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Abstract. Since 2003, the state-of-the-art Canadian Coast Guard Ship (CCGS) research icebreaker Amundsen
has furrowed the Canadian Arctic waters to support novel research endeavors and collect oceanographic data.
This paper presents the data acquisition, the processing methods and an overview of the data collected during the
2021 expedition as the ship traveled over 30 000 km during 122 d across the Canadian Arctic Ocean, collecting
sea surface, atmospheric and seabed underway measurements. A total of 266 casts of a conductivity, temperature
and depth profiler mounted on a Conductivity Temperature Depth rosette (CTD Rosette) were also conducted
to monitor the main physical, chemical and biological parameters of the water column. More specifically, the
data presented here were collected with the CTD Rosette across historical sampling transects in Davis Strait, the
North Water Polynya (NOW) and Cape Bathurst. A 182 km dedicated survey using the Moving Vessel Profiler®
(MVP), equipped with CTD, transmissometer, dissolved oxygen, fluorescence and sound velocity sensors, was
conducted across Hudson Strait. We also present an overview of the data collected by the underway systems
(seabed, thermosalinograph and atmospheric). Such data are essential in understanding the impacts of climate
warming on the unique environments of the Canadian Arctic Ocean. Amundsen Science supports and promotes

easy access and sharing of such valuable data to the scientific community.

1 Introduction

The Canadian Arctic Ocean covers 4 million km?, and over
70 % of Canada’s coastline is within the Arctic region (Niemi
et al., 2020). Such a vast area embraces numerous unique
ecosystems for which it has been challenging to establish a
global, robust and reliable baseline to fully understand the
impact of global warming. Over the years, ice camp (Unter-
steiner et al., 2009; Massicotte et al., 2020), research vessels
(such as the Canadian Coast Guard Ship (CCGS) Amund-
sen and the CCGS Louis Saint-Laurent), Inuit Knowledge
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(Weatherhead et al., 2010; Gearheard et al., 2010) and moor-
ings (Armitage et al., 2020; Dezutter et al., 2021; Nadai et al.,
2021) have all been tools used to acquire data and to fill
gaps in the Canadian Arctic Ocean knowledge. Meanwhile,
satellites and meteorological stations have been providing
reliable and rigorous datasets of sea ice and air tempera-
ture since the industrialization period. Previous work showed
that the Arctic is warming twice as fast as the rest of the
world and will continue to do so (Serreze et al., 2009; Gulev
et al., 2021). In the Canadian Arctic, the summer sea ice ex-
tent has been reduced by 9.1 % per decade over 1968-2022
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(Environment and Climate Change Canada, 2023) in addi-
tion to global thinning (Lindsay and Schweiger, 2015; Meier
et al., 2014), while the air temperature has been increasing
between 1.5 and 3.7°C from 1948 to 2018 over the Arc-
tic land (Environment and Natural Resources Canada, 2021).
The unique ecosystems of the Arctic Ocean, driven by ex-
treme seasonality in light regime and sea ice cover, which
dictate the energy transfer through the food web, from micro-
algae to large marine mammals (Falk-Petersen et al., 2007),
have been directly and indirectly impacted by the drastic loss
of sea ice. Changes in timing of biological events (Niemi
et al., 2020; Hauser et al., 2017), northern shift of species
(Dunmall et al., 2018; Higdon and Ferguson, 2009) along
with increase marine traffic (Halliday et al., 2022; Johnston
etal., 2017; Dawson et al., 2018) and pollution (Adams et al.,
2021) are all known consequences of the climate change and
ice retreat in the Canadian Arctic.

Since 2003, the CCGS icebreaker Amundsen and its
leading-edge scientific instrumentation has been monitoring
the Canadian Arctic by supporting dozens of large-scale na-
tional and international research initiatives from academia,
local communities, and the public and private sectors. The
CCGS Amundsen is the only coast guard ship seasonally ded-
icated to science. Over 1400 refereed scientific publications
and 400 datasets have resulted from the CCGS Amundsen
expeditions. The publications range from physical oceanog-
raphy to geology, biogeochemistry, ecology and safety haz-
ard assessments (Dmitrenko et al., 2023; Rodriguez-Cuicas
et al., 2023; Stern et al., 2023; Vogt et al., 2023; Yunda-
Guarin et al., 2023). Hosted at Université Laval, Amund-
sen Science is the organization responsible for the manage-
ment of the scientific mandate of the research icebreaker
CCGS Amundsen. Specifically, Amundsen Science manages
the vessel’s pool of scientific equipment, coordinates the
deployment of the icebreaker for science and provides lo-
gistical, financial and technical support to user programs.
In order to promote and share Canadian Arctic oceano-
graphic data, the objective of this paper is to present an
overview of datasets collected by the core instruments man-
aged by Amundsen Science over the 2021 Amundsen scien-
tific expedition. The expedition took place from 4 July to
3 November and was divided into five legs' taking place
in the Labrador Sea, the Baffin Bay, the Canadian Arctic
Archipelago and the Beaufort Sea (Fig. 1). Eight multidis-
ciplinary national and international research programs and
other ancillary projects took part in this annual expedition
(Table B1). Research programs’ objectives are central to
the Amundsen expeditions and are supported by Amundsen
Science through oceanographic data acquisitions. Detailed
CTD Rosette, Moving Vessel Profiler®, underway measure-
ment of sea surface properties with thermosalinograph (TSG)
and atmospheric data, multibeam echo sounder, single beam

A leg is a determined period during which the sampling opera-
tions of the ship are scheduled.
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echo sounder and sub-bottom profiler datasets were collected
during this expedition and are presented in this paper. In-
formation on additional samples collected by the research
teams onboard during the 2021 expedition can be obtained
by contacting the respective principal investigators (PI, as
detailed in Table B1) or by consulting the expedition report
(Desmarais et al., 2023). The Amundsen Science website
(https://amundsenscience.com/data/data-access/, last access:
15 December 2023) includes an overview of all the available
data from previous years published in the Polar Data Cata-
logue (https://www.polardata.ca/, last access: 15 December
2023).

1.1 Regional settings
1.1.1 Labrador Sea and Hudson Strait

The Labrador Sea, located between Labrador and Green-
land, receives several water currents from different parts of
the Arctic regions. The Baffin Current from the Baffin Bay
brings cold water as well as drifting icebergs and ice islands
into the Labrador Sea, acting as a corridor for ice transport
(Yang et al., 2016; New et al., 2021). Such moving ice blocks
were reported by Marko et al. (2014) as presenting risks for
activities and operations conducted offshore Newfoundland.
Cold waters from Hudson Bay’s current circulates through
Hudson Strait to the Labrador Sea where it joins warm sub-
arctic water from the North Atlantic Current (McGeehan and
Maslowski, 2012; Yang et al., 2016) and feeds the source
of water mass formation in the Labrador and Irminger seas
(Kieke and Yashayaev, 2015).

Exchanges of carbon dioxide, oxygen and heat between
the deep ocean and the atmosphere have been reported
by Clarke and Coote (1988), Azetsu-Scott et al. (2003),
DeGrandpre et al. (2006), Kortzinger et al. (2008), and
Yashayaev and Seidov (2015) to occur in the Labrador Sea
area. They arise from deep ocean convection processes dur-
ing winter when heat losses occur and cold waters sink to
greater depth, produces the Labrador Sea water (McCartney,
1992; Kieke et al., 2009) and allows the possibility of ex-
change between the intermediate and deep waters with the
surface water and the atmosphere (Kieke et al., 2009).

Such complexity of system processes occurring in the
Labrador Sea demonstrate how important the gathering of
scientific knowledge is as guidance for various decision mak-
ers to monitor risks associated with various activities, such as
exploration and exploitation of oil and gas, in order to main-
tain the safety of marine ecosystems in the region.

1.1.2 Baffin Bay

Located between the Baffin Island and Greenland, Baffin Bay
is connected to the Lincoln Sea through Nares Strait, one
of the pathways of sea ice transport from the Arctic Ocean
into Baffin Bay (Kwok, 2005). Lancaster and Jones Sound
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Figure 1. Map of the CCGS Amundsen 2021 expedition, including ship track and the locations of CTD Rosette stations and MVP casts.
Current circulation represented by white arrows is derived from Arctic Monitoring and Assessment Programme (AMAP) (1998). (ESRI

2023).

are considered as a sea ice corridor as well, connecting Baf-
fin Bay to the Arctic Ocean and allowing ice and fresher
water being transported downstream to Davis Strait and the
Labrador Sea (Tang et al., 2004). Despite its location in high
latitude, Baffin Bay is under the influence of the northward
West Greenland Current (WGC), bringing warm and salty
waters, and exchanges heat, salt and ice with the southward
Baffin Island Current in an anti-clockwise circulation (Arctic
Monitoring and Assessment Programme (AMAP), 2018).

In Nares Strait, between Ellesmere Island and Greenland,
ice arches typically form each winter at both its northern
and southern ends (Moore et al., 2021). The formation of
an ice arch in Nares Strait and the resulting cessation of ice
transport, the input of warm and salty Atlantic water from
the West Greenland current and upwelling of warmer waters,
all contribute to the formation of the North Water Polynya
(NOW), a year-round expanse of open waters in Smith Sound
and northern Baffin Bay which is the largest and most pro-
ductive of its kind (Melling et al., 2001; Moore et al., 2019).
The thinning of the Arctic sea ice is negatively affecting the
stability of these ice arches, which results in an acceleration
in the loss of multi-year ice from the Arctic and could im-
pact the NOW polynya ecosystem (Moore et al., 2021; Kwok
et al., 2010; Moore et al., 2019).

Glaciers, ice caps and ice fields of the Canadian Arctic and
Greenland also contribute to the freshwater input in Baffin
Bay via their runoff through fjords, rivers and calving (Bam-
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ber et al., 2018). Some ice fields, such as the Manson ice field
(southeast Ellesmere Island, Canada), directly connect with
northern Baffin Bay. In the Canadian Arctic, the Manson ice
field has the highest concentration of surging glaciers, char-
acterized by surging periods and variable glacial and fresh-
water flow (Copland et al., 2003).

During the 2021 Arctic expedition, the CCGS Amundsen
visited Baffin Bay and northern Baffin Bay for scientific sam-
pling activities to monitor seawater physics, chemistry nutri-
ents, contaminants and the biodiversity present along precise
historical transects, glacier fronts and Baffin Island fjords.

1.1.3 Canadian Arctic Archipelago

The Canadian Arctic Archipelago (CAA) covers several
islands and channels between Banks Island in the west
and Baffin and Ellesmere islands in the east. This area
is characterized by the mixing of Pacific, Atlantic and
Arctic-originating waters, a strong year-to-year variability in
oceanographic and biological processes and changing sea ice
conditions (Michel et al., 2006; Pizzolato et al., 2014). Over
the past decades, marine transport in the region has increased
due to the easing in navigability driven by reductions in the
extent, thickness and age of sea ice (Kwok et al., 2009). As
the CAA could become the largest ice export outlet for the
Arctic Ocean (Howell and Brady, 2019), risk of collision
resulting in potential Arctic oil spills are high (Helle et al.,
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2020). Arctic Council’s Working Group on the Protection of
the Arctic Marine Environment (PAME) (2020) indicated the
importance of collecting bathymetric and sub-bottom data
for seafloor mapping, identifying potential geohazards and
obstacles to a safe navigation in the newly open Arctic.

Collecting bathymetric data for seafloor mapping is a chal-
lenging task for a large area with limited access such as the
Arctic. An earlier version of digital bathymetric data, Inter-
national Bathymetric Chart of the Arctic Ocean (IBCAO),
was first introduced by Jakobsson et al. (2000) at the Ameri-
can Geophysical Union (AGU) conference in 1999. The data
were part of the declassified historic sounding collections
from the United States and the British submarines between
1957 and 1988. Several updates have been made since using
models and new data from different sources (Jakobsson et al.,
2008, 2012).

During the 2021 expedition, the CCGS Amundsen col-
lected dedicated echo-sounding data at Smith Bay and
Ellesmere Island. Description of instruments for seabed data
acquisition and samples from the seabed mapping are pre-
sented in Sect. 2.3.3 and Sect. 3.5 respectively.

1.1.4 Beaufort Sea

Recently, important changes in sea ice have been reported
in both Beaufort Sea and the Mackenzie shelf region of the
Arctic Ocean (Comiso, 2002; Galley et al., 2016; Mudryk
et al., 2018). First-year ice is becoming more common in the
area due to increased transport of old ice away from the re-
gional peripheral Arctic seas (Nghiem et al., 2007; Ogi et al.,
2008; Hutchings and Rigor, 2012). The Beaufort Sea shelves
are mostly influenced by the Mackenzie River sediment-rich
input (Carson et al., 1998), carrying a large and seasonally
amount of freshwater with 130 x 106tyr~! (Carmack and
Macdonald, 2002).

Along the Mackenzie shelf stretches the highly productive
Cape Bathurst polynya, the third biggest expanse of open
water that has existed year-round (Arrigo and van Dijken,
2004). This ecosystem is also exceptional since it provides
habitat for some of the highest densities of birds and marine
mammals in the Arctic (Harwood and Stirling, 1992; Dick-
son and Gilchrist, 2002), although climate-change-induced
stress and anthropogenic activities are putting — and increas-
ing — pressure on the ecosystem (Hoover et al., 2021).

Since 2002, extensive multidisciplinary research programs
have been conducted in the Beaufort Sea area from the
CCGS Amundsen through international overwintering re-
search programs including the Canadian Arctic Shelf Ex-
change Study (CASES) in 2003-2004 and the Circumpolar
Flaw Lead (CFL) Study in 2007-2008. Environmental and
oceanographic research activities were also conducted in the
offshore region of the Mackenzie shelf, shelf slope and Beau-
fort Sea within the framework of the Beaufort Regional En-
vironmental Assessment program (BREA).
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2 Data acquisition, processing and quality control

Data collected and the subsequent methods applied to ensure
quality assurance and quality control (QAQC) are presented
in the following section. Computer programs used to produce
the transects figures in this manuscript are available in Rat-
simbazafy et al. (2023).

2.1 CTD Rosette profiler

The CCGS Amundsen is equipped with a Sea-Bird Sci-
entific© SBE 911plus CTD (SBE 9plus CTD unit com-
bined with SBE 11plus V2 deck unit) mounted on a SBE
32 carousel water sampler with 24 Niskin bottles (12L
each), model 110BES by Ocean Test Equipment (see Ap-
pendix C2). Along with the basic SBE CTD sensors (tem-
perature, conductivity, pressure and dissolved oxygen), the
SBE 9plus supports several auxiliary sensors (nitrate, trans-
missometer, colored dissolved organic matter, fluorescence
and photosynthetically active radiation (PAR)). Conductiv-
ity, temperature and fluorescence sensors are doubled to en-
sure data redundancy and reliability. A surface PAR (SPAR)
sensor is also installed at the top of the bridge between 10
and 15 m from the sea surface and provides reference values.
The main sensors are factory calibrated every year before the
cruise period and are post-calibrated after the cruises which
allows detection of any problems such as drift. An indepen-
dent LADCP (lowered acoustic Doppler current profiler) is
also mounted to the frame in order to measure the horizontal
current velocities throughout the water column. The LADCP
is a Teledyne 300 kHz instrument that looks downward. It is
set up to record data with 8 m bin size, one ping per second
and zero blanking. Technical specifications related to each
sensor mounted on the rosette are summarized in Table 1.

The water samples collected with the CTD Rosette are
used by multiple scientific programs (see Table B1) and by
Amundsen Science for data validation. The conductivity sen-
sors are compared with salinity water samples analyzed with
a 8400B Guildline salinometer. The dissolved oxygen sen-
sor is validated with water samples analyzed via the Win-
kler method (Aminot and Chaussepied, 1983). Other sensors,
such as the Suna nitrate sensor or the SeaPoint fluorescence
sensors, are validated with water samples if they are analyzed
and available from other scientific teams.

Figure 2 depicts the temperature and salinity anomalies
recorded by the dual sensor system. Good agreement is obvi-
ous between the two temperature sensors. However, the salin-
ity sensor presents a slight and continuous drift by the end of
leg five. The comparison with the water samples allowed de-
termination of the faulty sensor.

The CTD data are processed using the Seabird data
processing software (Sea-Bird Electronics, 2017) and us-
ing the recommended processing module sequences. The
QAQC procedure is mainly based on the Global Temperature
and Salinity Profile Program (GTSPP) quality control tests

https://doi.org/10.5194/essd-16-471-2024
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Table 1. Instruments and specifications of the CTD Rosette deployed during the 2021 expedition of the CCGS Amundsen.

Instrument Company Variables Specifications
SBE 3plus Sea-Bird Scientific Temperature Resolution at 24 Hz: 0.0003 °C
Initial accuracy: +0.001 °C
SBE 4 Sea-Bird Scientific Conductivity Resolution at 24 Hz: 0.00004 S m—!
Initial accuracy: 0.0003 S m~!
Deep Suna Sea-Bird Scientific Nitrate Range: 3000 uM
Resolution: +0.5 uM
Accuracy: £2 uM
SBE 43 Sea-Bird Scientific Dissolved oxygen Range: 120 % of surface saturation
Accuracy: 2 % of saturation
FLCDRTD Sea-Bird Scientific (Wetlabs) CDOM Range: 0-500 ppb
Sensitivity: 0.09 ppb
C-Star Sea-Bird Scientific (WetLabs) Beam transmittance Optical pathlength: 25 cm

Wavelength: 657 nm
Sensitivity: 1.25mV
Response time: 0.167 s

Digiquartz® pressure  Paroscientific Pressure Range: 0-6800 m
Resolution at 24 Hz: 0.001 %
Initial accuracy: 0.015 %
SCF SeaPoint Sensors Fluorescence Range: 0-15ug L~ 1*

Sensitivity: 0.33 Vug~! L~!
Minimum detectable level: 0.02 ug L-!

QCP-2350 Biospherical Instrument PAR (irradiance) Spectrum: 400-700 nm

PAR range: 0-5000 uEm~2 s~ 1*
QCR-2200 Biospherical Instrument SPAR (surface irradiance)  Spectrum: 400-700 nm

PAR range: 0-5000 uE m2s 1=
LADCP Teledyne RDI Workhorse Current velocities Frequency at 300 kHz

* The SCF can be used in four sensibility and range configurations. The 15 ug L] range configuration was used for all casts of the 2021 expedition. For QCP-2350
specifications, see Biospherical Instruments Inc. (2014). Most QCR specifications are known to be identical to those of QCP sensors.

(Intergovernmental Oceanographic Commission, 2010). Ad-
ditional tests, including pump status checking, downcast ver-
sus upcast comparison and dual sensor comparison (tem-
perature and salinity), are applied as well. Moreover, the
main sensors, such as temperature, conductivity and dis-
solved oxygen, are factory post-calibrated to detect potential
issues.

The conservative temperature and absolute salinity pre-
sented in this paper are calculated using the Gibbs SeaWa-
ter (GSW) Oceanographic Toolbox (McDougall and Barker,
2011), based on the thermodynamic equation of seawater
2010 (TEOS-10) (IOC et al., 2010).

2.2 Moving Vessel Profiler ©

The AML Oceanographic Moving Vessel Profiler®
(MVP300) is part of the central pool of instruments
operated by Amundsen Science on the CCGS Amundsen.

https://doi.org/10.5194/essd-16-471-2024

With its capability of supporting both shallow and deep-
water datasets collection, the MVP’s primary function is
to allow accurate data collection of all the water column
without the need to stop the vessel. The system includes a
computer-controlled smart winch and deployment system
that allows continuous up and down casts of the free fall
fish. The fish is equipped with seven sensors to record
oceanographic data along a transect of vertical dives of the
fish. The installed probes include temperature, conductivity,
pressure, sound velocity, dissolved oxygen, fluorescence and
transmittance sensors. Technical specifications related to the
sensors mounted on the MVP are presented in Table 2.

MVP data processing is conducted using a MATLAB®
in-house processing script developed by Amundsen Science.
Processing steps are sequentially applied on each cast of a
given MVP transect and include the conversion of analog in-
puts into digital inputs, the flagging of out of range and spik-
ing values and the average over 1 m depth.

Earth Syst. Sci. Data, 16, 471-499, 2024
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Figure 2. CTD anomaly evolution between the dual Sea-Bird conductivity (green) and temperature (blue) sensors along the sea and the five
legs. Both salinity and temperature were used to calculate the anomaly. They are extracted from the highest pressure values (red) from each
profile (last quarter of the pressure range).

Table 2. Instrumentation and specifications of the MVP during the 2021 expedition.

Instrument Company Variable Specifications

Micro CTD AML Temperature Range: —2to0 32°C
Initial accuracy: 0.005 °C
Resolution: 0.001 °C
Conductivity Range: 2-70 mS cm™!
Initial accuracy: 0.0l mS cm™
Resolution: 0.0015 mS cm™~!
Pressure Range: 0-600 bar
Initial accuracy: 0.05 % FS (Full Scale)
Resolution: 0.1 dbar

1

Micro SV AML Sound velocity Range: 1375-1600 ms™!
Initial accuracy: 0.05 ms™
Resolution: 0.01 ms ™!
Pressure Range: 0-600 bar
Initial accuracy: 0.05 % FS
Resolution: 0.1 dbar

1

Rinko III JFE Alec Dissolved Range: 0 %—100 %
oxygen Response time: 0.9's (90 %)
Drift: 5 % per month

ECOFLO Sea-Bird (WetLabs)  Fluorescence Range: 0-125 pug L1
Sensitivity: 0.062 ug L}
Wavelength: 470 and 695 nm

C-Star transmissometer ~ Sea-Bird (WetLabs) Beam transmittance  Optical pathlength: 25 cm
Wavelength: 657 nm
Sensitivity: 1.25 mV
Response time: 0.167 s
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Derived parameters are also calculated (salinity, sound ve-
locity, etc.) and a manual data check is conducted to ensure
the quality of the data. The final processed data are saved
in text-based format. More details are available in the MVP
processing report (Amundsen Science, 2021b).

2.3 Underway systems
2.3.1 Thermosalinograph

The CCGS Amundsen is equipped with a continuous under-
way seawater sampling system including a Thermosalino-
graph (TSG) for temperature and conductivity measurements
coupled with a fluorometer, a sound velocity sensor and an
additional temperature sensor. A 20 mesh size strainer is
placed at the beginning of the line to filter the surface sea-
water, which circulates under the ship to reach the TSG in-
stallation under the vessel’s deck before entering the water
line. Technical specifications related to the sensors included
on the TSG are presented in Table 3. Geolocations (latitude
and longitude), dates and times of the recording are presented
alongside the practical salinity. Other variables related to the
ship (vessel speed (in knots) and water flow rate (in liters per
minute)) are presented in the dataset as well.

The configuration of the TSG is shown in Appendix C.
Data processing is conducted using the MATLAB® in house
processing script (available in Sect. 5) and requires the use of
navigation data, atmospheric data and seawater surface salin-
ity samples from the TSG (analyzed with a Guildline sali-
nometer) and CTD Rosette data for intercomparison and cor-
rection. Processing steps including out-of-range values flag-
ging, averaging data over 1 min, intercomparison and cor-
rection with collocated data were carried out. The final pro-
cessed data are saved in text-based format. More details are
available in the TSG processing report published with the
dataset (Amundsen Science, 2021d).

Data quality assessment for the practical salinity is shown
in Fig. 3. The uncertainty value is roughly equal to 0.01 PSU
(Practical Salinity Unit) while the bias stays constant when
compared with the result from the CTD Rosette. To be con-
sistent with the datasets in the present paper, the absolute
salinity is presented instead of the practical salinity. The ab-
solute salinity was calculated using the new thermodynamic
equation of seawater (TEOS-10) (IOC et al., 2010) within the
Gibbs Seawater (GSW) toolbox by McDougall and Barker
(2011).

2.3.2 Atmospheric data

The CCGS Amundsen is part of the worldwide Voluntary Ob-
serving Ship (VOS) scheme, led by the World Meteorologi-
cal Organization (WMO). As part of this program, an Auto-
mated Voluntary Observing Ship (AVOS) system is installed
by Environment and Climate Change Canada (ECCC) on the
ship to record continuous data on atmospheric pressure, wind
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speed, wind direction, air temperature and humidity. Amund-
sen Science retrieves and processes the available AVOS data
and adds them to the available pool of data. Data processing
is conducted using a MATLAB® in-house processing script
(available in Sect. 5) and includes flagging out-of-range val-
ues, environmental corrections (wind speed, vessel pitch and
roll, shadow, etc.), averaging data over 2min and manual
checks.

Processed data are saved in text-based format (one file for
each leg). More details are provided in the AVOS processing
report (Amundsen Science, 2021a).

2.3.3 Seabed data acquisition instruments

During the 2021 mission, the CCGS Amundsen was equipped
with a Kongsberg® multibeam echo sounder (EM 302) and
a Knudsen 3260 sub-bottom profiler to acquire dedicated
and underway seabed data. The seabed data acquisition sys-
tems opportunistically operate throughout the entirety of
each scientific expedition. Seabed mapping relies on an-
alyzing acoustic pulses propagated and received by echo
sounders to generate georeferenced models of the seabed.
The bathymetry consists of three-dimensional topographic
point clouds of the seafloor, whereas sub-bottom consists of
vertical profiles of strata layers below the seafloor. Arctic
seabed mapping supports a wide range of research (habitat
mapping, geology, paleoclimatology, glacial history, arche-
ology, geohazards, geopolitics and more) and provides ships
with needed information to navigate safely.

The CCGS Amundsen’s EM 302, upgraded to the
Kongsberg® EM 304 MKI in summer 2022, is a 30 kHz sys-
tem capable of acquiring data in 10-8000 m water depth.
The multibeam echo sounder integrates the global navigation
satellite system and inertial measurement unit data from the
Applanix POSMV V4 to georeference generated soundings.
The Kongsberg Seafloor Information System (SIS) acquisi-
tion software retrieves acquired EM 302 data from the sys-
tem’s processing unit and optimizes data quality using var-
ious parameters and tools applied by onboard technicians.
The processing of the multibeam raw data includes inte-
gration of sound velocity profiles derived from each CTD
Rosette profile to the multibeam during acquisition. Onboard
operators integrate real-time sound velocity measurements at
the transducer face and conduct quality assurance of each
cast. If CTD Rosette casts are sparse and require long transits
between deployments, synthetic sound velocity profiles are
applied using the 2009 and 2013 World Ocean Atlas mod-
els (WOAQ9 and WOA13). Then, raw EM 302 data are im-
ported to CARIS HIPS and SIPS®, where data are georef-
erenced to absolute positions, depths are converted to ref-
erence the mean sea level (MSL) datum using the WebTide
Tidal Solution Model® and total propagated uncertainty is
calculated. Operators revise data in the HIPS and SIPS® 2D
and 3D Subeditor tool and manually reject erroneous data

Earth Syst. Sci. Data, 16, 471-499, 2024
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Table 3. Instrumentation and specifications of the thermosalinograph during the 2021 expedition (Amundsen Science, 2021d).

Instrument Company  Variable Specifications

SBE 45 Sea-Bird ~ Temperature Range: —5to35°C
Initial accuracy: 0.002 °C
Resolution: 0.0001 °C
Conductivity Range: 0-7S m~!
Initial accuracy: 0.0003 S m~!
Resolution: 0.00001 Sm™~!
Salinity (derived value) Initial accuracy: 0.005 PSU
Resolution: 0.0002 PSU

SBE 38 Sea-Bird ~ Temperature Range: —5 to 35°C
Initial accuracy: 0.001 °C
Resolution: 0.00025 °C

WETStar Wetlabs Fluorescence Range: 0.03-75 ug L~!
Initial accuracy: 0.03 ug L}

Micro X P1SO  AML Sound velocity Range: 1375-1625 ms~!
Initial accuracy: 0.025 ms™
Resolution: 0.001 ms ™!
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Figure 3. Practical salinity quality assessment (Amundsen Science, 2021d).
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Table 4. Instruments and specifications of the AVOS underway system.

Instrument Company Variable Specifications

Digital Barometer — PTB-210  Vaisala Atmospheric pressure Range: 50-1100 hPa
Accuracy: 0.35hPa
Resolution: 0.1 hPa

Anemometer — 05103 Young R.M. Wind speed Range: 0-100ms™ !

Wind direction

Initial accuracy: 0.3 ms ™!

Range: 0-360°
Initial accuracy: 3°

MP101 Rotronic Meteorological

Humidity

Air temperature

Range: —40 to 60°C

Initial accuracy: 0.2°C

Range: 0-100 % RH (relative humidity)
Initial accuracy: 1 % RH

SPAR - QCR2200 Biospherical Instruments

Photosynthetically active radiation

Range: 0-5000 uEm—2 s~ !
Initial accuracy: 1.7 uE m2g1

points from the dataset. Finally, cleaned bathymetry data are
exported to raster surfaces, cataloged and distributed.
Processed data are saved in raster format and pub-
licly available through a multitude of sources indicated on
Amundsen Science’s website (Amundsen Science, 2023).

3 Data overview

3.1 CTD Rosette

During the 2021 expedition, Amundsen Science deployed the
CTD Rosette on 266 occasions, producing 4, 35, 83, 103 and
41 casts, respectively, during legs 1-5 spanning the Cana-
dian and Greenlandic Arctic, from the coast of Labrador to
Beaufort Sea (Fig. 1). Historical CTD transects were Vvis-
ited during the 2021 expedition and three were selected to
present an overview of the CTD data collected during this
expedition in Davis Strait, northern Baffin Bay (NOW) and
Cape Bathurst. These transects are called historical, as they
were visited multiple times since 2003 by the CCGS Amund-
sen. (Note that the Davis Strait transect has only been vis-
ited since 2018 but is intended to be visited yearly from now
on.) For each transect, spatially and vertically interpolated
values of conservative temperature (CT), dissolved oxygen
(DO) and absolute salinity (AS) are presented. The seafloor
data represented in the following figures are retrieved from
echo sounder depth data along the ship track. Temperature-
Salinity (T-S) diagrams compiling all the profiles from the
transect are also presented for each transect in order to de-
scribe water mass of the area.

3.1.1 Davis Strait

Nine stations were sampled along the Davis Strait between
17 and 20 August 2021 (see Table Al). A clear distinction
between water properties of the eastern and western part of
Davis Strait was observed (Fig. 4). The Davis Strait water
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masses have been extensively described (Tang et al., 2004;
Curry et al., 2011; Lehmann et al., 2019; Punshon et al.,
2014) and the four main water masses of the region were ob-
served (Fig. 5) during the sampling from the CCGS Amund-
sen. The West Greenland Slope Current (WGSC) water mass
is characterized by discontinued layers of the highest salinity
(up to 34.5 gkg™!), warm temperature (2.4 °C) and relatively
poor DO concentration (250-300 uM). This water mass is
present along the Greenland slope between 100 and 700 dbar.
The water mass present over the Greenland shelf is charac-
terized by the highest temperatures recorded along the tran-
sect (up to 6.5 °C), relative richness in oxygen (300-340 uM)
and fresher waters (up to 34.1 gkg™"). Over the western side
of the strait, Baffin Island Current (BIC) water mass can be
observed in the top 200 dbar. This water mass is character-
ized by the lowest salinity recorded (30-33.7 gkg™!) in this
transect and the highest DO concentration (420 uM) in the
surface layers, which extend over the Greenland slope. The
coldest temperature is also observed in the BIC (—1.5°C),
between 50-200 dbar. Finally, the Atlantic-derived waters of
the western part of Davis Strait are characterized by rela-
tively warm (0-2 °C), oxygen depleted (< 280 uM) and rel-
atively salty (> 33.7 gkg™!) waters below 300 dbar (Fig. 4b,
¢ and d). The distinction between the different water masses
observed in Fig. 5 has been made according to Tang et al.
(2004) and Curry et al. (2011).

3.1.2 North Water Polynya

Seventeen stations were sampled along the North Water
Polynya (NOW) transect between 31 August and 3 Septem-
ber (see Table A2). Figure 6a—d show the positions of the
different CTD Rosette casts, interpolated values of conser-
vative temperature (CT), dissolved oxygen (DO) and abso-
lute salinity (AS), respectively, through the water column at
each station along the NOW transect. As stated by Bacle

Earth Syst. Sci. Data, 16, 471-499, 2024
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Figure 4. Davis Strait transect profiles during leg 3 of the 2021 expedition. Isolines represent the variable presented in each panel. Panel (a)
shows the position of stations along the Davis Strait transect, (b) conservative temperature (°C), (¢) dissolved oxygen (uM) and (d) absolute
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et al. (2002); Lobb et al. (2003), the West Greenland Cur-
rent (WGS) brings the warm and salty Atlantic waters in
the region between 200 and 400 dbar. This water mass can
be observed in Fig. 6 by two distinctive cells between sta-
tions 107 and 111 and between stations 111 and 116, where
the maximum value of AS (34.5 gkg™!) and lowest value of
DO concentration (< 250 uM) of the transect are located. A
relatively warm temperature of 1°C also defines the water
mass. This water mass is trapped under a cold halocline ob-
served between 50 and 150dbar (Bacle et al., 2002; Lobb
et al., 2003). Based on Fig. 6d, this layer is characterized by
absolute salinity values ranging from 33 to 33.8 gkg™!, tem-
perature colder than 0.7 °C and waters relatively rich in DO,
ranging from 295 to 340 uM. A warm, fresh and DO-rich
(max 400 uM) polar mixed layer (PML) is observed from sur-
face at roughly 75 dbar along the transect. Between stations
101 and 107 a colder and fresher surface layer is observed
over the ridge (Fig. 6d). A thin DO-rich layer can be ob-
served within the PML around 30 dbar and is extended up to
100 dbar over the ridge (stations 101-105). This water mostly
comes from the north by Smith Sound and from the west by
Jones Sound and has been warmed during summer (Bacle
et al., 2002; Lobb et al., 2003).

All CTD casts of the NOW transect are plotted in the TS
diagram (Fig. 7). Along the transect, two water masses are
defined by two sets of conservative temperature (on the left
side of the figure). They correspond to density values less
than 29.47kgm™3. Mixture of waters is observable in the
layer with density values between 29.47 and 31.4kgm 3.

3.1.3 Cape Bathurst

Twelve stations were sampled from Sachs Harbour toward
Cape Bathurst on 18 and 19 September (see Table A3).
The transect crosses over a major gateway of Arctic wa-
ter mass exchange. In September 2021, three major water
masses can be observed. The polar mixed layer (PML) is ob-
served from surface to 25-50 dbar with a stable low salinity
(27-30 gkg™"), while temperature is much more contrasted
(ranging from —1 to 3.5 °C). The surface layer becomes thin-
ner as we go toward Cap Bathurst from station 409 to station
420. Under the PML lies the halocline waters between 50
and 200 dbar, originating from the Pacific. This water mass
shows increasing salinity from 31 to 34 gkg™! toward the
base of the layer. The coldest temperatures are recorded in
the halocline layer (—1.5°C) and DO of 270 uM. Finally,
the Atlantic water lays below 250 dbar with a salinity around
34 gkg™!, temperature of 0.5°C and a minimum DO con-
centration of 225 uM. A possible upwelling can be observed
at station 411 where there is intrusion of deep high salinity
water in the halocline layer. Upwelling already had been ob-
served in the region by Williams and Carmack (2008). Con-
servative temperature shows a pattern of inversion, as values
are higher at the surface at station 409 and at stations 415—
420, and at pressures deeper than 150dbar (Fig. 8). A TS
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diagram regrouping all casts along the Cape Bathurst tran-
sect displays similar profiles than previously discussed by
Lansard et al. (2012) and Simpson et al. (2008) in the south-
eastern Beaufort Sea region (Fig. 9). The Amundsen has sam-
pled in the Cape Bathurst area 12 times since 2003, which
produces an extensive dataset that could be used by read-
ers to assess interannual variability and trend in the region.
Massicotte et al. (2021) have compiled and standardized the
collected datasets from the 2009 MALINA expedition in the
Beaufort Sea in order to facilitate their reuses. Such a dataset
can be compared to the ones collected by the Amundsen dur-
ing the 2021 expedition.

3.2 MVP

One MVP transect was conducted in Hudson Strait during
leg 3 on 14 August 2021. A total of 197 casts (vertical dives)
were carried out. The transects shown in Fig. 10 represent
148 casts (casts 1-148) arranged linearly from Baffin Island
to the coast of Nunavik (left to right). The remaining set
of casts (casts 149—197) were conducted across Diana Bay
to reach Quagqtaq. Only the first 148 casts are presented in
this paper. Quality control assessment is applied at the final
step of the data processing. Uncertainties of 0.01 PSU are
observed when there is relatively low vertical variability, but
a high vertical gradient can increase these uncertainties. For
the dissolved oxygen sensor on the MVP, the uncertainty is
in the order of 1 %. However, it may exceed the value of 1 %
when high vertical temperature and salinity gradients occur.
Over the transect in Hudson Strait, the MVP dived ap-
proximately at each kilometer, allowing high precision data
recording. Mixing and turbulence are visible in Fig. 10c,
where the layer of maximum dissolved oxygen is overall
well defined, but varies in depth over nearly 50 dbar. The
lowest dissolved oxygen values are located in the center of
the transect, below 200 dbar. Lower salinity values (below
32 gkg™!) are located close to the coast of Nunavik, on the
right side of Fig. 10d. This relatively freshwater mass is char-
acteristic of the Hudson Bay outflow, the principal current
linking the Hudson Bay system to the Labrador Sea, as de-
scribed in previous studies (Ridenour et al., 2021; Straneo
and Saucier, 2008). A layer of high salinity (> 34 gkg™!),
surrounded by the 1.5° conservative temperature isoline, is
observed at the bottom. Above this bottom layer lies a super-
position of two layers of AS limited by CT values of 0.7 and
—0.2°C, respectively. From the bottom to the surface, the
variation in AS appears to be smoother compared with the
variation in the DO. In general, the layer of high DO does not
reflect the AS values anywhere near the surface (Fig. 10d).
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3.3 TSG

The underway thermosalinograph was operational during the
five legs of the CCGS Amundsen scientific expedition in
2021, but only sea surface absolute salinity derived from
the practical salinity recorded during leg 2 from 16 July
to 12 August 2021 is presented in Figs. 11 and 12. This
subset was selected because of its high spatial variations.
The minimum and maximum values of the absolute salin-
ity ranges between 4.66 and 34.69 gkg~! (average and me-
dian salinity of 31.04 and 31.59 gkg~!, respectively) in ac-
cordance with previous observed values for Baffin Bay and
Labrador Sea (Lavoie et al., 2013; Zweng and Miinchow,
2006). Lower values (fresher waters) are located in Scott In-
let and in the Clark and Gibbs fjords (Nunavut), close to Qik-
iqtaaluk (Sillem) Island. Higher salinity is observed over the
deeper regions of Labrador Sea and southern Baffin Bay. The
close-up map in Fig. 12 shows the variation of the sea surface
salinity at a location where fresh water masses meet the sea.

3.4 Atmospheric data

The Automated Voluntary Observing System (AVOS)
recorded atmospheric and weather data continuously during
the 2021 scientific expedition. Due to instrument malfunc-
tions and errors identified during data processing, the per-
centage of data reaching the quality standards described in

Earth Syst. Sci. Data, 16, 471-499, 2024

Sect. 2.3.2 varies between 44 % of acceptable values (relative
humidity) and 97 % (atmospheric pressure), with an average
of 67 % of acceptable values for all measured variables. Di-
urnal cycles and air mass changes can be observed during an
8d segment of leg 2, where the ship sailed in the Labrador
Sea from offshore Makkovik to Davis Strait (Fig. 13). A
subset of four major variables (atmospheric pressure, sur-
face photosynthetic active radiation (SPAR), air temperature,
and humidity) is presented and may be used to assess mete-
orological conditions during other sampling operations and
during transit. Such variables can be necessary to interpret
other findings, as sea surface physical conditions and weather
are closely related during sampling activities (Rohli and Li,
2021; Lin et al., 1996).

3.5 Seabed data

Over the five legs of the 2021 expedition the scientific echo
sounders onboard the CCGS Amundsen continuously col-
lected data, accumulating approximately 38 700 km? of spa-
tial coverage over a distance of nearly 17 000 nautical miles
(Table 5).

In addition to opportunistic data collection, dedicated
seabed surveys provided primary and ancillary datasets to
research projects. The following section presents two ded-
icated multibeam operations conducted during the 2021

https://doi.org/10.5194/essd-16-471-2024
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Figure 12. Absolute salinity (g kg_l) obtained from the underway TSG system during leg 2 of the 2021 expedition (ESRI 2023).

expedition. (Data can be accessed on demand at amund-
sen.data@as.ulaval.ca.)

3.5.1 Makkovik

The hydrographic survey seen in Fig. 14 was conducted oft-
shore Makkovik (Nunatsiavut) during leg 2. The survey zone
is located 12 nautical miles from the coast of Makkovik
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where the seafloor ranges from 100 to 900 m depth in transi-
tion between coastal and deep areas, at the junction between
the Aillik and Kaipokok domains of the Paleoproterozoic
Makkovik province (Peace et al., 2018). Several overlapping
geological processes take place in this province and create
a complex geological structure (Culshaw et al., 2000). The
area was selected for this survey due to its topographic fea-
tures and steep slopes, which may host conditions supporting
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Figure 13. Atmospheric data from leg 2 of the 2021 expedition. Atmospheric pressure, surface photosynthetic active radiation (SPAR), air
temperature and relative humidity were measured over 20-28 July 2021.

Table 5. Scientific echo sounder spatial coverage, operational distance and operational time during the 2021 expedition.

Leg Spatial coverage  Distance  Duration

(km?)  (am) (h)
Leg 1 3495 1459 245
Leg2 9539 3812 522
Leg3 11135 3692 583
Leg4 7193 3894 470
Leg5 7303 4035 515

coral habitats (Edinger et al., 2011; Wareham and Edinger, and tested on the ship’s barge along the terminus of Mittie
2007). glacier.

Little to no seafloor data existed in Smith Bay prior to leg 3
operations; the CCGS Amundsen collected the first publicly
available high resolution seafloor topography dataset in the
Little is known about the precise mechanisms linking the area. Data depicted in Fig. 15 will increase the efficiency and
ocean—climate system and frontal positions of glaciers in the ~ safety of navigation for future operations in the area.

CAA (Cook et al., 2019). In order to characterize post-glacial
history of Mittie glacier and study the dynamics of glaciers in
the CAA (Desmarais et al., 2023), bathymetric data (Fig. 15)
and in situ samples were collected in Smith Bay, Nunavut,
during leg 3. In addition to the operation of CCGS Amund-
sen echo sounders, a multibeam echo sounder was installed

3.5.2 Smith Bay
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Figure 14. Hydrographic survey completed during leg 2 of the 2021 expedition (ESRI 2023).
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4 Data availability

All data are available on the Polar Data Catalogue as follows:

AVOS: https://doi.org/10.5884/12518 (Amundsen Sci-
ence, 2021a)

— MVP: https://doi.org/10.5884/12519 (Amundsen Sci-
ence, 2021b)

— CTD Rosette: https://doi.org/10.5884/12713 (Amund-
sen Science, 2021c¢)

— TSG: https://doi.org/10.5884/12715 (Amundsen Sci-
ence, 2021d)

5 Code availability

All the codes and data used to produce the figures rep-
resenting the transects in the present paper are available
on GitLab at Université Laval (https://git.valeria.science/
amundsen/2021-data-paper-codes-repository, Ratsimbazafy
et al., 2023).

6 Conclusion

The vast amount of data collected by the central pool of
equipment of the CCGS Amundsen during the 2021 scien-
tific expedition in the Arctic can be used to study a vast array
of research fields, from atmospheric environment to benthic
ecosystems. Concurrent measurements above and under the
sea surface provide invaluable tools to study the unique pro-
cesses taking place in the Canadian and Greenlandic Arctic.
The long-term monitoring of some of the regions of interest
can allow studies of regional trends and variability. Similar
research activities were also undertaken onboard other ves-
sels in 2021, such as the USCGC Healy (McRaven, 2022)
in Baffin Bay, and can be used to validate or further refine
findings. Only a few variables collected by the core datasets
of the scientific pool of equipment are presented in this pa-
per, and readers are encouraged to consult Table B1 for a
comprehensive list of all data produced by the participants of
the CCGS Amundsen scientific expedition of 2021. Along
with instruments presented in this paper, Amundsen Sci-
ence is also responsible for managing a mono-beam fish and
zooplankton sonar (EK-80), 360° camera for ice concentra-
tion images, remotely operated vehicle (ROV) video footage,
moorings and navigation data.

Datasets collected during the scientific expedition of 2021
are archived and published in the Polar Data Catalogue
for long-term use. The metadata and data structures follow
international standards to ensure findability and reusabil-
ity of the data. Links to retrieve core datasets collected
with the scientific pool of instruments onboard the CCGS
Amundsen are available on the Amundsen Science website,
in the section “Data Access”, at https://amundsenscience.

Earth Syst. Sci. Data, 16, 471-499, 2024

com/data/data-access/ (last access: 15 December 2023). A
complete list of instruments included onboard the CCGS
Amundsen are available at https://amundsenscience.com/
canadian-research-icebreaker/scientific-equipment/ (last ac-
cess: 15 December 2023).
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Appendix A: Station IDs: geographical coordinates

Table A1. Station IDs located along the Davis Strait transect.

Station ID  Time (UTC) Latitude  Longitude
Al 2021-08-17T13:25:30  66.6054 —61.1941
A2 2021-08-17T19:22:58  66.6692  —60.4617
A3 2021-08-18T04:32:52 66.734  —59.6119
A4 2021-08-18T14:53:37  66.8026  —58.7708
A5 2021-08-19T01:02:50  66.8697 —57.9513
195 2021-08-19T10:35:01  66.8917 —56.9158
196 2021-08-19T17:05:43  66.9821  —56.0683
197 2021-08-19T21:53:33  67.0433  —55.0851
198 2021-08-20T01:38:55  67.0842 —54.201
Table A2. Station IDs located along the NOW transect.
Station-ID  Time (UTC) Latitude  Longitude
116 2021-08-31T10:03:14  76.3802  —70.5147
115 2021-08-31T15:22:38  76.3314  —71.2046
114 2021-08-31T22:01:10 76.326  —71.7856
113 2021-08-31T23:14:28  76.3205 —72.2179
112 2021-09-01T01:02:36  76.3158  —72.7023
111 2021-09-01T02:51:48  76.3069  —73.2228
110 2021-09-01T05:35:18  76.2993  —73.6364
109 2021-09-01T07:30:44 76.291 —74.1154
108 2021-09-01T09:59:14  76.2641 —74.598
107 2021-09-01T16:29:57  76.2835  —75.0022
106 2021-09-01T19:20:46  76.3108  —75.3491
105 2021-09-01T20:56:45 76.3168  —75.7773
104 2021-09-02T00:09:18  76.3513  —76.2076
103 2021-09-02T00:59:08  76.3686  —76.548
102 2021-09-02T02:13:52  76.3745 —76.9784
101 2021-09-02T21:38:51  76.3848 —77.4143
100 2021-09-03T03:46:44  76.4105 —77.9564
Table A3. Station IDs located along the Cape Bathurst transect.
Station-ID  Time (UTC) Latitude Longitude
409 2021-09-18T19:06:34  71.8689  —125.8675
410 2021-09-18T23:44:42  71.6988  —126.4873
411 2021-09-19T01:20:22  71.6297 —126.7101
412 2021-09-19T02:30:56  71.5646 —126.9189
413 2021-09-19T04:16:47  71.4954 —127.1415
414 2021-09-19T06:28:18  71.4236  —127.3731
415 2021-09-19T11:06:50  71.3629  —127.5487
416 2021-09-19T12:15:51  71.2921  —127.7697
417 2021-09-19T13:41:45  71.2248 —127.97
418 2021-09-19T14:41:32  71.1633  —128.1672
419 2021-09-19T15:58:43  71.1067 —128.3449
420 2021-09-19T18:28:03  71.0517 —128.5139
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Appendix C: Additional figures
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Figure C1. Schematic of the thermosalinograph.

Figure C2. Photo of (a) the CTD Rosette being deployed with the A-frame, (b) the TSG in the engine room, (c) the MVP fish being deployed

and (d) the AVOS system.
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