one-third 

octave bands by their nominal center frequencies throughout in lieu of the actual frequency range 

for simplicity. In this study, we considered whether the TOL in narwhal clicks consistently 

increased between 16 to 25 kHz with little difference between 25 to 40 kHz. Conversely, beluga 

clicks were expected to have little difference between 16 to 25 kHz and a large TOL difference 

between 25 to 40 kHz. 

For TOL calculations, 1 kHz high pass filtered waveforms extracted from PAMGuard 

were analyzed and mean power spectra were produced for each acoustic event (512 pt FFT). The 
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TOL was calculated by summing the squared pressures within the upper and lower one-third 

octave limits from mean spectra. Then the difference was computed between the 1) 16 and 25 

kHz and 2) 25 and 40 kHz one-third octave bands. The result was two TOL ratios with potential 

use in beluga and narwhal click classification. Hereafter we refer to these two metrics as the 16 

to 25 kHz TOL ratio and 25 to 40 kHz TOL ratio.  

4.3.5 Acoustic Classification Model Testing 

Manual species identification of SoundTrap recordings from the Fisher Islands and Kong Oscar 

sites yielded two labeled datasets of hourly acoustic events. Parameter values calculated for all 

clicks contained in these events (see Methods Section C) were used to test the performance of the 

model developed by Zahn et al. (2021b). Zahn et al. (2021b) used the BANTER (Bio-Acoustic 

eveNT classifiER) model which is a two-stage classifier consisting of many RF models with the 

capacity to incorporate several call types (Breiman 2001; Rankin et al. 2017). The BANTER 

model in Zahn et al. (2021b) was trained using data from hand-dipped Reson TC4013-5 

receivers (500 kHz sampling rate; sensitivity -215 dB ± 2 dB re 1 V/μPa; flat ± 2 dB frequency 

response 1–150 kHz) deployed in beluga and narwhal wintering grounds in Baffin Bay during 

March 2013 (see Methods in Zahn et al. 2021b). Since the Nyquist frequency of the Reson 

recordings was more than three times the Nyquist frequency of the SoundTrap recordings, the 

BANTER model was modified to only include detectors 2 and 3 (20–50 and 50–70 kHz, 

respectively) to match the classifier set applied to the SoundTrap dataset (see Methods Section 

C). Therefore, only clicks with peak frequencies between 20–70 kHz from Reson recordings 

were used to train the BANTER model. The BANTER training data were not decimated since 

this study aimed to see whether a model trained with data recorded at a high sampling rate could 

predict observations recorded at a lower sampling rate.  
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RF models use bootstrap sampling to build thousands of decision trees to produce a final 

ensemble tree. Random subsets drawn and used as training data are referred to as “in-bag” 

samples and the remaining observations are called “out-of-bag” (OOB) samples. OOB samples 

are used as testing data to estimate model prediction errors and accuracy. The BANTER model 

was used to predict the species of the Fisher Islands and Kong Oscar SoundTrap acoustic events 

separately in case there were site-specific differences. 

Since TOL ratio statistics (see Methods Section D) provided a promising new metric to 

differentiate beluga and narwhal clicks, we added the 16 to 25 kHz and 25 to 40 kHz TOL ratios 

as event level measures to the BANTER model for potential improvement. Adding the TOL ratio 

event level variables to the BANTER model did not change the OOB correct classification rate 

during model development compared to the base model without TOL ratio variables. As with the 

base BANTER model without TOL ratio variables, the BANTER model with the newly added 

event level measures was used to predict acoustic events from the Fisher Islands and Kong Oscar 

sites separately. 

We also evaluated the predictive strength of the TOL ratio metrics by building single RF 

models using only those two variables (16 to 25 kHz and 25 to 40 kHz TOL ratios). Three RF 

models were built using different training datasets that included TOL ratio estimates from: 1) 

Fisher Islands and Kong Oscar (pooled), 2) Fisher Islands, and 3) Kong Oscar. RF models have 

three primary parameters that can be adjusted: mtry defines the number of randomly selected 

variables used to split observations at each node, sampsize indicates the number of observations 

(i.e., acoustic events) that are randomly subset to build each tree, and ntree specifies how many 

individual trees are built in the forest. Since we were using two variables for classification, the 

only possible value for mtry was one. To evaluate model sensitivity to sampsize, each model was 
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fit over all possible values of sampsize and model accuracies were determined. For the RF 

models developed, the accuracies varied by less than 0.01% and therefore were not sensitive to 

permutations in sampsize. As in Zahn et al. (2021b), we report model results when sampsize was 

equal to half the total sample size for the smallest (i.e., minority) species class. RF models were 

configured such that equal subsamples were drawn from each species group without replacement 

to account for unbalanced datasets and prevent overfitting to the majority class. Models were 

constructed with ten thousand trees (ntree) and model stability was confirmed. All acoustic 

classification model development and evaluation for BANTER and RF models were conducted 

using the banter (version 0.9.6; Rankin et al. 2017), randomForest (version 4.7-1.1; Liaw & 

Wiener 2002), and rfPermute (version 2.5.1; Archer 2021) packages in R. 

The Fisher Islands and Kong Oscar datasets functioned as complimentary training and 

testing datasets. Thus, site-specific RF models were tested with a dataset different from the one 

used to train the model. The Fisher Islands RF model was used to predict Kong Oscar acoustic 

events and the Kong Oscar RF model was used to predict Fisher Islands acoustic events. In RF 

classification models, observations (i.e., acoustic events) are assigned to a class (i.e., species) 

based on the percentage of trees in the forest voting for each species. For all models, the 

uncertainty of model predictions was evaluated by examining the distribution of votes for each 

acoustic event within a species class. Acoustic events were predicted with high model certainty 

when a majority of the trees voted for the correct species class.  
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4.4 RESULTS 

4.4.1 Manual Species Identification 

SoundTrap instruments recorded for 138 days (~4.5 months; 5 August–20 December 2019) at the 

Fisher Islands site and 165 days (~5.5 months; 5 August 2019–16 January 2020) at the Kong 

Oscar site. With a duty cycle of 40 minutes per hour, recordings totaled approximately 4,848 

hours (~6.7 months) across sites. The PAMGuard Click Detector identified echolocation clicks 

including buzzes as well as non-echolocation high repetition rate calls, referred to in the 

literature as burst pulses, or pulsed calls (Figure 4.2). The low frequency component of narwhal 

clicks was visible between 3–5 kHz in some concatenated click spectrograms, possibly when 

whales were close to the moorings and the signal-to-noise ratio was high. During manual 

inspection of echolocation events using Raven Pro, lower frequency (<20 kHz) beluga whistles 

were observed in some events (Figure 4.2). However, echolocation clicks remained the dominant 

call type produced by both species over the recording period. 
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Figure 4.2. Selected spectrograms showing beluga (a, b) and narwhal (c, d) echolocation clicks 

with lighter and darker colors indicating higher and lower sound levels, respectively. All samples 

were recorded at the Fisher Islands site. Panels (a) and (b) also include beluga whistles in the 5–

10 kHz range and (b) shows a few beluga pulsed calls. Panels (c) and (d) show narwhal burst 

pulses and echolocation click trains. Spectrograms were produced using a Hanning window, 50% 

overlap, and 512 point FFT for (a, c) and 1024 point FFT for (b, d) in Raven Pro 1.6.5. Note: the 

duration of the spectrogram (in seconds) differs between subplots with one short (3 sec) and one 

long (20 sec) duration example for each species. 
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Manual species identification of hourly acoustic event data revealed a clear visible 

difference between beluga and narwhal echolocation. Beluga clicks contained energy above 30 

kHz with peak intensities typically occurring between 40–60 kHz (Figure 4.3). We note that true 

spectral peaks occurring in the 60–72 kHz range could not be identified due to the SoundTrap 

anti-aliasing filter having a -3 dB cut-off frequency at 64.8 kHz. Narwhal clicks consistently 

presented a relatively sharp low-frequency cut-off around 20 kHz (Figure 4.3) including signals 

produced during burst pulses and buzzes (Figure 4.2). Although the exact frequency of this lower 

limit varied between approximately 18 to 23 kHz, the presence of a steep increase in energy 

around 20 kHz provided an explicit method to distinguish narwhal clicks from those of beluga. A 

full catalogue of labeled beluga and narwhal acoustic event concatenated click spectrograms and 

mean spectra showed clear differences between species (Zahn et al. 2023). 
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Figure 4.3. Concatenated click spectrograms (a, c) and mean power spectra (b, d) for example 

beluga (a, b) and narwhal (c, d) acoustic events. The number of clicks included in each 

concatenated click spectrogram is provided on the x-axis (a, c). Spectrograms and spectra were 

produced using a 512 point FFT and Hanning window from 1 kHz high pass waveforms. 

 

Belugas and narwhals were detected at both the Fisher Islands and Kong Oscar sites, 

however the majority of detections were, by far, narwhal (92%). From the more than 6 months of 

acoustic data, which was divided into 1-hour time bins, a total of 201 hours contained narwhal 

and beluga clicks. From PAMGuard’s click detectors 2 and 3 (i.e., clicks with peak frequencies 

between 20–50 and 50–70 kHz, respectively), there were more detections in total, and for each 

species, at the Fisher Islands site (117 events total; 776,679 detections) than the Kong Oscar site 

(84 events total; 241,920 detections). At the Fisher Islands, 12 events (141,098 detections) were 

beluga and 105 were narwhal (635,581 detections). At the Kong Oscar site, 4 events were beluga 

(1,653 detections) and 80 events were narwhal (240,267 detections). Narwhals were present in 

Melville Bay from the start of the recording period in early August until mid-November when 
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fall sea ice formation began (Figure 4.4). Belugas were detected only during the month of 

October (Figure 4.4). 

 

 

Figure 4.4. Time series of narwhal (a, c) and beluga (b, d) presence and percent sea ice cover 

(blue lines) at the Fisher Islands (a, b) and Kong Oscar (c, d) mooring sites from May 2019 to 

March 2020. Black bars provide the number of hours per week that narwhals and belugas were 

detected and thus indicate when whales were present. Gray shaded regions denote when no 

acoustic data were available. Hourly sea ice concentration data on the secondary (right side) y-

axis were sourced from the ERA5 reanalysis product (Copernicus Climate Change Service, 

Climate Data Store 2022; Hersbach et al. 2022) and were averaged to a daily resolution. 
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4.4.2 TOL Ratios 

Consistent trends between selected TOL were observed between beluga and narwhal acoustic 

events. Beluga echolocation power spectra had little change in TOL between the 16 to 25 kHz 

bands in contrast to narwhal power spectra that showed a large increase in magnitude between 

these bands (Figure 4.5). Conversely, a large difference was seen between the 25 and 40 kHz 

TOL in beluga spectra that was absent in narwhal spectra (Figure 4.5). The mean 16 to 25 kHz 

TOL ratio was 2.69 dB (median: 2.91 dB) in beluga spectra and -7.07 dB (median: -7.03 dB) in 

narwhal spectra. The mean 25 to 40 kHz TOL ratio was -8.74 dB (median: -10.3 dB) in beluga 

spectra and 1.35 dB (median: 0.62 dB) in narwhal spectra. All SoundTrap beluga events had a 

decrease in TOL between the 16 and 25 kHz bands, corresponding to the decreasing noise level 

with increasing frequency. The difference between TOL ratios (i.e., 16 to 25 kHz TOL ratio 

minus the 25 to 40 kHz TOL ratio) was positive for beluga spectra and negative for narwhal 

spectra (Figure 4.5). 

 



117 

 

 

 

Figure 4.5. Mean power spectra for beluga (a) and narwhal (b) acoustic events. Mean spectra for 

individual acoustic events are shown in gray, and the overall mean spectra across events are 

shown in black with the noise floor provided as a dashed line. The average noise spectrum was 

computed using samples extracted from waveform clips that immediately preceded each click. 

Primary y-axes in (a) and (b) provide normalized power (dB) with respect to the maximum and 

the secondary y-axes show corresponding power spectral density magnitudes (dB re 1 µPa2/Hz). 

Blue shaded areas in (a) and (b) demarcate the frequency bandwidths of the 16, 25, and 40 kHz 

one-third octave bands. Violin plots with inset box plots show the distribution of the TOL ratios 

(dB) between the 16 to 25 kHz and 25 to 40 kHz one-third octave bands and the difference 
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between these two ratios (i.e., 16:25 kHz TOL ratio subtracted from 25:40 kHz TOL ratio) for 

beluga (c) and narwhal (d) acoustic events. 

 

4.4.3 Acoustic Classification 

The BANTER acoustic classifier trained with Reson data performed well with correct 

classification rates of 94% and above when used to predict SoundTrap acoustic events (Table 

4.2). BANTER models correctly classified 100% of the narwhal events, and misclassifications 

occurred only with beluga events. Model performance was unchanged (i.e., did not improve) 

when TOL variables were added as event-level measures. Due to the lower sampling rate of the 

SoundTrap recordings, beluga parameter estimates (e.g., peak frequency) were lower compared 

to those estimated from the Reson training dataset (Zahn et al. 2021b). The dissimilarity between 

the training and testing datasets may also be due to differences in the hydrophone’s frequency 

response and pre-processing methods (e.g., high pass filters) for the two datasets. Nevertheless, 

the lower parameter values calculated for the SoundTrap beluga events more closely resembled 

narwhal parameter estimates from the Reson dataset, resulting in incorrect beluga species 

assignment. A summary of SoundTrap acoustic event parameter estimates for BANTER 

variables is provided in Supplementary Table S4.2. Examination of BANTER event classifier 

votes (i.e., percent of trees in the forest voting for each species) indicated high confidence for 

narwhal species assignment and low confidence for beluga predictions where many beluga 

events had nearly equal proportions of trees voting for beluga and narwhal species assignment 

(see Supplementary Figure S4.1). 
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Table 4.2. Confusion matrices for BANTER predictions of SoundTrap beluga and narwhal 

acoustic events at the Fisher Islands and Kong Oscar sites. Results are shown from the BANTER 

model trained with and without TOL ratio variables. The predictions were unchanged when TOL 

variables were added. Rows indicate the original acoustic event species assignment and columns 

show event predictions by the classifier. Model accuracy, or percentage correctly classified (95% 

confidence interval), is included for each class. 

 Beluga Narwhal Accuracy (95% CI) 

(a) BANTER with and without TOL variables 

Fisher Islands predictions 

Beluga 5 7 41.7% (15.2 – 72.3%) 

Narwhal 0 105 100% (96.5 – 100%) 

Overall   94.0% (88.1 – 97.6%) 

Kong Oscar predictions 

Beluga 3 1 75.0% (19.4 – 99.4%) 

Narwhal 0 80 100% (95.5 – 100%) 

Overall   98.8% (93.5 – 100%) 

 

During the model development stage, OOB correct classification rates were high for RF 

models built for each dataset (>99%; Table 4.3). All acoustic events were correctly assigned in 

both models except for one narwhal event misclassification from the Fisher Islands. For all RF 

models developed, variable importance scores indicated the 16 to 25 kHz TOL ratio was the 

more important variable for correct species classification. However, exploratory runs of RF 

models with only the 16 to 25 kHz TOL ratio variable resulted in decreased accuracy, and thus 

the 25 to 40 kHz TOL ratio variable was also important for correct predictions. Visualizing the 

distribution of RF model votes confirmed high confidence in OOB predictions for all RF models 

developed (Supplementary Figure S4.1).  
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Table 4.3. RF confusion matrices for model development using the TOL ratios between the 16 to 

25 kHz and 25 to 40 kHz one-third octave bands. Three RF models were trained using acoustic 

events from separate datasets: 1) both sites, 2) Fisher Islands site, and 3) Kong Oscar site. Rows 

indicate the original acoustic event species assignment and columns show predictions by the 

classifier. OOB percent correct (95% confidence interval) classification rates provide model 

accuracy. 

 Beluga Narwhal OOB accuracy (95% CI) 

Both sites 

Beluga 16 0 100% (79.4 – 100%) 

Narwhal 1 184 99.5% (97.0 – 100%) 

Overall   99.5% (97.3 – 100%) 

Fisher Islands 

Beluga 12 0 100% (73.5 – 100%) 

Narwhal 1 104 99.0% (94.8 – 100%) 

Overall   99.1% (95.3 – 100%) 

Kong Oscar 

Beluga 4 0 100% (39.8 – 100%) 

Narwhal 0 80 100% (95.5 – 100%) 

Overall   100% (95.7 – 100%) 

 

RF models built with only TOL ratio variables predicted the species identity of acoustic 

events with extremely high accuracy (100%; Table 4.4). The Fisher Islands RF model correctly 

predicted all of the acoustic events from the Kong Oscar dataset. Similarly, the Kong Oscar RF 

model predicted all of the acoustic events from the Fisher Islands dataset. 
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Table 4.4. RF confusion matrices for model predictions using the TOL ratios between the 16 to 

25 kHz and 25 to 40 kHz bands. Individual RF models built for each site were tested with data 

from the other site to evaluate model performance. Rows show the original acoustic event 

species assignment and columns indicate classifier predictions. Model accuracy, or percentage of 

total acoustic events correctly classified (95% confidence interval), is provided. 

 Beluga Narwhal Accuracy (95% CI) 

Fisher Islands predicts Kong Oscar 

Beluga 4 0 100% (39.8 – 100%) 

Narwhal 0 80 100% (95.5 – 100%) 

Overall   100% (95.7 – 100%) 

Kong Oscar predicts Fisher Islands 

Beluga 12 0 100% (73.5 – 100%) 

Narwhal 0 105 100% (96.5 – 100%) 

Overall   100% (96.9 – 100%) 

 

4.5 DISCUSSION 

Our results provide compelling evidence for identifying beluga and narwhal clicks with high 

certainty. We tested a previously developed acoustic classifier (Zahn et al. 2021b) and 

demonstrated the predictive strength of two new model parameters derived from one-third octave 

frequency bands. The differences in TOL between the 16 to 25 and 25 to 40 kHz one-third 

octave bands proved to be robust metrics for automated and manual species identification. This 

study builds on existing literature (e.g., Frouin-Mouy et al. 2017; Jones et al. 2022) and together 

indicate that among the diverse vocalizations produced by Arctic toothed whales, echolocation 

clicks are dependable signals for beluga and narwhal acoustic classification. 
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4.5.1 Visual Species Identification 

We show beluga and narwhal clicks can reliably be identified through visual inspection of 

spectrograms. Across all acoustic events examined here, narwhal clicks contained a distinct 

spectral peak just above 20 kHz where spectral energy sharply decreased below 20 kHz and 

remained relatively flat between 20 and 60 kHz. The frequency peak near 20 kHz is consistent 

with existing literature documenting narwhal spectra (Møhl et al. 1990; Stafford et al. 2012; 

Koblitz et al. 2016; Frouin-Mouy et al. 2017; Zahn et al. 2021b; Jones et al. 2022). Pulsed calls 

and buzzes produced by narwhals and detected by the PAMGuard Click Detector also contained 

increased energy near 20 kHz. Only in lower ambient noise conditions were the low frequency 

components of narwhal clicks between 3–5 kHz observed. In contrast to narwhal clicks, beluga 

click spectra mostly had energy above 30 kHz. Unlike the sharp 20 kHz lower limit seen in 

narwhal spectra, spectral energy in beluga clicks increased more gradually from 30 kHz and 

peaked between 40–50 kHz, which is potentially a consequence of a 72 kHz Nyquist frequency 

and an anti-aliasing filter attenuating energy above ~60 kHz. Beluga pulsed calls that were 

detected in our analyses contained energy from 20 kHz and above, but they did not present a 

clear 20 kHz edge like those produced by narwhals.  

These results corroborate findings by Jones et al. (2022) where beluga and narwhal clicks 

from moored High-frequency Acoustic Recording Packages (HARPs) with a 200 kHz sampling 

rate were analyzed. Jones et al. (2022) found beluga clicks had higher peak frequencies (55–60 

kHz) than narwhal clicks (23 kHz) at lower received levels (<130 dB peak-peak). At high 

received levels (>150 dB peak-peak), both species had peak frequencies between 50 and 60 kHz. 

Broadly, Jones et al. (2022) summarize that narwhal clicks had more energy than beluga clicks 

below 40 kHz. Yet, spectral peaks vary depending on the orientation of the whale relative to the 
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receiver and the specifications of the recorder. For example, peak frequencies of on-axis clicks 

were higher for both species, estimated to be 71±15 kHz for narwhals (Koblitz et al. 2016) and 

97±7 kHz for belugas (Zahn et al. 2021a). Nonetheless, existing literature supports the assertion 

that belugas produce clicks with greater energy at higher frequencies compared to narwhals.  

4.5.2 Acoustic Classifier Performance 

When testing with lower sampling rate recordings, the BANTER model from Zahn et al. (2021b) 

classified species with high overall correct classification rates of 94% for the Fisher Islands site 

and 98.8% for the Kong Oscar site. These results suggest that the BANTER model trained with 

data from a Reson hydrophone (500 kHz sampling rate) is generalizable such that it can predict 

species assignment of clicks recorded at lower sampling rates (e.g., SoundTrap with 144 kHz 

sampling rate). However, the small sample size of the beluga class resulted in wide prediction 

intervals and high classification uncertainty for identifying beluga clicks. Further, the lower 

Nyquist frequency of the SoundTrap recordings and different frequency response compared to 

the Reson recordings resulted in underestimated click parameter estimates in the testing dataset 

compared to the training dataset (Zahn et al. 2021b). Therefore, some SoundTrap beluga event 

parameter estimates resembled those from Reson narwhal events, leading to misclassifications. 

We speculate that the BANTER model’s overall correct prediction rates would increase if there 

were a larger beluga event sample size since the model would have more data to differentiate 

between species. Adding TOL ratio event-level variables did not improve species classifications, 

indicating that TOL ratios estimated from the training dataset did not predict the testing dataset 

well. These results highlight disparities between the training and testing datasets and emphasize 

the need for caution when utilizing datasets from recorders with different specifications in 

acoustic classification. 
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RF models using TOL statistics had stronger predictions than BANTER predictions, 

likely due to the fact that the training dataset was acquired and processed exactly the same as the 

testing dataset. Our results confirm that narwhal clicks had a larger difference between the 16 

and 25 kHz one-third octave bands compared to belugas, whereas beluga clicks had a larger 

difference between the 25 and 40 kHz bands compared to narwhals. OOB correct classification 

rates were high for all RF models developed (>99%; Table 4.3). Similarly, RF models trained 

with data from one site (i.e., Kong Oscar or Fisher Islands) correctly predicted 100% of the 

acoustic events from the other site (Table 4.4).  

In summary, our model results found that the recording system’s sampling rate 

influenced model predictions. Parameters used in the BANTER model (e.g., peak frequency) will 

vary depending on the sampling rate and frequency response of the recording system, but the 

TOL ratio variables employed here will be unaffected as long as the sampling rate is at least 96 

kHz with a flat frequency response between 14–45 kHz. However, ambient noise levels will 

influence 16 and 25 kHz TOL estimates where higher noise levels will decrease the relative 

magnitude within these bands. Nevertheless, the TOL ratio between the 16 to 25 and 25 to 40 

kHz bands is sufficiently large that beluga and narwhal clicks remain differentiable in 

contrasting environments (see Supplementary Figure S4.2).  

4.5.3 Future Recommendations 

The present study marks an important step in automating beluga and narwhal acoustic detection 

for future passive acoustic monitoring programs. Based on the results presented herein, we 

highlight that the lowermost part of echolocation click spectra (<50 kHz) for narwhals and 

belugas contain enough critical information for species classification. Therefore, we recommend 

a minimum sampling rate of 96 kHz for classification of these two species, although recorders 
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with higher sampling rates (~400 kHz or more) are needed for general signal characterization 

involving parameters such as peak frequency and centroid frequency. Given the sensory function 

of echolocation, acoustic properties of clicks appear to be less variable than social calls, making 

them consistent metrics for species classification across subpopulations. To fully implement an 

auto-detector and classifier for recordings near glaciated coastlines, future work must describe 

and classify transient ice sounds to isolate biotic and abiotic sounds. While this was outside of 

the scope of the present study, we show highly accurate automated species predictions once 

cetacean clicks are separated. 

Arctic ecosystems are being altered by climate change and trans-Arctic shipping routes 

will be used with greater frequency in the next decade (Meier et al. 2014; Melia et al. 2016; 

Lannuzel et al. 2020). Efforts to monitor changes to ambient noise levels and endemic Arctic 

odontocete distributions are becoming increasingly important, especially for effective 

management of beluga and narwhal stocks for harvest by Arctic communities in Canada and 

Greenland (Hobbs et al. 2019). We verified that beluga and narwhal clicks are differentiable, and 

moreover, discrete parameters exist to automatically classify them at high success rates. With the 

increasing prevalence of autonomous recorders being used to monitor cetaceans globally, our 

results are directly applicable to future passive acoustics research. Going forward, we encourage 

sustained observations using long-term passive acoustics from fixed platforms (e.g., moored 

HARPs or SoundTrap) to track species occurrence of resident and non-resident species and 

monitor increased human activity in the Arctic. 
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4.7 DATA AVAILABILITY 

Acoustic data from moorings is available upon request from authors. Sea ice concentration 

ERA5 hourly data are supplied by the Copernicus Climate Change Service Climate Data Store at 

https://doi.org/10.24381/cds.adbb2d47. R and Python code used to produce all analyses 

including classification models and figures for this manuscript are publicly available on Github: 

https://github.com/mjzahn/beluga_narwhal_click_classifier (last commit: 4 November, 2023). 

4.8 SUPPLEMENTAL MATERIALS 

The supplementary information below includes additional tables and figures that support this 

manuscript. A catalogue of concatenated click spectrograms and mean power spectra for all 

acoustic event data from this study is available on Zenodo (Zahn et al. 2023). 

 

 

https://doi.org/10.24381/cds.adbb2d47
https://github.com/mjzahn/beluga_narwhal_click_classifier
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Table S4.1. Descriptions of BANTER acoustic parameters calculated using the PAMpal package. 

Variable Code Variable Name Unit Description 

peak Peak frequency kHz Frequency value with the highest dB level 

peak2 Second peak frequency kHz Frequency value with the second highest dB level 

peak3 Third peak frequency kHz Frequency value with the third highest dB level 

trough Frequency trough kHz Frequency value between peak and peak2 with the lowest dB value; also 

called spectral notch 

trough2 Second frequency trough kHz Frequency value between peak2 and peak3 with the lowest dB value 

peakToPeak2 First peak to second peak kHz Difference between the frequency values of peak and peak2 

peakToPeak3 First peak to third peak kHz Difference between the frequency values of peak and peak3 

peak2ToPeak3 Second peak to third peak kHz Difference between the frequency values of peak2 and peak3 

Q_10dB -10 dB resonant quality factor kHz Metric of frequency pureness at -10 dB calculated by dividing the center 

frequency by the bandwidth 

Q_3dB -3 dB resonant quality factor kHz Metric of frequency pureness at -3 dB calculated by dividing the center 

frequency by the bandwidth 

fmin_10dB -10 dB frequency minimum kHz -10 dB frequency minimum 

fmin_3dB -3 dB frequency minimum kHz -3 dB frequency minimum 

fmax_10dB -10 dB frequency maximum kHz -10 dB frequency maximum 

fmax_3dB -3 dB frequency maximum kHz -3 dB frequency maximum 

BW_10dB -10 dB bandwidth kHz -10 dB bandwidth 

BW_3dB -3 dB bandwidth kHz -3 dB bandwidth 

centerkHz_10dB -10 dB center frequency kHz [min frequency + (max frequency - min frequency)]/2 at -10 dB 

centerkHz_3dB -3 dB center frequency kHz [min frequency + (max frequency - min frequency)]/2 at -3 dB 

duration Click duration µs Time defined by the number of samples above 100 times the 40th percentile 

of the Teager Kaiser energy level 

ici Inter-click interval sec Time interval between consecutive clicks; mode approximated for each 

event 
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Table S4.2. Summary of BANTER signal parameter measurements for all beluga and narwhal 

acoustic events from the SoundTrap data, inclusive of both the Kong Oscar and Fisher Islands 

sites. A 20 kHz Butterworth high pass filter was applied prior to calculating parameter values for 

each click. Mean, standard deviation, and median are provided.  

  Beluga Narwhal 

Variable Unit Mean Std Median Mean Std Median 

peak kHz 39.1 7.4 38.6 31.6 7.2 29.6 

peak2 kHz 42.4 13.1 40.2 35.5 12.5 36.8 

peak3 kHz 31.6 18.5 27.0 30.3 23.7 43.2 

trough kHz 37.6 11.6 32.8 38.4 11.9 40.4 

trough2 kHz 35.6 16.0 38.4 23.7 18.4 28.0 

peakToPeak2 kHz 15.8 4.3 15.2 13.7 5.2 12.8 

peakToPeak3 kHz 15.0 8.5 13.6 11.9 10.0 12.0 

peak2ToPeak3 kHz 19.5 11.2 19.0 13.6 11.5 12.4 

Q_10dB kHz 3.9 2.3 2.8 4.8 5.0 3.3 

Q_3dB kHz 16.0 10.3 11.9 19.9 12.2 17.9 

fmin_10dB kHz 33.9 6.3 31.3 25.7 5.6 24.3 

fmin_3dB kHz 38.3 6.7 38.6 29.3 6.4 27.7 

fmax_10dB kHz 47.6 8.6 46.8 37.4 10.5 34.5 

fmax_3dB kHz 41.7 6.5 41.5 31.6 7.3 29.7 

BW_10dB kHz 13.7 7.6 13.3 11.8 9.3 8.5 

BW_3dB kHz 3.4 1.8 3.4 2.3 2.0 1.8 

centerkHz_10dB kHz 40.8 6.5 40.9 31.6 7.0 29.8 

centerkHz_3dB kHz 40.0 6.5 40.1 30.4 6.8 28.7 

duration µs 90.5 81.0 73.1 157.1 266.1 76.6 

ici ms 40.6 45.4 14.1 82.7 87.8 75.2 
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Figure S4.1. Distribution of model votes for each sample (i.e., acoustic event) in each class 

demonstrating overall model confidence in its predictions. The distributions show the percentage 

of trees in the forest voting for each species. Model predictions are colored in salmon (pink) for 

beluga and turquoise for narwhal. Model votes using the BANTER model with one-third octave 

(TOL) event level variables are shown for predictions from (a) the Fisher Islands and (b) Kong 

Oscar datasets. Model votes using Random Forest (RF) models trained with TOL variables are 

shown in (c) and (d). 
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Figure S4.2. Mean power spectra for beluga (a) and narwhal (b) acoustic events published in 

Zahn et al. (2021b) from Reson recorders (500 kHz sampling rate). Power spectra in (a) and (b) 

are truncated to only show energy below 60 kHz to match the Nyquist frequency of the 

SoundTrap recording system (144 kHz sampling rate). Mean spectra for individual acoustic 

events are shown in gray. The overall mean spectra across events are shown in black with the 

noise floor provided as a dashed line. Green shaded areas in (a) and (b) demarcate the frequency 

bandwidths of the 16, 25, and 40 kHz one-third octave bands. Violin plots with inset box plots 

show the distribution of the TOL ratios (dB) between the 16 to 25 kHz and 25 to 40 kHz one-

third octave bands and the difference between these two ratios (i.e., 16:25 kHz TOL ratio minus 

the 25:40 kHz TOL ratio) for beluga (c) and narwhal (d) acoustic events.
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Chapter 5. SEASONAL HYDROGRAPHY AND UNIQUE PLUME 

SIGNATURES FROM MOORINGS AT NORTHWEST 

GREENLAND GLACIER FRONTS 

5.1 ABSTRACT 

Greenland’s marine-terminating glaciers connect the ice sheet to the ocean and provide a critical 

boundary where heat, freshwater, and nutrient exchanges take place. Buoyant freshwater runoff 

from inland ice sheet melt is discharged at the base of marine-terminating glaciers, forming a 

vigorous upwelling plume. It is understood that subglacial plumes modify waters near glacier 

fronts and increase submarine glacier melt by entraining warm ambient waters at depth. However, 

ocean observations along Greenland’s coastal margins remain biased toward summer months 

which limits accurate estimation of ocean forcing on glacier retreat and acceleration. Here, we fill 

a key observational gap in northwest Greenland by describing seasonal hydrographic variation at 

glacier fronts in Melville Bay using in situ observations from moorings deployed year-round, 

CTDs, and profiling floats. We evaluated local and remote forcing using remote sensing and 

reanalysis data products alongside a high-resolution ocean model. Analysis of the year-round 

hydrographic data revealed consistent above-sill seasonality in temperature and salinity with site-

specific plume signatures determined by glacier depth and runoff rate. The warmest, saltiest waters 

occurred in spring (April–May) and primed glaciers for enhanced submarine melt in summer when 

meltwater plumes entrain deep waters. Waters were coldest and freshest in early winter 

(November–December) after summer sea ice and glacier melt provided cold freshwater along the 

shelf. Ocean variability was greatest in the fall, coincident with large storms and wind events 
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before sea ice formation. Results increase our mechanistic understanding of Greenland ice-ocean 

interactions and enable improvements in ocean model parameterization. 

5.2 INTRODUCTION 

Greenland’s marine-terminating, or tidewater, glaciers connect the ice sheet to the ocean and 

provide important gateways for heat, meltwater, and nutrient fluxes. Mass loss of the Greenland 

ice sheet results from the discharge of ice into the ocean through glacier dynamics and deficits in 

surface mass balance (i.e., difference in snow accumulation and meltwater runoff) (Mouginot et 

al. 2019; Choi et al. 2021). Due to a warming climate, tidewater glaciers have been delivering 

solid ice and meltwater runoff from the ice sheet to the ocean at increasing rates with significant 

contributions to global sea level rise (Chen et al. 2017; IPCC 2019; IMBIE Team 2020). Marine-

terminating glaciers have submerged fronts in ocean inlets and fjords that can be over 1 km deep, 

and consequently, these glaciers are sensitive to ocean temperatures where warmer (cooler) 

waters have been linked to glacier acceleration (deceleration) and retreat (advance) (Holland et 

al. 2008; Gladish et al. 2015a; Gladish et al. 2015b; Khazendar et al. 2019; Wood et al. 2021). 

However, the mechanisms driving glacier retreat are complex and consist of interactions between 

the atmosphere, ice, ocean, and land geography (e.g., ocean bathymetry and steep fjord 

topography) (Straneo & Heimbach 2013; Mouginot et al. 2015; Fried et al. 2018; Wood et al. 

2021; Slater & Straneo 2022). For the ocean’s contribution to glacier retreat, researchers have 

relied on remote sensing and modeled simulations to estimate melt rates at the ice-ocean 

interface due to the paucity of sustained in-situ ocean measurements near Greenland’s glacier 

fronts (Sciascia et al. 2013; Fried et al. 2015; Carroll et al. 2016; Straneo et al. 2019; Catania et 

al. 2020; Jackson et al. 2020). Much of the empirical data that exist are from southeast and 
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central west Greenland (Straneo et al. 2010; Harden et al. 2014; Carroll et al. 2018), and prior to 

this study, there were no year-round observations from the northwest sector. 

Warming in the subpolar North Atlantic Ocean, observed in the 1990s and consistently 

since 2016  (Bersch et al. 2007; Desbruyères et al. 2021; Jackson et al. 2022), increases heat 

transport to Greenland’s marine-terminating glaciers via a network of coastal currents (Straneo & 

Heimbach 2013; Khazendar et al. 2019). Generally, waters circulating around Greenland on its 

continental shelf and within its fjords is composed of a colder, fresher surface polar water (PW) 

layer in the upper 100–200 m above a warmer, saltier Atlantic water (AW) layer below 200 m 

with an intermediary mixed water layer in between (Straneo et al. 2010; Wood et al. 2021). PW 

is sourced from the Arctic and Greenland glacial ice melt (Myers et al. 2009; Rykova et al. 

2015). AW is of subtropical origin from North Atlantic Current and Gulf Stream (Cuny et al. 

2002; Pickart et al. 2005). AW is shunted across coastal shelves into drainage basins and fjords 

where it comes into direct contact with glacier fronts (Straneo et al. 2010; Fenty et al. 2016; 

Straneo et al. 2016). The distribution of water masses along Greenland’s shelf and their 

characteristics vary seasonally and regionally depending on thermohaline circulation patterns, 

seafloor geometry, atmospheric forcing, and the annual sea ice cycle (Straneo et al. 2010; Harden 

et al. 2014; Jackson et al. 2014; Carroll et al. 2018). The intrusion of warm, subpolar AW into 

Greenland’s fjords has been shown to undercut glacier termini and increase glacier retreat and 

acceleration (Holland et al. 2008; Straneo et al. 2010; Straneo & Heimbach 2013; Harden et al. 

2014; Carroll et al. 2018; Rignot et al. 2021; Wood et al. 2021). However, the seasonality and 

magnitude of warm waters reaching Greenland’s glaciers and the factors influencing subsurface 

glacial melt are active areas of research.  



134 

 

 

 

Over the last decade, the formation of subglacial meltwater plumes formed at the base of 

Greenland’s glaciers has been identified as a fundamental mechanism that enhances submarine 

melt at the glacier face by entraining warm AW (Straneo et al. 2011; Straneo & Heimbach 2013; 

Bendtsen et al. 2015; Carroll et al. 2016; Morlighem et al. 2019; Slater & Straneo 2022). 

Freshwater runoff originating from inland ice sheet surface melt and basal frictional melt is 

ejected at the base of marine-terminating glaciers as turbulent plumes (Chu 2014; Mankoff et al. 

2016; Slater et al. 2022). The more buoyant plume rises towards the surface and mixes ambient 

waters until reaching neutral buoyancy. Increased runoff due to atmospheric forcing on the ice 

sheet can increase near-glacier ocean mixing and heat transport to the glacier front, increasing 

ambient melt and undercutting of the glacier terminus (Fried et al. 2015; Sutherland et al. 2019; 

Slater & Straneo 2022). Upwelled plume waters also bring nutrients to the surface photic zone, 

initiating regional primary production and biological activity (Cape et al. 2018; Williams et al. 

2021; Kanna et al. 2022; Møller et al. 2023).  

Recent work has demonstrated the physical and biological importance of subglacial 

plumes to Greenland’s coastal ecosystems (Meire et al. 2017; Slater et al. 2022; Oliver et al. 

2023). Yet, empirical observations of plumes are limited due to sampling constraints from 

hazardous conditions near calving glaciers and the high risk of instrument loss. Glacier termini 

have highly heterogenous morphologies across their faces, and how these fine-scale 

characteristics influence plume processes remains unexplained. A mechanistic understanding of 

fundamental local processes at the ice-ocean boundary is needed to accurately parameterize 

climate model simulations (Catania et al. 2020), but resolving complex regional ice-ocean 

dynamics (meter scale) with pan-Greenland trends in glacier retreat (1,000 km scale) remains a 

considerable challenge. NASA launched the Earth Venture-Suborbital Oceans Melting 
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Greenland (OMG) mission to address existing knowledge gaps surrounding Greenland’s ice-

ocean dynamics by collecting observations on the continental shelf (Fenty et al. 2016). The 

OMG campaign obtained oceanographic observations around Greenland at an unprecedented 

spatial scale and confirmed that the ocean plays an important role in Greenland glacier 

acceleration and retreat (Fenty et al. 2016; Wood et al. 2021). However, ocean observations 

along Greenland’s margins are still biased toward summer months with relatively few year-round 

measurements.  

Here, we describe year-round hydrographic variability at glacier fronts in Melville Bay 

based on moored instruments deployed from August 2018 to August 2020. We leverage in situ 

measurements from moorings, profiling floats, and CTDs together with reanalysis and an ocean 

numerical model to investigate the timing, magnitude, and exogenous forcing of the seasonal 

variability. We also discuss the heterogeneity and drivers of plume characteristics across sites. 

Knowledge of ocean variability at the glacier-ocean interface is needed to understand the 

mechanisms by which Greenland’s glaciers are melting and predict how changes due to warming 

temperatures will impact local ecosystems and the global climate. 

5.3 METHODS AND DATA 

5.3.1 Program Design 

Seafloor-mounted oceanographic moorings were deployed near glacier fronts in Melville Bay 

(Greenlandic: Qimusseriarsuaq), Northwest Greenland between 74°N and 76.5°N. Melville Bay 

features a large trough that is open to Baffin Bay to the southwest. To the east, the inner 

continental shelf consists of a discontinuous network of valleys and sills between 400–1,000 m 

deep that influence how water travels inshore and interacts with glacier fronts (Figure 5.1). A 
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total of six ocean moorings were deployed from the R/V Sanna at three sites over two years 

(2018–2020) and five were successfully recovered. Moorings were positioned in front of Rink, 

Kong Oscar (Nuussuup Sermia), and Sverdrup (Tuttulissuaq) glaciers (Bjørk et al. 2015). In this 

study, we refer to ocean mooring locations by the name of the nearest glacier because there are 

no placenames for the inlets in which they were deployed. The 2019–2020 mooring located near 

Sverdrup glacier was destroyed by icebergs and was unrecoverable. The 2019–2020 Rink glacier 

mooring site was shifted to the Fisher Islands due to inaccessibility of the original site from 

heavy ice conditions (Figure 5.1b). The approximate linear distance between the 2020 glacier 

front (Joughin et al. 2021) and mooring locations are 12 km for Rink, 25.7 km for the Fisher 

Islands, 17.2 for Kong Oscar, and 11.7 km for Sverdrup. Hereafter we refer to the Rink and 

Fisher Islands mooring locations jointly as Rink/Fisher. 
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Figure 5.1. Map showing the study region in Melville Bay, Northwest Greenland (a) with inset 

maps for ocean mooring locations that were positioned in front of three glaciers: Rink glacier (b), 

Kong Oscar glacier (c), and Sverdrup glacier (d). A schematic of hydrographic and passive 

acoustic instrumentation included on each mooring is also provided in (e). The MEaSUREs 

Greenland glacier ice velocity 2019 annual mosaic (Joughin 2022) is overlaid on ocean 

bathymetry from the International Bathymetric Chart of the Arctic Ocean (Jakobsson et al. 2012) 

in (a). Below-ice bed topography from BedMachine V5 (Morlighem et al. 2017; Morlighem et 
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al. 2022) is displayed in (b-d) with dashed lines along the 500-meter depth contour and glacier 

terminus positions for three years (2000, 2010, 2020) from SAR mosaics (Joughin et al. 2021). 

Colored diamonds indicate locations for each mooring site (green: Rink/Fisher, blue: Kong 

Oscar, orange: Sverdrup). Annual (f) and seasonal (g) glacier terminus variability normalized to 

zero at start of time series where decreasing (increasing) values indicate glacier retreat (advance). 

The shaded region in (f) shows the timeframe in (g). Estimates in (g) are available at ~monthly 

frequency for Rink glacier (green) and ~weekly for Kong Oscar (blue) and Sverdrup (orange) 

(Black & Joughin 2022). 

 

 Moorings were equipped with oceanographic sensors and passive acoustic recorders. 

Each mooring had two instruments that measured conductivity (salinity), temperature, and depth 

(CTD) with one positioned shallower at ~100 m and one deeper at ~300 m. Temperature loggers 

were staggered in between CTDs to fill profile gaps (Figure 5.1e, Table 1). Two hydrophones 

were placed below the shallow CTD to measure the acoustic presence of narwhals near each 

glacier front. Moored temperature and salinity measurements provide high-resolution, year-

round patterns of ocean properties that can be linked to ecosystem processes (Woodgate et al. 

2015; Janout et al. 2016; e.g., Danielson et al. 2022).  

5.3.2 Selected Glacier Fronts 

Our study sites include three glaciers with different characteristics and the aim to represent the 

variety of ice dynamics observed at Melville Bay glacier fronts. Kong Oscar glacier is the 

largest, fastest-flowing glacier, followed by Sverdrup and Rink. At present, Rink glacier has two 

termini with shallow grounding depths (mean: 113 m, maximum: 243 m). Kong Oscar is the 

deepest glacier (mean: 578 m, maximum: 747 m) and produces the most solid ice discharge (i.e., 

icebergs; Mankoff 2020b; Mankoff et al. 2020b). Sverdrup has an intermediate grounding depth 

(mean: 254 m, maximum: 532 m) but has the widest glacier front. Estimates of mean freshwater 
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runoff are smallest for Rink. The runoff arising from Kong Oscar and Sverdrup are similar, but 

Sverdrup is slightly higher. Supporting Table S5.1 provides a summary of each glacier’s 

properties. 

From 1980–2000, the terminus positions of Rink and Sverdrup were stable (i.e., neither 

appreciably advancing nor retreating) while Kong Oscar advanced and retreated within a 4 km 

range (Figure 5.1f). Between ~2000 and 2006, all three glaciers retreated. From 2006 to present-

day, Kong Oscar and Rink have been stable, but Sverdrup has continued to retreat. Sverdrup has 

the largest seasonal terminus variability, advancing/retreating ±2 km each year (Figure 5.1g). 

The terminus position of Kong Oscar glacier varies by half the magnitude of Sverdrup’s (±1 km). 

Seasonal terminus location variability of Rink glacier is effectively invariant (±0.1 km). If Rink 

glacier retreats in the future, it may shoal and become land-terminating (Figure 5.1b).  

5.3.3 Data Processing and Evaluation 

5.3.3.1 Moored Observations 

Moored CTDs sampled every 3 minutes and temperature loggers every 20 seconds. CTD 

pressure data were analyzed to identify anomalous spikes when the mooring was hit by icebergs 

with deep keels and depressed down the water column. Spikes, typically lasting 1–6 hours and 

spanning 10–50 m, were flagged and removed. Depth corrections were made for occasions when 

the mooring was dragged and settled at a new depth. Measurements were averaged into hourly, 

daily, and weekly datasets. Daily mean temperature and salinity provided a sufficient timescale 

to examine seasonal patterns and thus was the temporal resolution used in downstream analyses. 

Temperature and salinity profiles were made by linearly interpolating between observations in 

the vertical (depth) dimension.  
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The relationship between temperature and salinity was explored using T-S plots and 

known water mass densities from previous work (Curry et al. 2014). In T-S space, mixed Arctic 

waters exhibit a positive relationship between temperature and salinity where saltier waters are 

warmer and fresher waters are cooler. The timing of observations in relation to the T-S mixing 

line were considered in order to identify which months diverged from this line. Months where 

observations generally fell along the mixing line were identified and used to fit a linear model. A 

linear regression was run separately for each mooring as the slope of the mixing line varied 

slightly between each dataset. In situ temperature observations from the moorings were then used 

to predict salinity from the modeled fit. Predicted salinity values were subtracted from the in situ 

salinity observations to determine when and where (i.e., at what depths) salinity deviated from 

the mixing line. By plotting profiles of the difference between the observed and predicted 

salinities, key processes are identifiable, including evidence of subglacial plumes and upwelling 

or downwelling. 

5.3.3.2 Local Atmospheric and Ice Forcing 

The influence of ice and atmosphere dynamics on local ocean variability was examined by 

relating several key processes to the mooring observations. Year-round timeseries of sea ice 

cover, vertical velocity (derived from wind stress), air-sea heat fluxes, glacier ice velocity, 

glacier terminus advance/retreat, and subglacial freshwater runoff were plotted alongside the 

moored temperature and salinity measurements. Daily averages were calculated from hourly 

estimates of sea ice cover, wind stress, and air-sea heat fluxes (sum of shortwave radiation, 

longwave radiation, sensible, and latent heat fluxes) from the ERA5 reanalysis product 

(Copernicus Climate Change Service, Climate Data Store 2022; Hersbach et al. 2022). ERA5 

estimates were provided on a nominal 0.25x0.25° grid which corresponds to a ~6.9x27.8 km grid 
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cell at 76°N. The closest ERA5 grid cell to each mooring location was used. The Rink mooring 

location was selected to represent the Rink/Fisher site. 

Vertical velocity (m/day) was derived from daily wind stress to evaluate the potential role 

of Ekman pumping in ocean variability at the three sites. Only grid cells with <20% land cover 

were used. Wind stress curl was computed from individual vector components of the wind stress 

and was scaled by percent sea ice for each grid cell. Ekman pumping, or the vertical velocity at 

the base of the Ekman layer, 𝒘𝒆𝒌, was calculated by dividing the wind stress curl by a reference 

density (𝝆 = 1027 kg/m3) and the Coriolis parameter at 75°N. Daily vertical velocity was 

computed for the entire mooring deployment to compare with other variable time series. 

However, when fast ice forms and covers Melville Bay during winter months, sea ice inhibits the 

transfer of momentum between wind and the ocean surface. Therefore, we accounted for the 

influence of sea ice in our vertical velocity calculations by setting wind stress to zero when the 

concentration of sea ice in a grid cell exceeded 50%. We note that the interactions between wind, 

sea ice, and the ocean’s surface are complex, particularly at the sea ice edge. The movement of 

sea ice itself induces drag on the ocean surface, and further, the heterogeneity of sea ice creates 

highly variable surface drag conditions, making it difficult to estimate the degree to which wind 

stress acts on the ocean (Cole et al. 2017; Brenner et al. 2021). For our purposes, 50% sea ice 

concentration was used as an approximation for when sea ice cover substantially limits the force 

of wind imparted on the ocean. When Ekman pumping was suspected from observing large 

fluctuations in isotherms and isohalines in the mooring data, an additional analysis was 

conducted to compare wind-driven vertical motion to isopycnal variability. A one-dimensional 

ordinary differential equation (ODE) was constructed to model vertical motion over time. The 
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ODE included time-integrated vertical velocity and a relaxation term to represent the water 

column returning towards initial conditions (see additional methods in Supporting Text S5.1). 

 Measurements of glacier ice velocity, glacier terminus position, and subglacial runoff 

were compared to moored hydrographic observations at each site to investigate ice-ocean 

interactions between the glacier face and surrounding water. Ice velocity (m/yr) from Sentinel 

2A, 2B, and Landsat 8 imagery were extracted from the NASA MEaSUREs ITS_LIVE project 

(Gardner et al. 2018; Gardner et al. 2022) using a point measured at the glacier centerline and 

approximately half the glacier width up from the 2019–2020 glacier front. Relative glacier length 

(km) was normalized and represents the advance (positive) and retreat (negative) of each glacier 

terminus  (Black & Joughin 2022; Black & Joughin 2023). Relative length estimates were 

available at a weekly frequency for Kong Oscar and Sverdrup and monthly for Rink. The 

freshwater runoff dataset was derived from two regional climate models, Regional Atmospheric 

Climate Model (RACMO; Noël et al. 2019) and Modèle Atmosphérique Régional (MAR; 

Fettweis et al. 2017), and was available as a daily timeseries (Mankoff 2020a; Mankoff et al. 

2020a). Land and ice basins with runoff outlets in front of Rink, Kong Oscar, and Sverdrup 

glaciers were considered in our analyses. However, subglacial runoff from each glacier ice basin 

provided the largest freshwater input. 

5.3.3.3 Bathymetry and Cross-Shelf Hydrography 

The presence or absence of sills and troughs within a tidewater glacier fjord can inhibit or 

facilitate warm, AW from reaching the glacier front (Schaffer et al. 2017; Schaffer et al. 2020). 

Oceanic sills are shallow sites that restrict water flow whereas troughs are deep pathways that 

enable water movement. We investigated the role of bathymetry and hydrographic patterns 

across the continental shelf by constructing transects beginning from each glacier front and 
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ending at the edge of the continental shelf. Transects were hand-drawn along the thalweg, known 

as the line of lowest elevation along a valley or channel, using QGIS software (QGIS 

Development Team 2022). Bathymetric data were sourced from IceBridge BedMachine 

Greenland, Version 5 (Morlighem et al. 2017; Morlighem et al. 2022). During mooring 

deployment/recovery cruises, ship based CTDs were taken from the R/V Sanna. In addition to 

these CTD profiles, airborne-expendable CTDs (AXCTDs) from NASA’s OMG program were 

used to build temperature and salinity transects from the same year. Only CTD profiles that were 

on or near the thalwegs were included and observations between profiles were linearly 

interpolated for visualizing transect results. 

While thalwegs provide the line of lowest elevation, we developed an algorithm to extract 

lines of highest elevation, or ridgelines, on either side of the thalweg channel (Supporting Text 

S5.2 and Figure S5.1). Thalwegs and ridgelines were plotted alongside CTD transects to examine 

inshore-offshore hydrographic patterns. Thalwegs provided the lower bound and the ridgelines 

the upper bound for bathymetric constraints across the shelf.  

5.3.3.4 Remote Forcing 

In addition to releasing over one thousand AXCTDs on Greenland’s continental shelf during the 

summer, NASA’s OMG campaign deployed autonomous profiling floats in major troughs along 

the shelf to obtain measurements at a higher temporal resolution. Three floats were deployed in 

Melville Bay and were programmed to profile the water column approximately every five days. 

The first float was released in 2017 but lasted less than a month due to environmental and technical 

complications. Here, we utilize float data from the latter two Autonomous Profiling Explorer 

(APEX) floats (Teledyne Webb Research): APEX Floats F9185 (22 October 2020–16 December 

2021) and F9444 (20 September 2021–3 September 2023). In sum, the two floats provide nearly 
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3 years of data from the Melville Bay trough beginning in October 2020. The northbound West 

Greenland Current (WGC) follows Greenland’s western boundary and is generally composed of a 

colder, fresher coastal current—referred to as the West Greenland Coastal Current (WGCC)—on 

the shelf and a warmer, saltier wedge on the slope (Myers et al. 2009; Lin et al. 2018; Pacini et al. 

2020). Despite asynchronous observations between the float and mooring data, the timing and 

magnitude of offshore hydrographic seasonality provided a valuable comparison with the 

variability observed in the inshore mooring time series. By relating APEX float data to the moored 

observations, we examined whether upstream waters from the WGC that are advected inshore 

contributed to the hydrographic patterns observed at the glacier fronts. To accompany the offshore 

float data, we utilized a high resolution solution from the Estimating the Circulation and Climate 

of the Ocean (ECCO) Consortium to investigate seasonality in the WGC and remote forcing on 

glacier front hydrography in Melville Bay. Six years (2015–2020) of daily temperature and salinity 

from the ECCO model were analyzed (additional methods available in Supporting Text S5.3 and 

Figures S5.2–S5.4). 
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Table 5.1. Summary of ocean mooring instrumentation and deployments. 

Mooring Date 

deployed 

Date 

recovered 

Seafloor 

depth (m) 

Latitude 

(°N) 

Longitude 

(°W) 

CTD instrument 

(depths, m) 

Temperature logger (depths, m) 

Rink 25 Aug 2018 5 Aug 2019 703 76.1605 61.2791 SBE 37-SM MicroCAT 

RS-232 (76, 328) 

SBE 56 (125a, 203, 266, 408, 488, 

568, 648, 658) 

Fisher 5 Aug 2019 11 Aug 2020 370 76.1038 61.7270 SBE 37-SM MicroCAT 

RS-232 (137, 377) 

SBE 56 (187, 202, 227, 252, 277, 

302, 327, 352) 

Kong Oscar 24 Aug 2018 4 Aug 2019 251 75.8437 59.8429 SBE 37-SM MicroCAT 

RS-232 (104, 240) 

SBE 56 (123, 143, 162, 182, 201, 

220) 

Kong Oscar 4 Aug 2019 10 Aug 2020 250 75.8418 59.8431 SBE 37-SM MicroCAT 

RS-232 (94, 226) 

SBE 56 (113, 133, 153, 173, 193, 

213) 

Sverdrup 22 Aug 2018 3 Aug 2019 385 75.5413 58.4105 SBE 37-SM MicroCAT 

RS-232 (118, 355) 

SBE 56 (153, 188, 223, 258, 293, 

311, 337) 

Note. The sampling interval was 180 seconds for the CTD instruments and 20 seconds for the temperature sensors. aThis temperature 

logger stopped recording 25 days before the mooring recovery.
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5.4 RESULTS 

5.4.1 Seasonal Hydrographic Variability and Subglacial Plume Signatures 

Seasonal variability in temperature and salinity was consistent across the three sites (Rink/Fisher, 

Kong Oscar, and Sverdrup). Time series of unmodified upper and lower CTD measurements at 

varying depths (Supporting Figure S5.6) were consistent with depth-averaged trends (Figure 

5.2). Temperature and salinity reached a maximum in late spring (April–May) and a minimum in 

early winter (November–December). Temperature varied by approximately 1.25°C across depths 

and salinity varied by 0.8 psu between 120–140 m and 0.4 psu between 220–240 m. 

Hydrographic variability on a sub-monthly timescale and between sites was greater at shallower 

depths demonstrated by larger fluctuations in mean temperature and salinity within 120–140 m 

compared to 220–240 m (Figure 5.2). Shallow CTD observations also had a greater spread in T-

S space than those from deep CTDs (Figure 5.3). Temperature and salinity profiles between 100 

and 250 m showed that the Rink/Fisher site was slightly warmer than the Kong Oscar and 

Sverdrup sites within the AW layer (Supporting Figure S5.11). 
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Figure 5.2. Daily mean temperature and salinity anomalies between 120–140 m (a, b) and 220–

240 m (c, d) deep from moored observations at the three sites (green: Rink/Fisher, blue: Kong 

Oscar, orange: Sverdrup) with respect to each site’s mean values. Mean temperatures in (a) and 

(c) are -0.07°C and 0.64°C, respectively. Mean salinities in (b) and (d) are 33.60 and 33.91 psu, 

respectively. 
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Figure 5.3. Potential temperature-salinity (T-S) plots for CTD observations (daily means) from 

each mooring (shallow CTD: circles, deep CTD: triangles) colored by month (a–e). Green points 
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in (f) show CTD observations from all five moorings that occurred between March and June and 

gray points show the remaining observations between July and February. Grey contours show 

lines of constant potential density in kg/m3. Water masses are outlined as West Greenland Shelf 

Water (WGSW; θ < 7 °C; S < 34.1), West Greenland Irminger Water (WGIW; θ > 2°C; S > 

34.1), Polar Water (PW; θ ≤ 2 °C; S ≤ 33.7), and Transitional Water (TrW; θ > 2 °C; S > 33.7) 

following Curry et al. (2014). Note: Curry et al. (2014) refer to PW as Arctic Water but we use 

PW to distinguish it from Atlantic Water (AW). 

 

 

 Investigation of T-S variability from moored CTD observations at intermediate depths 

(~100–350 m) revealed the presence of PW (θ ≤ 2 °C; S ≤ 33.7) and Transitional Water (TrW; θ 

> 2 °C; S > 33.7) (Curry et al. 2014) at the three sites (Figure 5.3). Generally, observations 

showed a positive, linear relationship where saltier, warmer waters were found below fresher, 

colder waters. The larger T-S variability seen in shallow CTDs (~100 m) differed in magnitude 

and timing between sites. The greatest departure from the mixing line was found at Kong Oscar 

between November 2019 and January 2020 (Figure 5.3d). Observations between March and June 

remained on the mixing line, indicating that the most stable period was during the spring (Figure 

5.3f). 

 Freshwater anomalies computed from the difference in predicted (T-S linear fit) and 

observed (in situ moored CTDs) salinity clearly identified when and where CTD observations 

followed or deviated from the mixing line (Figure 5.4). Minimal to no differences in predicted 

and observed salinity were seen between March and June. The largest anomalies occurred from 

late summer to early winter at Kong Oscar and Sverdrup. Late summer anomalies between July 

and September at Kong Oscar and Sverdrup coincided with the timing of freshwater runoff and 

are characteristic of subglacial plumes (Figure 5.4). Subglacial plumes temporarily freshen 

waters near the glacier face and initiate vertical mixing where warm deep water masses are 
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advected upwards. There was a ~1–2 month lag between the onset of freshwater runoff in 

May/June and the arrival of upwelling plume waters (July) seen at Kong Oscar and Sverdrup. 

Rink/Fisher presented minimal variation compared to the other sites with no evident plume 

signature (Figure 5.4a). The estimated runoff rate for the Rink glacier ice outlet is less than one 

quarter the rate estimated for Kong Oscar and Sverdrup glaciers which have near-equal 

magnitudes. The prominent freshwater anomaly observed at Kong Oscar from November to 

January (2019–2020; Figure 5.4b) corresponded to the observations that departed from the T-S 

mixing line noted above (Figure 5.3d). During this time, freshwater progressively filled the upper 

200 m until mid-December when it began to diminish. The freshwater anomaly observed in fall 

2019 at Kong Oscar was associated with a strong wind-driven downwelling event and is 

discussed further in the following section (see Section 3.2). 
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Figure 5.4. Profiles showing the difference in predicted salinity from the T-S linear fit and in situ 

salinity observations for Rink/Fisher (a), Kong Oscar (b), and Sverdrup (c). Blue colors represent 

fresher waters than predicted and red indicates waters saltier than predicted. Freshwater runoff 

from two regional climate models (RACMO and MAR) is shown for comparison with the 

freshwater anomalies (Mankoff 2020a; Mankoff et al. 2020a). Freshwater runoff is reported for 

each glacier ice outlet and does not include other nearby land and ice outlets. 

 

5.4.2 Local Forcing 

Relating key ice and atmosphere processes to the mooring temperature and salinity profiles 

revealed their seasonal influence on local hydrography. Beginning in June, increased insolation 

caused melting of the ice sheet, glaciers, sea ice, and icebergs. During these summer months, sea 

ice retreated, glaciers retreated, glacier ice velocity increased, and the ocean absorbed heat 

(Figures 5.5–5.7). What proceeded was a seasonal nearshore freshwater pulse and deepening of 



152 

 

 

 

isopycnals from June through December as meltwater flowed into coastal waters. Freshwater 

runoff increased in June following summer ice sheet melt, reached a maximum in July/August, 

and stopped in September (Figures 5.5–5.7f). 

 

 

Figure 5.5. Timeseries of key variables to relate local ice and atmospheric processes to ocean 

variability at the Rink/Fisher mooring site. Sea ice concentration (a), vertical velocity (b), 

terminus position (c), glacier ice velocity (d), air-sea heat flux (e), freshwater runoff (f), and 
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profiles of temperature (g) and salinity (h) anomalies are shown between August 2018 and 

August 2020 with respect to overall mean values (across depths and sampling period). Although 

temperature loggers for the 2018–2019 Rink mooring recorded down to 658 m, the upper 400 m 

are shown here (g) to better match the sampling range in 2019–2020. The black line in (b) shows 

vertical velocity when sea ice is accounted for (i.e., wind stress is zero when sea ice 

concentration is above 50%) and the gray line is without considering the presence of sea ice. 

Increasing values for the relative terminus position (c) indicate glacier advance and decreasing 

values mean glacier retreat. The black line in (d) is the 30-day running mean of individual ice 

velocity estimates from satellite imagery (gray points). Air-sea heat flux values (e) are positive 

for atmosphere heat gain (ocean heat loss). Runoff (f) is shown for all land and ice outlets near 

the Rink glacier terminus (blue) and only the Rink glacier ice outlet (orange). Runoff is plotted 

with 15% uncertainty following Mankoff et al. (2020a). The mean temperature isotherm (0.8°C) 

is overlaid in (g) and potential density isopycnals are shown in (h). Horizontal triangles in (g) 

and (h) show the depths where hydrographic sensors were located within each profile. Specific 

details about the source and derivation of each dataset shown are provided in section 2.2.2. 
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Figure 5.6. Same as Figure 5.5 but for the Kong Oscar mooring site between August 2018 and 

August 2020. The mean temperature isotherm of 0.2°C is overlaid in (g). 
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Figure 5.7. Same as Figure 5.5 but for the Sverdrup mooring site between August 2018 and 

August 2019. The mean temperature isotherm of 0.7°C is overlaid in (g). 

 

The transition between summer and fall occurred by mid-September when the ocean 

began to lose heat, freshwater input from runoff stopped, and local winds increased. Northbound 
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low pressure systems traveling up the west Greenland coast brought cyclonic winds to Melville 

Bay and created downwelling-favorable conditions along the coast (Supporting Figures S5.7–

S5.8). Wind speeds were strongest in the fall and winter but only influenced ocean vertical 

motion when sufficient open water existed (i.e., minimal sea ice). Fall sea ice formation began 

one month later and was more gradual in 2019 (~18 October) than in 2018 (~17 November; 

Figures 5.5a, 5.6a, 5.7a). The magnitude of vertical velocity varied between sites but was largely 

negative (downward) motion with the exception of Rink/Fisher where a few upwelling events 

occurred in October and November 2019 (Figures 5.5b, 5.6b, 5.7b). Further exploration of the 

freshwater anomaly in fall 2019 at Kong Oscar showed close alignment between modeled 

vertical motion and isopycnal variability (Supporting Figure S5.9), indicating wind-driven 

mixing. In addition to wind-driven vertical motion, ocean heat loss between September and 

January led to downward buoyancy-driven circulation as colder (i.e., denser) waters sank. In the 

winter and spring (December–May), Melville Bay was covered in landfast ice, glaciers advanced 

and decelerated, and warm, salty waters shoaled. During this period, sea ice cover inhibited 

wind-driven mixing and isotherms were smooth (g,h in Figures 5.5–5.7), reflecting stability in 

the water column. The fast ice broke-up late-June following the temperature and salinity 

maximum. 

 While the seasonal trends described above were consistent across the three sites, 

differences in plume dynamics were found. Total runoff, inclusive of land and ice outlets, was 

largest at Kong Oscar, followed by Sverdrup, and then Rink/Fisher (Figures 5.5f, 5.6f, 5.7f). 

However, Kong Oscar and Sverdrup had near equal runoff rates when considering only the 

contribution from the glacier ice basin and no other nearby land/ice sources. Subglacial plume 

signatures in local hydrography also differed between sites. Positive temperature anomalies in 
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shallow waters between June and September provided evidence of subglacial plumes as warm 

temperatures at depth rose toward the surface. Temperature signatures for plumes were observed 

for Kong Oscar and Sverdrup but not for Rink/Fisher (Figures 5.5g, 5.6g, 5.7g). Evidence of the 

plume was most visible at Kong Oscar. 

5.4.3 Impacts of Bathymetry and Remote Forcing 

Along-thalweg summer CTD transects extending from each glacier front to the edge of the inner 

shelf showed the modification of near-terminus water from glacier freshwater input (Figure 5.8). 

Isopycnals deepened near all glacier fronts, indicating the presence of a deeper PW wedge that 

borders the coastline (Figure 5.8c–h). The upper cold, fresh layer (PW) and deeper warm, salty 

layer (TrW and WGIW) were intensified and more stratified farther offshore. Compared to 

offshore profiles, inshore profiles were warmer and fresher in near-surface waters (<200 m) and 

cooler and fresher at depth, consistent with subglacial plume mixing near the glacier termini. 
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Figure 5.8. Example cross-shelf CTD transects for summer 2018 at each glacier site: Rink/Fisher 

(c, d), Kong Oscar (e, f), and Sverdrup (g, h). Panel (a) shows the location of hand-drawn 
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thalwegs (black), ridgelines produced from our program (red; see section 2.3.3), and 2018 ship-

based CTDs (white inverted triangles) and AXCTDs (black triangles) used in the transects (c–h). 

Temperature (blue) and salinity (red) profiles for all 2018 CTDs used in the transects are 

presented in (b) with mean profiles shown in black. The thalweg distance (km) begins at the 

glacier front and increases going offshore. Along thalweg temperature transects are shown on the 

left (c, e, g) with potential density isopycnals, and salinity transects are shown on the right (d, f, 

h) with the 33.7 isohaline overlaid. In all transects (c–h), the shaded black region shows the 

bathymetry along each thalweg and the shaded gray region shows the ridgeline elevations to 

either side of the thalweg. CTD locations are plotted at the top of each transect with sampling 

dates (MM-DD) provided on temperature transects. White arrows in (d, f, h) indicate locations of 

sills along each thalweg. Mooring locations for each site are shown in (c–h) with upper and 

lower bounds (horizontal red lines) marking the depth range covered by temperature sensors. 

Mooring locations displayed on transects are for reference only; no mooring data were used in 

the creation of the temperature or salinity transects. Since the Rink/Fisher mooring site differed 

between years, the 2018–2019 Rink mooring location and sensor depths are pictured in (c) and 

(d) because the location of the 2019–2020 Fisher mooring was not on the tranect (a). 

 

Visualization of thalweg and ridgeline bathymetry for the three sites showed that the 

seafloor geometry across the shelf is highly variable with many peaks and troughs (Figure 5.8c–

h). The mean ridgeline depth, inclusive of all three sites, was 359 m and the mean thalweg depth 

was 665 m. For all sites, ridgelines reached the surface around 30–40 km from the glacier front, 

forming nearby islands and small inlets (Figure 5.8). The warm, freshwater lens at the surface, 

known as the seasonal surface mixed layer, was visible throughout most of the transect except 

for the closest 30–40 km in front of the glacier termini.  

Thalweg bathymetry extending from each glacier front generally deepened going 

offshore but contained sills that inhibited horizontal water movement. The Rink/Fisher thalweg 

had two sills, one inshore at 447 m and the other offshore at 393 m (Figure 5.8d). However, we 
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note that both sills were deeper than the grounding line of the glacier (223 m). The Kong Oscar 

transect had three sills at 317, 458, and 497 m with the shallowest one 11 km from the glacier 

front (Figure 5.8f). Sverdrup had one outer sill at 606 m and one inner sill at 407 m (Figure 

5.8h). All moorings, with the exception of the 2018–2019 Rink/Fisher mooring, did not measure 

temperature or salinity below sill depths (see moorings plotted in Figure 5.8c–h ). The 2018–

2019 Rink/Fisher mooring was instrumented with temperature loggers down to 658 m (Table 1) 

and positioned in a trough between the glacier front and inshore sill. Examination of the full-

depth Rink/Fisher temperature profile revealed a distinct difference in seasonal hydrography 

above and below the sill at ~400 m. The consistent seasonal pattern observed at all sites was 

visible above the sill for Rink/Fisher and little change in temperature was observed below the sill 

(Supporting Figure S5.10). 

 Offshore profiling float data from the Melville Bay trough showed clear seasonality in 

temperature and salinity down to ~500 m (Figure 5.9). A summer seasonal mixed layer of warm, 

fresh water was visible from July to September in near-surface waters <50 m (Figure 5.9a,b). By 

fall (September–October), air-sea heat fluxes changed sign and waters began to cool. 

Accordingly, surface freshwater melt accumulated during summer along the coast became denser 

and propagated downward (i.e., PW layer thickened) throughout winter in the upper ~100 m. 

Similarly, seasonality was observed in ECCO temperature and salinity estimates along the WGC 

and showed the progression of warm, saline AW propagating northward (Supporting Figure 

S5.4–S5.5). 

The core AW layer in the Melville Bay trough was identified between 320–380 m in the 

profiling float and ECCO data. At these depths, temperatures reached a maximum in November 

and December, coinciding with temperatures near glacier fronts changing sign and beginning to 
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warm (Figure 5.9e). Maximum temperature and salinity offshore occurred approximately 4–5 

months before corresponding maxima observed in inshore moored observations (April–May). 

Temperature from the float data varied annually by ~0.5°C and salinity by ~0.2. Empirical data 

from APEX floats showed a longer cooling and freshening period (December–September: 9 

months) in the trough than at glacier fronts (May–December: 7 months) between 320–380 m.  

 

 

Figure 5.9. APEX float temperature (a) and salinity (b) profiles, intermediate depth (320–380 m) 

mean temperature and salinity time series (c), and float profile locations (d) for F9185 (22 

October 2020–16 December 2021) and F9444 (20 September 2021–3 September 2023). The 

comparison between monthly mean temperature (detrended and normalized) for the ECCO 
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solution, APEX floats, and mooring time series between 320–380 m is shown in (e). For (c), 

individual profile mean temperature (blue) and salinity (red) observations are shown with 

overlaid monthly means in solid and dashed black lines, respectively. Profile GPS locations in 

(d) were linearly interpolated for occasions when the float could not obtain a fix. Colored 

diamonds above temperature and salinity profiles in (a) correspond to the colored profile 

locations in (d). Orange circles show positions for when F9185 drifted north, outside of the 

Melville Bay trough. Observations outside of the trough (F9185 north) were not included in 

calculations for the APEX float time series in (e). 

 

5.5 DISCUSSION 

5.5.1 Melville Bay Seasonal Hydrography 

Examination of mooring data at three glacier fronts in Melville Bay revealed consistent above-

sill seasonality across sites, indicating that similar exogenous forces shape hydrographic 

variability at Northwest Greenland glacier termini. The warmest, saltiest waters were observed in 

late spring (April–May maximum) before ice sheet surface melt began and cold meltwater 

flowed from glaciers to the shelf. The coldest, freshest waters occurred in early winter 

(November–December minimum) after the summer melt season.  

Based on moored temperature and salinity profiles and from investigating observations in 

T-S space, we propose that hydrographic variability at Melville Bay glacier fronts consists of 

three primary phases: variable, intermediate (or recovery), and stable. The open-water season in 

summer and fall constitutes the variable phase due to local atmosphere and ice dynamics. 

Variation in temperature and salinity was greatest between July and November, coincident with 

local plume-driven mixing and large wind events before winter sea ice formation. The shift from 

plume-driven upwelling to wind-driven downwelling created a dynamic setting between summer 

and fall. Ekman pumping was most notably observed at the Kong Oscar site in fall 2019 which 
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may be associated with the longer open-water season of 2019. Fast-ice formation occurred one 

month later in 2019 than in 2018. The intermediate period occurs in winter (December–

February) as waters recover from the variable phase. It is during the intermediate phase that the 

renewal of warm, salty waters takes place as AW shoals and transitions to the stable phase in 

spring between March and June. During this time, inshore waters were most stable following 

winter months when local forcing from glacier dynamics (e.g., runoff, calving) was minimized 

and sea ice acted as a barrier to wind-generated Ekman pumping. The shoaling of AW in spring 

primes glaciers for enhanced submarine melt in July due to warm water entrainment from 

summer subglacial plumes. 

5.5.2 Local and Remote Forcing 

Our results indicate that Melville Bay hydrography is shaped by both local and remote forcing. 

Local effects of freshwater runoff, wind stress, sea ice, air-sea heat fluxes, and glacier behavior 

(i.e., speed and advance/retreat) on glacier front hydrography modulated sub-monthly variability, 

particularly in summer and fall. Conversely, we speculate that remote forcing from upstream 

currents controls the renewal of warm, salty AW inshore near glacier fronts during spring 

(Figure 5.9). This conclusion is supported by float profile observations of warmer, saltier waters 

offshore and seasonality observed in the ECCO solution and float data. When offshore 

temperatures in the Melville Bay trough peak in November–December, temperatures near glacier 

fronts changed sign and began to warm, suggesting warm, salty waters are advected inshore and 

contribute to the renewal of AW from December to May. Generally, local conditions modify 

inshore waters on shorter timescales (weeks) compared to remote effects (months to years). 

Future work to quantify the seasonality of PW in the WGCC will help elucidate what fraction of 
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the freshwater pulse observed in our moorings (March–December; Figure 5.2) originates from 

local summer melt versus remote circulation pathways. 

Altogether, observations from moorings, CTDs, and profiling floats verify heat transport 

from the North Atlantic to glacier fronts in Melville Bay in concordance with existing literature 

(Carr et al. 2013; Porter et al. 2014; Willis et al. 2018; Wood et al. 2018; Morlighem et al. 2019). 

Although waters are modified as they travel poleward from the southern tip of Greenland along 

the west coast, we confirm the presence of Atlantic-origin water in the form of TrW (-0.5–2°C) 

based on water mass properties in T-S space (Figure 5.3). Ocean waters surrounding Greenland 

experience progressive heat loss as northbound warm, saline AW meet cold, fresh PW from 

outlets of tidewater glaciers and the Arctic Ocean. Waters along southeast Greenland and the 

Irminger Sea experience the warmest mean AW temperatures (8–10°C), owing to their proximity 

to the North Atlantic Current (Straneo et al. 2012). Conversely, AW in Melville Bay is much 

colder due to mixing of AW and PW and released heat during transit via air-sea temperature 

exchanges (Rignot et al. 2012; Straneo et al. 2012; Rysgaard et al. 2020). However, unlike 

typical fjord systems where in- and outflowing water follow a single or few primary channels, 

marine-terminating glaciers in Melville Bay are exposed to shelf waters that have traveled across 

the shelf through numerous pathways. Despite the dilution of AW along Greenland’s western 

boundary, deep glaciers in Melville Bay will be susceptible to increased submarine melt with 

increasing ocean temperatures, referred to as the “Atlantification” of the Arctic (Årthun et al. 

2012; Asbjørnsen et al. 2020; Ingvaldsen et al. 2021). 

5.5.3 Evidence of Plume and Role of Bathymetry 

Our results provide empirical evidence of subglacial plume signatures from mooring profiles 

where anomalously warm, fresh waters were observed at shallow depths less than 200 m. Direct 
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observations of subglacial plumes have been collected using CTDs (Bendtsen et al. 2015; Fenty 

et al. 2016; Mankoff et al. 2016; Straneo et al. 2016; Willis et al. 2018) and imagery from 

cameras and satellites (Fried et al. 2015; Schild et al. 2016), but to our knowledge, there has not 

been a complete hydrographic timeseries of subglacial plume upwelling prior to the present 

study. Meltwater plumes driven by upwelling runoff were seen in hydrographic profiles for Kong 

Oscar and Sverdrup but not for Rink/Fisher (Figure 5.4). Known features of these glaciers (see 

section 2.2) explain the observed differences in plume signatures. Kong Oscar and Sverdrup are 

midsized glaciers with deep grounding lines (>300 m) so buoyant meltwater runoff released at 

the base of their termini creates a larger density gradient and more turbulent upwelling plume. 

Conversely, Rink is a shallow glacier (<300 m grounding depth) so the rising plume equilibrates 

with ambient waters more quickly. Additionally, Kong Oscar and Sverdrup discharge four-times 

the volume of freshwater runoff compared to Rink (Figure 5.4) and thus produce larger plumes 

with greater mixing potential. Therefore, we expect warm water entrainment is substantially 

higher for Kong Oscar and Sverdrup than for Rink. Our results support the conclusion that the 

glacier grounding depth and runoff rate determine the magnitude of the rising plume, and thus 

undercutting potential, at glacier fronts. 

Seafloor geometry at or near the glacier front controls onshore-offshore horizontal water 

flow in addition to the vertical motion of the plume. Glacier basin walls and coastal islands—

illustrated here as ridgelines extending above sea level—spatially coincided with the dissolution 

of the surface mixed layer. These findings suggest that the local topography near the glacier 

fronts may constrain locally modified waters formed from the mixing of runoff, subglacial melt, 

and iceberg melt during the summer (Figure 5.8). However, freshwater export is also influenced 

by water density gradients and near-terminus circulation. Plume signatures from the moored 
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observations began 30–45 days after the onset of freshwater runoff (Figure 5.3b,c) consistent 

with other studies showing delayed freshwater export (Sanchez et al. 2023). Furthermore, we 

show ocean sills restricted cross-shelf circulation, where seasonal hydrographic variability was 

observed above the sill depth but was largely invariant below the sill. Renewal of below-sill 

basin waters occurred in the spring when isopycnals shoaled and dense coastal inflows spilled 

over shallow ridges. Based on the sill depths of the three transects, the mean ridgeline depth (359 

m), and offshore float profiles, we expect the majority of ocean variability within the Melville 

Bay shelf occurs in the upper 400 m. 

We attribute the consistent seasonality observed in our three study sites to the lack of 

long, narrow fjord channels in Melville Bay which exposes glacier fronts to shelf waters and 

exogenous forcing in a similar way. Compared to much of Greenland’s coastline, this region is 

unique in that tidewater glaciers terminate directly into Melville Bay as opposed to being situated 

in deep, extended fjords tens of kilometers in length. More uniform exchange between in- and 

offshore waters leads to the same seasonal progression of temperature and salinity (Figure 5.2). 

However, during the summer and fall variable phase, unique glacier characteristics drive site-

specific plume signatures that temporarily modify nearshore waters and create a heterogeneous 

oceanographic environment along the coast. 

5.5.4 Factors Controlling Glacier Retreat 

There is a growing body of literature demonstrating the ocean’s role in driving the retreat and 

acceleration of Greenland’s marine-terminating glaciers (Fenty et al. 2016; Khazendar et al. 

2019; Wood et al. 2021). It has been shown that while submarine glacier melt in south Greenland 

is largely due to ocean warming, in Northwest Greenland it is primarily governed by atmospheric 

warming via increased runoff and warm water entrainment (Slater & Straneo 2022). Yet, 
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understanding the relative contributions of ice, ocean, and atmosphere forcings on glacier 

behavior is difficult with limited empirical observations. Glacier model simulations for 

Northwest Greenland glaciers support the hypothesis that ocean forcing can initiate glacier 

retreat while the glacier bed geometry determines the rate and magnitude of the retreat 

(Morlighem et al. 2019; Wood et al. 2021). Generally, glaciers on a retrograde (i.e., downhill 

going inland) bed slope are expected to be more susceptible to retreat compared to prograde (i.e., 

uphill going inland) slopes (Catania et al. 2018). In the present study, we investigated three 

glaciers with different behavior within the same region, each ~50 km apart. Although our results 

showed consistent hydrographic seasonality across sites, the thermal forcing experienced by each 

glacier front varies due to differences in glacier grounding line depths and runoff rates. As a 

relatively shallow glacier (243 m deep), Rink encounters the lowest thermal forcing compared to 

Kong Oscar (747 m deep) and Sverdrup (532 m deep). Rink has also retreated along a prograde 

slope to form two termini tightly bound by land (Figure 5.1b). Therefore, it is not surprising that 

Rink presents little to no seasonal and interannual terminus position variability and has remained 

stable in recent years.  

After all three glaciers were destabilized in the late-1990s and retreated (Wood et al. 

2021), Rink and Kong Oscar found new stable positions, but Sverdrup continued to retreat 

(Figure 5.1f). The bathymetry directly in front of Kong Oscar glacier has yet to be mapped but is 

expected to be a steep retrograde slope (Supporting Figure S5.12). Based on the characteristics of 

Kong Oscar, continued retreat of the glacier is expected. However, we speculate that Kong Oscar 

is currently choked by narrow local bed topography which may be inhibiting further retreat 

(Figure 5.1c). Despite Kong Oscar being a faster glacier with more solid ice discharge, Sverdrup 

has a larger mean runoff rate and is almost twice the width of Kong Oscar. A definitive cause for 
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Sverdrup’s ongoing retreat compared to Kong Oscar is unclear, but it may be the combination of 

a deep grounding line along a retrograde slope, sufficiently high runoff, and a wide channel that 

results in continued destabilization of the terminus. Still, evaluating additional variables and the 

interactive effects between ice mélange, sea ice, subglacial plumes, and glacier characteristics 

(e.g., width, ice velocity, and bed slope) remains a considerable challenge in predicting glacier 

behavior.  

5.5.5 Oceanographic Setting of Melville Bay Glacier Fronts and Future Work 

The clear seasonality observed in our mooring data closely aligns with the seasonal pattern seen 

in intermediate depth waters (~260 m deep) at the mouth of two fjords in central west Greenland 

(Carroll et al. 2018). Warm waters from the WGC are shunted through Uummannaq trough to 

fjords in central west Greenland, reaching a temperature maximum in spring (April–May; Carroll 

et al., 2018). Similarly, we show above-sill waters that have transited through the Melville Bay 

trough to glacier fronts also peak in April–May. In Davis Strait, WGIW reach maximum 

temperatures between November and December (Curry et al. 2014), ~5 months before Carrol et 

al. (2018) observed a peak in temperature of intermediate depth waters. However, since we find a 

similar ~5 month lag in temperature maxima at Melville Bay glacier fronts, it is possible that the 

thickening of the PW layer (i.e., freshening and cooling) observed along the inner west 

Greenland shelf is controlled more by seasonal freshwater runoff and to a lesser extent advection 

from upstream WGCC waters. 

Moored observations from southeast Greenland fjords and the continental shelf provide a 

stark difference in hydrographic variability compared to those in west Greenland. Notably, the 

prevalent northeasterly winds in Baffin Bay are much weaker than the extreme along-shore 

winds observed in southeast Greenland. Moored observations in southeast Greenland near 
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Helheim and Kangerdlugssuaq glaciers show significant variability over very short (daily) 

timescales (Straneo et al. 2010; Jackson et al. 2014). These rapid changes in fjord hydrography 

are due to the absence of shallow sills and high-velocity barrier winds along the southeast 

Greenland coast that drive rapid cross-shelf exchange with fjord waters without bathymetric 

constrictions (Straneo et al. 2010; Harden et al. 2014). Outside of the fjord, Harden et al. (2014) 

suggest that the thickening of the PW layer in the East Greenland Coastal Current (EGCC), 

which feeds into the WGCC, during winter and spring originates from advection of Arctic PW 

export through Fram Strait as opposed to being sourced from Greenland runoff. Further research 

is needed to investigate the relative contributions of Greenland runoff and PW exported from the 

Arctic in Greenland’s coastal currents (i.e., EGCC and WGCC). 

For Melville Bay specifically, we encourage future work to assess how the hydrographic 

seasonality described herein is related to biological processes. For instance, subglacial plumes 

are expected to bring nutrient-rich waters to the photic zone and promote primary productivity 

(Meire et al. 2017; Kanna et al. 2022). However, as summer plumes fuel primary production, 

autumn storms that cause downwelling can quench it as nutrients in the surface layer are not 

replenished. Our results showing year-round variability in temperature and salinity provide the 

necessary physical basis to understand larger ecological dynamics, including seasonal habitat-use 

of Melville Bay glacier fronts by marine mammals and seabirds (Laidre et al. 2016; Straneo et al. 

2022). 

5.6 CONCLUSIONS 

Coastal waters at glacier fronts in Melville Bay exhibited consistent above-sill seasonality in 

temperature and salinity with unique plume signatures driven by seafloor geometry and glacier 

dynamics. Analysis of in situ observations, reanalysis and glacier data products, and a high-
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resolution ocean model indicated seasonal modulation of local and remote forcing on regional 

glacier front hydrography. Temperature and salinities reached a maximum in late spring (April–

May) after the winter fast ice period and a minimum in early winter (November–December) 

following the summer melt season. We found that springtime ocean warming primes glacier 

fronts for submarine melt via summer subglacial plume mixing. Late summer and fall variability 

were largely driven by local processes, including vertical mixing from runoff and wind-driven 

downwelling. During winter when Melville Bay is covered in fast ice, the water column 

gradually stabilized as warm, salty water shoaled. Results support the assertion that runoff rates 

and outlet depths (i.e., glacier grounding depth) determine the magnitude of buoyant meltwater 

plumes in glacier front hydrography. To our knowledge, the mooring data presented here are the 

only year-round observations that have been made in Melville Bay, and further, they provide the 

first complete hydrographic time series of subglacial plume upwelling near glacier fronts. 

Understanding year-round ocean variability along Greenland enables calibration and validation 

of global ocean numerical models and informs our understanding of ocean-ice interactions 

including plume dynamics. It also provides a foundational understanding of how the physical 

environment evolves throughout the year which can be linked to biological and ecological 

processes, such as primary production and the seasonal occurrence of narwhals at glacier fronts 

in Melville Bay. 
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5.8 DATA AVAILABILITY 

All mooring and CTD data from the OMG Narwhals project and bathymetry, AXCTD, profiling 

float, and elevation data from the OMG mission are available via NASA/Caltech’s JPL Physical 

Oceanography Distributed Active Archive Center (PO.DAAC) at 

https://podaac.jpl.nasa.gov/omg. BedMachine version 5 data are provided by the NSIDC at 

https://doi.org/10.5067/GMEVBWFLWA7X. ERA5 hourly data are supplied by the Copernicus 

Climate Change Service Climate Data Store at https://doi.org/10.24381/cds.adbb2d47. 

Freshwater runoff data are available at https://doi.org/10.22008/promice/freshwater. Ice velocity 

data were extracted from the NASA MEaSUREs ITS_LIVE project at https://its-

live.jpl.nasa.gov. Glacier terminus positions are accessible through NSIDC at 

https://doi.org/10.5067/DGBOSSIULSTD. All analyses were conducted using Python (version 

3.9.7) and relied on the xarray (Hoyer & Hamman 2017), cartopy (Met Office 2010 - 2015), 

pandas (McKinney 2010; The pandas development team 2023), and NumPy (Harris et al. 2020) 

packages. The code used to produce all analyses and figures for this manuscript are publicly 

available on Github: https://github.com/mjzahn/OMG_Narwhals_hydrography-manuscript. 

5.9 SUPPLEMENTAL MATERIALS 

Text S5.1. Ordinary Differential Equation (ODE) to model vertical motion over time 

Given the downwelling favorable conditions along the Melville Bay coast during the fall, we 

suspected wind-driven vertical motion to account for some of the isopycnal variation observed at 

https://podaac.jpl.nasa.gov/omg
https://doi.org/10.5067/GMEVBWFLWA7X
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.22008/promice/freshwater
https://its-live.jpl.nasa.gov/
https://its-live.jpl.nasa.gov/
https://doi.org/10.5067/DGBOSSIULSTD
https://github.com/mjzahn/OMG_Narwhals_hydrography-manuscript
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Kong Oscar. To model vertical motion for each timestep (equal to 1 day), we used the following 

equations: 

𝑑ℎ

𝑑𝑡
= vertical motion + relaxing term 

= 𝑤𝑒𝑘 − (
ℎ𝑡
𝜏
) (S5.1) 

 

ℎ𝑡+1 = ℎ𝑡 + 𝑑𝑡
𝑑ℎ

𝑑𝑡
(S5.2) 

 

where ℎ refers to the change in vertical height (or depth) in the water column each day (𝑑𝑡 = 1 

day) and is negative downwards. The initial height, ℎ0, is zero and represents the initial depth 

(m) that the water column is returning towards over the relaxation period, 𝜏. The relaxation 

period parameter (𝜏), expressed in number of days, was adjusted until the best approximation of 

ℎ to the observed Kong Oscar isopycnal was achieved. 

 

Text S5.2. Algorithm to extract ridgelines along seafloor 

To identify ridges, the program searches along lines extending from the thalweg for the elevation 

maximum (Supporting Figure S5.1a). Here, a radius extending 8 km on either side of the thalweg 

was used. The procedure was initially designed so that search lines extended perpendicular to the 

thalweg. However, in regions where tight curves were present in the thalweg, search lines 

overlapped which led to discontinuous ridges. Therefore, a reference line that runs roughly 

parallel to the thalweg is used to define the angle at which search lines extend from the thalweg. 

The reference may have bends to better match the thalweg trajectory. If multiple elevation 

maxima are identified, the program is configured to extract one local maximum based on a set of 

conditions in an effort to find one continuous ridge. Outlier points are identified based on spatial 

coordinates and are smoothed by using nearby points to interpolate a corrected position 

(Supporting Figure S5.1b). Ridgelines produced by the program were validated by comparing 

them with hand-drawn ridgelines created in QGIS and the results showed good agreement. 
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Text S5.3. Evaluating remote forcing using high resolution ECCO solution 

The ECCO model domain covered central and northwest Greenland from approximately 68°N to 

78°N across Baffin Bay from 39°W to 77°W (Figure S5.2). The area of each grid cell along the 

West Greenland coast and used in our analyses was approximately 3600 m2. To identify 

seasonality of Atlantic water (AW) propagating north in the West Greenland Current, we 

analyzed seven transects of temperature and salinity along the horizontal (x) dimension at evenly 

distributed intervals (every 25 rows) across the y dimension: rows 0, 25, 50, 75, 100, 125, 150 

(Figure S5.2). For each transect, boxes were isolated (dimensions x and z) where the core AW 

layer occurred. AW boxes were identified using seasonal mean temperature and salinity profiles 

and isopycnal boundaries. Potential densities of 27.3 and 27.4 kgm-3 were used to define the 

upper and lower depth limits (example for row 0 provided in Figure S5.3). AW boxes were 

extracted, detrended, and normalized by their standard deviation. Monthly time series were 

plotted for each AW box to evaluate seasonality along the central and northwest Greenland coast 

(Figure S5.4). The most northerly AW box from row 150 in Melville Bay was compared to the 

APEX float and Melville Bay seasonality (Figure 5.9e in main text). 
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Figure S5.1. Ridgeline algorithm example from the Rink glacier transect showing the 

procedure for identifying elevation maximums (a) and smoothing (b). 
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Figure S5.2. Annual potential temperature climatology (2015–2020) at 352 m from the ECCO 

solution in the model grid (a) and coordinate (b) projections. 
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Figure S5.3. Example row 25 transect (a) showing the potential temperature anomaly profiles 

with overlaid isopycnals for the four seasons (Summer=July, August, September; Fall=October, 

November, December; Winter=January, February, March; Spring=April, May, June). The dashed 

line box in (a) shows the AW box extracted for calculating seasonal time series. ECCO potential 

temperature (b) and salinity (c) annual climatologies at 352 m are provided with black lines 

showing the AW boxes selected for each row transect. 
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Figure S5.4. ECCO monthly potential temperature (a) and salinity (b) time series for each row 

transect. All ECCO estimates were detrended prior to taking monthly means and normalized by 

their standard deviation. 

 

 

Figure S5.5. Example snapshots showing potential temperature (a, c) and salinity (b, d) in West 

Greenland at approximately 350 m deep from the ECCO solution on 01 March, 2015 (a, b) and 

01 September, 2015 (c, d). 
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Figure S5.6. Daily absolute temperature (°C) and salinity (PSU) for the upper (a, b) and lower (c, 

d) CTDs fixed to each mooring: Rink/Fisher (green/olive), Kong Oscar (blue), Sverdrup 

(orange). Note that the depths at which each CTD was positioned varies across each mooring site 

and year. 
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Figure S5.7. Melville Bay monthly mean sea ice concentration (%) and wind stress (Nm-2) for 

2018–2020 from the ERA5 reanalysis. Black vectors indicate the direction and magnitude of the 

wind stress. Red dots show the three ERA5 grid cells used in analyses to investigate local forcing 

at each mooring site. 
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Figure S5.8. Melville Bay monthly mean vertical velocity, or Ekman pumping (𝑤𝑒𝑘), in m/day 

for 2018–2020. For Ekman pumping calculations, wind stress was set to zero when the 

concentration of sea ice was >50% to account for ice blocking the transfer of momentum 

between wind and the ocean surface. Black vectors indicate the direction and magnitude of the 

wind stress after the sea ice correction was applied. Red dots show the three ERA5 grid cells 

used in analyses to investigate local forcing at each mooring site. 
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Figure S5.9. Comparison of modeled vertical motion (see Text S5.1) to isopycnal and isotherm 

variability at the Kong Oscar mooring site between August 2018 to August 2020. Percent sea ice 

cover (a) and integrated vertical velocity (b) are also shown to visualize the relationship between 

wind, ice, and ocean interactions. For vertical velocity calculations, wind stress was set to zero 

when percent sea ice was greater than 50%. The 1027.7 kgm-3 (σΘ = 27.7) isopycnal shown in 

orange in (c) was selected because it was observed in the mooring profile for the entire sampling 

period. The black line in (c) is the ODE output for the modeled change in height, 𝒉, of a water 

mass over time. Two isotherms (-0.4 and 0.2°C) are plotted in (d). 
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Figure S5.10. Temperature (a–c) and salinity (d–f) anomalies that were computed over the time 

coordinate to show how temperature and salinity vary for a given depth over time. All 

temperature (salinity) measurements were subtracted by their depth’s mean temperature 

(salinity). Note: the y-axes do not show the same depth range; the entire sampling range of each 

mooring is plotted here. Black triangles show the depths of temperature logger and CTD sensors 

for each mooring. The horizontal dashed line in (a) shows the sill depth at 400 m. 
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Figure S5.11. Temperature (a–c) and salinity (d–f) profiles for all moorings and within the same 

depth range of 60 and 250 meters. Black triangles show the depths of temperature logger and 

CTD sensors for each mooring. 
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Figure S5.12. Along thalweg (dark gray) and ridgeline (light gray) bathymetry for Rink/Fisher 

(a), Kong Oscar (b), and Sverdrup (c) sites. Bathymetry error (in meters) is provided in color (0 

= purple, ≥200 = yellow) along the thalweg transect. Yellow diamonds show mooring locations 

with the vertical position of CTD (red circles) and temperature logger (black circles) sensors in 

the water column. Note: the 2018–2019 mooring array is shown for (a) Rink/Fisher because the 

2019–2020 mooring was positioned in the Fisher Islands and did not fall along the thalweg 

extending from the Rink glacier front (see Figure 5.8a). 
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Table S5.1. Summary of glacier properties for the three sites: Rink glacier, Kong Oscar glacier, 

and Sverdrup glacier. The definition for how each variable was determined is provided and the 

data source. Note: Rink glacier has two termini and both were used when estimating glacier 

width, ice front thickness, grounding line, and surface elevation. 

Variable (units) Rink  Kong Oscar Sverdrup Definition Source 

Glacier front 

thickness (m) 

316 (215) 837 (673) 660 (404) Maximum (mean) 

thickness along linear 

distance across 2019–

2020 glacier ice front 

BedMachine V5 

(Morlighem et 

al. 2022) 

Glacier front 

ocean depth, or 

grounding line 

(m) 

-243 (-113) -747 (-578) -532 (-254) Maximum (mean) depth 

across 2019–2020 glacier 

ice front (linear distance) 

BedMachine V5 

(Morlighem et 

al. 2022) 

Glacier front 

surface 

elevation (m) 

176 (103) 140 (95) 200 (150) Maximum (mean) 

surface elevation across 

2019–2020 glacier ice 

front (linear distance) 

BedMachine V5 

(Morlighem et 

al. 2022) 

Glacier width 

(m) 

6497 4427 7222 Measured in QGIS as 

linear distance across 

2019–2020 glacier ice 

front 

BedMachine V5 

in QGIS with 

MODIS satellite 

imagery 

Runoff ice 

outlet depth 

(m) 

-250 -457 -187 Mankoff et al. (2020) 

obtained depth from 

BedMachine at outlet 

location for glacier ice 

basin 

(Mankoff et al. 

2020a) 

Mean runoff 

from MAR 

(m3s-1) 

33.30 121.03 147.92 Average for summer 

months (June, July, 

August) 2018 through 

2020 for the glacier ice 

basin outlet 

(Mankoff et al. 

2020a) 

Mean runoff 

from RACMO 

(m3s-1) 

23.89 87.72 102.17 Average for summer 

months (June, July, 

August) 2018 through 

2020 for the glacier ice 

basin outlet 

(Mankoff et al. 

2020a) 

Mean ice 

velocity (m/yr) 

798 3030 2413 Average for sampling 

period (2018-07-01 to 

2020-09-30) from 

Sentinel 2A, 2B, and 

Landsat 8 

ITS_LIVE 

Regional 

Glacier and Ice 

Sheet Surface 

Velocities 

(Gardner et al. 

2018; Gardner et 

al. 2022) 

Mean solid ice 

discharge 

(Gt/yr) 

0.94 8.28 5.17 Average for sampling 

period (2018-07-01 to 

2020-09-30) 

(Mankoff 

2020b; Mankoff 

et al. 2020b) 
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Chapter 6. CONCLUSIONS 

6.1 SUMMARY 

This dissertation identified previously undescribed characteristics of Arctic odontocete 

echolocation and hydrographic variability in northwest Greenland, a region that supports both 

belugas and narwhals seasonally. We used a unique acoustic dataset of beluga and narwhal 

echolocation from central west Greenland that was ideal for comparison as recordings were 

obtained from the same region and season, collected using the same hydrophone array, and each 

recording was paired with visual confirmation of the species present. We estimated standard click 

parameters for beluga echolocation and we found that they have a narrow sonar beam, similar to 

the narwhal (Koblitz et al. 2016). We also showed that belugas scan their environment while 

echolocating to increase their acoustic field of view. Beluga and narwhal click characteristics were 

compared and key variables were identified for species acoustic classification. An acoustic 

classifier that was trained using the dataset from central west Greenland was tested with a new 

long-term dataset from ocean moorings near glacier fronts in Melville Bay, Northwest Greenland. 

We found narwhal clicks had a steep increase between the 16 and 25 kHz one-third octave levels 

(TOL) that was absent in beluga spectra, and beluga clicks had a large increase between the 25 

and 40 kHz TOL that was lacking in narwhal spectra. Random Forests classification models that 

used TOL ratio variables correctly predicted the species identity of click detections with extremely 

high accuracy. Together, results from chapters 2, 3, and 4 fill critical knowledge gaps in the 

acoustic ecology of belugas and narwhals and provide valuable quantities for species acoustic 

classification in future long-term passive acoustic studies. 
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In chapter 5, the focus shifted from passive acoustics to physical oceanography where 

hydrographic data from the same ocean moorings from chapter 4 were used to describe the 

seasonality in ocean properties in Melville Bay. While year-round hydrographic variability has 

been described for fjords in northeast, southeast, and central west Greenland, it has not been 

measured for northwest Greenland prior to this work. We showed the same seasonal cycle in 

temperature and salinity across the three locations studied but found differences in subglacial 

plume signatures. The most visible plume was observed for the deepest glacier that produced high 

rates of freshwater runoff, and no plume was seen for the shallowest glacier with comparatively 

little runoff. Peak temperatures near the glacier fronts occurred in spring just before summer when 

waters cooled and freshened along the shelf from sea ice and glacier ice melt. Chapter 5 provides 

a meaningful contribution to the broader understanding of ice-ocean interactions and a valuable 

physical basis for investigating biological processes along Greenland’s continental shelf in the 

future. 

6.2 FUTURE WORK 

Many foundational questions remain surrounding beluga and narwhal ecology—particularly for 

understudied subpopulations—that hinder targeted conservation efforts and sustainable 

management (e.g., harvest quotas) given increasing threats from climate change and human 

disturbance (Ragen et al. 2008; Hobbs et al. 2019). With virtual certainty, climate change has been 

altering Arctic ecosystems with expected negative effects on marine mammals (Laidre et al. 2008; 

Moore & Huntington 2008; Post et al. 2013; Laidre et al. 2015). Advancements in passive acoustic 

methods will enable people to monitor changes to ambient sound levels due to increased vessel 

traffic and to beluga and narwhal distributions and behavior. Passive acoustic recorders are often 

complemented with in situ oceanographic sensors, and this dissertation encourages future long-
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term studies using these methods to continue investigating when and why belugas and narwhals 

utilize certain habitats. In particular, innovations in profiling floats (e.g., APEX float) to house 

both acoustic recorders and CTD instruments will enable detection of Arctic odontocetes and 

ocean conditions in near-real time. To our knowledge, hydrophones have been integrated into 

profiling floats only once (QUEphone, Matsumoto et al. 2013), but all oceanographic sensors had 

to be removed because of space limitations. Aside from floats, we see direct applications of the 

acoustic variables and models developed in chapters 3 and 4 to parameterize detection algorithms 

within any autonomous underwater vehicle system (e.g., floats, gliders, sail drone). 

There is still much to be learned about the seasonality of physical and biological 

oceanographic processes along Greenland’s coasts. Patterns and associations between the 

hydrography, bathymetry, and exogenous forcing that were described in chapter 5 can be used to 

make inferences about regional productivity in each of the glacier front regions. More specifically, 

research is underway that leverages both the acoustic and physical oceanographic data from the 

Melville Bay moorings to investigate relationships between narwhal occurrence and 

environmental covariates, including temperature and salinity. We encourage future studies to take 

a similar approach to identify key characteristics of core beluga and narwhal habitats which are 

needed to assess future risks due to climate change. From the broader climate science perspective,  

results will also help constrain ice-ocean numerical models to estimate changes to global sea levels 

and climate patterns arising from Greenland ice sheet dynamics and continued Atlantic water 

warming. Glacier dynamics are a major driver of mass loss of the Greenland ice sheet (Mouginot 

et al. 2019) and glaciers in the northwest and central west sectors of Greenland are predicted to be 

leading contributors to ice sheet mass loss (Choi et al. 2021). Glacier fronts are highly 

heterogenous in form and behavior, and ongoing work will continue to describe fine-scale 
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processes (e.g., subglacial plumes and melt rates) at the glacier-ocean boundary for more accurate 

model predictions. Above all, it is clear interdisciplinary research is needed to make informed 

predictions about Greenland’s changing coastal ecosystems (Straneo et al. 2022).
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