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Arctic Ocean properties and processes are highly relevant to the
regional and global coupled climate system, yet still scarcely observed,
especially in winter. Team OCEAN conducted a full year of physical
oceanography observations as part of the Multidisciplinary drifting
Observatory for the Study of the Arctic Climate (MOSAiC), a drift with
the Arctic sea ice from October 2019 to September 2020. An
international team designed and implemented the program to
characterize the Arctic Ocean system in unprecedented detail, from the
sea�oor to the air-sea ice-ocean interface, from sub-mesoscales to pan-
Arctic. The oceanographic measurements were coordinated with the
other teams to explore the ocean physics and linkages to the climate
and ecosystem. This paper introduces the major components of the
physical oceanography program and complements the other team
overviews of the MOSAiC observational program. Team OCEAN’s
sampling strategy was designed around hydrographic ship-, ice- and
autonomous platform-based measurements to improve the
understanding of regional circulation and mixing processes.
Measurements were carried out both routinely, with a regular schedule,
and in response to storms or opening leads. Here we present along-drift
time series of hydrographic properties, allowing insights into the
seasonal and regional evolution of the water column from winter in the
Laptev Sea to early summer in Fram Strait: freshening of the surface,
deepening of the mixed layer, increase in temperature and salinity of
the Atlantic Water. We also highlight the presence of Canada Basin
deep water intrusions and a surface meltwater layer in leads. MOSAiC
most likely was the most comprehensive program ever conducted over
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Keywords:

the ice-covered Arctic Ocean. While data analysis and interpretation are
ongoing, the acquired datasets will support a wide range of physical
oceanography and multi-disciplinary research. They will provide a
signi�cant foundation for assessing and advancing modeling
capabilities in the Arctic Ocean.

Physical oceanography , MOSAiC, Arctic , Coupled, Drift , Sea ice

Topics

Ocean Science , The Multidisciplinary Drifting Observatory for the Study

of Arctic Climate (MOSAiC)

1. Introduction

The Arctic is critical for the global climate system and is reacting fastest to

current climate change. The Arctic is warming more than twice as fast as

the global average ( Ballinger et al., 2020 ; Thoman et al., 2020 ), and the

sea-ice cover is dramatically receding ( IPCC, 2013 ; Meredith et al., 2019 ).

Various linkages between the Arctic and lower latitudes (e.g., Somavilla et

al., 2013 ; Florindo-Lopez et al., 2020 ) highlight the connection to the global

oceans, although models and observations diverge on the nature of these

linkages ( Cohen et al., 2020 ). The Arctic intermediate and deep waters, in

particular, are part of the global ocean conveyor belt, signi�cantly

contributing to the over�ow in the Denmark Strait and the formation of

North Atlantic Deep Water ( Rudels, 2009 ). Yet, compared to the remainder

of the world oceans, relatively few and seasonally limited observations have

been made in the Arctic Ocean: fewer than 700 full-depth

temperature/salinity pro�les existed in the whole deep Arctic north of 82°N

prior to 2019, according to publicly available data collections (e.g., UDASH,

Behrendt et al., 2018 ; World Ocean Database, 2018, Boyer et al., 2018 ), and

only 40 of those were obtained during winter. That is about half the total

number in Fram Strait alone, and signi�cantly less than in the North

Atlantic. These limited observations are often too far apart in both space

and time for process- and climate-relevant studies. Quasi-synoptic coverage

of the near-surface layers in the Arctic Ocean is practically impossible due to

the small covariance scales in space and time (e.g., Sumata et al., 2018 ).

Observational climatology and high-resolution ocean model output have

shown that some of the observed eddies in the Arctic are of a size

comparable to the �rst mode baroclinic Rossby radius, whereas others are

closer to the second mode ( Nurser and Bacon, 2014 ). Sub-mesoscale

features are reported to occur on scales as small as 1 km ( Timmermans et

al., 2012 ). Hence, we primarily rely on local process studies and upscaling

using other data products, such as reanalysis.

This lack of spatially and temporally adequate observation is largely due to

the logistical dif�culties of accessing the ice-covered central Arctic Ocean,

in particular outside the summer. Many Arctic observation programs (e.g.,

Polyakov et al., 2013 ; Rabe et al., 2014 ; Behrendt et al., 2018 ; Proshutinsky

et al., 2019 ) are based on icebreaker surveys that often suffer from time

constraints on station time, not allowing comprehensive measurements

over a full tidal, inertial or diurnal cycle, or the duration of short-term events

such as passing storms, although targeted airborne campaigns can �ll part

of thesseasonal gap, e.g., the North Pole Environmental Observatory (NPEO;

Morison et al., 2002 ). Furthermore, sustained in-situ measurements at high

temporal resolution, such as pro�ling of microstructure turbulence, are

personnel intensive and require complex logistics. Several Arctic drift

expeditions have, hence, been carried out to investigate the seasonal cycle

of upper ocean properties and interaction with the whole climate system.
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After Nansen’s pioneering drift across the Arctic Ocean ( Nansen, 1902 ), sea-

ice and glacier fragments or “ice islands” served as the basis for year-round

Russian drifting ice camps (North Pole-1 to 40; Shirshov and Fedorov, 1938 ;

Frolov et al., 2005 ). In the North American Arctic, the Arctic Ice Dynamics

Joint Experiment (AIDJEX), resulted in an improved sea-ice model that

considered feedback from ocean and atmosphere (e.g., Untersteiner et al.,

2009 ). Other campaigns have focused speci�cally on ocean internal waves

and turbulent mixing, such as the Arctic Internal Wave Experiment (AIWEX;

e.g., Levine, 1990 ). The Surface Heat Budget of the Arctic Ocean (SHEBA)

drift with CCGI Des Groseilliers  quanti�ed the surface energy budget

between the snow-covered sea ice and the cloudy atmosphere, in addition

to a comprehensive upper ocean program, in the then thick and

consolidated ice cover of the Canada Basin from October 1997 to October

1998 (Perovich et al., 1999 ; Perovich and Moritz, 2002 ; Krish�eld et al.,

2005 ). The sailing vessel Tara drifted with the ice in the Transpolar Drift for

about 2 years in 2006–2008, though physical ocean observations were

limited (Pesant et al., 2015 ). Recently the N-ICE2015 drift carried out

multidisciplinary observations from RV Lance in rather thin sea ice north of

Svalbard in January–June 2015. The expedition highlighted, in particular, the

response of the ocean to storm events ( Granskog et al., 2018 ; Graham et

al., 2019 ). To date, manual surveys using icebreakers or drifting ice camps

are the only means for extensive water sampling, including chemical

provenance tracers (e.g., Bauch et al., 2011 ; Laukert et al., 2017a , 2019 ) to

analyze large-scale circulation and water mass transformation (e.g., Laukert

et al., 2017b ), as well as the pathways of Siberian river runoff ( Laukert et al.,

2017c ; Paffrath et al., 2021 ).

In addition to in-situ observations requiring personnel, autonomous ice-

tethered drifting ocean observing platforms have become increasingly

important for observing the Arctic Ocean region during the past three

decades ( Toole et al., 2006 ; Kikuchi et al., 2007 ; Hatakeyama et al., 2001 ;

Stanton et al., 2012 ; Koenig et al., 2016 ; Athanase et al., 2019 ). These types

of instrument systems usually rely exclusively on electronic sensors and are

typically limited to the top 1000 m of the Arctic Ocean. Though providing

year-round time series, they are mostly aimed at large-scale monitoring,

and often instrumentation on the same ice �oe do not encompass the

whole coupled system. Exceptions include the Marginal Ice Zone program

in the Canada Basin ( Lee et al., 2017 ). Other autonomous in-situ

observations are sea�oor moorings. Although they have been operated

under the sea ice as far north as the north pole for a whole decade

(Aagaard and Johnson, 2011 ), they are dif�cult to deploy and recover under

perennial ice cover, often requiring divers or remotely operated vehicles. In

addition, shallow components are threatened by the ridge keels in drifting

sea ice. Therefore, operating a series of complex moorings to capture the

ocean-ice-atmosphere system is particularly challenging in the Eurasian

central Arctic Ocean; successful examples are the Nansen and Amundsen

Basin Observing System (NABOS; e.g., Polyakov et al., 2012 ) and the NPEO

(Aagard and Johnson, 2011 ). Finally, dedicated satellite missions provide an

opportunity for observations not requiring in-situ �eld logistics. Already

today they can provide important Arctic-wide information about the ocean

state, including sea surface height, dynamic topography and geostrophic

surface currents ( Armitage et al., 2016 , 2017 ), as well as sea surface

temperature ( Steele and Dickinson, 2016 ) and wave height ( Stopa et al.,

2016 ). However, observing ocean currents from space directly is limited to

regions that are ice-free, at least seasonally, and observations at the

mesoscale and sub-mesoscale are additionally hampered by comparatively

coarse spatial or temporal resolution. These limitations are being resolved
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only slowly by missions in preparation (e.g., Kilic et al., 2018 ) or proposed

(Gommenginger et al., 2019 ; Lopez-Dekker et al., 2019 ). The

Multidisciplinary drifting Observatory for the Study of the Arctic Climate

Climate (MOSAiC) program as a whole, and the physical oceanography

component in particular, have thus been designed to make use of all of the

advantages of these different methods: a ship- and ice-based drifting

platform augmented by distributed autonomous instrumentation

(additional article expected in this special collection, led by B Rabe), with

multiple measurements over an inertial time period, including water mass

analysis and various chemical tracers, coordinated with high-resolution runs

of regionally focused ice-ocean general circulation models and satellite

observations.

The MOSAiC program strived to provide complete, holistic observations of

the Arctic physical oceanography and coupled seasonal processes ( Figure

1). As the Arctic perennial sea-ice cover becomes increasingly seasonal

(Haine and Martin, 2017 ; Perovich et al., 2020 ), larger ocean areas are now

directly exposed to the atmosphere for at least part of the year. As a result,

the exchange of heat, moisture and momentum between the ocean and

atmosphere has intensi�ed ( Martin et al., 2016 ; Timmermans et al., 2018 ;

Ivanov et al., 2019 ). In addition, boundary transports have changed, such as

increasing continental runoff and the in�ow of waters of Atlantic and Paci�c

origins (e.g., Polyakov et al., 2011 ; Woodgate, 2018 ). As a result of external

forcing and regional processes within the Arctic Ocean, regional changes in

circulation and strati�cation have been observed ( Li et al., 2020 ), notably

the Atlanti�cation of the Eurasian Arctic basin ( Polyakov et al., 2017 , 2020 ).

These changes have impacted large-scale ocean circulation ( Rudels et al.,

2015 ; Armitage et al., 2016 ), water mass distribution ( Rudels et al., 2013 ;

Timmermans and Jayne, 2016 ; Timmermans and Marshall, 2020 ), upper

ocean freshwater content ( Rabe et al., 2011 ; Korhonen et al., 2013 ; Rabe et

al., 2014 ; Haine et al., 2015 ; Solomon et al., 2021 ), shelf-slope cascading into

the deep ( Luneva et al., 2020 ), small-scale to mesoscale processes ( Fer,

2014 ; von Appen et al., 2018 ), supply of nutrients to the photic zone

(Nishino et al., 2011 ; Yamamoto-Kawai et al., 2011 ; Torres Valdes et al.,

2016 ) and productivity of the marine ecosystem ( Arrigo and van Dijken,

2011 ; Lowry et al., 2018 ). Another example is the potential impact of the

interruption of ice transport from the Siberian Shelf seas to the central

Eurasian Arctic Ocean and Fram Strait ( Krumpen et al., 2019 ). The in�uence

of these changes on the hydrography, biogeochemistry and ecosystem

within and outside the freshwater-rich Transpolar Drift ( Paffrath et al., 2021 )

remains to be investigated.

Figure 1.

View large Download slide

Oceanographic processes studied in Multidisciplinary drifting Observatory for
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the Study of the Arctic Climate (MOSAiC) . Schematic representation of physical

oceanography processes relevant to Team OCEAN during the MOSAiC expedition.

The vertical extent of the under-ice boundary layer has been exaggerated; the left-

hand column showing air-sea �uxes and internal waves represents either a lead,

bounded by sea ice, or the open ocean beyond the marginal ice zone. DOI:

https://doi.org/10.1525/elementa.2021.00062.f1

Moreover, mesoscale and sub-mesoscale currents, surface drag by wind

and ice motion, and breaking internal waves result in small-scale

turbulence. The Arctic Ocean is often assumed to be a quiescent

environment, as internal wave energy tends to be low under the Arctic

Ocean ice cover ( Levine et al., 1985 ) and background mixing rates have

been reported close to molecular levels (e.g., Fer, 2009 ). However, post-

storm conditions can lead to enhanced mixing ( McPhee et al., 2005 ; Fer,

2014 ; Meyer et al., 2017 ), the role of which in the upper central Arctic Ocean

is still not well known. Furthermore, mesoscale and sub-mesoscale

variability facilitate intense vertical motion in the polar regions ( Lévy et al.,

2012 , 2018 ; Biddle and Swart, 2020 ), while turbulence enhances vertical

�uxes relative to background molecular diffusion; together, they modulate

the upper ocean heat and salt/freshwater budgets, biogeochemical

substances such as nutrients and carbon compounds, and sea-ice

variability. In the changing ice-free Arctic, we expect an increased input of

wind energy ( Lehner et al., 2012 ; Kawaguchi et al., 2015 ). However, the

fraction of energy penetrating into the water column and its contribution to

mixing are uncertain ( Alford et al., 2016 ; Guthrie and Morison, 2021 ),

leading to uncertainty in estimates of vertical �uxes of oceanic heat, salt,

momentum, nutrients and dissolved gases. Hence, making routine

observations of mixing as the MOSAiC observatory drifted and targeted

observations during storm conditions were objectives of the observational

program.

Besides comprehensive and novel observations, the main objective of

MOSAiC is the ultimate improvement of climate models. Global climate

models are heavily biased in the Arctic Ocean, in particular because of their

incorrect representation of vertical mixing processes. This caveat results in

large biases in ocean temperature and salinity ( Ilıcak et al., 2016 ) and

prevents progress in quantifying their effects on large-scale circulation

(Timmermans and Marshall, 2020 ). In addition to relying on mixing

parameterizations, many of these models have a resolution in the horizontal

and vertical too coarse to resolve mesoscale and smaller-scale processes.

Observations to improve or tune them are still too limited, spatially and

temporally, and, in particular, do not resolve interannual variability (e.g.,

Behrendt et al., 2018 ); even fewer observations of turbulent mixing are

available (e.g., Fer, 2009 ; Meyer et al., 2017 ).

Given the state of knowledge and observations of the Arctic Ocean, the

physical oceanography program during MOSAiC aimed to answer the

following questions (summarized in Figure 1 ):

• What is the temporal change in water masses and heat content of the

deep Eurasian Basin? Where do these water masses originate, and how

does their distribution relate to current knowledge of shelf-basin

exchange?

• How are vertical �uxes of heat and mass (salt, nutrients, dissolved gases)

between the warm Atlantic Water layer, the halocline, and the mixed

layer governed in the ice-covered Arctic interior, and how does that

contrast with the marginal ice zone? What are their seasonal cycles?

• How do these vertical �uxes �t in the entire coupled system? What is the

impact of changing atmospheric conditions on them? What is the role of
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small-scale variability in the under-ice boundary layer? What about ice

topography, such as ridges? How do the processes associated with these

questions affect the biogeochemistry and the ecosystem?

The MOSAiC �eldwork was carried out during a drift expedition with the

research icebreaker Polarstern  (Alfred-Wegener-Institut Helmholtz-

Zentrum für Polar- und Meeresforschung, 2017 ) from October 2019

through September 2020, in the Eurasian Basin and Fram Strait (see Figure

2), and encompassed an unprecedented set of multidisciplinary

measurements over a full annual cycle. There were �ve �eld teams named

Atmosphere (ATMOS; Shupe et al., 2022 ), Sea Ice (ICE; Nicolaus et al., 2022 ),

Biogeochemistry (BGC; overview article anticipated for this special

collection, led by E Damm), Ecology (ECO; overview article anticipated for

this special collection, led by AA Fong), and Physical Oceanography

(OCEAN; this manuscript). Throughout this manuscript, we will use the

name Team OCEAN to refer to the latter team. The expedition consisted of

�ve legs and three drift periods: Legs 1–3 (October 2019 to early June 2020);

Leg 4 (June to late July 2020) at the same �oe as the �rst drift; and Leg 5

(August–September 2020) at a second �oe. At the end of Leg 3, Polarstern

was forced to transit to Svalbard and back for personnel exchange

complicated by COVID-19 travel restrictions, then returned to the same �oe

that was used by Leg 3 for Leg 4 (see map in Figure 2 ; the �oe drifted about

1° southward from 83.4°N without Polarstern , from May 16 to June 19). At the

end of Leg 4, in late July, the ice �oe disintegrated. Therefore, the drift

during Leg 5, from mid-August, took place on a different �oe, after

Polarstern  relocated to the Eurasian central Arctic Ocean, around the same

region as Leg 2 had passed near the North Pole about half a year before.

The expedition encountered different ice conditions, from the marginal ice

zone to consolidated ice cover. The overall approach of this study of the

coupled climate system in the Eurasian Basin of the Arctic Ocean is

described in the MOSAiC general overview, along with further overall

logistical information (additional overview article expected in this special

collection, led by M Rex). All observations considered the effect of the

physical system on the ecosystem, biogeochemical processes and dissolved

gases. The related quantities and processes are illustrated in Figure 1 .

Figure 2.
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View large Download slide

Main dates and location of the Multidisciplinary drifting Observatory for the

Study of the Arctic Climate (MOSAiC) expedition . Track of the 5 different legs of the

MOSAiC expedition while Polarstern was drifting with the sea ice (solid lines, dates

given; dates excluding transit in parentheses) and in transit (dashed lines) during

arrival and exchange (see inset legend). After Shupe et al. (2020) . DOI: https://doi.org

/10.1525/elementa.2021.00062.f2

The physical oceanography work conducted during the MOSAiC drift

focused on:

• monitoring the full water column in the Transpolar Drift in the Eurasian

Basin of the Arctic Ocean over a full annual cycle. In the upper ocean the

observations provide information on seasonal and regional variability,

whereas in the deep ocean they provide an assessment of the quasi-

synoptic state;

• resolving vertical ocean processes as part of the coupled ice-ocean-

atmosphere system in regional and global climate; and

• assessing three-dimensional variability at the mesoscale and sub-

mesoscale, in particular in response to events such as storms and

opening leads.

This manuscript presents an overview of the physical oceanography work

within MOSAiC to date. Section 2 outlines the observational approach and

schematic implementation of our year-round observations along the

MOSAiC drift. Section 3 describes the instrumentation and setup used to

obtain the measurements; more details can be found in Text S1. The

resulting observational datasets are outlined in Section 4, and preliminary

results are shown in Section 5. Section 6 highlights the linkages between

physical oceanography observations and results to remote sensing,

numerical modeling, and the work of the other �eld teams, before

concluding in the context of the coupled system in Section 7.

2. Overview of the Team OCEAN observational
program

To �ll the gaps in our knowledge of the different processes and variables

outlined in Section 1 and Figure 1 , the MOSAiC Team OCEAN observational

program covered different spatial and temporal scales, from right under the

ice to just above the sea�oor. Numerous observations within the ocean, in

the ice and snow, and in the atmosphere were further coordinated with the

other teams to capture the instantaneous state of the local atmosphere-

ice-ocean column. Our manual observations were carried out largely from

the central observatory (additional article expected in this special collection,

led by M Nicolaus), an area encompassing Polarstern and its immediate

surroundings on the ice �oe ( Figures 3  and 4; Section 3):

• The Polarstern  was used to operate heavy equipment throughout the

entire water column. The main system was lowered from Polarstern

through an ice hole ( Polarstern -hydrohole) to measure hydrographic

properties and sample large volumes of water.

• Ocean City, located approximately 300 m away from Polarstern , was

used for upper ocean observations away from the in�uence of Polarstern

in a logistically equipped environment. During the cold and partially

dark part of the drift, we operated from a tent with a base area of 18 m 2

(Figure 3 ). A thick, buoyant �oor and insulated tent structure, electricity

and heating provided a sheltered working environment. Fixed-depth

and pro�ling sensor packages were lowered there through an ice hole in
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the �oor (Ocean City-hydrohole). In addition, the tent was connected to

the Polarstern  computer network for easy exchange of data. During Legs

1–3, Ocean City functioned as a partial backup for the Polarstern -

hydrohole. The �xed installation was replaced with an uncovered solid

base around the Ocean City-hydrohole or a mobile tent during the �nal

two legs. The various implementations are illustrated in Figure 5 , and

re�ect the changing environmental conditions and logistical constraints

throughout the drift.

Figure 3.

View large Download slide

Schematic representation of the physical oceanography installations . Installations

near Polarstern , zoom-in on Ocean City, and location of instruments on the ice.

Several other sites and installations were run by other Multidisciplinary drifting

Observatory for the Study of the Arctic Climate teams within about 2 km from

Polarstern (see Figure 4). The dashed lines/arrows denote a power and data link to

the ship. For details on the installed devices, see Section 3. DOI: https://doi.org/10.1525

/elementa.2021.00062.f3

Figure 4.

View large Download slide

The central observatory throughout Multidisciplinary drifting Observatory for the

Study of the Arctic Climate . Distribution of central observatory sites and

measurements with focus on the physical oceanography installations at the

beginning of (a) Leg 3 on March 5, 2020 and (b) Leg 5 on September 6, 2020. Main

central observatory sites are marked by yellow squares and white labels: Polarstern -

hydrohole, the Ocean City (OC) tent and hydrohole, the location of OC prior to the

large shear event during Leg 1 (old OC), remote sensing, balloon town, remotely

operated vehicle, met city, ridge observatory Legs 2–3 (fort ridge), salinity ice tether,

and ridge observatory Leg 5 (Eddy 1 and Eddy 2). Details on installed devices (black

labels) can be found in Section 3. The background in (a) re�ects ice elevation, where

white is elevated and dark blue is thin/level ice. The image is preliminary from

airborne laser scanner surveys from February 17, 2020 and represents the ice

conditions on March 5; it is shown only as a rough indication of the ice surface (the

�nally processed data set will be made available publicly in the near future). The

background in (b) is an aerial photograph from September 6, 2020 (photo credit:

Marcel Nicolaus). Further details of the evolution of the observatory and a wider view
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will be available in the overview of the Central Observatory (article anticipated for this

special collection, led by M Nicolaus). DOI: https://doi.org/10.1525

/elementa.2021.00062.f4

Figure 5.

View large Download slide

Ocean City at different stages of Multidisciplinary drifting Observatory for the

Study of the Arctic Climate . Pictures showing the tent with buoyant and reinforced

�oor (a) during Legs 1–3 from inside, (b) during Legs 1–2 from outside during polar

night, and (c) during Leg 3 from outside with mobile power supply. Leg 4 used the

remotely operated vehicle hole of Team ICE for part of the operations (d), similar to

the Ocean City-hydrohole, without further shelter (not shown), whereas during Leg 5

a mobile tent (view outside, (e) allowed measuring in a protected environment inside

(f). Photo credits are Ying-Chih Fang (a and b), Janin Schaffer (c), Morven Muilwijk (d),

and Mario Hoppmann (e and f). DOI: https://doi.org/10.1525/elementa.2021.00062.f5

The Ocean City measurements were supplemented by partly or fully

autonomous devices at other sites in the Central Observatory, as given in

Figure 3 , and by a Distributed Network of autonomous ice-tethered

systems (“buoys”) in a radius of approximately 40 km around the Central

Observatory. This strategy allowed to estimate the representativeness of the

observations carried out in the Central Observatory, to resolve synoptic

mesoscale variability, and detail quasi-synoptic sub-mesoscale features by

rapid measurements along the drift track. Part of the Distributed Network

was comprised of three sites, within about 25 km from the Central

Observatory, with complex systems to obtain pro�le measurements of

ocean temperature, salinity, oxygen and bio-optical variables from the

surface to the intermediate Atlantic Water, as well as ocean �ux

measurements under the ice and in the halocline.

A further eight sites with lighter equipment for ocean observations, within

about 40 km, comprised devices for shallower pro�ling and �xed-depth

measurements of temperature and salinity with high temporal resolution.

The Distributed Network was overall made up of instruments from multiple

disciplines, including observations of snow, ice and atmosphere. The layout

and different measurement systems will be described in a summary (article

expected in this special collection, led by B Rabe).

During the expedition, the distribution of physical oceanography

installations in the Central Observatory changed. The original setup in the

marginal ice zone around 85°N in the eastern Amundsen Basin led to

installations arranged roughly along a line on the starboard side of

Polarstern , with the cables supplying power and computer network

connecting the different sites to Polarstern . The location of Ocean City was
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determined after surveying areas of level ice ranging from 0.6 to 1.2 m in

thickness in an approximately 50 x 50 m 2 area, and a minimal distance of 30

m from ridged ice. In the middle of Leg 1 (late November 2019), the �oe

suffered a major fault and shear deformation, displacing several of the sites

along a line roughly 100 m from the bow of Polarstern  (Figure 4a ). This

event led to strong ridging that forced Ocean City to be moved to a location

about 50 m from the new ridge, which was up to several meters tall (clearly

visible as a white line on Figure 4a ). Ice conditions in the Central

Observatory remained fairly stable until the middle of Leg 3 (mid-March

2020), when large cracks and leads formed across the �oe, separating

several of the sites and cutting directly underneath Polarstern . However, the

relative locations of Polarstern and the sites Ocean City and Remotely

Operated Vehicle (ROV in Figure 4a ) of Team ICE did not change. Due to

various external factors, primarily the COVID-19 pandemic, Polarstern had to

leave the �oe after Leg 3 to exchange supplies and personnel near Svalbard.

After return to the same �oe during Leg 4 the Polarstern  anchored to a

different location along the �oe, and the Ocean City site was set up about 1

km from its location toward the end of Leg 3. The Central Observatory

ended in the central Fram Strait at the end of Leg 4. A new Central

Observatory was set up on a different �oe in the Eurasian central Arctic

Ocean during Leg 5 ( Figure 4b ).

Throughout the MOSAiC expedition, routine upper ocean pro�le

measurements at the Central Observatory formed an important

component of the experiment. Our �eld program focused on observing a

comprehensive set of variables (described in detail in Sections 3 and 4) at

the Central Observatory, measured once a week, several times each day, or

continuously. In addition to covering most of the annual cycle, this wide

range of physical ocean observations, coordinated with biogeochemical

and ecological water samples taken by other teams, formed the main

added value of Central Observatory observations. Further, concurrent

observations of the ice, the snow and the atmosphere aimed to close the

full column budget in terms of momentum, heat and mass �uxes.

Our strategy included weekly full-depth hydrographic casts from Polarstern

to capture the state of the full water column for a variety of variables,

thereby resolving regional and seasonal variability. This effort included high-

resolution sampling for tracers and biogeochemical variables. Sampling

was coordinated across Teams OCEAN, ECO, and BGC, with speci�c aspects

of sampling detailed in each team overview (Sections 3 and 4; additional

overview articles expected in this special collection, led by E Damm and AA

Fong). Casts down to a few hundred meters depth collected from Ocean

City several times each week allowed identifying the effect of varying

surface conditions along the drift track, which include ice drift, storms,

fronts and eddies. The full set of hydrographic casts further allow us to

derive large-scale advection, in particular when complemented with

tracers. The casts were complemented by sets of pro�les of microstructure

turbulence to estimate vertical mixing and associated heat and mass �uxes.

These measurements allow us to resolve sub-daily variability in water

column strati�cation, for example, due to internal waves, mesoscale eddies

or sub-mesoscale �laments. In addition to regular observations, we carried

out event-driven measurements: at the regular sites with higher time

resolution, e.g., during storms; and at temporary sites, e.g., in newly formed

leads. The various projects that contributed to MOSAiC planning and Team

OCEAN �eldwork are listed in Table S1.

3. Instruments and methods
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We used a multitude of instruments and sensor packages within the

infrastructure and observational approach outlined in Section 2. The

remainder of this section brie�y describes the use of those methods and

instruments (in bold font, linking abbreviations to �gures), either under

responsibility of Team OCEAN or with their signi�cant involvement. Further

detail can be found in Text S1. The resulting datasets and operational

challenges are described in Section 4.

3.1. Primary pro�ling CTD operations

Conductivity-temperature pro�ling through depth (CTD) provides the basis

for physical oceanography programs. In general, the CTD unit is lowered

through the water column while measuring conductivity, temperature and

pressure, resulting in vertical resolution of 1 m or �ner in the �nal depth-

gridded salinity and temperature pro�les. During MOSAiC, we used four

different systems: a full-depth CTD operated from the Polarstern ; a 1000-m

depth CTD operated from the ice; 1000-m depth expendable CTDs (XTCD)

used during transit; and a 600-m depth stand-alone CTD, usually mounted

on a �shing-rod for mobile measurements. The microstructure pro�lers also

included a CTD sensor package (see Section 3c for details). Note that Teams

ICE, ECO and BGC had additional CTDs on some of their instruments for

speci�c purposes; the reader is invited to check their respective overview

publications for more information ( Nicolaus et al., 2022 ; additional

overview articles expected in this special collection, led by E Damm and AA

Fong).

For most of the year of MOSAiC, we had two CTD/rosette systems in

operation: one 24-bottle CTD/rosette from Polarstern  (PS-CTD ; Figures 6a

and 7) and one 12-bottle CTD/rosette from Ocean City during Legs 1–3 ( OC-

CTD ; Figures 6b  and 7). The PS-CTD used Ocean Test Equipment bottles,

operated on a Polarstern  wire, and was able to sample the full water

column. The OC-CTD used Niskin bottles, was operated on a mobile winch

system, and could only reach a maximum depth of about 1170 m. As Ocean

City was about 300 m away from Polarstern  (Figure 3 ; additional article

expected in this special collection, led by M Nicolaus), the OC-CTD allowed

observation of the upper water column without potential disturbance by

Polarstern  that may have occurred for the PS-CTD. Both the PS- and OC-

CTD were con�gured in the standard SeaBird SBE911plus setup, equipped

with pumped duplicate sensors for temperature, conductivity, and

dissolved oxygen, along with single sensors for pressure, �uorescence

(chlorophyll a and chromophoric dissolved organic matter, CDOM),

photosynthetically active radiation (PAR), and beam transmission. As only

one CDOM sensor was available, the sensor was swapped in-between CTDs

from time to time. An altimeter was mounted on the PS-CTD to monitor the

distance to the sea�oor. Furthermore, two internally recording sensor

packages were attached to the CTD frame: an Underwater Vision Pro�ler

(UVP) and a Satlantic Submersible Ultraviolet Nitrate Analyzer (SUNA), the

latter only connected for pro�les shallower than 2000 m. The former was

battery-powered while the latter received power only from the SBE911plus.

During Legs 3, 4 and 5, a surface reference measurement of

photosynthetically active radiation (SPAR) was installed on the ice (Leg 3) or

on Polarstern  (Legs 4–5) to measure radiation during a CTD cast.

Additionally, during Legs 4–5, a second SPAR sensor, right next to the �rst

one, was operated continuously with a separate data logger. A methane

(CH 4) sensor was mounted on the OC-CTD during Legs 1–3. A rhodamine

sensor was mounted from Leg 4, though �ooded during Leg 5; further

details can be found in Nicolaus et al. (2022) . The accuracy of the

preliminary temperature data is better than ± 0.01 oC, and of the salinity
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data is better than ± 0.01 g kg –1. To prevent freezing damage during Arctic

winter conditions, a heated shelter was developed to isolate the PS-CTD

from the frigid air (red shelter on top of CTD/rosette in Figure 6a ), and

further adjustments to the usual CTD/rosette operation were made. Details

are given in Text S1.

Figure 6.

View large Download slide

Selected images of installations during operation . Conductivity-temperature

pro�ling through depth (CTD)/rosette with red shelter during operation at the

Polarstern-hydrohole and the tent used to protect the hydrohole outside hours of

operation (a); CTD/rosette in Ocean City during deployment in the hydrohole (b).

Photo credits are Janin Schaffer (a) and Esther Horvath (b). DOI: https://doi.org/10.1525

/elementa.2021.00062.f6

Figure 7.

View large Download slide

Time line of successful measurement of Team OCEAN instrument systems . Dots

denote days where one or more pro�les were carried out. The solid lines denote

continuous time-series measurements. Interruptions shorter than 1 day are not

shown. The different colors indicate different types of sampling. The abbreviations for

the different measurement systems are given in Section 3 (bold font). For SST-CTD

pro�les, blue indicates regular pro�les, red indicates distributed network/buoy cross-

calibration, and orange indicates PS-/OC-CTD or MSS calibration. For CFC/He/Tr, blue

indicates CFC + SF6, red indicates CFC + SF6 + He + Ne, and orange indicates CFC +

SF6 + He + Ne + Tritium. For MSS, blue indicates minimum measurements ( n = 3 or

more) and red indicates intensive measurements (12 h or more). The temporary

temperature and salinity chain deployments are not shown. SST = Sea and Sun

Technologies; CTD = conductivity-temperature pro�ling through depth; PS =

Polarstern-hydrohole; OC = Ocean City; MSS = microstructure sonde. DOI:

https://doi.org/10.1525/elementa.2021.00062.f7

A stand-alone CTD, the SST 48 M CTD ( SST-CTD ; Sea and Sun Technologies,

Germany; Figure 7 ), was used to obtain additional measurements in the

�eld with a set of unpumped sensors for conductivity, temperature and

pressure. The SST-CTD is a self-contained, battery-powered instrument

package that was used with a battery-powered �shing rod. Pro�les down to

600 m were obtained with this mobile system that easily �t into a helicopter

or onto a small sledge. We further used the SST-CTD attached to a line close

to messenger-triggered water sampling bottles to obtain sensor data at the

time of sampling. The system was used, in particular, for cross-calibration of

autonomous ocean buoys of the Distributed Network (Legs 2–4), during

lead-opening events (Legs 2–5), for collecting temperature/salinity pro�les

above the Yermak Plateau (Legs 3 and 4), in combination with turbulence

measurements in leads (Leg 4), with team ECO during a diurnal sampling
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campaign (Leg 4), to complement the PS-CTD when it was not running

because the Polarstern -hydrohole could not be used (Leg 3), and to

measure the hydrographic properties of the freshwater lens (Legs 4 and 5).

An expendable CTD system was used to obtain CTD pro�les down to 1100-m

depth while underway, from Polarstern  and from the sea ice. The XCTDs

were deployed in transit to the Eurasian central Arctic Ocean during Leg 5

while breaking ice or transiting a polynya.

3.2. Water sampling

The bottles on the PS- and OC-CTD allow for collection of water at discrete

depths, �red during the upcast. The water was collected by members of the

teams OCEAN, BGC and ECO. The sampling order followed the GO-SHIP

protocol ( Sloyan et al., 2019 ). Salinity samples were collected �rst from

dedicated bottles that were not used for tracer gas sampling. The tracer

and gas samples are used to study vertical exchange and horizontally

advected water mass signatures.

We collected and analyzed onboard salinity samples during the weekly PS-

CTD casts, for calibration of the CTD sensors by correcting the conductivity.

Samples were analysed onboard, and the results will contribute to the

�nally processed datasets of the OC-CTD and the PS-CTD.

Trace gases that do not interact biogeochemically in the ocean are valuable

tools to study physical processes and ocean circulation. During MOSAiC, we

sampled transient tracers of anthropogenic origin (see also Figure 7 ):

chloro�uorocarbons ( CFCs ), sulfur hexa�uoride ( SF6), tritium  (3 H), and the

noble gases and their isotopes: helium ( He) and neon ( Ne). During weekly

PS-CTD casts, transient tracer samples were collected over 12 depths

covering the entire water column. These samples were the �rst to be

collected at the rosette, with noble gases collected only for the top 500 m.

Noble gas and transient tracer samples were stored onboard until the end

of the expedition for later analysis on land.

For tracer-based provenance studies, water samples for the concentration

of oxygen and hydrogen isotopes ( δ18O and δD), as well as neodymium (Nd)

isotopes and rare earth elements (REE) were taken in cooperation with the

BGC team. Samples for δ 18O and δD were taken from the upper 100 to 300

m one or more times each week. Samples for dissolved radiogenic Nd

isotopes and REEs were taken on a monthly basis at four depths (surface, 50

m, 100 m and 200 m). All samples were stored onboard for later analysis on

land.

To determine bulk estimates of vertical mixing, beryllium 7 ( 7Be) was

sampled in the upper water column. 7Be is a cosmic-ray produced isotope

that is deposited upon the ocean surface and subsequently homogenized

within the surface mixed layer. The shape of the pro�le provides a means to

determine vertical mixing rates. 7Be from seawater was sampled within the

upper 60 m of the ocean during Legs 2–3. Further details of sampling and

analysing this variable will be available in the BGC overview (additional

article expected in this special collection, led by E Damm).

3.3. Microstructure pro�ling

We routinely performed microstructure pro�ling to quantify high-frequency

variability in the water column structure, turbulence and mixing during the

MOSAiC drift. Pro�ling was carried out from the ice using two pro�lers: a

free-falling microstructure sonde ( MSS ; Figure 7 ) and an uprising vertical

microstructure pro�ler ( VMP ; Figure 7 ). Both devices measure high-

resolution vertical pro�les of temperature, salinity and shear velocity. The
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latter is used to estimate turbulent dissipation rates. The main difference

between the two devices is the direction of pro�ling: the free-falling MSS

records data during the descent while the free-rising VMP collects data

during the ascent. Some of the MSS pro�lers we used had additional

sensors installed, to measure dissolved oxygen, for example (see Text S1), in

the upper ocean down to approximately 350-m depth, leaving a small gap

of up to 5 m in turbulent dissipation measurements near the surface.

Throughout the expedition, near-daily measurements, including at least 4

pro�les and 7 continuous sampling periods were performed, each lasting 12

hours or longer. Ten pro�les were also taken in fortuitous lead-opening

events. The deployment of the VMP allowed us to record dissipation rates of

turbulent kinetic energy in the upper 80 m up to the ice-water interface in

order to resolve the under-ice boundary layer and to better quantify the

ocean heat �uxes in the upper water column. The instrument was used

mainly during Legs 4 and 5, and to a limited extent during Legs 2–3.

3.4. Underway operations

Here we detail the standard underway measurement devices mounted on

R/V Polarstern  with direct relevance to Team OCEAN.

Polarstern  is equipped with a shipboard acoustic Doppler current pro�ler

(ADCP) measuring acoustically at 150 kHz to monitor underway ocean

currents between water depths of about 15 to 240 m ( ADCP 150 kHz ;

Figures 3  and 7). This ADCP operated continuously throughout MOSAiC.

The Thermosalinograph system installed on Polarstern  measures salinity

and temperature from a seawater intake at about 11 m depth. During

MOSAiC the system was running continuously and only switched off for

short maintenance and cleaning. As Polarstern was not actively moving for

most of the expedition, a pronounced boundary layer may have formed

around the Polarstern  hull in the lee of the drift, one that is not present

when the ship speed is higher. Measurements of temperature, in particular,

may not be representative of the temperature at the same depth within the

region Polarstern  drifted across. The �nally processed data are available in

Rex et al. (2021a , 2021b , 2021c ), Kanzow et al. (2021)  and Haas et al. (2021) .

3.5. Long deployments of autonomous devices

In addition to manual operation of devices, we deployed several systems in

the Central Observatory and on the sea�oor to carry out measurements

autonomously.

An eddy-correlation ocean �ux sensor was deployed on October 14, next to

the main meteorology tower ( AOFB ; Figures 3 , 4a  and 7) to measure long

time series of ocean momentum, heat and salt �uxes at 3-m depth. In

addition, the AOFB measured high-resolution current pro�les across the

ice-ocean boundary layer into the pycnocline. A primary objective is to

compare concurrently the atmosphere-ice-ocean transfer of momentum

and heat through the atmosphere-ice and ice-ocean boundary layers over a

range of local ice conditions, including during changes in wind direction

and storms, and during other in�uential phenomena.

To study the local vertical turbulent diffusivity and heat �uxes in the

pycnocline, a 6-m long pycnocline spar  (Figures 3 , 4a , and 7), supporting

24 high-resolution temperature sensors and 3 fast-response thermistors

was suspended at 50-m depth adjacent to the AOFB at Met City ( Figure

4a). The dataset further allows to study the extreme intermittency of mixing

events in terms of the local gradient Richardson number, a measure of the

dynamic stability of the water column. Comparison to microstructure
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pro�ling measurements (Section 3c) allows an extended analysis of

turbulent mixing events with high temporal resolution.

To obtain velocity observations into the intermediate water layer, a Teledyne

RD-Instruments 75 kHz ADCP Longranger ( ADCP 75 kHz ; Figures 3 , 4a , and

7) was installed pointing downward under the ice near Site BT ( Figure 4a ).

The installation also included a directional GPS unit with compass as well as

data and power links to Polarstern . During Leg 4, the installation was self-

contained, using batteries and recording internally. The data are available in

Baumann et al. (2021) .

To augment the turbulence pro�ling and increase resolution of velocity in

the upper water column, an ADCP measuring at 300 kHz ( ADCP 300 kHz ;

Figures 3  and 7) was deployed intermittently in the Ocean City-hydrohole

at times when the hole was not used for large pro�ling device; for example,

the OC-CTD hydrohole (Legs 2 and 3), and in different hydroholes across the

Central Observatory (Legs 4 and 5). The system gathered reliable data of

relative horizontal currents and vertical shear in the upper 50 m of the

water column, covering most of the upper mixed layer and providing higher

vertical resolution than given by the 75 kHz ADCP and the 150 kHz ADCP.

Deployed during Leg 1 and left behind on the �oe after Leg 3 to be

recovered later, the turbulence cluster mooring consisted of three identical

sets of instruments at approximately 25, 45 and 70 m, respectively

(turbulence cluster ; Figures 3 , 4a , and 7). The cluster measured velocity,

temperature, salinity and partial-pressure CO 2 (pCO2) around each depth at

high temporal resolution between the later part of Leg 1 (December) and

Leg 4 (June), though a few instruments stopped measuring from as early as

mid-March.

A thermistor chain was installed to measure temperature at high temporal

resolution in the top 200 m, with four CTD units at depths of 7, 50, 100 and

200 m to obtain temperature and salinity, and one “microrider” ( MR;

Figures 3 , 4a , and 7) at 52-m depth to measure temperature

microstructure. The MR performed well throughout, from about December

until June, but the thermistor chain did not provide data suf�cient for

further analysis.

In order to record the under-ice soundscape during the MOSAiC drift, an

aural autonomous underwater hydroacoustic recorder ( Aural ) was installed

at the second-year-ice (SYI) coring site (also referred to as LM site in the

Distributed Network, about 1 km from Polarstern  during Leg 2) at 50-m

depth in late October and was recovered in mid-July 2020. Preliminary

screening of the data revealed biophonic, geophonic and anthropophonics

contributions to the soundscape.

For studying near-ridge processes, two pairs of ADCP/CTD ( ADCP Signature

1000/CTD RBR ; Figures 4a  and 7) instruments were deployed at the Leg 2

ridge site (Fort Ridge in Figure 4a ) on each �ank of the ridge below the ice

on January 3, 2020. Nearby deployments from team ICE (thermistor chains

for ice-mass balance) and a nearby ocean T-chain and GPS buoys

completed the Fort Ridge observatory. During Leg 5, a vector eddy

covariance turbulence system ( Nortec Vector ; Figure 7 ) with additional

sensors for temperature and dissolved oxygen and an Aquadopp ADCP

(Nortek Aquadopp ) were deployed just beneath the ice very close to the

main ridge on August 28, 2020 (installations marked Eddy 1 and 2 in Figure

4b). Four additional GPS trackers were deployed to determine ridge

dynamics, as a complement to the turbulence measurements, in a triangle

around the eddy covariance system, at a distance of about 80–90 m.
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Tpops are autonomous expendable temperature sensors recording

measurements for a �xed time on the sea�oor ( TPOP ; Figure 7 ). During

MOSAiC, 20 units were deployed, on average one every other week just after

the full-depth PS-CTD cast. They were con�gured to take one measurement

per hour and to surface on September 1, 2021. As of November 2021, the 5

Tpops deployed during Leg 4 have successfully surfaced and transmitted

their data. The other 15, which were deployed further north, are presumed

trapped under ice and may send their data in the coming months.

Throughout the expedition we deployed several vertical chains, tethered to

the ice, to measure temperature and salinity. These systems contained

instruments recording internally, in a surface unit not telemetered or via a

fully telemetered buoy. During Leg 2 we deployed one chain covering the

upper 60 m, to cover the mixed layer and the upper halocline, at the LM

site. During Leg 5 one chain recorded the upper 8-m depth interval at the

edge of a newly formed lead. A second chain measured in the upper 100 m

(SIT in Figure 4b ). A third chain was deployed as a test case in the top 45 m

using simple, low-cost conductivity cells (TS-chain in Figure 4b ).

A combined nitrate and CTD instrument assembly was used to monitor

nitrate, temperature and salinity, either stationary around a depth of 10–20

m or as a manually operated pro�ler in the upper 100 m. The main purpose

was to provide nitrate time series and to supplement the parallel MSS

(turbulence) measurements with nitrate data.

An under-ice pro�ling CTD, the Ice-tethered Pro�ler (ITP) #111 ( ITP111 , Figure

7), was deployed as part of the Distributed Network of autonomous buoys

about 15 km from the Central Observatory near the beginning of Leg 1. The

instrument system and data processing are described in detail in Toole et

al. (2006)  and references therein; the results from this particular ITP are

shown in Section 5.

3.6. Data presentation and units

Throughout this work we present our observational data from various CTD

sensor packages following the Thermodynamic Equation Of Seawater

(TEOS-10; McDougall et al., 2010 ). TEOS-10 de�nes absolute salinity, S A, and

conservative temperature, Θ, based on measurements of conductivity,

temperature and pressure. All observational data plots have been created

either with Ocean Data View ( Schlitzer, 2015 ) or Matlab2021b (Mathworks),

including the Gibbs-SeaWater Matlab Toolbox ( McDougall and Barker,

2011 ).

4. Field operation and resulting data sets

The �eld set up and objectives detailed in Section 2, combined with the

instrumentation described in Section 3, led to a weekly schedule of regular

observations interspersed with �exible time slots. Team OCEAN was the

smallest team, with 3 to 5 people onboard each leg. During a typical week,

PS-CTD casts were concentrated on 2 days, due to logistical requirements

that included personnel power from many teams and support by the

Polarstern  crew. MSS and OC-CTD pro�ling were spread across the week to

optimize personnel commitment and achieve almost daily time resolution.

This effort included coordination with other teams for sampling and

operating additional pro�ling equipment. The MSS operation was

constrained by carrying out at least three pro�les close in time to allow for

statistical averaging when analyzing intermittent turbulence. Blocks of

�exible time were allocated to allow for: instrument maintenance, both at

the Central Observatory and remotely in the Distributed Network;
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preparation of outside �eldwork, such as buoy deployments and event-

based additional measurements; preparation of PS- and OC-CTD sampling

and operation, e.g., Polarstern - and Ocean City-hydrohole maintenance; and

data processing and archiving work. The weekly plan varied considerably

between legs and seasons, in�uenced by the size of our team onboard, both

seasonal and short-term environmental conditions, continuous

measurements during events, and external logistical constraints such as

personnel exchange. For example, during Leg 1, the three-person team had

to run daily and weekly observations while setting up new installations;

likewise, during Leg 3, only three people were onboard keeping the

observational program running as strong ice deformation led to the loss of

facilities in the Central Observatory. During Legs 2, 4 and 5, more personnel

allowed the team to engage in additional measurements, for example,

during storm events and for cross-calibration, amid demobilizing and

setting up different stages of the Central Observatory.

The MOSAiC observational �eldwork led to an impressive data yield. Despite

the pandemic and challenging ice conditions, we obtained nearly year-

round records from most of the pro�ling equipment, CTD/rosette sampling

and continuously measuring systems ( Figure 7 ). These include the set of

CTD/rosette systems, tracer sampling, current pro�lers, turbulence cluster

and microstructure pro�lers. The under-ice/halocline �ux system

(AOFB/Pycnocline Spar) provided good data until the early part of Leg 3.

TPOP deployments for deep water measurements covered much of the

Eurasian Basin. The SST-CTD was used intermittently, largely for event-

targeted measurements and cross-calibration. The ridge devices operated

for the duration of the two ridge observatories (Legs 2–3, ADCP Signature

1000 and CTD RBR; Leg 5, Nortek devices).

To ensure optimal data quality we carried out several efforts to facilitate

cross-calibration and -comparison between instruments, including

mounting the SST-CTD and the MSS pro�ler on either the PS- or OC-CTD,

and carrying out SST-CTD casts at the remote sites in the Distributed

Network. Further details will be part of future publications focusing on

individual sensors and systems.

Interruptions in our time series were caused by various environmental and

operational factors. Full-depth water ocean pro�les could not be obtained

for 8 weeks, between the March 14, 2020, and May 16, 2020, casts, due to the

collapse of the PS hydrohole ( Figure 7 ). As explained earlier, opening a new

hole was not deemed feasible. Loss of this hydrohole had further impact on

sampling not only of the deep but also of the upper and intermediate

layers, due to limited sample volume of the OC-CTD. As the ice was already

thin and melting when Leg 4 started in early June, Ocean City was not fully

reestablished, so no OC-CTD sampling was carried out after about mid-May.

This situation had the largest impact on the shallow measurements (e.g.,

nitrate and CDOM) and sampling, which could only be carried out within

the limitations of the in�uence of the Polarstern hull on the upper water

column. Undisturbed temperature and salinity data, and several bio-optical

variables, could be measured during Legs 4 and 5 by the MSS, however.

Finally, as the drift proceeded faster than expected, the camp had to be re-

installed on a second ice �oe during Leg 5. Much of the equipment was

redeployed then ( Figure 7 ), except for the turbulence cluster, the MR, the

Aural and all equipment from the �rst ridge site. As in other parts of the

Central Observatory, the �rst ridge site experienced severe deformation

during Leg 3, which led to dif�culties in accessing the site for data

download, the eventual loss of several of the instruments, and thus data

gaps in the “Fort Ridge” ADCP and CTD observations ( Figure 7 ). Due to the
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deformation across the Central Observatory, the AOFB/Pycnocline Spar

obtained observations of vertical �uxes and horizontal velocity only until

mid-March, with later operations again during Leg 5.

Despite these gaps, the observational data in Figure 7  highlight several

concurrent measurements to study local and regional feedbacks within the

coupled Arctic climate system, in particular:

• vertical energy budgets at the ice-ocean interface, the under-ice mixed

layer and the upper halocline (heat and momentum; e.g., Shaw et al.,

2009 ; Fer et al., 2017 ) during Legs 2–3, using the AOFB/Pycnocline Spar,

turbulence cluster, MR, ADCP (various), and MSS;

• sub-mesoscale and mesoscale horizontal variability and internal waves

(e.g., Manucharyan and Thompson, 2017 ) during Legs 1–4, using the

turbulence cluster and MSS;

• ridge hydrodynamics (e.g., Skyllingstad et al., 2003 ) for several weeks

during Leg 2, using the CTD RBR and ADCP Signature 1000, and during

Leg 5 using the Nortek Vector and Nortek Aquadopp;

• vertical �uxes of different measured variables and sampled substances

(e.g., Randelhoff et al., 2020 ) during Legs 1–3, using the MSS and OC-

CTD, and during Legs 4–5, using the MSS and PS-CTD; and

• water masses throughout the water column; and related to large-scale

advection and local modi�cation by mixing, double-diffusion and

entrainment.

In addition to regular observations there are several sets of intensi�ed

measurements during various events. One example is provided in Section 5,

and further details will be available in the general MOSAiC overview

(additional overview article expected in this special collection, led by M Rex).

5. Preliminary results

5.1. Hydrographic properties during the �ve legs

We present the CTD pro�les down to 2000 m, with the data median-

averaged in time for each leg ( Figure 8 ; 1 dbar ∼=1 m). Starting at the

surface, all temperature pro�les are similarly close to freezing in the top 40

m, except for Leg 5 (purple) which is above the freezing point of seawater,

as expected for a summer pro�le. This is also the least saline at the surface,

due to ice melt. The vertical differences in salinity are more pronounced

than those in temperature and underline differences in the mixed layer

from leg to leg: the mixed layer deepens from, on average, shallower than

40 m in Legs 1 (red) and 2 (yellow) to 60 m in Leg 3 (green). The top 100 m of

Leg 4 (blue) differ from the other legs primarily because of regional, not

seasonal, differences: Leg 4 was spent mostly over the Yermak Plateau and

in Fram Strait.

Figure 8.
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View large Download slide

Hydrographic properties during the �ve legs . Left: location of all of the full-depth

casts with the Polarstern-hydrohole-CTD during the Multidisciplinary drifting

Observatory for the Study of the Arctic Climate drift, color-coded per leg; bathymetry

from GEBCO (Weatherall et al., 2020 ). Right: for each leg, corresponding CTD pro�les

of conservative temperature (Θ ) and absolute salinity (S A), median-averaged in time

for each leg and vertically averaged into 5-dbar bins (1 dbar 1 m). CTD data are

preliminary and available in Tippenhauer et al. (2021) . Number of casts, distance, and

time period differ for each leg (see Figure 7). CTD = conductivity-temperature

pro�ling through depth. DOI: https://doi.org/10.1525/elementa.2021.00062.f8

Deeper than 100 m, differences in all pro�les are most likely re�ective of the

regionality in the Arctic. Between depths of 100 and 500 m, the Atlantic

Water is warmest during Leg 4, i.e. near its in�ow to the Arctic. As expected

in the Amundsen Basin, as we sampled from east to west, the Atlantic

Water temperature decreases from Leg 1 to 2, then 3 (see also T-S diagram

in left panel, Figure 9 ). Leg 5 again sampled the region sampled by Leg 2,

and consequently exhibits similar Atlantic Water temperatures.

Figure 9.

View large Download slide

Conservative temperature-absolute salinity diagram . Conservative temperature

versus absolute salinity of the data shown in Figure 8 , with the main water masses

highlighted. Left panel, starting at the ocean surface: Polar Surface Water, Upper

Halocline, Lower Halocline, Upper Atlantic Water, and Lower Atlantic Water (AW2).

Deeper water masses in the magenta rectangle, zoomed in on the right panel, again

starting at the shallowest just under AW2: Upper Polar Deep Water, Arctic

Intermediate Water, Canada Basin Deep Water, Eurasian Basin Deep Water, and

Eurasian Basin Bottom Water. See water mass de�nitions in Table S2. Number of

casts, distance, and time period vary differ for each leg (see Figures 7  and 8). DOI:

https://doi.org/10.1525/elementa.2021.00062.f9

Underneath the Atlantic Water layer, differences are most visible on a T-S

diagram (right panel, Figure 9 ). The most interesting difference between

the legs is the presence or absence of Canada Basin Deep Water intrusions,

clearly visible as a local salinity maximum around 2000-m depth (see Leg 1

in red around –0.65°C on right panel, Figure 9 ). The distribution in

properties of Eurasian Basin Deep Water and Eurasian Basin Bottom Water

is somewhat surprising, with warmest and saltiest waters in Leg 4 as

expected, but coldest and freshest in Leg 1, as if properties changed linearly

from west to east in the Amundsen Basin, whereas we expected the

opposite. More work investigating the properties of these water masses will

appear in later publications, in particular comparing our MOSAiC

measurements to the few existing historical casts and ongoing Synoptic

Arctic Survey measurements.

5.2. Longer deployments: Upper ocean hydrography and
currents

As detailed in section 3, hydrographic properties, in the upper ocean in

particular, were measured by more sensors than the PS-CTD. Here we

present data from an ITP that was located in the Distributed Network

(Figure 10 ). Figure 10  shows the evolution of mixed-layer depth de�ned by a

potential density difference of 0.05 kg m –3 from the surface (e.g., Toole et al.,

2010 ). The mixed layer became thicker during our drift from north of the
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Laptev Sea toward the Yermak Plateau (January–April). This thickening was

partly due to freezing and concurrent brine rejection, in turn leading to

haline convection. There is a strong regional component as the ITP drifted

into the region of the Fram Strait in�ow of warm AW, where winter mixing

reaches deeper than in the Eurasian central Arctic Ocean due to higher

near-surface salinity and less strati�cation. The mixed-layer depth was

much shallower than the upper bound of the warm AW, denoted by the

0°C isotherm, for much of the drift, except near the Fram Strait in�ow (May

onwards). The conditions near the Fram Strait in�ow re�ect the winter

mixing in this region, where the lower halocline is formed. This lower

halocline, denoted by the 34 g kg –1 isohaline ( Figure 10b ), was within a few

meters of the mixed layer near the beginning and the end of the section,

but much shallower in the Eurasian central Arctic Ocean part of the

Transpolar Drift. The halocline has been found to form not only close to the

Fram Strait in�ow north of Svalbard, but as far east as the Laptev Sea in

recent years ( Polyakov et al., 2017 ). We now appear to observe this signal

further north in the basin, “downstream” of the boundary current at the

continental slope of the Kara and Laptev seas.

Figure 10.

View large Download slide

Sections of hydrography along the drift track . Evolution of the (a) conservative

temperature and (b) absolute salinity with depth (y-axis) and time along the

Multidisciplinary drifting Observatory for the Study of the Arctic Climate drift track (x-

axis) from twice-daily pro�les by ITP #111 ( Toole et al., 2016 ). The black line in (a) is the

0oC isotherm; in (b), the 34 g kg –1 isohaline; see text for explanation. The gray line

denotes the mixed-layer depth (see text) on both panels. Parts of the section without

data are shown in white. The time series has been interpolated linearly to �ll gaps in

the top 20 m of the section and subsequently smoothed by a lowpass 5th-order

Butterworth-Filter (cutoff period of 7 days; Butterworth, 1930 ), then again applying a

mask to re�ect measurement gaps (white areas in Figure 10). ITP #111 drifted with the

Distributed Network around the Central Observatory; the system was recovered in

July, but due to large data gaps, we only show the time series until June. DOI:

https://doi.org/10.1525/elementa.2021.00062.f10

Here we present one example of a continuous time-series measurement at

the Central Observatory: current velocities as measured by the 75 kHz

ADCP. Current observations from Legs 1–3 support the well-known notion of

a “quiescent” Arctic Ocean, with current speeds averaging 3.8 cm s –1 and

rarely exceeding 5 cm s –1 (Figure 11 ). However, despite this overall sluggish

nature, we observed several episodes with strongly increased upper-ocean

velocities in early spring (March–April 2020), where current speeds

exceeded 25 cm s –1 in the upper 50 m. These events are presumably linked

to strong atmospheric forcing; their interaction with ice mobility and mixing

is yet to be analyzed. During June–July 2020 (Leg 4), over the Yermak

Plateau and Fram Strait, currents averaged 12.4 cm s –1. This region is a tidal

hotspot with elliptic tidal currents (e.g., Padman et al., 1992 ). These are

evident in our measurements that also show a strong and persistent

southwestward �ow. From August 2020 onward (Leg 5), in the Eurasian

central Arctic Ocean, observed velocities were 5 cm s –1, which is relatively

larger than the average 3.8 cm s –1 observed in the same region in winter

(Legs 1–3). The bottom panel of Figure 11  shows that this increase is not

con�ned to the upper ocean, but spreads throughout the observed water

Overview of the MOSAiC expedition: Physical oceanography | Element... https://online.ucpress.edu/elementa/article/10/1/00062/119792/Overvie...

20 of 46 8/15/2022, 9:54 AM

javascript:;
javascript:;
javascript:;
javascript:;
https://online.ucpress.edu/view-large/figure/1330815/elementa.2021.00062.f10.tif
https://online.ucpress.edu/view-large/figure/1330815/elementa.2021.00062.f10.tif
https://ucp.silverchair-cdn.com/DownloadFile/DownloadImage.aspx?image=https://ucp.silverchair-cdn.com/ucp/content_public/journal/elementa/10/1/10.1525_elementa.2021.00062/6/elementa.2021.00062.f10.png?Expires=1663333302&Signature=k5YYBvMJCi0DeXN8s-QB5XJFxp5qEZhLFIgKO1Z7NJaNFdm2fAruSaloxKa4BuvD~UiYidSVnKvlRR9H~eBI1DPlkR8W64ZLCn8VJSDiN1U98DZS70MS7oWiAuaq4BZlbl~jFkGjwy~UA6R2fB7NxR6coRBaVXeEgmj1ikYThDgYb5bED6COH4vlKqxvfUVd9-3DAziGnpmVvSc3lRo50rBK25w9jsyfupWur1dJihvkosoB~CvmcywqbqKtz~6KjOcufduE-PzylQZJRh~7x6nJMrud~PsTW8RnCvmlkt752SNw0RD2OXs0n5u8~-S5hktRocPcE7vVbmbErAuwJQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA&sec=1330815&ar=119792&xsltPath=~/UI/app/XSLT&imagename=&siteId=1000091
https://ucp.silverchair-cdn.com/DownloadFile/DownloadImage.aspx?image=https://ucp.silverchair-cdn.com/ucp/content_public/journal/elementa/10/1/10.1525_elementa.2021.00062/6/elementa.2021.00062.f10.png?Expires=1663333302&Signature=k5YYBvMJCi0DeXN8s-QB5XJFxp5qEZhLFIgKO1Z7NJaNFdm2fAruSaloxKa4BuvD~UiYidSVnKvlRR9H~eBI1DPlkR8W64ZLCn8VJSDiN1U98DZS70MS7oWiAuaq4BZlbl~jFkGjwy~UA6R2fB7NxR6coRBaVXeEgmj1ikYThDgYb5bED6COH4vlKqxvfUVd9-3DAziGnpmVvSc3lRo50rBK25w9jsyfupWur1dJihvkosoB~CvmcywqbqKtz~6KjOcufduE-PzylQZJRh~7x6nJMrud~PsTW8RnCvmlkt752SNw0RD2OXs0n5u8~-S5hktRocPcE7vVbmbErAuwJQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA&sec=1330815&ar=119792&xsltPath=~/UI/app/XSLT&imagename=&siteId=1000091
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1525/elementa.2021.00062.f10
https://doi.org/10.1525/elementa.2021.00062.f10
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;


column.

Figure 11.

View large Download slide

Current velocity . Left panel, drift track (color-coded per leg, cf. bottom of right panel)

with magenta arrows indicating vertically and monthly averaged velocity measured

by the 75-kHz acoustic Doppler current pro�ler. Top right panel: current roses

indicating prevalent directions (in 10° bins; greater distance from the center indicates

greater occurrence) and speed (colors) for each of the three deployments. Bottom

right panel: time-depth plot of current speed for each deployment. The data are

available in Baumann et al. (2021) . DOI: https://doi.org/10.1525/elementa.2021.00062.f11

5.3. Event, targeted measurements: Meltwater layer in leads

Along with the routine measurements that produced the year-long time

series shown above and detailed in Section 4, part of our pro�ling and

sampling efforts were made in response to “events”, such as lead openings.

During Legs 4 and 5, SST-CTD measurements in leads revealed the

presence of a meltwater layer at the surface. This meltwater layer was also

detected by other pro�ling instruments, not shown here as their calibration

is ongoing. The presence of a meltwater layer at the surface during one

such lead event on August 25, 2020, is clearly visible in Figure 12 . The

temperature closely follows the salinity-dependent freezing point (panel a)

and salinity is lower than 5 g kg –1 at the very surface (panel b). Below the

meltwater layer (panels c and d), the pro�le exhibits the typical temperature

and salinity characteristics observed in the high Arctic, which are also

described in Figure 9 : halocline close to freezing until approximately 100-m

depth, with the comparatively warm Atlantic Water layer below. After the

�rst large storm of Leg 5, on September 6, 2020, the meltwater layer was not

observed in our measurements, implying a sensitivity to wind conditions.

This storm was another “event” during which intense sampling was

performed. In particular, the team collected microstructure pro�les

uninterrupted for a duration of 36 h.

Figure 12.

View large Download slide

Hydrography during melting. Vertical pro�les of (a) conservative temperature (Θ)

and (b) absolute salinity (S A) for the top 5 dbar (ca 5 m) of the water column, (c)
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combined as a Θ - SA diagram along with freezing line (black), and (d) Θ and (e) S A

and (f) Θ - SA diagram for the full pro�le, collected by the SST-CTD on August 25, 2020.

The data are available in Tippenhauer et al. (2021) . SST = Sea and Sun Technologies;

CTD = conductivity-temperature pro�ling through depth. DOI: https://doi.org/10.1525

/elementa.2021.00062.f12

6. Inside OCEAN and beyond: Linkages to
modeling and observations by other teams

All MOSAiC teams have contributed to research on the wider climate

system, in particular current climate change, either explicitly or via their

relation to modeling. Many projects aim to investigate the response of the

Arctic Ocean to the disappearance of perennial ice. Here we brie�y relate

the observations of Team OCEAN to those of other teams and to remote

sensing and numerical modeling.

6.1. Relation to satellite retrieval

Team OCEAN observations can give added value to the analysis of various

types of satellite observations, both by in-situ validation of satellite products

and by analysis of combined datasets. Below we outline the relevant

satellite missions and data products, and potential analyses.

Sea surface temperature (SST) in the Arctic has long been retrieved from

infrared remote sensing (e.g., Key and Hae�iger, 1992 ) at comparatively

high spatial resolution (approximately 1 km) but only for cloud-free

conditions, and in combination with microwave radiometers at lower

resolution under all cloud conditions (e.g., Donlon et al., 2012 ). Usually, SST

can only be retrieved in ice-free regions because separating SST from ice

surface temperature for sea-ice leads narrower than the satellite footprint

resolution is still a challenge (e.g., Fan et al., 2020 ). Our SST measurements

throughout MOSAiC and, in particular, our measurements in leads (see

Figure 12 ) can be used as validation data for satellite-based SST. Moreover,

our SST measurements along with our microstructure measurements can

improve the turbulent heat �ux observed by these satellites (e.g., Qu et al.,

2019 ). Our full-depth hydrography data can be used as validation for

satellite gravimetry. Combined with satellite altimetry, improved gravimetry

would reduce uncertainty in sea-level trends (e.g., Jeon et al., 2018 ) and

allow us to monitor freshwater changes and geostrophic circulation in the

Arctic with improved accuracy (e.g., Armitage et al., 2016 , 2017 ; Doglioni et

al., 2021 ).

Not only can our measurements be used as “ground truth”, they also

produce values or reveal physics that can be implemented in the satellite

retrieval algorithms to improve the resulting products. For example, sea-ice

thickness and sea-ice production retrievals assume that the ocean

temperature is very close to freezing (e.g., Ricker et al., 2017 ), yet our

measurements during Leg 4 showed instances where the ocean under the

ice was signi�cantly above freezing. The ocean temperature measurements

can also be used in combination with satellite retrievals to partition the

oceanic and atmospheric forcing to the sea-ice volume decline ( Ricker et

al., 2021 ). Satellite products of air-sea �uxes, notably of carbon, require

information about upper ocean turbulence (e.g., Buchwitz et al., 2018 ),

which is assumed to be low in the Arctic. Our extensive turbulence

measurements during MOSAiC, and their preliminary results indicating that

the Arctic is far from being as “quiet” as traditionally assumed (see Section

5), may force such products to change their parameterization. Our

turbulence and under-ice current measurements can also be used to

evaluate satellite sea-ice drag products ( Heorton et al., 2019 ), and will be

combined in future studies with ICESat-2 satellite laser altimeter data.
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On the other hand, we expect satellite retrievals to be of great use to

complement our ocean observations. Of most immediate relevance to the

MOSAiC physical oceanographers will be the use of satellite sea-ice

products in combination with observations from the Central Observatory

and the Distributed Network to analyze the ocean’s response to different ice

conditions. Sea-ice drift and deformation products, in particular, from high

resolution Synthetic Aperture Radar (SAR) sensors ( Krumpen et al., 2021 ),

can provide us with a detailed map of estimated under-ice currents over

the entire Distributed Network and beyond, not just at the locations that we

instrumented. Most of Team OCEAN measurements were taken under ice,

but some were taken in leads as well as in the presence of open water areas

in spring and summer. Satellite measurements can help to upscale these

local observations to a regional scale. From spaceborne infrared (MODIS,

AMSR) and SAR data, one can detect leads (e.g., Murashkin et al., 2018 ;

Reiser et al., 2020 ), where new ice formation is highly relevant to changes

in ocean mixed-layer properties; from SAR and/or altimetry, one can detect

eddies (e.g., Kozlov et al., 2019 ; Bashmachnikov et al., 2020 ). SAR can also

reveal the surface signature of internal waves (e.g., Thompson and

Gasparovic, 1986 ). All of these applications would allow us to place our

observations, in particular those across the Distributed Network, into a

larger geographical context.

6.2. Relation to modeling

MOSAiC physical oceanography observations provide a basis for a step-

change in understanding the Arctic dynamics and motivating further

model improvements. The following aspects are of particular relevance to

modelling:

– The observations cover the seasonal cycle across a large part of the

Eurasian central Arctic Ocean, often at high temporal resolution for

speci�c processes (e.g., 36-h uninterrupted MSS series), ranging from

mixed layer variability to turbulent mixing, double diffusion, and

internal waves;

– Several measurements encompass an entire basin full-depth, from

the surface to the sea�oor, and as such can be used to identify biases

in a model’s representation of the mixed layer depth, vertical

strati�cation and water mass characteristics over the full annual cycle

of atmospheric and sea-ice conditions;

– The observations are not only point measurements from Polarstern ,

but also from Ocean City and the Distributed Network, thus allowing

a meaningful comparison to the model values representative of a grid

cell;

– Measurements were taken in coordination with all of the other

teams, allowing an interdisciplinary approach to study coupled

processes and feedbacks of the ocean, ice and air, radiative/heat

/freshwater budgets, turbulent �uxes, carbon cycle, nutrient

transports, and trace gas pathways, among others; and

– The conditions during 2020 were unique, with an extremely rapid

transpolar ice drift, lower sea-ice thicknesses with potential impacts

on the transport of the ice-rafted material across the Arctic, stronger

oceanic connectivity between the western Siberian shelves and the

central Arctic Ocean and a record shift from an extremely low to an

extremely high Arctic Oscillation in winter ( Dethloff et al., 2021 ;

Krumpen et al., 2021 ; Rinke et al., 2021 ; Wilson et al., 2021 ).
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This set of year-long MOSAiC physical oceanography data is expected to

advance understanding of physical processes in the ocean and their role in

coupling with the sea ice and atmosphere. The leading goal is to provide

more robust assessments of the current changes in all of the components

of the Arctic system. The results can facilitate more reliable seasonal to

decadal prediction and better projection of the future changes in the Arctic.

Two ways to achieve this goal is by improving sub-grid-scale process

representation and by accounting for the new key emerging processes not

previously considered in the models. The MOSAiC observations are

instrumental for these developments, and they are initially being used to

evaluate and tune ocean and fully coupled climate models, with a focus on

improving the representation of coupled processes. In particular, the under-

ice ocean measurements obtained during winter and the transitional

seasons constitute unique measurements for process-oriented model

evaluation and calibration. These include observations of: air-ice-ocean

radiative, turbulent and momentum �uxes; inertial oscillations; mixed layer

dynamics; and turbulent mixing. They may lead to better parameterisations

of the vertical �uxes of heat, mass and momentum and improved

simulations of the upper ocean content of fresh water and heat ( Solomon

et al., 2021 ); double diffusion, which is one of the dominating processes in

the water mass transformation in the present Arctic climate ( Guthrie et al.,

2017 ); mixing due to internal waves (e.g., Dosser et al., 2021 ); and barotropic

and baroclinic currents, and eddies ( Armitage et al., 2020 ; Timmermans

and Marshall, 2020 ). Work that combines observational analysis and

modeling is currently evaluating biases in an hierarchy of models, from

regional high-resolution (sub-kilometer scale) ice-ocean and coupled

models to global coupled models from the Climate Model Intercomparison

Project phase 6 (CMIP6; Eyring et al., 2016 ). The MOSAiC data are to make a

central contribution to this activity. Another example of the joint modeling

and observational effort is to examine sub-mesoscale and mesoscale eddy

statistics, and to improve their parameterization using data and high-

resolution modeling (e.g., Danilov et al., 2017 ; Kubryakov et al., 2021 ). A

further aspect is to explore large-scale dynamical structures in the surface

ice and ocean �ows ( Wilson et al., 2021 ). On the interdisciplinary side,

ongoing modeling of the pan-Arctic advection of heat, nutrients, and other

biogeochemically relevant substances by sea ice and ocean gives crucial

input to predict the near future of the Arctic in response to climate change

(e.g., Ardyna and Arrigo, 2020 ; Krumpen et al., 2020 ; Belter et al., 2021 ).

Ocean data assimilation and state estimation, in the form of hindcasts

using adjoint methods or an ocean reanalysis, is another important focus of

modeling research (e.g., Nguyen et al., 2021 ).

6.3. The coupled system: Relation to disciplinary in-situ
observations

The MOSAiC expedition has been unique in the sense that all observations

were planned with the aim of observing the fully coupled Arctic

atmosphere-ice-ocean system (general MOSAiC overview, article expected

in this special collection, led by M Rex). Consequently, the physical

oceanography measurements strongly contribute to answering

transdisciplinary research questions. We here give a few examples of

ongoing studies (see also Table S1) and an outlook into the future.

The physical oceanography observations can be combined with those of

snow, sea-ice, and atmospheric processes and properties to enable

characterization of the complete heat, freshwater, and momentum budgets

of the coupled ocean-ice-atmosphere physical system. The unique MOSAiC

observational dataset will allow us to close these budgets for different
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seasons and different ice conditions, in particular in the marginal ice zone

and in the transitional seasons. We can observe, for example, the large heat

loss from the ocean to the atmosphere in winter, both through leads and

conduction through the sea ice (e.g., McPhee and Untersteiner, 1982 );

conversely, the solar heating in summer via open water and transmission

through the sea ice. These heat �uxes in�uence the ocean mixed-layer

temperature, the rate of winter ice growth and the amount of summer

bottom melt. One result of winter cooling on the under-ice ocean mixed

layer has already highlighted for the �rst time the formation of platelet ice

in winter ( Katlein et al., 2020 ). There is, further, an indication that the

impact of upper ocean heat on reduced ice growth is currently increasing

(Ricker et al., 2021 ). Such cross-cutting analyzes can also examine the

momentum transfer during storms via atmosphere-ice-ocean interaction,

and freshwater gain into the ocean as the ice melts in summer.

Another topic of importance for all MOSAiC teams is the exchange of

climate-relevant gases. Measurements of CH 4, N2O and dimethylsul�de in

the winter mixed layer will shed light on the still unconsidered exchange of

these dissolved gases at the ice-sea interface coupled to brine release

during freezing and ice growth as alternative pathways to the ice-

atmospheric gas �uxes during winter. Measurements from the OC-CTD will

be augmented by those from the PS-CTD, from our installations on the ice,

and from the Distributed Network, and will provide additional information

about the ocean’s capability to absorb these gases. Of particular

importance are observations of temperature and vertical mixing. On the

large scale, the deeper water column of the Arctic Ocean may be an

important sink for methane, previously released from the Arctic seabed on

the shelves ( Shakhova et al., 2014 ) and transported within sea ice to the

interior Arctic ( Damm et al., 2018 ; Verdugo et al., 2021 ). Currently, there is a

strong imbalance between bottom-up and top-down estimates of methane

sources and sinks ( AMAP, 2015 ). Although observations of methane �ux to

the atmosphere from leads in the ice-covered ocean have been reported

(Kort et al., 2012 ; Berchet et al., 2016 ), Lower Halocline and Atlantic Water

(Figure 9 ) may facilitate methane oxidation. The capacity of this sink

depends heavily on the circulation time scale and production of cold waters

through shelf-basin exchange, because microbial oxidation in the Arctic is

slow ( Damm et al., 2015 ; Uhlig and Loose, 2017 ). A suite of water mass

tracers have also been sampled in collaboration by the OCEAN and BGC

teams (see Section 3.b). The results will be used for common studies on, for

example, riverine in�uence ( Bauch et al., 2011 ; Laukert et al., 2017b , 2019 ;

Paffrath et al., 2021 ) or water mass ventilation ( Rhein et al., 2017 ). In

general, estimates of upper-ocean processes —vertical turbulent kinetic

energy, dissipation, ice-water current shear, convection from brine drainage

and heat �ux between the ocean and the atmosphere, are all important

determinants of air-water and ice-water gas exchange. These estimates are

limited primarily by turbulence on the water side of these interfaces

(Lovely, 2014 ; Loose et al., 2016 ). The measurements of these physical

processes throughout can help to connect the observations of gas �ux to

the physical drivers that produce them.

Physical processes also shape and in�uence Arctic ecosystem properties

and processes. The range of impacts can span from �ne-scale effects on

under-ice organismal dispersal around ridged ice blocks to mesoscale

processes that shape regional microbial community structure.

Furthermore, water mass properties can inform observed patterns in

ecosystem-wide distributions of species, from viruses to �sh ( Gradinger et

al., 2010 ; Wassmann, 2015 ). Within MOSAiC, a broad suite of ecological

properties and rates were measured coinciding with hydrographic
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measurements to address gaps in our understanding of how organisms

and their metabolisms respond to the seasonal and spatial changes in

ocean dynamics. In part, the physical state of the ocean determines the

distributions of essential nutrients and dissolved compounds, which are

vital to supporting Arctic life, and partially structures interactions between

organisms and their environment ( Polyakov et al., 2013 ). Additionally,

physical conditions can drive changes in organismal, population-wide, and

community-level aspects of ecosystem processes and functions, thereby

playing an important role in the interpretation of observed responses

and/or shifts in the Arctic ecosystem ( Slagstad et al., 2015 ). Resolving the

especially tight coupling between upper ocean dynamics, sea ice, and

biological activities is critical to addressing time- and space-sensitive

responses of the Arctic ecosystem ( Wassmann, 2015 ), and is one example of

how ocean physics link ecosystem measurements to broader processes of

the Arctic climate system.

7. Conclusions

We presented the scienti�c background, planning, and �eld setup of the

physical oceanography work during the MOSAiC expedition. Our setup had

to be modi�ed due to environmental conditions, such as ice deformation,

extremely cold temperature and seasonal melt. In addition, COVID-19

interrupted personnel rotation. Despite these odds, we managed to obtain

a comprehensive year-round set of data observed in the ocean, some

ranging from under the sea ice to the sea�oor. Much of the instrumentation

worked across the Eurasian Basin and throughout all seasons. The data

obtained during the drift have been partly processed and analyzed after the

expedition, already showing the added value of the numerous observations

that were carried out regularly and in parallel, within our “Team OCEAN”

and in collaboration with the other teams. All data will be publicly available

by January 2023 at the latest.

The data presented in Section 5 highlight the large-scale nature of our

observations as well as the resolution we were able to obtain, both in time

and space, to study local processes in detail. Targeted observations allowed

us to resolve speci�c event-driven phenomena that cannot easily be

studied by traditional research icebreaker surveys, due to the associated

spatial focus and limited ship time.

Many process studies facilitated by the observations will guide future

satellite missions and lead to model improvements. This effort includes the

development of ocean-related model parameterizations and ocean

coupling with other climate system components. Further, our experience

regarding the implementation of such ambitious and complex �eldwork,

coordinated across many countries and teams both on- and off-shore, will

be extremely useful to future Arctic Ocean �eldwork. Overall, the data

collected by Team OCEAN will be the main legacy of the physical

oceanography work within the MOSAiC expedition, which will enable many

uniquely physical and interdisciplinary analyses over the coming years.

Data accessibility statement

All data are archived in the Multidisciplinary drifting Observatory for the

Study of the Arctic Climate Central Storage (MCS) and will be available at

the time of �nal publication in the data repositories PANGAEA and the

Arctic Data Center. Additional references to data sets that are already

publicly available are given in the text. All other data shown in this work will

be published during the review process and will be available by the time of

acceptance.

Overview of the MOSAiC expedition: Physical oceanography | Element... https://online.ucpress.edu/elementa/article/10/1/00062/119792/Overvie...

26 of 46 8/15/2022, 9:54 AM

javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;


Supplemental �les

The supplemental �les for this article can be found as follows:

Text S1 . Details of instruments and methods.

Table S1 . Table of contributing projects.

Table S2 . De�nition of water masses represented in Figure 9 .
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