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Central Arctic properties and processes are important to the regional and global coupled climate system.The
Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) Distributed Network (DN) of
autonomous ice-tethered systems aimed to bridge gaps in our understanding of temporal and spatial scales, in
particular with respect to the resolution of Earth system models. By characterizing variability around local
measurements made at a Central Observatory, the DN covers both the coupled system interactions involving
the ocean-ice-atmosphere interfaces as well as three-dimensional processes in the ocean, sea ice, and
atmosphere. The more than 200 autonomous instruments (“buoys”) were of varying complexity and set up
at different sites mostly within 50 km of the Central Observatory. During an exemplary midwinter month, the
DN observations captured the spatial variability of atmospheric processes on sub-monthly time scales, but
less so for monthly means. They show significant variability in snow depth and ice thickness, and provide
a temporally and spatially resolved characterization of ice motion and deformation, showing coherency at the
DN scale but less at smaller spatial scales. Ocean data show the background gradient across the DN as well as
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spatially dependent time variability due to local mixed layer sub-mesoscale and mesoscale processes,
influenced by a variable ice cover. The second case (May–June 2020) illustrates the utility of the DN during
the absence of manually obtained data by providing continuity of physical and biological observations during
this key transitional period. We show examples of synergies between the extensive MOSAiC remote sensing
observations and numerical modeling, such as estimating the skill of ice drift forecasts and evaluating coupled
system modeling. The MOSAiC DN has been proven to enable analysis of local to mesoscale processes in the
coupled atmosphere-ice-ocean system and has the potential to improve model parameterizations of
important, unresolved processes in the future.

Keywords: MOSAiC, Distributed Network, Autonomous, Buoy, Arctic Ocean, Coupled processes

1. Introduction
1.1. Arctic processes, global climate models and

MOSAiC

The Arctic is a region of prime importance for ongoing
global change, showing significant sea ice retreat (Lindsay
and Schweiger, 2015; Meredith et al., 2019; Intergovern-
mental Panel on Climate change, 2022), near-surface air
temperature rising at more than twice the global rate (e.g.,
Rantanen et al., 2022), and “Atlantification” in the Eur-
asian part of the Arctic Ocean (e.g., Polyakov et al., 2017;
Ingvaldsen et al., 2021). The largely enclosed nature of the
basin and the extensive continental shelves make the Arc-
tic Ocean much smaller in both area and volume than the
Indian, Atlantic, and Pacific Oceans, yet it receives on the
order of 10% of the world’s continental runoff (Haine
et al., 2015; GRDC, 2023). Moreover, the Arctic Ocean is
closely linked to the adjacent oceans and seas, where it
can have potentially profound impact on regional or
global ocean circulation (e.g., Häkkinen, 1999; Haak
et al., 2003) and atmospheric temperatures (e.g., Wu
et al., 2013) at lower latitudes, and, ultimately, global
climate (e.g., Koenigk et al., 2007; Rennermalm et al.,
2007).

Basin-wide budgets and circulation patterns are deter-
mined not only by basin-scale forcing but also by many
processes that play out from mesoscales (von Appen et al.,
2022, and references therein) to small-scale turbulence
(Rippeth and Fine, 2022, and references therein) and fur-
ther to the (diffusive) molecular scale (Rudels, 2009; Shib-
ley et al., 2017). The regionally varying seasonal and
perennial sea ice cover and surface snow add challenges
to understanding the regional coupled climate system.
Feedbacks among the atmosphere, sea ice and snow, and
liquid ocean are complex, varying in all three dimensions
and in time. The vertical column is particularly important,
as it allows radiation and turbulence to directly transport
energy, mass, and other constituents across different
layers in the coupled system (e.g., Sirevaag et al., 2011;
Tjernström et al., 2014). Lateral processes, including long-
range atmospheric transport, sea ice melt and freeze, as
well as frontal dynamical processes and eddies in the
ocean and atmosphere, boundary layer turbulence, and
cloud macrophysical and microphysical properties (e.g.,
Timmermans et al., 2012; Jonassen et al., 2020; George
et al., 2021), lead not only to lateral but also to vertical
fluxes. This combination of lateral and vertical fluxes has

been shown to strongly link atmosphere-ice-ocean fea-
tures such as cloud liquid water content and ice growth
rates at the ice-ocean interface (Persson et al., 2017). Both
local small-scale processes as well as mesoscale features
are highly heterogeneous in space and time, across the
disciplines of physics, chemistry, and biology (e.g., d’Ovi-
dio et al., 2010; Levy and Martin, 2013; Mahadevan, 2016).
Hence, how well any single point in space and time may
represent the conditions across a larger domain, such as
an ocean basin or a climate model grid box, is not clear.
Even a time series at one point in space or a quasi-synoptic
survey along a single line may not capture all of the
important variability. A spatial network of sensors measur-
ing key variables at high temporal resolution is needed.

The Multidisciplinary drifting Observatory for the Study
of Arctic Climate (MOSAiC) set out to measure a multitude
of variables at a variety of spatial scales in the coupled
atmosphere-ice-ocean system along the transpolar drift
throughout a whole annual cycle, with the ultimate aim
to enhance our understanding of regional and local pro-
cesses and improve coupled climate modeling. From Octo-
ber 2019 to July 2020 the German icebreaker RV
Polarstern (Alfred-Wegener-Institut Helmholtz-Zentrum
für Polar- und Meeresforschung, 2017) served as the base
of operations and was moored to an ice floe, drifting
across the Eurasian basin from north of the Laptev Sea
to Fram Strait. The vessel was then relocated to a different
ice floe in the central Arctic during the final phase of the
experiment in August and September 2020, capturing the
autumn freeze-up. The Central Observatory of the experi-
ment consisted of many fixed installations on RV Polar-
stern itself, as well as a wide array of sampling and
measurement activities on the main ice floe within about
2 km of the vessel. Further details on the disciplinary work
can be found in overviews by the scientific teams, covering
the atmosphere (Shupe et al., 2022), physical oceanogra-
phy (Rabe et al., 2022), sea ice and snow (Nicolaus et al.,
2022), the ecosystem (Fong et al., n.d.), and biogeochem-
istry (overview publication expected in this special feature,
led by E. Damm). These works also contain details on the
scientific conceptual design, logistics, and legs of the expe-
dition that we do not detail here.

1.2. Gaps in knowledge and community needs

Despite numerous efforts to observe and model the Arctic
coupled atmosphere-ice-ocean system there are significant
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gaps in our knowledge of the relevant processes (Meredith
et al., 2019). Prior to MOSAiC, much observational data
was lacking for the atmosphere (Bourassa et al., 2013;
Shupe et al., 2022), the sea ice and snow (Nicolaus
et al., 2022), and the ocean (Rabe et al., 2022; Weingartner
et al., 2022). The horizontal grid resolution in current
global climate or Earth system models used for multi-
decadal simulations ranges from 8–250 km, typically 8–
100 km in the ocean and coarser in the atmosphere, 25–
250 km (Haarsma et al., 2016; Roberts et al., 2019).
Numerical Weather Prediction and regional climate and
ocean-ice models reach resolutions with a spacing of less
than 10 km (Rackow et al., 2019), with some approaching
1 km, in both the atmosphere (Wedi et al., 2020), the sea
ice and the ocean (Wang et al., 2020). Increasingly, such
models are resolving variability at scales that are finer
than the typical grid boxes of multi-decadal global cli-
mate model simulations outlined above, and hence
require process-level observations at fine scales. Key vari-
abilities include mesoscale ocean eddies (e.g.,Wang et al.,
2020) on scales of around 5–10 km (e.g., Nurser and
Bacon, 2014; Sein et al., 2017); sea ice thickness, defor-
mation, and roughness (e.g., Bouchat et al., 2022; Hutter
et al., 2022); snow depth, mesoscale variability of cloud
structure and associated dynamics, and mesoscale wind
variations; and variability of surface energy and momen-
tum fluxes. These fluxes are dependent on the variability
of clouds and snow/ice surface characteristics. An
improved representation of these, often multidisciplin-
ary, processes, either through increased model resolution
or advanced parameterizations, is critical for reducing
uncertainty in models and their predictions of Arctic
climate change (Maslowski et al., 2012; Jin et al., 2018;
Roberts et al., 2019; Clement Kinney et al., 2022; Heuzé
et al., 2023).

Autonomous observations have gained importance in
the Arctic Ocean in recent decades and bring the potential
to fill many of the observational needs. The development
of technologically advanced ice-tethered systems, capable
of measuring and sending data while drifting with sea ice,
has closed significant gaps in seasonal and regional
observing. Examples of these kinds of instrument systems
are the JAMSTEC Compact Arctic Drifter (J-CAD; Hata-
keyama et al., 2001), Metocean Polar Ocean Profiling Sys-
tem (POPS; Kikuchi et al., 2007), Woods Hole
Oceanographic Institution Ice-tethered Profiler (WHOI-
ITP; Krishfield et al., 2008; Toole et al., 2011), Naval Post-
graduate School Autonomous Ocean Flux Buoys (AOFB;
Stanton et al., 2012), Ice-Atmosphere Arctic Ocean plat-
forms (IAOOS; Koenig et al., 2016; Athanase et al., 2019),
several kinds of sea ice mass balance buoys (Richter-
Menge et al., 2006; Jackson et al., 2013; Planck et al.,
2019; Lei et al., 2022a), and snow buoys (hereafter “Snow
Buoys”; Nicolaus et al., 2021a). An overarching coordinat-
ing effort, the International Arctic Buoy Programme (IABP;
Rigor and Ortmeyer, 2002; Ermold and Rigor, 2023; IABP,
2023), has been supporting the basin-wide deployment of
autonomous ice-tethered instruments across the whole
Arctic Ocean region, which also includes regionally
focused efforts.

1.3. The MOSAiC Distributed Network (DN)

One of the unique ideas laid out in the MOSAiC Science
and Implementation plans (MOSAiC Consortium, 2016,
2018) was to observe a drifting “unit” of sea ice, approx-
imately the size of a typical model grid box, to quantify
the “sub-grid scale” variability and the representativeness
of individual measurements throughout the atmosphere-
ice-ocean column. This concept specifically motivated the
design of the MOSAiC DN, where numerous autonomous
measurement systems were installed within a radius of
a few tens of kilometers of RV Polarstern to obtain con-
tinuous observations of key variables that were also
observed at the Central Observatory (Nicolaus et al.,
2022; Rabe et al., 2022; Shupe et al., 2022). This DN has
enabled observations to:

� examine heterogeneity and spatial variability at
scales smaller than global climate model grid boxes
to assess the representativeness of local measure-
ments for regional processes and provide essential
perspectives on upscaling of key measurements and
process understanding;

� link processes across key interfaces of the coupled
system;

� explore the influences of large-scale forcing on local
processes, including the basin-scale variability in
atmospheric forcing, sea ice-thickness distribution,
ocean-mixed layer depth, and more, by measuring
local spatial gradients of properties and capturing
floe-scale ice and snow variability; and

� study two-dimensional and three-dimensional pro-
cesses and their evolution in time.

These overarching concepts lend themselves to addres-
sing a number of specific scientific questions. For exam-
ple, what role do transient processes play in ocean vertical
mixing, how do ice dynamics contribute to the temporal
evolution of the ice thickness distribution and the heat
flux between ocean and atmosphere, or how is surface
momentum transfer shaped by mesoscale atmospheric
divergence? In addition to focusing on local and regional
processes around the drifting MOSAiC setup, the DN
autonomous observing systems also helped to link the
MOSAiC observations to a pan-Arctic network of autono-
mous buoy observations coordinated by the International
Arctic Buoy Programme.

This work gives a descriptive account of the perfor-
mance of the MOSAiC DN and shows the added value
by examples of specific scientific cases, in particular with
respect to the spatial variability in the observations. In
Section 2, we summarize the approach and implementa-
tion of the DN, also in the context of prior work.We detail
its performance and show exemplary results and analysis
in Section 3. Section 4 provides a summary and discussion
of the results in Section 3, further highlighting synergies
with remote sensing measurements and numerical mod-
eling studies. We conclude with an overall assessment of
the MOSAiC-DN approach and its resultant implications
for scaling in observations and numerical models.
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2. Methods: Observational approach and
instrumentation
In this section, we give a detailed overview of the MOSAiC
DN of autonomous instrument platforms (“buoys”), from
the initial concept and planning, through the description
of the different instruments and platforms, to the final
implementation. While the general approach covers all
implementations of this DN, we mainly describe the initial
setup that occurred from October 2019 into July 2020. A
second, less extensive network was implemented after
relocation of the observatory to the central Arctic in
August 2020.

2.1. Overall concept of the DN: Scales and layout

The MOSAiC DN covered different scales of variability
inherent to the individual sub-systems of the Arctic Ocean:

� In the atmosphere, mesoscale variability occurs at
scales from approximately 2 km up to several 100
km, representing spatial variability in storm struc-
ture, wind patterns, cloud formation/structure, pre-
cipitation regimes, and other related processes.

� Sea ice and snow properties and processes can vary
on similar scales as the atmosphere, but also have
key modes of inter-floe versus intra-floe variability
that can manifest on scales much smaller than 5 km.

� Ocean mesoscale variability is expected to be around
5–10 km, the size of the local first-mode baroclinic
Rossby radius. Sub-mesoscale variability is expected
to be on the order of 1 km.

Importantly, the DN design needed to support observa-
tions that would link across these various scales in the
different subsystems to enable the study of coupled pro-
cesses. The optimal observation of isotropic anomalies
uses a radially outward-oriented network of nodes (Chan
et al., 1996). During the installation phase at the begin-
ning of the MOSAiC field experiment, we implemented
several of those nodes (hereafter referred to as “sites”)
arranged in horizontal circles at different radii from the
Central Observatory. To resolve the abovementioned
scales, we initially established 3 large (L) sites, 9 medium
(M/LM) sites, and 86 single buoy geographic position (P)
sites in the DN. These sites were planned to track cascad-
ing scales of 2 km, 5 km, 10 km, and 15 km away from the
Central Observatory, with a few additional units at even
larger scales to link with the International Arctic Buoy
Programme network (“Extended Network” in Figure 1);
details are given in the supplemental material (Text S1
and Figures S1 and S2). However, the ice conditions and
deployment opportunities required a much more flexible
and diverse layout (Figure 1), where several sites were
placed at greater distance due to the lack of ice floes
sufficiently thick and close to the Central Observatory. The
observations of the ocean and atmosphere from ice-
tethered platforms, however, allowed coverage of scales
beyond the spacing of sites and instruments due to mea-
suring quasi-steady spatial variability while drifting with
the sea ice. The final layout was influenced by additional
constraints, such as not deploying too many buoys in

a “logistics” corridor used for approaching supply vessels
(see Text S1 and Figure S1), and the number of buoys the
consortium was able to provide for deployment. Several
fully autonomous instruments were also deployed at the
Central Observatory along with all of the attended
instrumentation at that site, making the Central Obser-
vatory one of the buoy sites within the DN, and allowing
direct comparisons between DN instrumentation and
Central Observatory instruments not otherwise
deployed in the DN.

This DN had to be dismantled as it approached the
ice edge in Fram Strait at the end of July 2020, with
a few buoys still working until 2022. In August 2020,
a new buoy array was established in and around a new
Central Observatory in the central Arctic near 87�N,
though it was less extensive and featured only a small
subset of the instrumentation of the first DN. The sec-
ond, “mini” DN (hereafter termed “mDN”) is briefly
described in Figure S3 and Text S2 which also provides
references for further details. Here, we focus on the first
DN (simply referred to as “DN”).

2.2. Platforms and instrumentation in the DN

The measurement concept of the DN is based on more than
30 different types of autonomous buoy platforms, as sum-
marized in Table 1. Each type is unique with respect to
technical specifications, measured variables, vertical and
temporal resolution, and data concept (formats, transmis-
sion, storage, and data flow). In total, 234 buoys were
deployed on, in, and under the sea ice during MOSAiC
(Figure 2). Here we briefly describe the general character-
istics of the different platform types. The list is sorted by the
main sensors on each platform associated with atmospheric,
snow and sea ice, and oceanographic measurements.

Atmospheric conditions were monitored with Atmo-
spheric Surface Flux Stations (ASFS; Cox et al., 2023a;
Figure 2a), measuring all components of the surface
energy and momentum budgets, including up/down
shortwave and longwave radiation, eddy-covariance
based turbulent-sensible and latent-heat fluxes and
momentum flux, and the snow-ice conductive heat flux
derived from flux plates. These stations also measured
near-surface air pressure, temperature, relative humidity,
winds, radiometrically derived surface skin temperature,
localized relative surface height (used to derive snow
depth), and geographic position and heading. As the
most complex surface stations, they were maintained
whenever possible during their drift. The Central Obser-
vatory meteorological installation included a 3-level
meteorological tower that measured a set of variables
similar to the Atmospheric Surface Flux Stations (Shupe
et al., 2022; Cox et al., 2023a). Wind measurements from
the array of three L sites and the Central Observatory
have been used to estimate low-level (approximately
3.8 m height) atmospheric divergence on an approxi-
mate 25 km scale. In addition, several other buoy types
measured air temperature, radiative fluxes, and baromet-
ric pressure, but without any maintenance (e.g.,
Figure 2b, d, and i).
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Snow and sea ice mass balance were measured with
different kinds of ice mass balance buoys (IMBs;
Figure 2b, d, e, p, and r), including thermistor strings
providing profiles of temperature and thermal conduc-
tivity with a resolution of 0.02 m (Jackson et al., 2013),
seasonal IMBs (Planck et al., 2019), and Snow Buoys that
measure relative changes in snow depth (Nicolaus et al.,
2021a; Figure 2c). Measurements of solar irradiance
above and below the sea ice, including derivations of
albedo and transmittance, were performed with differ-
ent radiation stations (Figure 2b and q). Some radiation
stations and IMBs also included measurements of addi-
tional bio-physical variables of the uppermost ocean. Sea
ice drift and deformation was recorded by various types
of geographic position-tracking buoys, including ice-
Surface Velocity Profilers (iSVP; Figure 2o), ice trackers
and the geographic position data provided by most
other buoys. Some of these units reported barometric
pressure and surface temperature. In addition, most of
the units floated, which increased their chances of sur-
viving ice deformation and complete melt out. Most
position-tracking buoy and Snow Buoy data were

transmitted to the Global Telecommunication System
(GTS) by the World Meteorological Organization (WMO)
and thus were available for near-real time analysis and
inclusion in numerical weather forecasting. Surface pho-
tography was obtained by digital cameras on various
units.

The backbone of oceanographic observations are mea-
surements of conductivity, temperature, and pressure
(Conductivity Temperature Depth, hereafter referred to
as “CTD”) at various vertical levels and in different config-
urations, with salinity and depth derived directly from
those variables. Woods Hole Ice-tethered profilers (Krish-
field et al., 2008; Toole et al., 2011; Cole et al., 2015; Toole
et al., 2016; Figure 2j), installed at the L sites, were among
the most complex systems. Some of these profilers pro-
vided not only temperature and salinity, but also three-
dimensional velocity, dissolved oxygen, and bio-optical
variables of the water column from 760 m to 7 m depth
at a vertical resolution of about 1 m (1 dbar) at time
intervals of a few hours to 1.5 days. The bio-optical vari-
ables included optical backscatter and fluorescence at dif-
ferent wavelengths related to the concentration of

Figure 1. Actual layout of the Distributed Network after completing all initial deployments on October 22,
2019. The different site types are distinguished by color as shown in the legend: L sites (blue squares), M sites (green
circles), and P sites (black triangles). The Central Observatory with RV Polarstern is located in the center of the map
(red star). Note that the LM site (not shown) was part of the wider Central Observatory, located 1–2 km away from RV
Polarstern. The figure is modified from Krumpen and Sokolov (2020) their figure 1.2.
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chlorophyll a and chromophoric dissolved organic matter
(CDOM). Similar systems, the Drift-Towing Ocean Profiler
(DTOP; e.g., Li et al., 2021a; Ocean University of China,
2024), covered most of these variables from under the ice
to about 120 m depth. Other systems carried CTD sensors
at fixed depths (e.g., Figure 2l and h) measuring at time
intervals of a few minutes (Hoppmann et al., 2022a). A
few of those systems also carried sensors for bio-optical
variables, similar to those on the Woods Hole Ice-tethered
Profilers, measuring close to the ice bottom. Eddy-
correlation flux systems as part of the Autonomous Ocean
Flux Buoys (e.g., Shaw et al., 2008; Stanton et al., 2012,
Lee et al., 2022; Rabe et al., 2022; Figure 2m) directly
observed the vertical fluxes of momentum, heat and salt
in the ocean just underneath the ice, with Autonomous
Ocean Flux Buoys making concurrent high-resolution pro-
files of horizontal current velocity in the upper 60 m.
These profiles included the ocean mixed layer and the

upper halocline (pycnocline) during much of the expedi-
tion, as well as dissipation-based thermal diffusivity and
heat flux measurements at 50 m depth within the pycno-
cline. The combined, distributed deployment of these sys-
tems covered a depth range from just underneath the ice
down to about 760 m as well as temporal scales of a few
seconds to days.

The Unmanned (uncrewed) Ice Station combined mea-
surements from all realms: the atmosphere, sea ice and
snow, and the ocean (Lei et al., 2022a; Figure 2d). Com-
pared with the traditional sea ice mass balance buoy, the
special design of this buoy is to increase the observations
of multi-spectral shortwave radiation of five layers within
the ice to obtain the light attenuation coefficients of sea
ice with different textures and to extend the measure-
ments downward, focusing on the oceanic mixed layer,
obtaining temperature and salinity at six layers with
depths of 5–40 m.

Table 1. Types of autonomous buoy systems used during MOSAiC

Buoy Type (Abbreviation)a Reference Buoy Labelb

Light strings (OptiCAL; formerly Envipope/LITO) Schartmüller et al. (2023) E buoy

Autonomous Ocean Flux Buoy (AOFB) Stanton et al. (2012) F buoy

Seasonal Ice Mass Balance buoy (SIMB3) Planck et al. (2019) I buoy

Bruncin-type Ice Mass Balance buoy with additional sensors (IMB-flex) —c M buoy

Salinity Ice Tether (SIT) with CTD Hoppmann et al. (2022a) O buoy

Position-tracking buoys (surface velocity profilers/ice trackers) of various
types (SVP-B, IceTracker, iSVP, SVP-BT, Calib)

Bliss et al. (2023) P, C buoy

Spectral radiation station and bio-optical buoys (Spectral Radiation Station,
RITBOB); sometimes with additional instrumentation

Tao et al. (n.d.) R buoy

Snow buoy (Snow Buoy) Nicolaus et al. (2021a) S buoy

Snow Ice Mass Balance Apparatus (SIMBA) Jackson et al. (2013) T buoy

UpTempO (UpTempO) University of Washington (2024) U buoy

Drift-Towing Oceanic Profiler (DTOP) Li et al. (2021a) V buoy

Woods Hole Ice-Tethered Profiler (WHOI ITP, WHOI BIO-ITP, WHOI ITP-V) Krishfield et al. (2008); Toole et al.
(2011); Cole et al. (2015)

W buoy

Atmospheric Surface Flux Station (ASFS) Cox et al. (2023a) —d

Dynamic Ocean Topography (DOT) Buoy Lee et al. (2022) —d

Unmanned (uncrewed) Ice Station (UMIS_PRIC_Ice, UMIS_PRIC_Ocean) Lei et al. (2022b) —d

Acoustic Zooplankton Fish Profiler (AZFP) buoy Flores et al. (2023) —d

Light harp (light harp) —c —d

Salt harp (salt harp) Notz et al. (2005) —d

First Institute of Oceanography fixed-level buoy (FIO FLB) —c —d

Second Institute of Oceanography sediment trap (SIO sediment trap) —c —d

aTechnical name by users/manufacturer; see Table S1 for detailed descriptions of the variables measured by each type, and Table S2
for a full list of buoys and their labels, where appropriate.
bNomenclature on meereisportal.de, distinguished by single letters in the label.
cCitations for these buoys are not yet available, as they include novel technology.
dBuoys without a label have not been available in near-real time through the seaiceportal.de, although some have been provided at
other portals.
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Figure 2. Photographs of selected autonomous platforms (buoys) deployed in the two implementations of the
Distributed Network. (a) Atmospheric Surface Flux Station (ASFS #50 at L3; photo by Ola Persson); (b) radiation
station 2020R21 and thermistor string buoy 2020T81 deployed on a frozen melt pond (RITBOB; photo by Mario
Hoppmann); (c) Snow Buoy 2020S109 (Snow Buoy; photo by Mario Hoppmann); (d) Unmanned (uncrewed) Ice Station
(UMIS; photo by unknown); (e) Seasonal Ice Mass Balance buoy (SIMB3; photo by unknown); (f) Snow Ice Mass Balance
Apparatus (SIMBA; photo by Mario Hoppmann); (g) Acoustic Zooplankton and Fish Profiler (AZFP) buoy and bio-
optical buoy 2020M23 (IMBflex), with ablation stakes in the background (photo by Mario Hoppmann); (h) First
Institute of Oceanography Fixed-Level Ocean buoy (FIO FLB; photo by Bing Kong); (i) Drift-Towing Ocean Profiler
(D-TOP; photo by Mario Hoppmann); (j) Woods-Hole Ice-Tethered Profiler (WHOI ITP; photo by unknown); (k) position-
tracking buoy 2020P162 (ice tracker; photo by Marcel Nicolaus); (l) Salinity Ice Tether buoy (SIT; photo by Mario
Hoppmann); (m) Autonomous Ocean Flux Buoy (AOFB; photo by Michael Gallagher); (n) light strings (OptiCAL,
formerly Envipope; photo by Dmitry Divine); (o) ice-Surface Velocity Profiler 2020P237 (iSVP; photo by Mario
Hoppmann). Details of the different platform types are summarized in Tables 1 and S1.
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2.3. Sites: Distribution of instruments within

the DN

The three L sites contained the most comprehensive mea-
surements of the atmosphere-ice-ocean system in the DN,
including biological and biogeochemical variables in both
water and sea ice (Table 1, Figure 2, and Table S1). They
provided measurements in different local conditions (e.g.,
ice thickness, floe size, and shape) and put the observa-
tions at the Central Observatory into context with the
remainder of the region covered by the DN. The installa-
tion of Atmospheric Surface Flux Stations together with
Autonomous Ocean Flux Buoys, Woods Hole Ice-tethered
Profilers, and IMBs enables a full characterization of the
energy and momentum transfer across the coupled
atmosphere-ice-ocean system. Deploying Atmospheric
Surface Flux Stations in the DN afforded the opportunity
to collect data suitable for examining the spatial variabil-
ity in surface energy transfer related, for example, to dif-
ferences in sea ice or snow thickness. At L3, the
Unmanned (uncrewed) Ice Station was deployed, featuring
various ice, ocean, and air measurements (for details see
above). Several IMBs of various types (SIMB3, SIMBA,
IMBflex, and IMB combined with radiation stations; see
Table 1) and Snow Buoys were deployed to monitor the
seasonal changes of ice thickness, snow depth, and vertical
temperature profile through the snow-covered ice layer
across a range of initial ice thicknesses. Some of these
buoys also measured bio-optical and biogeochemical vari-
ables. The different buoy types were distributed within
individual sites according to the scales detailed in Section
2.1. For example, while one ocean profiler and one Atmo-
spheric Surface Flux Station were sufficient to capture the
conditions above and below the ice at an individual site,
that site often had multiple IMBs to represent intra-floe
variability in snow and sea ice.

The 9 M sites aimed to observe ocean mesoscale vari-
ability in the upper approximate 100 m, as well as snow
and ice thickness, temperature, and basic local meteoro-
logical conditions. A few systems also recorded biological
and biogeochemical variables. The main platforms at the
M sites were a Snow Buoys and a variety of IMBs, and
Salinity Ice Tether buoys measuring ocean properties with
CTD sensors at selected depths (Table 1 and Figure 2).
Several M sites additionally had Drift-Towing Ocean Profi-
lers. The scales covered by the M sites are suitable to
validate the ice growth rate derived from satellite altime-
ter observations (e.g., Koo et al., 2021) and climate or sea
ice forecast models (e.g., Pithan et al., 2023). The LM site
was equipped differently than the other 8 M sites and the
3 L sites, featuring upper-ocean CTD measurements only
close to the ice and additional instrumentation for radia-
tion, more complex biophysical measurements and a sed-
iment trap, in addition to IMB and Snow Buoys, as well as
various non-telemetered devices. This site was accessible
from the Central Observatory most of the time and was
visited frequently for manual measurements and sam-
pling, such as coring first-year and second-year ice. The
LM site is counted as an M site throughout this article.

The 86 P sites of the DN were distributed to capture
ice deformation across the region around the Central

Observatory. The priorities for placing P sites were to:
(i) ensure that horizontal sea ice deformation was mon-
itored in the 5 km surrounding the Central Observatory
and L sites; (ii) capture deformation on 10, 20, and 40
km scales around the Central Observatory; and (iii) mon-
itor deformation around the M sites. In addition, a few P
site buoys were deployed along the icebreaker transits,
several hundreds of kilometers away from the Central
Observatory, to capture large-scale characteristics of sea
ice kinematics and to obtain additional barometric pres-
sure data. The platforms on the P sites consisted of dif-
ferent kinds of position-tracking buoys, and four IMBs
(SIMBA; Table 1 and Figure 2).

2.4. Implementation of the main Distributed

Network

The initial setup of the DN was accomplished in 12 days
(October 5–16, 2019) from the Russian ice breaker Akade-
mik Fedorov, which accompanied RV Polarstern during the
initial MOSAiC setup phase. Details of this operation can
be found in the cruise report by Krumpen and Sokolov
(2020). During this time all 3 heavy equipment L sites, 8
of the 9 M sites and various geographic position tracking P
sites were installed. The L sites required local icebreaker
support for deployment and were revisited using a helicop-
ter during the drift. Revisits allowed instrument mainte-
nance and additional contextual measurements and
sampling. The M sites were mostly deployed with helicop-
ter support, and the P sites only by helicopter. These instal-
lations were a significant logistical challenge because of
the very thin first year ice conditions, the limited space
onboard the vessel, the short time window to complete
deployment before loss of daylight and increasing sea ice
formation. This task was achieved by having concurrent
science teams prepare L site instrumentation in the large
forward hold of Akademik Fedorov, while the rear of the
ship was used to stage the M site and position-tracking
buoy systems. A separate science team located the best
available ice floes using high-resolution satellite-borne
Synthetic Aperture Radar (SAR) imagery and helicopter
surveys integrated with the M and P site instrument
deployments. In addition, the availability of predictive
model results (Krumpen et al., 2020) was of great benefit.
Installations on the ice were performed by instrumenta-
tion groups, including early-career researchers from the
onboard MOSAiC school and journalists who actively
assisted in the deployments. This strategy allowed each L
site (and parts of the M and P sites) to be surveyed and
instrumented in less than 1.5 days. Parts of the deploy-
ment operations are sketched as digital drawings in Krue-
ger and Rackow (2020). Concurrent to L site operations
next to the ship, one of the two contracted MI-8 helicop-
ters on Akademik Fedorov was employed to deploy instru-
ments at the M and P sites.

In addition to the buoy installations, visual ice observa-
tions were carried out from the bridge by a group of three
specially trained ice observers onboard Akademik Fedorov.
Detailed descriptions of the methodology and protocols
applied are provided in Alekseeva et al. (2019) and AARI
(2011), all congruent with the WMO Sea Ice Nomenclature
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(World Meteorological Organization, 2014). At each L site,
a full floe survey was initiated by the science team and
early-career researchers from the MOSAiC school. This sur-
vey included snow thickness measurements and ground-
based electromagnetic induction surveys of ice thickness.
In addition to the three L sites, extensive ice and snow
thickness surveys were performed at M4 and M7 located
within approximately 20 km of the Central Observatory.
Details about the initial ice thickness and snow depth at
the individual L sites are given in Krumpen and Sokolov
(2020, their Chapter 2.1) and in Krumpen et al. (2021).

The deployment and conditions during the setup
resulted in different scales covered by the DN, as shown
in the map shortly after deployment (Figure 1). The L sites
were at a distance similar to that planned and represent
a compromise between logistically maintainable buoy
sites (regular helicopter visits every few weeks), sufficient
distance from the Central Observatory to measure a variety
of local conditions, and the ability to capture mesoscale
variability in the atmosphere. Due to lack of sufficiently
thick ice floes close to the Central Observatory, the M sites
ended up almost an order of magnitude farther away from
the Central Observatory than planned. Section 4.1
includes a brief discussion of the consequences of observ-
able scales.

During spring, helicopter deployment of additional
buoys filled in gaps that had appeared in the DN and
added another 15-km-diameter ring of position-tracking
buoys around the Central Observatory. One position-
tracking buoy was also placed about 80 km to the east
of the Central Observatory, allowing synoptic scale drift
and deformation monitoring. While RV Polarstern was
away from the Central Observatory between mid-May and
mid-June 2020 to facilitate a personnel rotation, the L2
Atmospheric Surface Flux Station (#30) operated from the
Central Observatory to collect measurements in place of
the temporarily decommissioned atmospheric installa-
tions there (at “Met City”; see Shupe et al., 2022; Cox
et al., 2023a). In late April, Atmospheric Surface Flux Sta-
tion #50 (originally from L3) was installed at the Central
Observatory and operated there for much of the time until
the end of July.

Although ice dynamics damaged several buoys during
the drift, requiring additional maintenance where possible
(e.g., Figure 3a), the majority of the DN was recovered in
August 2020. The three L sites (L1–L3), LM, M1, and M3
were recovered by RV Polarstern between August 1 and
August 7. In addition, M4, M5, and M6 were recovered by
Akademik Tryoshnikov, which supported the rotation of
personnel and equipment during much of August. The
recovery included dismantling both broken units and
still-active devices. All ice-tethered units were close to the
end of their functionality in the broken and melting ice
pack in Fram Strait; for example, a Woods hole Ice-
tethered Profiler and a Snow Buoy shown in Figure 3b
and c, respectively. Some floating systems (mostly
position-tracking buoys) continued measurements and
transmitted data from the North Atlantic Ocean into sum-
mer 2022. All buoy deployments with sites, dates, and
labels are given in Table S2 and Text S3.

2.5. Methodological comparison to prior

drift efforts

Spatially distributed autonomous measurements have
been made as part of particular regional and temporally
limited field campaigns, including, for example, the Sur-
face Heat Budget of the Arctic (SHEBA; Andreas et al.,
1999; Perovich et al., 1999; Perovich and Elder, 2002; Uttal
et al., 2002; Shaw et al., 2009; Andreas et al., 2010b), the
Tara drift (Gascard et al., 2008), AIDJEX (Untersteiner
et al., 2009), and the 2015 Norwegian young sea ICE (N-
ICE2015; Itkin et al., 2017; Granskog et al., 2018). Further
efforts, such as the Marginal Ice Zone program in the
Canada Basin (Lee et al., 2017) or the “Switchyard” in the
central Arctic (SWITCHYARD, 2023; see also Falkner et al.,
2005), had a strong focus on specific processes in selected
regions. The MOSAiC approach differs methodologically
from previous efforts insofar as its DN included not only
more comprehensive observing systems but also covered
spatial scales designed to resolve the mesoscale in the
ocean and the lower end of the mesoscale in the atmo-
sphere. In addition, the network spanned a greater variety
of ice thicknesses and operated during a full year. During
SHEBA, comprehensive autonomous observing systems

Figure 3. Photographs of conditions during recovery of the Distributed Network platforms in 2020. (a)
Atmospheric Surface Flux Station #50 turned upside down after ridging event at site L3 on February 4, requiring
maintenance and reinstallation at the Central Observatory (photo by Michael Gallagher); (b) surface unit and
floatation of Woods Hole Ice-tethered Profiler #102 (2019W3) at site L3 during recovery in August: the tether had
been severed so that the corresponding profiler could not be recovered (photo by Julia Regnery); (c) Snow Buoy during
recovery by “mummy chair” from the ship (photo by Julia Regnery).
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were distributed within about 3 km distance from a Cen-
tral Observatory, consisting of stations for atmospheric
variables and fluxes as well as ice and snow mass balance
(Andreas et al., 1999; Perovich et al., 1999; Perovich and
Moritz, 2002; Andreas et al., 2010a; Andreas et al., 2010b);
comprehensive ocean observations were only carried out
at the Central Observatory. Another example is N-
ICE2015, where 42 autonomous systems were located
within 5–100 km from the ship, but the majority were
ice mass balance and ice position-tracking buoys (Itkin
et al., 2017), without any distributed ocean observations.
The Marginal Ice Zone Project (https://apl.uw.edu/
project/project.php?id¼miz) distributed different
atmosphere-ice-ocean observing systems across several
hundred kilometers in the central Canada Basin, synop-
tically covering a larger area with measurements but with
lower effective spatial resolution than the MOSAiC DN.
Thus, the MOSAiC DN combined the scales covered with
the multitude of instrumentation in an unprecedented
way, with the largest deployment of ice-tethered
position-tracking buoys to date, over scales capturing
individual active leads up to the kinematic response to
synoptic weather patterns (see Watkins et al., 2023a,
2023b).

3. Results
We illustrate the results that can be obtained from the DN,
first briefly outlining the performance and drift tracks of
the whole network for the full duration of MOSAiC. We
then show examples of the coupled-system observations
during a period in winter and a period in early summer;
the former represents a little-observed season in the cen-
tral Arctic, while the latter covers the period when the ship
and all personnel had left the MOSAiC domain leaving
only autonomous observations. Aspects of the full sea-
sonal cycle of specific variables have been analyzed else-
where (e.g., Lei et al., 2022a; Nicolaus et al., 2022; Rabe
et al., 2022; Bliss et al., 2023; Itkin et al., 2023), and
a detailed description is beyond the scope of this overview
article. We do not detail the results of the mDN in this
work either and refer, instead, to the analyses already
published or expected to be submitted (e.g., Katlein
et al., 2020; Flores et al., 2023). All times/dates are given
in Coordinated Universal Time (UTC).

3.1. Operation and drift tracks of the DN

Figure 4 shows that all DN sites generally followed the
drift of the Central Observatory (see Shupe et al., 2020,
their figure 2). Text S4 and Table S3 detail the source of
each position track defining the individual DN sites. The
life cycle of each buoy is detailed in Figure S4. Figure 5
shows that the DN drifted with the transpolar drift,
crossed Fram Strait and drifted into the Greenland Sea.
The transpolar drift was faster than expected, generally
faster than the previous 15 years, including the N-
ICE2015 drift (see Section 2.5); only one year had faster
drift speeds in Fram Strait (Krumpen et al., 2021; Dethloff
et al., 2022). After the buoys came close to the edge of the
marginal ice zone in the Greenland Sea in August 2020,
those buoys that were not recovered continued to drift,

some circulating through the sea ice over the Greenland
shelf and some exiting the marginal ice zone into open
water (Watkins et al., 2023a).

During the DN drift (Figure 5), the original relative
distribution remained approximately intact for the entire
winter drift across the central Arctic, even though defor-
mation on various scales within the DN (see Section 3.3)
led to damage of some of the instrumentation (e.g.,
Figure 3a). Several snapshots of L3 during mid-winter
(Figure 6) show that significant deformation took place
during January and February. In particular, a large crack
crossed the site and subsequently developed into a pres-
sure ridge that destroyed several of the nearby buoy sys-
tems (see Figure 6). L1 suffered deformation during late
November/early December and late February, whereas
L2 was more stable. Further, ice surface roughness
increased overall through April and May 2020 (von Albe-
dyll et al., 2022), and significant melting ensued after
late May. As the DN approached the northern end of
Fram Strait in early May, the DN site distribution began
to strain along a south-southwest to north-northeast line,
which became more distinct as it passed through Fram
Strait in June and July. The overall timing of the drift has
been analyzed in Dethloff et al. (2022) and is discussed
further in Section 4.1.

To illustrate DN observations during the Arctic winter,
in Sections 3.2 to 3.4, we show data from various buoys,
descriptively identifying vertical coupling and three-
dimensional spatial features associated with different
physical processes. We focus on a 30-day period from
December 20, 2019, to January 19, 2020, when the DN
drifted primarily from southeast to northwest, with devia-
tions from the almost-straight track near the beginning
and the end (Figure 7).

3.2. Wintertime variability in the atmosphere and

feedback with sea ice, snow, and ocean

Some meteorological processes are associated with tran-
sient atmospheric forcing, such as clouds or synoptic/
mesoscale variability, occurring on scales that are set by
the Rossby radius of deformation, which is close to the
scale of the DN measurements. Other processes are asso-
ciated with heterogeneity of the sea ice, which has smaller
spatial length scales (see Section 3.3).

Figure 8 shows the atmospheric conditions at the 4
sites in the DN that featured detailed, temporally high-
resolution atmospheric observations during this 30-day
mid-winter period, when the distances from each site to
the Central Observatory did not vary in time by more
than 1 km. The near-surface air temperature (Ta;
Figure 8a) varied with time, ranging from �37.6�C
(December 29) to �16.1�C (December 22), a range of
values that is similar to that observed during winter in
the Beaufort Sea (Persson et al., 2002), while larger win-
tertime variability has been observed over sea ice closer
to the North Atlantic (Cohen et al., 2017). The spatial
differences (Figure 8a) were smaller than the temporal
range, being no more than 5�C, and generally transient.
Figure 8b shows the large temporal variation of the
downwelling longwave radiation (LWd), which is the
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Figure 4. Drift tracks of the main sites of the Distributed Network. Tracks of the 3 L sites and 8 M sites and the
Central Observatory (CO1). Table S3 lists all data sources and their properties used to create the drift tracks, with
further explanation given in Text S4. Drift track data are available from Nicolaus et al. (2021b). Note that the LM site
(not shown) was part of the wider Central Observatory and very close to RV Polarstern, within 1–2 km when the ship
was present. The numbers 1 to 6 on the track refer to the location of the maps in Figure 5, with Figure 1 located
close to number 1. That part of the drift track where RV Polarstern was absent from the Central Observatory is marked
by the white, dashed box, between about 82.4�N and 83.4�N. The seafloor topography and coastlines are based on the
General Bathymetric Chart of the Oceans (GEBCO, 2020).
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primary forcing of Ta (Figure 8a) during winter, similar
to that shown in the western Arctic winter by Persson
et al. (2002). The spatial variability was usually much
lower than the temporal variability (up to 80 W m�2),
but could briefly approach similar values during transi-
tion periods. In the dark of winter, the net atmospheric
energy flux to the surface is given by Fatm ¼ LWd � LWu

� Hs � Hl, where LWu is the upwelling longwave radia-
tion, and Hs (Hl) is the turbulent sensible (latent) heat
flux. During the winter period, the spatial variability
(range across sites) of the mean LWd, Ta, and Fatm were
1.8 W m�2, 0.3�C, and 2.4 W m�2, respectively (Table 2).
The variability for LWd was less than the accuracy of the
pyrgeometers used (Cox et al., 2023a) and, therefore,
does not indicate a measurable spatial difference in the
mean LWd. That the atmospheric forcing supplied by LWd

was uniform on average across the DN is not surprising
due to the spatial extensiveness and predominance of
stratiform clouds, as observed during SHEBA (Stramler
et al., 2011; Persson et al., 2017; see also Section 2.5).
The spatial variability of the other two variables was
slightly larger than their expected accuracies; while the
differences were still small, these may reflect spatial dif-
ferences in the means caused by sensitivity of Ta and Fatm

to differences in the snow depth and/or ice thickness
between the sites. This sensitivity is briefly discussed in
Section 3.4.

During the selected winter period, no strong storms
passed over the DN and winds remained less than 10 m
s�1 at the observed heights. However, there were several
time periods of large changes in wind direction, with two
of them associated with high pressure (December 20–22;
January 9), one during the extended period of lower pres-
sure (December 31–January 1) and another long one with
the passage of a low-pressure center (January 16–19). Sig-
nificant spatial variability in wind direction occurred dur-
ing some of these transition times, though the wind speed
was often weak. The atmospheric divergence calculated
from the wind measurements at the L sites is one measure
of spatial variability in low-level winds (Figure 8f), and
during this relatively quiet period divergence mostly
remained less than 10�4 s�1. One longer period of atmo-
spheric convergence occurred for 48 h during January 1–2
when the easterly wind speed was modest (7–10 m s�1)
and varied across the DN, with the wind at the southwest-
ern side of the DN (L1) being the weakest. The wind direc-
tion also varied slightly across the DN, producing this
extended period of low-level convergence. The DN was

Figure 5. Evolution of the Distributed Network from mid-October 2019 to late July 2020. Position of the
Distributed Network sites at 6 times during the drift in the transpolar drift, as marked in Figure 4. This set of maps
documents the array after deployment, in late spring and toward the end of the drift as the array approached Fram
Strait. Positions are shown in north polar stereographic projection; arrows in the lower right corners of each panel
point north, and the position of the Central Observatory is shown in latitude/longitude in the lower left corner. Gray
circles are plotted at 10 km intervals from the Central Observatory. The symbols refer to the Central Observatory,
including the site LM (red star), the M sites (blue squares), the L sites (green circles), and the P sites (black triangles; see
also Figure 1).
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at this time affected by the outer fringes of a strong low-
pressure center (968 hPa) located in the Kara Sea far to the
south (see NCEP reanalysis at NOAA; Kalnay et al.,1996),
though with no obvious frontal passage within the DN
effecting a shift in wind direction.

Figure 8 suggests that there were timing differences in
the large temporal changes in Ta and LWd between the L
sites, producing short periods of significant spatial vari-
ability. To illustrate the ability of the atmospheric mea-
surements within the DN to capture the spatial
variability of lower atmospheric processes, in this case the
effects of clouds, Figure 9 shows a detailed time series of
LWd, Ta, and Fatm at the three L sites and the Central
Observatory over a 12 h time period. This time interval
exhibited spatial variability of 50–80 W m–2 in LWd, up to
5�C in Ta, and up to 50 W m–2 in Fatm, with significant
temporal variability in this spatial variability. This variabil-
ity was caused by the transient passage of areas of variable

cloud cover over horizontal scales less than the extent of
the DN (see also Kay et al., 2016) that are discussed briefly
in Section 4.1.

3.3. Wintertime ice dynamics and feedback with

atmosphere and ocean

Buoys measuring geographic position at 47 sites were
active during this 30-day winter period, enabling charac-
terization of motion and deformation at a range of scales.
The ensemble mean drift speed followed the wind speed
in time (Figure 10a). While the correlation between the
wind speed and ice drift time series is high (Pearson’s
correlation coefficient equal to 0.9), the ice was not in
free drift and experienced forces other than the local wind
drag, including internal ice stresses and ocean drag. There
were clearly quiescent intervals in the DN drift variance
(Figure 10b), indicating times when the whole array was
moving as one (notably December 25–29 and January 3–

Figure 6. Surface elevation maps of site L3 in mid-winter from airborne laser scanner observations. Shades of
blue denote the approximate surface elevation according to the color bar, where the lightest blue indicates heights of
1 m and above. The large map in panel a shows the situation on January 25, 2020, where buoy locations are labeled.
The combined radiation station and ice mass balance buoy (IMB) is labeled “ITBOB.” “H” marks the usual landing site
for the helicopter. Photos b and c taken on January 20 show selected buoys and the developing crack in the ice
(photos by Eric Brossier). The evolution throughout about one month is shown in panels d–f without annotations: (d)
January 8, (e) January 25, and (f) February 9. The red square in panel e shows the extent of panel a. The large crack
from bottom right to top left is visible as a ragged dark-blue line after January 25. The Autonomous Ocean Flux Buoy
(AOFB), Atmospheric Surface Flux Station (ASFS), and Woods Hole Ice-tethered Profiler (ITP) were subsequently
damaged or disappeared as the crack developed into a pressure ridge (see also Figure 3a). Note the different
horizontal scales in panel a and in panels d–f. The maps are based on data in Hutter et al. (2023a) and processed
according to Hutter et al. (2023b).
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5). As most of the buoys were separated by small to mod-
erate distances, the ensemble standard deviation responds
more strongly to deformation at scales similar to the dis-
tance across the L site triangle, and most events with high
ensemble standard deviation coincided with high shear or
divergence in the L site array. Turning angles (difference
between the ice drift direction and wind direction) were
generally about 27 degrees to the right during these 30
days (Figure 10d) with intermittently strong variability.
Though the mean ice drift to wind speed ratio (drift speed
ratio) was 0.02, it was not constant throughout the time
series (Figure 11e), with time periods when the ice moved
more in response to the wind (e.g., December 31–January
3; January 16–18; high drift speed ratio) and others when
the ice was converging and the apparent wind factor
reduced (January 6–8; January 18–19; low drift speed
ratio). The latter indicates times when ice internal stresses
were dissipating wind momentum transferred to the ice.
During periods of large ice drift speed ratios, momentum

transfer to the ice and the ocean was enhanced. Of the 11
large-scale shearing events (Figure 10g), only four
(December 31, and January 8, 18, and 19) coincided with
large local shifts in wind direction. These events are asso-
ciated with small drift speed ratios (a higher fraction of
wind momentum being transferred to internal ice stress)
and large turning angles. Under convergent conditions,
the ice pressure that leads to local ridging may have been
produced by wind shifts at a distance well beyond the L
sites, rather than locally. Both the drift ratios and the
turning angles exhibited spatial variability between the
sites that was generally much smaller than the temporal
variability, though a few brief periods had more pro-
nounced spatial variability (e.g., the drift speed ratio at
L1 is much larger for part of January 1).

As sea ice deformation and shear occur heteroge-
neously at different scales (Marsan et al., 2004; Hutchings
et al., 2012; Itkin et al., 2017), we analyze the hourly
divergence and shear (Figure 11f and g) at two scales:

Figure 7. Geographic position of sites within the Distributed Network from late December to late January. The
black lines show the scale of horizontal distance in kilometers. The legend denotes the different sites with symbols
corresponding to the position on December 20, 2019, and color to the lines of each site. Note that the P site tracks are
omitted for clarity. CO is the position of the Central Observatory with RV Polarstern, with the 30-day time period
shown in days from December 20, 2019 (both in color and labeled every 5 days). The data for the M sites are from
Salinity Ice Tether buoys (Hoppmann et al., 2022b).
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from the ring of buoys on the DN perimeter, representing
the larger scale of the full DN, to a smaller scale from the
triangle linking the three L sites. The difference between
deformation of the triangle formed by the L sites and the
perimeter of the DN (Figure 10f) demonstrates how local
deformation can vary from the larger-scale aggregate

motion. Figure 11f and g shows that the local shearing
event on January 13 occurred within the L site triangle,
which opened and sheared, and is associated with ridging
(convergence and decrease in area) across the full DN,
while only moderate shear was observed at the large scale.
Conversely, on January 6, strong convergence and shear

Figure 8. Time series of 10-minute means for meteorological measurements from late December to late
January. Observations from the meteorological installation at the Central Observatory (CO1 in the figure) and the
three Atmospheric Surface Flux Stations at the L sites (L1–L3) during December 20, 2019–January 19, 2020: (a) near-
surface air temperature (Ta), (b) downwelling longwave radiation (LWd), (c) wind speed (Uwind), (d) wind direction
(ywind; meteorological definition, opposite to the direction of motion), (e) mean sea-level pressure (MSLP), and (f)
wind divergence across the L1–L3 triangle (r � U; anomaly to the mean of the full time series). Note that the wind
measurements at L1–L3 (Atmospheric Surface Flux Stations) were obtained at 3.8 m above the ice surface, and Ta at
2 m. Those at CO1 were obtained at approximately 6 m. The observational data can be found in Cox et al. (2023b,
2023c, 2023d, 2023e).
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occurred on the large scale, with very weak convergence
and little shear occurring on the small scale.

Sea ice divergence and shear occur along quasi-linear
active leads and ridges which arrange into shear zones
(Kwok, 2001; Spreen et al., 2017). These shear zones can
extend hundreds of kilometers, and during December
20–January 19 we observed 11 distinct large-scale shear-
ing events that extended across the DN and produced
a shear signature on the large scale (Figure 10g). These
events are apparent in the drift trajectories and are
marked by large-scale shear above 1 � 106 s–1. Shear
events happen across a continuum and thus the number
of events depends on the threshold used. Most of these
events occurred between December 30 and January 2.
Interestingly, few large-scale shearing events coincided
with shear events calculated from the L sites, indicating
that most large-scale events did not split the L site trian-
gle, as evidenced by the stable distances between sites
(see also Section 3.2). Furthermore, the times of many of
these large-scale shearing events did not coincide with
the shifts in local wind direction and speed seen in
Figure 11a and c, suggesting the remote wind forcing
discussed earlier. Local deformation and spatial variabil-
ity in deformation can be related to the physical response
of the ice to the local wind forcing and sub-diurnal
changes in ocean currents. Those large-scale shearing
events that split the DN into two pieces can often be
identified both from the differential motion of buoys
(Watkins, 2023) and/or an increase in variance of the
buoy speeds during the events (Figure 10b). Both large
drift speeds and large variances are associated with six
large-scale ice dynamics events between December 30
and January 18. The first five of these coincided with
shear that extended across the full DN. During January

16–17, ice drift variance increased without shearing,
which only first occurred at the end of this period near
the beginning of January 18 and into January 19. This
time period is associated with a transition from the pre-
dominantly high atmospheric pressure conditions driv-
ing ice convergence during most of the 30 days to lower
pressure with more variable divergence across the DN
(see Figures 8e and 12f).

We see a semi-diurnal fluctuation in mean ice drift with
an amplitude of approximately 0.01 m s�1 (Figure 10),
indicative of ocean forcing from tides and/or inertial
motion in the upper ocean (e.g., Hinkins, 1967; McPhee,
1978; Gimbert et al., 2012). At individual L sites this semi-
diurnal variation was more prominent during periods of
strong wind (Figure 10a). These fluctuations illustrate the
coupling between the ice and the ocean (see also Section
3.5), while the atmosphere shows no semi-diurnal cycles.
These cycles are also not apparent in the ice divergence
and shear, indicating that, during the majority of the
period, the response was coherent at the scale of the
DN, as expected for inertial motions, and had a loss of
coherence on smaller spatial scales. The mechanical dissi-
pation in the ice was episodic, and during convergence we
do not see the semi-diurnal upper ocean currents modu-
lating the deformation. The ocean response is discussed
further in Section 3.5.

3.4. Wintertime ice thermodynamics and feedback

with the atmosphere and ocean

Distributed measurements of snow and ice were made
throughout the DN to sample variability in ice and snow
thermodynamics and mass balance. The snow depth
between different sites and within individual sites was
variable. During the winter period, the observations from

Table 2. Mean values of downwelling longwave radiation (LWd), near-surface air temperature (Ta), and net
surface energy flux (Fatm) measureda at 4 sites in the Distributed Network December 20, 2019–January 19,
2020

Site
LWd

(W m –2) Ta (˚C)
Fatm

(W m–2)b
Ice

Thickness (m)c
Snow

Depth (m)c

Initial Distance
to Central

Observatory (km)d

“Met City” at Central Observatory (6
m height Ta):

172.1 –27.5e –29.0 —f —f <1

L1 (2 m height Ta): 171.4 –27.7 –27.9 1.10 0.072 15

L2 (2 m height Ta): 172.8 –27.8 –26.8 1.27/1.54g 0.038/0.035g 12

L3 (2 m height Ta): 173.2 –27.5 –29.2 1.27 0.040 22

aLWd and Ta are from the time series in Figure 8a and b; Fatm is from the same instrument system (not shown in the figure).
bHeights of measurements contributing to Fatm are considered unimportant, as all were within the atmospheric surface boundary
layer.
cMean values based on the time series shown in Figure 11 for sites L1–L3.
dOn December 20, 2019.
eValue may not be comparable to values at the L sites, as it was measured at a different height.
fNo autonomous observations of ice thickness and snow depth available close to the “Met City” installations.
gValues are from two buoys at site L2.
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13 IMB buoys (SIMBA, see Table 1) deployed over the DN,
the Central Observatory, and the L and M sites, were avail-
able for the analysis of sea ice thermodynamic mass bal-
ance processes and their feedback to the atmospheric
forcing (Lei et al., 2022a). The 30-day average snow depth
ranged from 0.14 m to 0.33 m (Figure 11a), with both the
largest and the smallest snow depths observed at the Cen-
tral Observatory (approximately 2 km from the ship) and
the LM site, respectively. These results indicate that, at the
DN scale, there was no significant difference in snow
depth on level ice among the sites. However, at the scale
of an individual floe, the ice surface topography around
the location of individual buoys and snow redistribution
processes affected the spatial distribution of snow depth.
This effect has been confirmed in the transect measure-
ments of snow depth at the Central Observatory (Itkin
et al., 2023), where the regions near ice ridges preferen-
tially accumulated snow. On average, there was no signif-
icant accumulation of snow based on the 13 IMBs during
the 30 days. The variability in snow depth at various sites
indicates snow redistribution and local effects.

At the beginning of the winter period, the ice thick-
ness range was 0.80–1.80 m across the sites
(Figure 11b). The ice bottom at all sites had entered the
growth stage, with a 30-day mean ice growth rate rang-
ing from 0.003 to 0.008 m d�1. Therefore, the sea ice
thickened by 0.10–0.24 m over 30 days. The differences
in ice growth rates were regulated mainly by sea ice
thickness (Stefan, 1891; Maykut and Untersteiner, 1971;
Maykut, 1978). The ice thickness can explain 44% of the
ice growth rate at these 13 sites (P < 0.05); that is, thin
ice has a higher growth rate due to the higher conductive
heat flux through the ice layer.

The ice temperature was regulated mainly by the net
atmospheric energy flux (Fatm in Section 3.2, Figure 8),
which includes both radiative and turbulent atmospheric
fluxes, and the conductive fluxes modulated by snow and
sea ice thickness (Figure 11). From December 20 to Jan-
uary 2, the ice layer was generally in a gradually cooling
state (Figure 11c). The bulk-average ice temperature
through the ice layer decreased from –7.0�C to –8.7�C
during this period, which can be attributed mainly to the

Figure 9. Time series of atmospheric variables between 17:00 December 26 and 06:00 December 27 in 2019.
(a) Downwelling longwave radiation at the three L sites (L1–L3) and the meteorological installation at the Central
Observatory (CO1), (b) near-surface air temperature at the L sites (2 m height) and at CO1 (6 m height), (c) air
temperature at the different heights at CO1, and (d) the net atmospheric energy flux (Fatm) at the three L sites and
CO1. The six vertical lines labeled a–f show the times of the KaSACR reflectivity panels in Figure S5. The observational
data are a subset of those shown in Figure 8.
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Figure 10. Time series of ice drift and deformation from late December to late January. Observations from the
period December 19, 2019–January 19, 2020, for: (a) wind speed at the L sites (L1–L3) and the Central Observatory
(CO1; colored dots) and ensemble mean (black line) of ice drift speed of position-tracking buoys within the
Distributed Network (DN; black line); (b) standard deviation of the ensemble ice drift speed; (c) ensemble mean
drift direction and wind direction (positive in the direction of motion) of the time series in a; (d) the difference
between the ice drift direction and the wind direction at the L sites and CO1 (turning angle); (e) the ratio between the
ice drift speed and the local wind speed at the L sites and CO1; (f) the deformation calculated (following Hutchings
et al., 2012; Hutchings, 2018) from buoys on the perimeter of the DN, where orange represents the large scale and
blue shows the deformation of the L site triangle, which is a smaller scale; and (g) maximum shear strain rate for the
same set of buoys as in panel f. Data from the L1–L3 sites and CO1 are shown in panels a–e as denoted by color in the
legend. For panels a and c, only points where the wind speed was >1 m s�1 and drift speed >0.01 m s�1 are used. The
data can be found under Bliss et al. (2022).
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overall negative values of Fatm and contributed to the
weakly negative trend in Ta (Figure 8a). Subsequently, the
bulk-average ice temperature remained relatively stable,
and even increased slightly by the end of these 30 days
(Figure 11c), as the air temperature was relatively steady
and the thickness of sea ice gradually increased

(Figure 11b). The conductive heat flux at the top ice layer
(0–0.10 m) is often balanced by the heat released from the
snow-covered ice layer to the near-surface atmosphere
(Fatm), assuming that the conductive heat flux at the
snow-sea ice interface is continuous. We have not directly
calculated the conductive heat flux through the snow

Figure 11. Snow and sea ice mass balance data from late December to late January. Observations of (a) snow
depth, (b) ice thickness, (c) bulk-average temperature through the ice layer, and (d) conductive heat flux through the
top ice layer during December 20, 2019–January 19, 2020, obtained from the measurements by 13 ice mass balance
buoys (SIMBA; Table 1) deployed over the MOSAiC Distributed Network. The thick blue line and cyan shade are the
average and standard deviation obtained from 13 measurement sites; the thin gray lines shown in panels a and b are
the data obtained from each buoy. The data can be found under Lei et al. (2021a, 2021b, 2021c, 2022b, 2022c, 2022d,
2022e, 2022f, 2022g, 2022h, 2022i, 2022j, 2022k).
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layer, as the texture of the snow layer at various measure-
ment sites showed significant differences, which increases
the uncertainty of the calculation. Instead, we use the
conductive heat flux at the top of the ice layer to illustrate
the contribution of the snow-covered ice layer to the sur-
face heat balance. This heat flux reveals strong spatial
differences, with the 30-day averages in the range of
32–118 W m�2. The lowest heat flux was obtained from
the Central Observatory because of the largest snow
depth; the highest heat flux was at L3 because of the
relatively small snow depth (0.17 m) and ice thickness
(1.09 m). The observed heat flux does not show a clear
temporal trend, with the multiple-site average in the
range of 41–75 W m�2. The changes in near-surface air
temperature can explain 55% of the temporal variability
of this heat flux (P < 0.001).

3.5. Vertical forcing in the upper ocean and

mesoscale horizontal variability

During the 30-day case study, the drifting DN spanned
a spatial gradient in absolute salinity in the upper-ocean

mixed layer with generally higher values in the south-
west and lower values in the northeast of the area sur-
veyed, as seen in the absolute salinity at the M sites
(Figure 12). This DN-scale gradient is embedded in the
large-scale gradient in near-surface salinity and freshwa-
ter content between the Eurasian and Amerasian basins
(e.g., Steele et al., 2001; Rabe et al., 2011). Note that the
instantaneous distance across all sites was approximately
50 km, and their relative distances were stable to within
1–2 km (see also Figure 7). We observed interspersed
mesoscale and smaller-scale features, represented by var-
iations in absolute salinity over a few kilometers or less.
These features are noticeable even at depths of 75–100
m (Figure 13).

The upper-ocean mixed layer, based on profiles of den-
sity (derived from pressure, conservative temperature, and
absolute salinity) at the L sites, exhibited variability on
weekly to sub-daily time scales (Figure 14). In particular,
the observations at L3 captured short-term variability due
to rapid sampling, with profiles every 3 hours. Overall,
a thickening mixed layer was observed, though the trend

Figure 12. Horizontal distribution of absolute salinity at 10 m depth from late December to late January. The
initial positions of the buoys (denoted by site name in the legend) are denoted by colored triangles, and the track of
the Central Observatory (CO) is denoted by the black dashed line. The numbers on the Central Observatory (CO) track
are days from December 20, 2019. Absolute salinity is given in g kg�1 as defined by TEOS10 (see McDougall et al.,
2010; McDougall and Barker, 2011). The data are from Salinity Ice Tether buoys (Hoppmann et al., 2022b).
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was much smaller than the short-term variability. The
changes at the different sites were 0.17–0.30 m day�1,
equivalent to a thickening of 4–9 m from December 20
to January 19 (Figure 14). This compares to a thickening
between October to March of around 30 m (Rabe et al.,
2022, their Figure 9) and seasonal ranges in the eastern
Arctic generally 50 m or higher, though based on observa-
tions largely near the continental slopes (Peralta-Ferriz
and Woodgate, 2015). Note that the short-term variability
observed at L3 shows stronger peaks as the mesoscale and
smaller-scale processes were better sampled, unlike L1
and L2 where the signal from these processes is aliased.
The overall thickening of the mixed layer was likely forced
primarily by the continuous surface cooling (negative net
atmospheric energy flux; Section 3.2, Table 2,
Figure 10d) and ice growth (Section 3.3, Figure 11) add-
ing brine and, hence, leading to haline convection in the
upper water column (see, e.g., Foster, 1969; Smith and
Morison, 1998; Backhaus and Kämpf, 1999). The depth
was also limited by the central Arctic end-of-melting-
season stratification, different to less stratified regions
(e.g., as much as 100 m north of Svalbard in winter; Koe-
nig et al., 2016; Meyer et al., 2017). Intermittently,

however, the depth of the mixed layer was strongly gov-
erned by the interplay of surface-forced momentum flux
and changing stratification, as outlined below.

We hereafter focus on the ocean velocity magnitude
response and upper ocean stratification at sites L1 and
L3 from measurements by the Autonomous Ocean Flux
Buoys; the eddy correlation turbulence measurements and
resulting heat, salt, and momentum fluxes are analyzed
elsewhere (B Shaw and T Stanton, personal communica-
tion, 16/04/2024). The two sites were located approxi-
mately 35 km apart and illustrate important similarities
and differences seen at this scale, in particular the ocean
response to atmosphere-ice forcing. Differences between
the wind speed and ice speed (Figure 16a and d) reflect
a combination of ice mobility, deformation and lead for-
mation, discussed in Section 3.3, and potentially differing
atmosphere-ice and ice-ocean drag coefficients through
the time series (see also Cole et al., 2017). The time series
of current speed profiles (Figure 16b and e) show the
formation of shallow wind-forced turbulent layers (see
also Shaw et al., 2008; Cole et al., 2014) extending down
from the ice-ocean interface during each of the stronger
wind events. This effect is most clearly seen in wind events

Figure 13. Absolute salinity at discrete depths across the Distributed Network from late December to late
January. The observations by different buoys with instruments at the depths shown are based on 10-minute
measurement intervals. The depths (upper panel) and the sites (lower panel) are denoted by color, as shown in the
legend. The data are from Salinity Ice Tether buoys (Hoppmann et al., 2022b).
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during December 29 to January 4 and January 9–18. The
strong, transient forcing of these winds resulted in signif-
icant levels of inertial ringing in the water column (and
ice), revealed as near-diurnal vertical stripes in current
magnitude superimposed on the lower frequency mean
response. The penetration depth of these ice-ocean shear-
forced Ekman layers was strongly dependent on the water
column stratification. Even small vertical density gradients
in the water column rapidly diminished local turbulent
mixing as turbulent kinetic energy was expended while
entraining less buoyant fluid from below.

Surprisingly high levels of stratification were observed
shallower than the strong winter halocline (pycnocline)
depth at about 35 m during this period. The high levels
of mesoscale density structure in the mixed layer
(Figure 16c and f) profoundly affected upper ocean mix-
ing and momentum transfer from the ice into the ocean
(B Shaw and T Stanton, personal communication). The
strong salt-stratified density gradients at the top of the
halocline, or bottom of the mixed layer, were also
observed as transitions in vertical current structure
reflecting high shear levels at this interface. The sloped
vertical stripes in Figure 15b and e within the strongly
stratified pycnocline indicate inertial motions propagat-
ing into the deeper ocean. Examples of the reduction of

turbulent mixing depth by these weak vertical density
gradients can be seen by comparing the full mixed layer
depth (35 m; Figure 14) Ekman layer at L1 (Figure 15b
and c) formed during the strong January 13 winds with
the much shallower penetration of the enhanced current
layer at L3 (Figure 15e and f). There, near-surface verti-
cal density gradients as shallow as 15 m depth
(Figure 15f) shoaled between January 13 and 15. As this
wind event continued January 14–17, L3 drifted over part
of a strong halocline eddy feature seen clearly in
enhanced currents at the top of the domed pycnocline
that shoaled as shallow as 25 m depth. Currents arising
from this eddy were largely isolated from the mixed layer
above by the strong halocline density gradient, and thus
did not affect the ice speed.

Significant differences in vertical and horizontal den-
sity structure between L1 and L3 (Figure 15) within the
mixed layer emphasize the small scale of the upper-
ocean mesoscale features. Although the feature centered
on December 24 was clearly observed in the profiling
Woods Hole Ice-tethered Profiler at both L sites and the
10-minute records of conservative temperature and abso-
lute salinity at M4 (Figure 13a), the following feature at
L1, centered on December 30, was encountered 1–2 days
later at L3, M1, and M6 as more diffuse features

Figure 14. Time series of mixed layer depth at sites L1–L3 from late December to early January. The values are
derived from conservative temperature and absolute salinity profiles (after TEOS10; see Figure 12) measured by the
Woods Hole Ice-tethered Profiler at each L site, as denoted in the inset legend. The criterion for mixed layer depth
assumes a density-step of 0.05 kg m�3 in accordance with Rabe et al. (2022), based on Toole et al. (2010). Note that
the Woods Hole Ice-tethered Profiler at L1 and L2 only measured two profiles a day, whereas the one at L3 obtained
profiles 8 times per day. Note that both the original values at L3 (thin line) and the 12-hour low-pass filtered values
(5th order Butterworth filter; thick line) are shown. The Woods Hole Ice-tethered Profiler profile data can be found
under Toole et al. (2016).
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Figure 15. Wind, ice and ocean speed, and ocean density, from late December to late January. Comparative
observations at site L1 (a–c) and site L3 (d–f) of 1.8-m height wind forcing and ice speed (a, d), absolute current
profiles with 15-minute averaging (b, e), and potential density, relative to 0 dbar (c, f). At each site the wind speed was
measured by the adjacent Atmospheric Surface Flux Station, currents were derived from the acoustic doppler current
profilers in the Autonomous Ocean Flux Buoys (AOFBs), and ice speed from the AOFB geographic position, while
ocean density is based on observations by the co-located Woods Hole Ice-tethered Profiler (WHOI-ITP) CTD. The WHOI-
ITP data can be found under Toole et al. (2016); the Atmospheric Surface Flux Station data are from Cox et al. (2023d,
2023e); the AOFB data are from Stanton and Shaw (2023a, 2023b, 2023c, 2023d).
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(Figures 13b and 15f). The mesoscale features are asso-
ciated with strong changes in density profile structure,
varying over distances comparable to the 1st-mode bar-
oclinic Rossby radius and have been identified at differ-
ent times during the operation of the DN (e.g.,
Hoppmann et al., 2022a). They can reach downward well
into the upper halocline and even touch the lower halo-
cline, here around 60–100 m (see, e.g., Rabe et al., 2022,
their figure 10). Smaller-scale differences between sites
as well as synoptic variability are visible at all depths,
evident in particular at 75 m throughout the time period
(Figure 13).

Time series of surface winds, upper ocean current mag-
nitude, inertial-band energy, and ice inertial band motion
for L1, L3, and the Central Observatory (Figure 16) show
accelerations of the upper mixed layer currents concurrent
with the onset of high levels of inertial motion in the
ocean-ice coupled layer, in response to a strong transient
wind event starting on December 29. This inertial ringing
of the ice coupled into the ocean mixed layer is seen
widely in the Arctic (e.g., Brenner et al., 2023), but usually
in conditions of lower ice coverage and high ice mobility
in late summer and fall. The ocean inertial currents at each
of the three sites (Figure 17c) show some spatial

Figure 16.Wind speed, upper ocean currents and ice inertial band motion, late December to late January. (a)
Observations of surface wind speed at sites L1, L3, and the Central Observatory (CO); (b) corresponding 10 m depth
absolute ocean current magnitudes; (c) 0.3f 6th order bandpass filtered 10 m depth inertial currents; and (d) ice
inertial band motion from Autonomous Ocean Flux Buoy (AOFB) position with the same filter used in panel c. The
Coriolis parameter is f ¼ 2ωsinðφÞ, where φ is the latitude and ω ¼ 7.2921�10�5 rad s�1. The data in panel a are from
Cox et al. (2023b, 2023d, 2023e); in panels b, c, and d the AOFB data are from Stanton and Shaw (2023a, 2023b,
2023c, 2023d).
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Figure 17. Late-spring snow and sea ice mass balance and conductive heat flux at the ice surface. Changes in
snow depth, ice thickness, and temperature at (a) site L1, (b) site L2, and (c) site L3 May 16–June 18, 2020, with thick
black line denoting snow or ice (after snow melted over) surface, gray dashed line denoting initial snow-ice interface,
and thick black line denoting ice bottom. (d) Average (thick blue line) and standard deviation (shade) of daily
conductive heat flux at the surface of the ice layer calculated from continuous measurements by 8 buoys at 5
sites (L1, L3, M3, M6, 1 buoy each; Central Observatory, 4 buoys). Also shown is the daily near-surface (2 m
height) air temperature measured by the Unmanned (uncrewed) Ice Station at the site L3. These measurements
agree approximately with measurements at 2 m height by Atmospheric Surface Flux Station #30 at the Central
Observatory and can be expected to be representative of the region around the L sites, as spatial variability within the
three Distributed Network sites with Atmospheric Surface Flux Stations installed was low for time scales greater than
approximately 1 day (not shown). Data for panel a can be found under Lei et al. (2022c); for panel b, under Lei et al.
(2022i); for panel c, under Lei et al. (2022k); and for panel d, under Lei et al. (2021a, 2022b, 2022c, 2022d, 2022g,
2022k, 2022l, 2022m).
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variability compared with the more coherent spatial
response of the ice (Figure 16d), largely because of differ-
ences in the mixing layer depth through which the inertial
momentum is distributed at each site. The actively mixing
layer did not always extend to the bottom of the mixed
layer (e.g., Schulz et al., 2022, their figure 4) that had been
homogenized previously. Overall, this strong inertial
response in mid-winter is indicative of the relatively weak
and mobile ice pack encountered during the MOSAiC drift.
Differences in the magnitude of the ice inertial oscilla-
tions between the three DN observation stations
(Figure 16d) are likely indicative of the local mobility of
the ice pack.

3.6. DN observations during the temporal gap in

central observatory measurements

The two main benefits of the autonomous DN instru-
mentation are the spatially distributed nature of the
observations and their ability to fill temporal gaps in the
manual measurements at the Central Observatory. Even
when the latter had to be suspended from May 16 to
June 18, 2020, due to RV Polarstern leaving for

a personnel exchange, the DN continued to obtain data
from 83.4�N to about 82.4�N (dashed-line box in Fig-
ure 4). We can clearly see the near-freezing Ta after melt
onset (Light et al., 2022) on May 25 (Figure 17d), indic-
ative of a melting ice and snow surface (Figure 17) from
excess surface energy flux (Persson, 2012) and eventually
leading to increasing radiation into the upper ocean after
about June 4 (Figure 18c).

As shown in Figure 17a–c the cold interior of the sea
ice warmed gradually (see also Lei et al., 2022a; Salganik
et al., 2023) from May to June 2020, through warming
from both above and below. The increased sea ice temper-
ature suggests that the volume fraction of brine was grad-
ually increasing and gradually enhanced its permeability
(Golden et al., 1998). Intermittent surface cooling (e.g.,
June 2–12), however, led to superimposed ice in June,
that can be identified in data from IMB (SIMBA, Table 1)
heat cycles at L2 and L3 and that is not visible in the
temperature data alone (Lei et al., 2022a). The snow cover
had completely melted away at L1 and L2 by June 8 and
16, 2020, respectively (Figure 17a and b). At the L3 IMB
(SIMBA, Table 1) the snow cover thinned to 0.10 m by

Figure 18. Ocean properties late May to early June, observed by Woods Hole Ice-tethered Profiler #94 at site
L2. Vertical sections are shown during the absence of manual observations for (a) conservative temperature, (b)
absolute salinity, (c) photosynthetically active radiation (PAR), and (d) chlorophyll a (Chl a) based on fluorescence
measurements and manufacturer’s calibration (d); see Figure 12 for citations for TEOS10 conservative temperature
and absolute salinity. Observed data locations are denoted by small black dots, and the contours are based on linear
interpolation in the horizontal. Large gaps in observations are left blank; in early to mid-June the shallow topography
likely led to the cable of the Woods Hole Ice-tethered Profiler at site L2 dragging across the seafloor and slanting from
vertical, impeding the system from capturing full profiles. The interpolated, contoured section for Chl a in panel
d reflects the actual point values (not shown). The data can be found under Toole et al. (2016).
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June 18 and melted completely by June 24. Similarly,
snow melt continued until June 29 when all the snow had
melted and surface ice melt began, as observed by another
L2 IMB (SIMB3, Table 1; Perovich et al., 2023). These
observations indicate the spatial heterogeneity of surface
snow melting, mainly due to initial snow depth and sur-
face topography, that was documented thoroughly by the
IMB observations and the manual surveys during the early
setup of the DN.

The conductive heat flux at the surface 0.1 m layer of
ice cover was affected mainly by near-surface air temper-
ature, with the daily near-surface air temperature explain-
ing 25% (P < 0.01) of the conductive heat flux
(Figure 17). After the relatively warm period May 25–
30, 2020, the snow began to melt faster and exhibited
greater spatial differences, which gradually increased the
spatial differences in conductive heat flux at the sea ice
surface. Overall, the conductive heat flux on the sea ice
surface remained negative (downward), except for the
temporary positive heat conduction (upward) caused by
relatively low air temperatures on May 17. The dominant
heat flux indicates that during this period May 16–June
18, the sea ice layer mainly acquired heat from the atmo-
sphere, which is the main source of energy that warmed
and melted the ice. Especially during the warmer periods,
May 26–30 and after June 16, the downward conductive
heat flux was more pronounced.

There are obvious spatial differences at times when the
bottom of the sea ice began to melt, ranging between May
17 and June 20, 2020, across 15 IMB (SIMBA, Table 1) in
the DN, which mainly depends on the thicknesses of sea
ice and the overlying snow cover (Lei et al., 2022b). While
the seawater temperature forcing under all DN sites was

similar, the relatively thin sea ice at some locations made
the ice layer more sensitive to seasonal surface warming,
leading to earlier melt onset at those locations. Basal ice
melt at various IMB (SIMBA, Table 1) at L1, L2, and L3
commenced on June 15, June 20, and June 12, respec-
tively (Figure 17), concurrent with an ocean-to-ice heat
flux of around 10 Wm�2, about 5 times the December-to-
April mean (Lei et al., 2022a). In addition, a seasonal IMB
(SIMB3, Table 1) deployed at L2 observed the bottom ice
melt at this site beginning June 11, 2020 (Perovich et al.,
2023). At the Central Observatory the earliest basal melt
was observed on May 27 (Salganik et al., 2023), and melt
ponds started to form at the same time (Webster et al.,
2022). Freshening just under the ice with the formation of
under-ice meltwater layers was observed by the IMB
(SIMBA, Table 1) temperature profiles, at L1 and L2 on
July 31 and June 26, respectively, but at L3 already on
June 16 (Lei et al., 2022a). Also, in the Central Observatory
the earliest record of under-ice meltwater layers was on
June 16 (Smith et al., 2022; Salganik et al., 2023). The
difference in timing of under-ice meltwater layers may
be related to the thinner ice present at L3 and part of the
Central Observatory. This thinner ice could have allowed
earlier meltwater drainage, lower draft or higher occur-
rence of ridges at these sites, each of which could have
controlled the accumulation of meltwater below the ice
(Salganik et al., 2023).

In the ocean, there was a shoaling of the upper-ocean
mixed layer toward the end of the time period (see Rabe
et al., 2022, their figure 10, for Woods Hole Ice-tethered
Profiler data from L1 without data gaps; see also Schulz
et al., n.d.). The seawater temperatures were close to freez-
ing, almost as low as the lowest observed in the DN

Figure 19. Absolute salinity at discrete depths at site M3 from late May to early June. The observations are by
the same type of instrument as in Figure 13 but shown for May 16–June 18, 2020, with depths denoted by color, as
shown in the legend. The data are from Salinity Ice Tether buoys (Hoppmann et al., 2022b).
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further north during April. At the same time, absolute
salinity was generally closest to that of Fram Strait inflow
of Atlantic Water (Figure 18). One Salinity Ice Tether (SIT,
Table 1) recorded almost equal conservative temperature
and absolute salinity in the top 100 m at M3 until early
June with a small increase thereafter (Figure 19), suggest-
ing that the base of the mixed layer stayed deeper than
that until June 15 at this location about 20 km from L2.
However, a few warm spells occurred at M3 around 100 m
depth and from about June 10 between about 50 m and
100 m depth (not shown). The deep signal is hinted at in
the L2 Woods Hole Ice-tethered Profiler values deeper in
the water column (Figure 18a) before the profiler was no
longer able to reach the upper water column.

The automated observations in the DN at L2 were par-
ticularly important for the description of the phytoplank-
ton bloom under the MOSAiC floe, which developed
during the absence of RV Polarstern following the increase
in photosynthetically active radiation in the water column
under the ice (Figure 18c). This timing coincided not only
with a general increase in incoming solar radiation (not
shown) but also with the gradual melting of snow at L2
during June which, although differing across the floe,
shows the overall disappearance of the snow cover. While
the under-ice bloom was fully developed by the time that
discrete sampling began again in the Central Observatory
on June 16 (not shown), the Woods Hole Ice-tethered
Profiler chlorophyll a fluorescence data indicate that the
ecologically important onset of biomass increases
occurred in the upper 30 m at the beginning of June, with
subsequent deepening of biomass down to 70 m
(Figure 18d). Despite the large-scale gradient in stratifi-
cation shallower than 100 m from the Amundsen to the
Nansen basins (Rabe et al., 2022, their figure 10) the
change in photosynthetically active radiation coincided
with a small increase in upper ocean stratification starting
on June 4 that covered approximately the top 100 m
(Figures 18a and 19). Turbulent mixing, however, was
still focused on the top 40–70 m most of the time in early
May and late June, making likely that similar conditions
prevailed during the time we focus on here (Schulz et al.,
2022) and, thus, allowing phytoplankton to stay in that
depth range (Figure 18d). Furthermore, the Woods Hole
Ice-tethered Profiler chlorophyll a fluorescence data
potentially indicates an export event of biomass from the
sea ice in mid-May, which would fit well with the observed
melt onset dates in the DN, as described above. Further
analysis is needed to confirm this export event, such as
that done by Laney et al. (2014) for prior observations.

4. Discussion
4.1. Discussion of DN results and synergies with

remote sensing and other observations

Our observational results outlined in Section 3 describe
the overall drift of the buoys and illustrate the ability of
the MOSAiC DN to resolve spatially variant coupled-
system processes, from small scale to mesoscale, and fill
temporal gaps during the drift by autonomously observ-
ing even in the absence of manual observations. Here, we
address these results considering existing literature and

show synergies with remote sensing and other
observations.

From the different ice observations and electromag-
netic induction surveys we know that the region of the
DN was initially covered primarily by first-year ice, with
approximately 10% being multi-year ice that survived
from the previous growth year (Krumpen et al., 2021, their
figure 5a). The observations stem from the marginal ice
zone, that was found far north in the central Arctic, and
follow a long-term shift in ice types across the Arctic.
Warming and reduced sea ice cover have been reported
during 1990–2018 in the Bering and Chukchi Seas
(Danielson et al., 2020), and the eastern Arctic is also
approaching a state of seasonal ice cover (Haine and Mar-
tin, 2017; Perovich et al., 2020). Therefore, the observed
prevailing pattern of first-year ice during the DN drift
appears to be a “normal feature” on the pan-Arctic scale.

During our 30 mid-winter days, atmospheric near-
surface variability was strongest at time scales of less than
1 day, and temporal variability was much larger than spa-
tial variability most of the time; the latter was also true
for wind-driven ice motion. Although the monthly mean
(winter) atmospheric variables observed immediately
above the surface were small, relative to the temporal
variability, there were differences in the air temperature
and the net atmospheric energy flux between sites. These
differences influenced the ice temperature across the DN,
also considering the conductive heat flux through the
variable snow cover. The conductive heat flux through the
snow varied between sites in the mean over the 30 days as
well as showing temporal variability. The latter can be
explained by changes in air temperature to more than
50%, in contrast to the late spring/early summer situation
(Figure 11d), where we find these changes to be only
about half that. This difference can be explained by the
complex thermodynamic characteristics of the snow and
sea ice surfaces during the melting period, such as signif-
icant temporal changes in snow moisture content (Sturm
et al., 2002; Nicolaus et al., 2003). Ice growth appears to
have been dominated by absolute ice and snow thickness
at each buoy, with the highest heat flux coinciding with
the smallest ice and snow thickness. This result indicates
that as Arctic sea ice thins, heat released from the sea ice-
ocean system toward the near-surface atmosphere in win-
ter can be expected to increase, assuming the snow depth
does not increase. It also means that ice growth rates
would increase accordingly (Stefan, 1891; Maykut and
Untersteiner, 1971). Our preliminary analysis does not
suggest a strong influence of storms on sea ice formation,
such as found by Graham et al. (2019) for N-ICE2015 (see
Section 2.5), though the observed sudden changes in wind
direction (Figure 8) likely led to events in the ice dynam-
ics (e.g., Figure 10g) and some lead formation (Section
3.3) that may have released heat and moisture from the
ocean directly to the atmosphere.

The effect of atmosphere-ice-ocean momentum trans-
fer was subject to internal dynamical processes in both the
sea ice and the ocean. The DN position observations,
which resolve ice motion on a large range of time scales,
show that the sea ice motion is strongly correlated with
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the near-surface wind, as is the upper portion of the ocean
mixed layer, where significant spatial and temporal vari-
ability was observed. However, deformation in the sea ice
is only sometimes linked with wind transitions, whereas at

times the ice-internal stresses dampened the momentum
transfer from the atmosphere. Consolidated ice cover gen-
erally damps momentum transfer between the atmo-
sphere and the ocean heterogeneously (Cole et al.,

Figure 20. Comparison of wintertime observations and 2-day forecasts during October 15, 2019–March 15,
2020. Observations (OBS, black lines) of (a) skin temperature and (b) surface ice temperature, averaged across the L
sites and the Central Observatory meteorological installation, and compared to 2-day forecasts at the location of RV
Polarstern. Forecasts systems (color-coded) shown: NOAA-PSL Coupled Arctic Forecast System (CAFS; red), Météo-
France ARPEGE-GELATO forecast system (ARPEGE; orange), ECMWF Integrated Forecast System (IFS, green), German
Weather Service forecast system (DWD; blue), and HARMONIE—AROME (H-AROME; purple). Details of these systems
can be found in Solomon et al. (2023) and references therein.
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2017), although that dampening is generally more pro-
nounced in the marginal ice zone (Manucharyan and
Thompson, 2017) than in the even more consolidated ice
cover we observed. Ocean mixed layer horizontal density
gradients and deeper ocean eddies also impacted the
mixed layer currents. Hence, the dynamics of all three
media played a role in the dynamics of the ice and the
ocean surveyed, while neither the ice nor the ocean seems
to have impacted the observed winds significantly during
our 3-day mid-winter period.

The ocean observations in the DN show a complex
interplay between spatial and temporal variability. Even
though the mesoscale and sub-mesoscales were not
resolved instantaneously, we could observe quasi-
synoptic features, such as eddies, often at more than
one site over time periods of one to several days; some
of these features were in direct contact with the sur-
face, while others were isolated by local stratification
close to the surface. Studying those processes in detail
is beyond the scope of this work, as that generally
involves direct and indirect feedbacks between ocean,
ice, and atmosphere. The reader is referred to ocean-
focused studies, such as Hoppmann et al. (2022a),
Kawaguchi et al. (2022), Kuznetsov et al. (2023), and
Fang et al. (n.d.).

Apart from the small influence of snow and ice condi-
tions on the mean atmospheric variables near the surface,
the DN captured several transient atmospheric features
with substantially shorter time scales than the 30 mid-
winter days, such as clouds, fronts, and pressure gradients
of the passing synoptic systems. This atmospheric variabil-
ity forced the observed divergence of sea ice and brief
departures from the overall thermodynamic homogeneity.
Here, we illustrate the combined use of the DN observa-
tions and a scanning Ka-band radar (provided by the
Department of Energy Atmospheric Measurements Pro-
gram), mounted on top of the bridge of RV Polarstern. The
radar observations (Figure S5) reveal details of how a shal-
low, spatially limited cloud field produced the variability
in LWd (see also Figure 9) across the DN. Near 23:00 UTC
December 26, the skies were mostly clear across the
domain, with low values of LWd. Shortly before 00:00 UTC
December 27, a region of clouds crossed the domain from
the southwest (L1) and sequentially raised the LWd by 40–
50 W m�2 across the different sites, with related increases
in Fatm and Ta and subsequent decreases in LWd, Ta, and
Fatm. The changes in Fatm represent the changes in the
atmosphere’s net thermodynamic forcing of the sea ice
surface. Similarly, the ship-mounted C-band radar onboard
RV Polarstern, using a similar digitizing system approach
as the N-ICE2015 campaign (Oikkonen et al., 2017), cap-
tured the very episodic (hours to days) and localized sea
ice deformation events. These radar observations agree
with our findings on sea ice deformation in Section 3.1
and 3.3 and highlight the benefit of covering different
scales with the DN and this radar.

Due to the invisibility from space and the reduced
accessibility for in situ sampling, observations of under-
ice phytoplankton blooms in the Arctic are sparse (Ardyna
et al., 2020), hence the MOSAiC DN observations from late

spring/early summer cover a gap in knowledge. The pre-
viously available data from the 1950s (Apollonio, 1959;
English, 1961) indicate that blooms under multi-year ice
started later (i.e., at the end of June) but developed higher
biomass than observed by the DN. During SHEBA (Section
2.5) two phytoplankton blooms were observed around the
Chukchi Plateau and the southeastern Makarov Basin from
late May 1998 to early September 1998, covering a similar
vertical range as the DN observations, though with an
order of magnitude higher concentration of chlorophyll
a (Sherr et al., 2003). More recent observations below
central Arctic first-year ice (Boles et al., 2020) indicate
similar timing and magnitude of under-ice blooms as
observed in the DN.

Overall, the DN captured variability at the scales set out
to be studied in MOSAiC, even though the upper ocean
mesoscale and sub-mesoscales could not be resolved in
the way planned. However, the varying ice drift during
several selected time periods still allows a detailed,
quasi-synoptic analysis of both the sub-mesoscale and
mesoscale ocean variability. As the ocean was observed
at a larger scale than planned, we can obtain a better
impression of the conditions and dynamics on scales up
to 40 km.

Further remote sensing observations during MOSAiC
captured different temporal and spatial scales than the
DN, including information on the deformation and mor-
phological changes in the ice surface by satellite, airborne,
and surface-based remote sensing; for example, SAR-based
ice-motion tracking (Nicolaus et al., 2022; Guo et al.,
2023), melt pond distribution and albedo (Neckel et al.,
2023, Sperzel et al., 2023), sea ice topography (Hutter
et al., 2023a; see also Figure 6), and sea ice thickness (von
Albedyll et al., 2022; see map of airborne campaigns par-
allel to MOSAiC in Figure S6). Analyzing these data sets in
conjunction with DN observations has been the subject of
studies targeting specific variables and aspects of the
MOSAiC coupled system.

4.2. DN model applications and synergies

The MOSAiC observations, in particular those by the DN,
provide a unique opportunity to facilitate model and
forecast improvements. The WMO Year of Polar Predic-
tion (YOPP) initiative, aimed to advance polar prediction
capabilities (Jung et al., 2016), coordinated its interna-
tional efforts between 2013 and 2022 with MOSAiC. In
particular, several operational Numerical Weather Predic-
tion centers saved additional model parameters at high
temporal and spatial resolutions along the MOSAiC track
to enable in-depth analyses, evaluation, and forecast
improvements of the coupled Arctic atmosphere-ice-
ocean system (e.g., Bauer et al., 2020; Solomon et al.,
2023). Promising studies exemplifying the value of
MOSAiC data in general for model evaluation have
already been appearing (e.g., Dethloff et al., 2022). In the
following we provide only selected examples of how the
information about spatial heterogeneity measured by the
DN can provide added value to evaluating models and
forecast systems.
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The MOSAiC campaign was provided with real-time
sea ice drift forecasts by the Sea Ice Drift Forecast Exper-
iment (SIDFEx) for the Central Observatory and a number
of DN sites to facilitate satellite image ordering and
other logistical tasks (Nicolaus et al., 2022). The repre-
sentation of sea ice deformation in models has been
studied widely (e.g., Spreen et al., 2017; Rampal et al.,
2019) and a recent study by Korosov et al. (2023) high-
lights the potential of assimilating satellite-derived sea
ice deformation to improve sea ice deformation forecasts
up to 3–4 days. One could use the SIDFEx forecasts to
compare the sea ice deformation forecast skill of a broad
range of forecast systems with lead times up to 10 days.
The systems with spatial resolutions of 5–12 km (e.g.,
Guiavarc’h et al., 2019), though designed to represent
average behavior on scales of about 100 km and weeks
to months (Blockley et al., 2020), may be able to forecast
deformation events on the scale of the outer ring of the
DN, like those described in Section 3.3.

The DN observations have also been used to evaluate
coupled processes unique to the Arctic in forecast systems,
such as the representation of low-level clouds, the repre-
sentation of the stable boundary layer, atmosphere-snow
interaction, and ocean-sea ice-atmosphere coupling (see
Solomon et al., 2023). Such evaluations are illustrated in
Figure 20, where observations of wintertime skin temper-
ature, measured with the Atmospheric Surface Flux Sta-
tions at the L sites and from the Central Observatory
meteorological installation, and of the surface ice temper-
ature, measured with several IMB (SIMB3, Table 1), are
compared to forecasts from five state-of-the-art coupled
forecast systems at a 2-day lead time. The observed low
frequency skin temperature variability is simulated by all
the forecast systems. This close correspondence with
observations is not seen for the surface ice temperature
(Figure 20b), where the modeled temperatures differ by
±10�C from the observations by the different IMB. The DN
provides observations that cover a variety of conditions
within a model grid box, thereby substantially enhancing
the ability to evaluate and improve simulations of the
coupled Arctic system.

The Next Generation Earth Modelling Systems (next-
GEMS) global storm- and eddy-resolving models with
European Centre for Medium-Range Weather Forecasts
(ECMWF) Integrated Forecasting System and the ICOsahe-
dral Nonhydrostatic model represent a new class of
kilometer-scale climate models that are the starting point
for climate adaptation “Digital Twins” (Bauer et al., 2021a;
Bauer et al., 2021b). With grid box sizes well below 10 km
(e.g., 4.4 km), they resolve linear kinematic features in the
sea ice cover and the scale of the DN with tens to hun-
dreds of points (not shown). Whether these kilometer-
scale models start to feature some of the Arctic sub-grid
variability (with respect to more typical 100 km climate
model grid boxes) or whether they still suffer from being
too spatially homogeneous can also be answered with the
unique DN observations.

Comparing observations to model simulations gener-
ally suffers from differences between the internal variabil-
ity of the model and the observations (e.g., Strobach and

Bel, 2017; Jain et al., 2023). One effective way of maximiz-
ing the value of field-campaign data for climate model
evaluation is to “nudge” the large-scale circulation in cli-
mate models, as demonstrated for MOSAiC data by Pithan
et al. (2023). Another example is a high-resolution imple-
mentation of an ocean-only model with an irregular grid,
sigma vertical coordinates and a level upper (ice) bound-
ary, where the ocean is nudged by the seawater tempera-
ture and salinity observed in the ocean by the DN,
allowing to resolve sub-mesoscale and mesoscale features
(Kuznetsov et al., 2023).

5. Conclusions
The MOSAiC Distributed Network of autonomous ice-
tethered “buoy” platforms operated during the drift from
the eastern Eurasian Arctic to Fram Strait in late 2019
through the first half of 2020, and with a reduced setup
from late summer to early autumn 2020, after relocation
to the central Arctic in late summer. The network was
comprised of different instrument systems clustered
around individual nodes or sites to observe the coupled
atmosphere-ice-ocean climate system in the central Arctic.
Instrument systems had varying complexity, ranging from
comprehensive flux stations to simple position-tracking
drifters. All instrumentation not only recorded autono-
mously but relayed most of the data via satellite to land
or via radio link to the central MOSAiC ship, with the
remaining data obtained during maintenance visits or
after recovery. Our work presented here has focused on
the utility of the MOSAiC DN for observing spatial vari-
ability on model grid scales, exploiting the autonomous
nature of the instruments.

The DN observations were able to capture simulta-
neously both vertical processes at a single ice floe and
horizontally heterogeneous processes on scales of 10–
100 km, as well as on smaller scales quasi-synoptically
along the drift. In addition to complex autonomous
instruments, the distributed deployment of position-
tracking buoys has provided information about the local-
ized and aggregate ice dynamics, allowing relationships to
the wind and ocean forcing to be identified. Importantly,
the DN sites compared to crewed observations at the Cen-
tral Observatory are able to provide unique insights into
how representative single floe comprehensive measure-
ments are of conditions across scales of 10–100 km, and
can give long-duration estimates of the spatial heteroge-
neity of the coupled atmosphere, ice, and ocean systems.
The DN successfully observed the transition to ice melt in
late spring/early summer and the change between the
regions affected by low-salinity polar surface waters and
those affected by near-surface waters of Atlantic origin.
The corresponding time period, when the Central Obser-
vatory was unattended, was a critical time to complete our
observations of the full seasonal cycle of the ice within the
DN, including optical measurements of biology and chem-
istry, all subject to changing rapidly with climate change
(Bluhm et al., 2020; Mortenson et al., 2020). Hence, there
is a continuous need for more telemetered, autonomous
observations, such as those of the DN. Our results also
emphasize the need to carefully consider the difference
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of ice thickness and overall ice topography (e.g., ridges) at
various buoy deployment sites, which may cause signifi-
cant small-scale changes in mass and energy exchanges
between atmosphere, sea ice, and ocean.

The comprehensive nature of the instruments, and the
parallel operation of an icebreaker and ice-floe-scale Cen-
tral Observatory with complementary measurements and
manual sampling, are important aspects of the MOSAiC
DN and are unprecedented in their entirety. Together they
facilitate analysis of processes that would not be possible
with either clusters of autonomous instrumentation sep-
arated by larger distances than the DN sites or the stand-
alone use of autonomous systems. The scientific value of
the DN reaches in multiple directions. The multitude of
temporal and spatial scales covered by the DN make it
particularly suited to upscaling and downscaling of infor-
mation, including scales that are less than large-scale
model grid cells. Collectively, these observations support
improved model parameterizations of ocean, sea ice, and
atmosphere processes along with their key coupling inter-
actions, as well as unique new possibilities for model val-
idation. Lastly, this successful implementation
demonstrates the feasibility of such networks and pro-
vides key guidance for future autonomous observing net-
work installations, which ought to become more common
in a warming world where everyone, including scientists,
have to reduce their emissions.
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Backhaus, JO, Kämpf, J. 1999. Simulations of sub-meso-
scale oceanic convection and ice–ocean interactions
in the Greenland Sea. Deep Sea Research Part II:
Topical Studies in Oceanography 46(6–7):
1427–1455. DOI: https://dx.doi.org/10.1016/
S0967-0645(99)00029-6.

Bauer, P, Dueben, PD, Hoefler, T, Quintino, T,
Schulthess, TC,Wedi, NP. 2021a. The digital revo-
lution of Earth-system science. Nature Computa-
tional Science 1(2): 104–113. DOI: http://dx.doi.
org/10.1038/s43588-021-00023-0.

Bauer, P, Sandu, I, Magnusson, L, Mladek, R, Fuentes,
M. 2020. ECMWF global coupled atmosphere, ocean
and sea-ice dataset for the Year of Polar Prediction
2017–2020. Scientific Data 7(1): 427. DOI: https://
doi.org/10.1038/s41597-020-00765-y.

Bauer, P, Stevens, B, Hazeleger,W. 2021b. A digital twin
of Earth for the green transition. Nature Climate
Change 11(2): 80–83. DOI: http://dx.doi.org/10.
1038/s41558-021-00986-y.

Belter, HJ, Krumpen, T, von Albedyll, L, Alekseeva, TA,
Birnbaum, G, Frolov, SV, Hendricks, S, Herber, A,
Polyakov, I, Raphael, I, Ricker, R, Serovetnikov,
SS, Webster, M, Haas, C. 2021. Interannual vari-
ability in transpolar drift summer sea ice thickness
and potential impact of Atlantification. The Cryo-
sphere 15(6): 2575–2591. DOI: http://dx.doi.org/
10.5194/tc-15-2575-2021.

Bliss, A, Hutchings, J, Anderson, P, Anhaus, P, Belter,
HJ, Berge, J, Bessonov, V, Cheng, B, Cole, S, Costa,
D, Cottier, F, Cox, CJ, De La Torre, PR, Divine, DV,
Emzivat, G, Fang, YC, Fons, S, Gallagher, M, Geof-
frey, M, Granskog, MA, Haapala, J, Haas, C,
Hoppmann, M, Høyland, KV, Hwang, B, Itkin, P,
Johnsen, G, Juttila, A, Kanzow, T, Katlein, C,
Kopec, T, Krishfield, R, Krumpen, T, Kuznetsov,
I, Lange, B, Lei, R, Li, T, Mäkynen, M, Moore, R,
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Rabe, B, Loose, B, Damm, E, Gradinger, R, Fong,
A, Maslowski, W, Rinke, A, Kwok, R, Spreen, G,
Wendisch, M, Herber, A, Hirsekorn, M,Mohaupt,
V, Frickenhaus, S, Immerz, A, Weiss-Tuider, K,
König, B, Mengedoht, D, Regnery, J, Gerchow, P,
Ransby, D, Krumpen, T, Morgenstern, A, Haas, C,
Kanzow, T, Rack, FR, Saitzev, V, Sokolov, V,
Makarov, A, Schwarze, S, Wunderlich, T, Wurr,
K, Boetius, A. 2021. MOSAiC extended acknowl-
edgement. Zenodo. DOI: http://dx.doi.org/10.
5281/ZENODO.5179738.

Notz, D, Wettlaufer, JS, Worster, MG. 2005. A non-
destructive method for measuring the salinity and
solid fraction of growing sea ice in situ. Journal of
Glaciology 51(172): 159–166. DOI: http://dx.doi.
org/10.3189/172756505781829548.

Nurser, AJG, Bacon, S. 2014. The Rossby radius in the
Arctic Ocean. Ocean Science 10(6): 967–975. DOI:
http://dx.doi.org/10.5194/os-10-967-2014.

Oikkonen, A, Haapala, J, Lensu, M, Karvonen, J, Itkin,
P. 2017. Small-scale sea ice deformation during N-
ICE2015: From compact pack ice to marginal ice
zone. Journal of Geophysical Research: Oceans
122(6): 5105–5120. DOI: http://dx.doi.org/10.
1002/2016JC012387.

Ocean University of China. 2024. Drift-towing ocean
profiler. Available at http://coas.ouc.edu.cn/
pogoc/2021/0713/c9714a342585/page.html.
Accessed January 30, 2024.

Peralta-Ferriz, C, Woodgate, RA. 2015. Seasonal and
interannual variability of pan-Arctic surface mixed
layer properties from 1979 to 2012 from hydro-
graphic data, and the dominance of stratification for
multiyear mixed layer depth shoaling. Progress in
Oceanography 134: 19–53. DOI: https://dx.doi.
org/10.1016/j.pocean.2014.12.005.

Perovich, DK, Andreas, EL, Curry, JA, Eiken, H, Fairall,
CW, Grenfell, TC, Guest, PS, Intrieri, J, Kadko, D,
Lindsay, RW,McPhee, MG,Morison, J,Moritz, RE,
Paulson, CA, Pegau,WS, Persson, POG, Pinkel, R,
Richter-Menge, JA, Stanton, T, Stern, H, Sturm,
M, Tucker, WB III, Uttal, T. 1999. Year on ice gives
climate insights. Eos Transactions 80(41): 481–486.
DOI: http://dx.doi.org/10.1029/EO080i041p0
0481-01.

Perovich, DK, Elder, B. 2002. Estimates of ocean heat
flux at SHEBA. Geophysical Research Letters 29(9):
58-1–58-4. DOI: http://dx.doi.org/10.1029/
2001GL014171.

Perovich, DK, Meier, W, Tschudi, M, Hendricks, S,
Petty, AA, Divine, D, Farrell, S, Gerland, S, Haas,

Rabe et al: MOSAiC Distributed Network Art. 12(1) page 41 of 46
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00103/816933/elem

enta.2023.00103.pdf by guest on 05 Septem
ber 2024

https://dx.doi.org/10.1016/j.pce.2003.08.048
http://dx.doi.org/10.3389/fmars.2021.655446
http://dx.doi.org/10.3389/fmars.2021.655446
http://dx.doi.org/10.1594/PANGAEA.925312
http://dx.doi.org/10.1594/PANGAEA.925312
http://dx.doi.org/10.1594/PANGAEA.925325
http://dx.doi.org/10.1594/PANGAEA.925325
http://dx.doi.org/10.1525/elementa.2021.000046
http://dx.doi.org/10.1525/elementa.2021.000046
http://dx.doi.org/10.1594/PANGAEA.937204
http://dx.doi.org/10.1594/PANGAEA.937204
http://dx.doi.org/10.5281/ZENODO.5179738
http://dx.doi.org/10.5281/ZENODO.5179738
http://dx.doi.org/10.3189/172756505781829548
http://dx.doi.org/10.3189/172756505781829548
http://dx.doi.org/10.5194/os-10-967-2014
http://dx.doi.org/10.1002/2016JC012387
http://dx.doi.org/10.1002/2016JC012387
http://coas.ouc.edu.cn/pogoc/2021/0713/c9714a342585/page.html
http://coas.ouc.edu.cn/pogoc/2021/0713/c9714a342585/page.html
https://dx.doi.org/10.1016/j.pocean.2014.12.005
https://dx.doi.org/10.1016/j.pocean.2014.12.005
http://dx.doi.org/10.1029/EO080i041p00481-01
http://dx.doi.org/10.1029/EO080i041p00481-01
http://dx.doi.org/10.1029/2001GL014171
http://dx.doi.org/10.1029/2001GL014171


C, Kaleschke, L, Pavlova, O, Ricker, R, Tian-
Kunze, X, Webster, M, Wood, K. 2020. Arctic
report card 2020: Sea ice. Series: Arctic Report Card.
DOI: http://dx.doi.org/10.25923/N170-9H57.

Perovich, DK, Moritz, RE. 2002. Preface. Journal of Geo-
physical Research: Oceans 107(C10). DOI: https://
dx.doi.org/10.1029/2002JC001314.

Perovich, DK, Raphael, I,Moore, R, Clemens-Sewall, D,
Lei, R, Sledd, A, Polashenski, C. 2023. Sea ice heat
and mass balance measurements from four autono-
mous buoys during the MOSAiC drift campaign. Ele-
menta: Science of the Anthropocene 11(1): 00017. DOI:
http://dx.doi.org/10.1525/elementa.2023.00017.

Persson, POG. 2012. Onset and end of the summer melt
season over sea ice: Thermal structure and surface
energy perspective from SHEBA. Climate Dynamics
39(6): 1349–1371. DOI: http://dx.doi.org/10.1007/
s00382-011-1196-9.

Persson, POG, Fairall, CW, Andreas, EL, Guest, PS,
Perovich, DK. 2002. Measurements near the
Atmospheric Surface Flux Group tower at SHEBA:
Near-surface conditions and surface energy budget.
Journal of Geophysical Research: Oceans 107(C10):
SHE 21-1–SHE 21-35. DOI: http://dx.doi.org/10.
1029/2000JC000705.

Persson, POG, Shupe, MD, Perovich, D, Solomon, A.
2017. Linking atmospheric synoptic transport, cloud
phase, surface energy fluxes, and sea-ice growth:
Observations of midwinter SHEBA conditions. Cli-
mate Dynamics 49(4): 1341–1364. DOI: http://dx.
doi.org/10.1007/s00382-016-3383-1.

Pithan, F, Athanase, M, Dahlke, S, Sánchez-Benı́tez, A,
Shupe, MD, Sledd, A, Streffing, J, Svensson, G,
Jung, T. 2023. Nudging allows direct evaluation of
coupled climate models with in situ observations: A
case study from the MOSAiC expedition. Geoscienti-
fic Model Development 16(7): 1857–1873. DOI:
http://dx.doi.org/10.5194/gmd-16-1857-2023.

Planck, CJ, Whitlock, J, Polashenski, C, Perovich, DK.
2019. The evolution of the Seasonal Ice Mass Bal-
ance buoy. Cold Regions Science and Technology
165: 102792. DOI: http://dx.doi.org/10.1016/j.
coldregions.2019.102792.

Polyakov, IV, Pnyushkov, AV, Alkire, MB, Ashik, IM,
Baumann, TM, Carmack, EC, Goszczko, I,
Guthrie, J, Ivanov, VV, Kanzow, T, Krishfield, R,
Kwok, R, Sundfjord, A, Morison, J, Rember, R,
Yulin, A. 2017. Greater role for Atlantic inflows on
sea-ice loss in the Eurasian Basin of the Arctic Ocean.
Science 356(6335): 285–291. DOI: http://dx.doi.
org/10.1126/science.aai8204.
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Quéléver, L, Radenz, M, Rabe, B, Rinke, A, Sachs, T,
Schulz, A, Siebert,H, Silva,T, Solomon, A, Sommer-
feld, A, Spreen, G, Stephens,M, Stohl, A, Svensson,
G, Uin, J, Viegas, J, Voigt, C, von der Gathen, P,
Wehner, B,Welker, JM,Wendisch, M,Werner, M,

Rabe et al: MOSAiC Distributed Network Art. 12(1) page 43 of 46
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00103/816933/elem

enta.2023.00103.pdf by guest on 05 Septem
ber 2024

http://dx.doi.org/10.1594/PANGAEA.926910
http://dx.doi.org/10.3189/172756406781811727
http://dx.doi.org/10.3189/172756406781811727
https://iabp.apl.uw.edu/Data_Products/Reports/tm_6_02.pdf
https://iabp.apl.uw.edu/Data_Products/Reports/tm_6_02.pdf
http://dx.doi.org/10.5670/oceanog.2022.103
http://dx.doi.org/10.1029/2018MS001395
http://dx.doi.org/10.1016/B978-012374473-9.00601-9
http://dx.doi.org/10.1016/B978-012374473-9.00601-9
http://dx.doi.org/10.1525/elementa.2022.00035
http://dx.doi.org/10.1525/elementa.2022.00035
http://dx.doi.org/10.1364/ao.502437
http://dx.doi.org/10.31223/X5TT2W
http://dx.doi.org/10.1038/s41597-022-01574-1
http://dx.doi.org/10.1002/2017MS001099
http://dx.doi.org/10.1002/2017MS001099
http://dx.doi.org/10.1029/2007JC004550
http://dx.doi.org/10.1029/2008JC004991
http://dx.doi.org/10.1029/2008JC004991
http://dx.doi.org/10.1016/S0967-0637(03)00031-1
http://dx.doi.org/10.1016/S0967-0637(03)00031-1
http://dx.doi.org/10.1002/2016JC012419
http://dx.doi.org/10.1002/2016JC012419


Xie, ZQ,Yue, F. 2022. Overview of the MOSAiC expe-
dition: Atmosphere. Elementa: Science of the Anthro-
pocene 10(1): 00060. DOI: http://dx.doi.org/10.
1525/elementa.2021.00060.

Shupe, MD, Rex, M, Dethloff, K, Damm, E, Fong, AA,
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