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Abstract

The coupled Arctic system is in rapid transition and is set to undergo further dramatic changes
over the coming decades. These changes will lead most likely to an ice-free ocean in summer,
expected before mid-century. The Arctic will become more strongly influenced by atmospheric
and oceanographic processes characteristic of mid-latitudes, increasing the prevalence of
contaminants and new biological species. This ongoing transition of the Arctic to a new state
necessitates systematic monitoring of all sentinels (variables that make an essential
contribution to characterizing the Earth's state) to improve our understanding of the system,
enhance forecasting and support knowledge-based decisions. Here, we describe a sustained
multi-decadal observation program to be implemented on the Tara Polar Station between 2026
and 2046. The monitoring program is designed as a series of year-long drift expeditions, called
Tara Polaris, in the central Arctic Ocean, covering all seasons. The multidisciplinary data will
bridge ecological, geochemical, biological, and physical parameters and processes in the
atmosphere, sea ice and ocean. In addition, data collected with consistent methodologies over
a 20-year period will make it possible to distinguish long-term trends from seasonal and
interannual variability. In this paper, we discuss specific measurement challenges in each
compartment (i.e., atmosphere, sea ice and ocean) along key sentinels and the most pressing
scientific questions to be addressed. The expected outcomes of the Tara Polaris program will
enable us to understand and quantify the main feedbacks of the coupled Arctic system, with
their seasonal and interannual trends and spatial variability.

Keywords: Arctic Ocean, Long-term observations, Coupled climate system, Sea ice dynamics,
Multidisciplinary monitoring, Pollutants, Tara Polar Station



1. Introduction and state of the art

Over the past few decades, the Arctic has been warming more than twice as fast as the rest
of the planet due to Arctic amplification. This rapid warming trend continues, and simulations
indicate that warming has recently increased more than fourfold in some Arctic regions
compared with the global average (Coupled Model Intercomparison Project, CMIP6; Rantanen
et al., 2022). In addition, the expected increase in Arctic precipitation is higher in CMIP6 than
previously estimated in CMIP5, due to more warming globally, enhanced poleward moisture
transport and heat intrusions (Dada et al., 2022), and generally a greater sensitivity of
precipitation to Arctic warming. The shift from a snow-dominated Arctic to a rain-dominated
Arctic in summer and autumn could occur decades earlier than previously expected, at a lower
global warming threshold, potentially below 1.5°C, with profound climatic, ecosystem and
socio-economic impacts (McCrystall et al., 2021).

The decline of the Arctic sea-ice cover is one of the most striking changes in the global climate
system. Summer sea-ice extent has decreased >10% per decade since the beginning of
satellite observations in the late 1970s. The properties of this ice have also changed
dramatically, towards a thinner, younger and more dynamic ice pack (Kwok, 2018; Sumata et
al., 2023). The ongoing changes of the ice pack in all seasons over the coming 20 years are
expected to result in perturbations in the seasonality of the snow cover on sea ice (Webster
et al., 2014), and the distribution of summer melt ponds and melt water (Niehaus et al., 2023;
Smith et al., 2023). Climate projections predict an ice-free late summer Arctic Ocean between
2030 and 2050 (Notz and SIMIP community, 2020; Jahn et al., 2024), implying the complete
loss of perennial sea ice, with increasingly long open water seasons (Lebrun et al., 2019).
Expected consequences are, among others, increased surface warming due to lower surface
albedo and higher absorption of solar energy (Pistone et al.,, 2019), increased energy,
momentum, and gas exchange between the atmosphere and ocean, and the loss of sea ice
as a habitat for mammals, fish, amphipods, algae and microorganisms (Ardyna and Arrigo,
2020; Flores et al., 2023). Social-economic consequences may include potentially increased
shipping (goods and tourism) and fishery activities, other commercial opportunities and
changes in geopolitical frameworks.

The declining Arctic sea ice interacts with the rest of the climate system through numerous
feedback processes (Goosse et al., 2018), notably in the Arctic atmosphere. Less ice leads to
more solar short-wave absorption into the surface ocean; at the same time the warmer surface
means more long-wave radiation emission to the atmosphere (Pithan and Mauritsen, 2014).
Changes in the Arctic also lead to changes in poleward energy transport. Alterations in
boundary layer stratification, as well as the impact of sea-ice loss on clouds and their vertical
distribution are also expected. Although increased turbulent heat and moisture transport
resulting from prolonged open ocean periods fosters low-cloud formation (Kay and Gettelman,
2009), a decrease in low-level clouds and a simultaneous rise in middle-level cloud cover due
to decreased static stability and a deepening atmospheric boundary layer may result from
ocean heating (Schweiger et al., 2008; Porter et al., 2022). An increased cloud cover
contributes, in turn, to enhanced downward longwave radiation (Maillard et al., 2021),
increasing the surface air temperature and prolonging the sea-ice melt season, thus forming
a positive feedback resulting in additional Arctic sea-ice loss (Serreze and Barry, 2011). The
lifetime of Arctic clouds and their interactions with precipitation are also significantly influenced
by their interactions with aerosols (Zieger et al., 2023; Heslin-Rees et al., 2024). Arctic aerosol
types and concentration are characterized by marked temporal and vertical variability,
originating from diverse sources (Schmale et al., 2022; Mdlders and Friberg, 2023). These
aerosols possess chemical and physical properties that determine their impacts on radiation
and clouds, influenced by source regions ranging from locally produced marine biogenic
particles (Freitas et al., 2023) to long-range transport of natural and anthropogenic aerosols
and precursors (Raut et al., 2017; Ansmann et al., 2023; Boyer et al., 2023). Declining Arctic



sea ice cover also allows more CO, exchange across the air-sea interface, contributing to
enhance the Arctic Ocean CO: sink (Yasunaka et al., 2023).

Marked hydrodynamical changes have been reported in the central Arctic Ocean (CAQ). The
maintenance of the colder and fresher surface layer is essential for maintaining the Arctic
Ocean's ice cover (e.g., Toole et al., 2010). The upper ocean dynamics depend on a subtle
balance of exchanges with the atmosphere and sea ice, and the large freshwater discharge
from the Arctic rivers. The amount of freshwater stored in the Arctic Ocean increased by 30%
in the period 1992-2012, associated with overall decreasing upper ocean salinities (Rabe et
al., 2014; Haine et al., 2015) and a major contribution from freshwater accumulation in the
Beaufort Gyre (Proshutinsky et al., 2020). In parallel, strong upper ocean salinification has
been observed in the Eurasian Basin, associated with weakened stratification (Polyakov et al.,
2020a), along with widespread upper Arctic Ocean warming. Increased solar radiation input
has warmed the surface layer and contributed to increased sea-ice melt, particularly in the
marginal ice zone (Steele et al., 2010; Carmack et al., 2015). Successive warm pulses in the
Atlantic Water (AW) inflow at the entrance of the Arctic Ocean (Beszczynska-Moller et al.,
2012; Muilwijk et al., 2018) have led to a warming of the AW layer in the Eurasian Basin and
possibly contributed to regional sea-ice decline (Polyakov et al., 2010; 2020b). Further
expansion of this layer in the basin may help maintain a seasonally ice-free Arctic Ocean in
the future (Arthun et al., 2019). Yet, mixing of the AW heat from the ocean boundaries into the
interior basins as well as its vertical spreading depend on a variety of mechanisms and forcing,
including the role of mesoscale eddies, which are difficult to assess (Lenn et al., 2022). Ice-
ocean interactions are constrained by, and impact, Arctic Ocean dynamics at multiple scales
(Wang et al., 2019; Gupta et al., 2020), with a strong dependence on the atmospheric forcing
modes of variability (Morison et al., 2021; Polyakov et al., 2023; Lin et al., 2023) and basin-
scale dynamical balances (Spall, 2020; Meneghello et al., 2021).

Arctic marine ecosystems are known for a wide diversity of more than 5,000 animal species
(including marine mammals and birds) and over 2,000 species of algae and other protists
(AMAP, 2021), thus contributing directly to global biodiversity (Ibarbalz et al., 2023). Arctic
sea-ice ecosystems are home to endemic species spanning multiple scales and trophic
functions, from micrometers, with specialized microbial and algal communities, to millimeter-
sized zooplankton to meters, with top predators such as the polar bear (Ursus maritimus).
With the sea-ice thinning and disappearance, some Arctic species may be able to adapt their
physiology and phenology, or move northward, in search of more favorable conditions, but
others may be excluded as the Arctic warms. Current trends indicate that species that depend
on sea ice for breeding, resting, or feeding will see their population range shrink as sea ice
retreats earlier and the open-water season lengthens. Arctic marine species and ecosystems
are therefore under pressure from cumulative changes in their physical, chemical, and
biological environment (Arrigo et al., 2020). Some changes may be gradual over years or
decades, but there can also be sudden, major changes that can affect ecosystem structure
and functioning (AMAP, 2021). In addition, contagious diseases, pathogens and harmful algal
blooms are becoming increasingly common (Waits et al., 2018; Anderson et al., 2022; Rode
et al., 2024).

The Arctic Ocean is strongly impacted by wildfire activities and anthropogenic inputs (e.g.,
soot, mercury, plastics, organic and emerging contaminants). Contaminants are transported
over long distances via rivers, oceans and air. They can have considerable negative effects
on the environment, biota and human health (AMAP, 2021). Mercury contamination in the
Arctic also remains a major concern, particularly in the organic form of methylmercury, which
bioaccumulates and biomagnifies to harmful levels in Arctic biota (Dietz et al., 2022). Plastics
(from nano- to macro-plastics) are present in all Arctic compartments (Kanhai et al., 2020,
Materi¢ et al., 2022) and can be ingested by mammals, seabirds, fish and invertebrates
(Bergmann et al., 2022). Inside organisms, microplastics release toxic chemicals such as
additives and monomers that disrupt endocrine function and increase risk for



neurodevelopmental disorders, reproductive birth defects, infertility, cardiovascular disease,
and cancers (Landrigan et al., 2023). New legacy pollutants termed ‘forever chemicals’ are an
emerging problem in the Arctic Ocean, as they persist in the environment longer than other
man-made substances (AMAP, 2021). Some pollutants are produced in the Arctic, for
example, by fossil fuel combustion, and increasing industrial activities will further increase
these local contributions (Law et al.,, 2017; Raut et al., 2022). Shipping and tourism are
expanding rapidly, raising concerns about environmental impacts on Arctic ecosystems and
communities. The number of ships entering the Arctic Polar Code area between 2013 and
2023 increased by 37%. The summer tourism quadrupled and winter tourism increased by
over 600% between 2006 and 2016, although large areas of the Arctic remain untouched by
tourism (Runge et al., 2020).

To improve understanding of the Arctic Ocean and ongoing climate- and anthropogenic-
induced changes, we describe here how Tara Polar Station (TPS) will be used as a platform
for the observations needed to implement a multi-decadal monitoring program in the CAO over
all seasons, while drifting with the sea ice (Figure 1). A unique and innovative approach is
needed, combining targeted scientific observations and long-term monitoring. The expected
observations, using state-of-the-art instrumentation, will enable us to study processes as well
as the spatial and temporal distribution and evolution of key sentinels in the ocean, sea ice
and atmosphere. Importantly, these observations will discriminate between long-term trends
and internal and year-to-year variability. Capturing seasonality is key, but also extremely
challenging due to the very limited and difficult access to the CAO in winter. The following
sections describe the objectives (Section 2), define the sentinels (Section 3), and describe the
approaches (Section 4) and expected outcomes (Section 5). Publications describing the
platform itself, and more targeted studies of sub-systems of the atmosphere, the sea ice, the
ocean, and contaminants are ongoing.

2. Objectives and scientific questions

The TPS, with a size of 26 m x 16 m and maximum crew of 16 technical and scientific
personnel will have a much smaller footprint on the surrounding environment compared to
conventional research icebreakers. To bridge larger spatial scales (up to the entire CAO) and
seasonal coverage in a multi-year context, TPS data will be linked to remote sensing (aircraft
and satellite) observations, combined with re-analyses data, and incorporated into multi-scale
numerical model simulations. The perspective of the proposed 20-year Tara Polaris program
is ‘long term’ compared to conventional research projects and can be compared with ambitious
era projects such as 41 Russian North Pole drifting ice camps (1937-2015, revived in 2022;
Frolov et al., 2005). Other previous drifting efforts in the CAO have been short-term and more
sporadic but generally highly interdisciplinary, such as the Alpha ice station (1957-1958;
Untersteiner, 1961), SHEBA (1997-1998; Perovich et al., 1999), the drifting schooner Tara
Arctic Damoclés (2006-2008; Gascard et al., 2008), N-ICE (2015; Granskog et al., 2018),
IAOOS (2013-2019; Maillard et al., 2021) and North Pole-41 (2022-2024). The most
comprehensive study to date in the CAO, focusing on the annual cycle of the coupled Arctic
system has been the MOSAIC expedition (2019-2020; Shupe et al., 2022; Nicolaus et al.,
2022; Rabe et al., 2022; Fong et al., 2024). The Tara Polaris program will build on these
previous campaigns and further benefit from the existing comprehensive network of
autonomous data acquisition systems (e.g., Rabe et al., 2024) and future more conventional
expeditions across the Arctic Ocean.

The main objective of the Tara Polaris interdisciplinary and multi-decadal observational
program is to quantify and increase understanding of the state of, and linkages between, the
atmosphere, sea ice, and ocean in the CAO. Based on this improved understanding of
processes and parameters, the aim is to evaluate variability and changes across different
scales in time and space. The output will be based on systematic observations of the main
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sentinels (Figure 2; Tables 1 and 2) over the coming decades. We define a sentinel here as a
physical, chemical or biological variable or group of related variables that make a critical
contribution to the characterization of global change in analogy to the ‘essential climate
variables’ as defined by the Global Climate Observing System. These sentinels will provide
the empirical evidence needed to mechanistically understand and predict the effect of global
change, to guide mitigation and adaptation measures, to assess risk and enable the attribution
of trends in sentinels to underlying causes, and to underpin climate services. Sentinels are
identified on the basis of their: 1) relevance — the variable is essential for characterizing the
CAO and its changes; 2) feasibility — observation or derivation of the variable on a large scale
is technically feasible using proven and scientifically understood methods; and 3) cost-
effectiveness — production and archiving of data for the given variable is affordable and relies
primarily on coordinated observing systems using proven technologies, drawing on historical
data sets wherever possible.

Covering physical processes, biogeochemical cycles, and the composition and functioning of
communities of living organisms in parallel is essential. With the initial phase of Tara Polaris
drifts, together with observations from process-oriented projects, the long-term aspect will
enable us to quantify ongoing and potential future changes. The following research questions
specifically address what can likely be achieved with the approach:

- Question 1: What are the seasonal and interannual trends and spatial variability (from
pack ice to basin scale) of the sentinels?

- Question 2: What are the main feedbacks in the coupled atmosphere-sea-ice-ocean
system of the Arctic, and how are they changing in response to climate change?

- Question 3: How can the long-term and high-resolution observations from TPS
contribute to the detection and quantification of the Arctic’s transition toward a new
state?

TPS drifts will enable the study and quantification of long-term processes covering at least two
decades. In addition, they will provide a unique opportunity to assess how organisms adapt to
changing environmental conditions and to quantify the impacts of pollution across the
atmosphere, the snow and sea ice, and the ocean compartments. Together, these
observations will help to elucidate adaptive functions and pollution responses as integral parts
of the coupled Arctic system. Here, we describe how these three overarching questions relate
to individual key sentinels.

To ensure the robustness of the Tara Polaris observing strategy in the harsh and dynamic
conditions of the CAO, the TPS is designed with operational flexibility and redundancy. While
a large fraction of the core measurements rely on installations outside the vessel (e.g., surface
towers, under-ice platforms, ice-based operations), the TPS also integrates a suite of onboard
sampling and observational capabilities to ensure continuous data acquisition. This suite
includes a moonpool for protected under-ice access, an in-line seawater flow-through system
for continuous surface ocean observations, a meteorological mast, and laboratory space for
automated and manual sampling. When weather conditions or floe instability prevent outdoor
operations, these internal facilities allow continued key atmospheric, sea-ice, and oceanic
observations. Contingency protocols are in place to adapt sampling operations during
transitions between ice-covered and open-water phases, ensuring that critical sentinels can
still be monitored. A technical overview of the TPS infrastructure and operational modes will
be provided in a companion paper (C Moulin, personal communication).

3. Categories of long-term sentinels

Establishing a reliable set of long-term sentinels is essential for creating a coordinated Arctic
observation strategy. These sentinels fall into three main system components: atmosphere,
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sea ice and snow, and ocean; pollutant sentinels distribute across these system components
(Figure 2). Each component is associated with specific parameters that collectively provide a
comprehensive understanding of the coupled Arctic system. This framework serves as a
starting point for implementing coordinated long-term observations during the Tara Polaris
expeditions. Importantly, the list of sentinels should be seen as a projected list and not a fixed
set, evolving over time as new methods are developed and priorities shift.

Meteorology. The lower tropospheric structure in the central Arctic is globally distinctive due
to the perennial ice pack at its lower boundary. One prevalent and widespread Arctic feature
is surface-based temperature inversions, with depths that tend to be greater over sea ice
compared to coastal areas and that vary with synoptic activity, cloud cover, and proximity to
open water (Vihma, 2014). However, the mechanisms governing this variability are not fully
understood and may be evolving with regional declines in sea ice. The competitive effects of
the change in the cloud radiative effect compared to the alterations of temperature and
humidity profiles with varying ice conditions are unclear (Persson and Vihma, 2017). A
potential feedback is a heightened temperature contrast between the atmosphere and ocean,
destabilizing the atmospheric boundary layer and promoting convective cloud formation
(Vihma et al., 2014). Understanding how Arctic precipitation responds to sea-ice changes and
enhanced evaporation at the surface will help to constrain projections of seasonal variability
of the Arctic hydrological cycle.

Clouds. In a warming Arctic, cloud cover could increase predominantly in the lower
troposphere and decrease in the immediate near-surface layers just above the ocean, where
prevailing temperature elevations induce atmospheric drying, despite a concurrent increase
in moisture flux. The seasonal variability of cloud cover may also be affected because it tends
to increase, notably in October, displaying a roughly 1-month delay following the sea-ice
minimum in September (Maillard et al., 2021). The increase in cloud cover, especially during
autumn, exerts a significant impact on surface downward longwave radiation compared to
clear-sky conditions (Kay et al., 2016). In the Arctic, contrary to lower latitudes, the warming
effect of clouds due to infrared radiation is much larger than their cooling effect due to
attenuation of the solar radiation, except during a very short period in summer (Svensson and
Mauritsen, 2020). An enhanced Arctic cloud cover, stemming from diminished sea-ice extent,
would therefore lead to more longwave radiation trapped and re-emitted, increasing the
temperature at the surface. In turn, this increase could further drive sea-ice retreat and
intensify Arctic warming (Persson et al., 2017).

Trace gases. The Arctic Ocean is a source of trace gases, notably biological volatile organic
compounds (BVOCs), including dimethylsulfide, that can form cloud condensation nuclei and
influence clouds (Baggesen et al., 2022). Methane and carbon monoxide also have oceanic
sources. The Arctic Ocean is a sink for atmospheric CO; (Yasunaka et al., 2023), however
changes in surface ocean properties of the central basins, including stratification and
temperature, can impact CO; uptake capacity (Cai et al., 2010; Else et al., 2013) and ocean
acidity (Zhang et al., 2020) as sea ice retreats. Snow on sea ice is also a source of various
trace gases, including nitrogen oxides and halogens containing bromine (Falk et al., 2025, and
references therein). Nitrogen oxides in snowpack originate from remission of atmospheric
nitrogen deposited onto the surface. Atmospheric nitrogen also originates from remote and
local anthropogenic sources (AMAP, 2021) or natural sources (e.g., boreal fires; Ardyna et al.,
2022). Halogens play an important role during spring when, for example, so-called bromine
explosions deplete tropospheric ozone, to low or near-zero concentrations (Fernandez et al.,
2024). Oceanic emissions of iodine compounds also contribute to ozone destruction in the
Arctic boundary layer (Benavent et al., 2022), although the spatial extent of these phenomena
is still an ongoing research area. Changes in halogens may be influencing long-term trends in
ozone depletion events and surface ozone in the Arctic (Law et al., 2023). These cycles are
also important for the mercury cycle, as climate-induced changes like sea-ice melting can



influence the deposition and release of mercury in the Arctic significantly, with some studies
showing increasing mercury levels in certain Arctic biota (Morris et al., 2022).

Aerosols. The relative importance of local sources of cloud-active aerosols within the sea-ice
pack versus those advected over the sea ice from lower latitudes remains uncertain (Raut et
al., 2025). Against a relatively clean background state, transient variability occurs with episodic
pulses of aerosols transported into the Arctic and accumulated during winter (Arctic haze).
Consequently, the interplay between large-scale meteorology and the persistent near-surface
Arctic inversion affects the mixing state, aging, vertical structure, and cloud activity of aerosols,
shaping their distribution across the Arctic (Petaja et al., 2020). The relative contributions of
anthropogenic and natural aerosol particles will change over time (Schmale et al., 2022) given
the likely increase in biogenic emissions from marine and terrestrial sources (e.g., boreal fires,
high-latitude dust). Central Arctic sources of bioaerosols might change due to changes in lead,
ridge and melt pond distributions and timing (Ekman and Schmale, 2022; Beck et al., 2024,
Schmale et al., 2025). Local anthropogenic sources could also increase with declining sea ice
(Raut et al., 2022). Long-term measurements of aerosols and their impacts on pollutant
deposition over sea ice or open ocean are lacking, resulting in limited understanding of their
variation across the Arctic and their interactions with the climate system and ecosystem
functioning, particularly in winter.

Snow cover. The snow cover on sea ice influences most surface properties, notably albedo.
Accumulation, wind redistribution, and metamorphism are the main processes that determine
snow cover (Sturm and Massom, 2017). Snow cover on sea ice is highly heterogeneous
spatially, on scales from centimeters to entire floes, and is highly dynamic on time scales of
hours to seasons (Webster et al., 2014; 2022). Snow melt causes and controls melt pond
formation and impacts the atmosphere-ice-ocean interaction in summer (Niehaus et al., 2023;
Smith et al., 2023). In recent decades, snow cover on sea ice has thinned, with melt occurring
earlier in spring and accumulation starting later in autumn, although the magnitude and timing
of these changes vary strongly across regions. The representation of snow processes in
climate models is known to be overly simple, inducing large uncertainties in future snow
changes and their consequences on sea-ice mass balance and interactions with light, in
particular the transmission of energy to the sea ice and the ocean underneath.

Ice cover. Sea ice is composed of different sea-ice types and stages of development over the
season (Nicolaus et al., 2022). It is highly heterogeneous on scales of meters to Arctic-wide
distribution patterns. Sea-ice dynamic and thermodynamic processes continuously change
the volume of sea ice and ice pack properties, altering the fractions of ice types like new ice
(refrozen leads), level sea ice, and ridged and deformed sea ice (e.g., Sumata et al., 2023;
Von Albedyll et al., 2022). The decrease in area and thickness of the sea-ice cover is the most
obvious manifestation for the changing Arctic (Stroeve and Notz, 2018). Changing surface
albedo is a key contributor to Arctic amplification and strongly impacts the dispersion and
scattering of sunlight (Nicolaus et al., 2012; Pistone et al., 2019). The ice cover is predicted to
vanish in summer between 2030 and 2050, leaving an ice-free Arctic for several weeks to
months (Notz and SIMIP community, 2020; Jahn et al., 2024). However, many detailed
aspects in these predictions are largely uncertain (e.g., ice thickness, light supply to the
ocean), resulting from limited process understanding of positive and negative feedbacks and
their interplay within the coupled Arctic system.

Ice dynamics. Sea ice, a highly dynamic medium, drifts and deforms driven by wind and
ocean currents. Pressure ridges and leads form from convergent, divergent and shear
movements of pack ice floes. These dynamic processes play an important role for the sea-ice
mass balance, in particular from autumn to spring (von Albedyll et al., 2022). Pressure ridges
can be much thicker than the surrounding undeformed sea ice, which is important for the
dynamic interaction of sea ice with the atmosphere and the ocean. At the same time, pressure
ridges are habitats for ice-associated organisms across all trophic levels (Assmy et al., 2013).
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Ice velocity has increased over the recent decades (Sumata et al., 2023), influencing sea-ice
conditions along the Transpolar Drift (Krumpen et al., 2019). The frequency of ridges is
decreasing with younger sea ice (Krumpen et al., 2025), but impacts and future predictions
have large uncertainties. Beyond the potential impact on the climate and ecosystem, changing
ice dynamics (opening of leads, reduction in ridges) may affect shipping in the Arctic. With
TPS, we will contribute to an improved understanding of sea-ice dynamics.

Ice habitat. The habitat for organisms living in sea ice and the uppermost ocean is controlled
by physical properties and the horizontal and vertical distribution of snow cover, ice cover and
underlying water mass properties (e.g., Assmy et al., 2013; Fong et al., 2024; Vancoppenolle
et al., n.d.). According to the variability and seasonality of these components, conditions are
highly heterogeneous and variable in space and time (Deming and Collins, 2017). As a
consequence, the conditions within the ice habitat are not well understood and difficult to
quantify and generalize (Campbell et al., 2022). Changes in future ice habitat conditions will
be driven by local processes and large-scale processes. For example, the light and energy
transfer into and through the snow and sea ice are expected to increase, which will alter the
ecological energy budgets (Ardyna and Arrigo, 2020). Further, changes in sea-ice types,
thickness, the onset of melt, and formation will affect habitat conditions and consequently
ecosystem functioning, structure and biological interactions.

Ocean hydrography. Hydrographic and stratigraphic changes in the Arctic Ocean are key
indicators of climate change, exhibiting significant spatial heterogeneity over varying
timescales. Inflows contribute to the warming of the upper Arctic Ocean and affect freshwater
content and stratification (Polyakov et al., 2017; 2020a; Woodgate and Peralta-Ferriz, 2021).
Understanding these links requires comprehensive, three-dimensional monitoring of
hydrographic properties and sea ice. Enhanced data on regional and seasonal variability are
crucial for a pan-Arctic perspective on the physical, geochemical, and biological states of the
upper Arctic Ocean. The acquisition of such data is also a prerequisite for the improvement of
understanding: i) where and how oceanic heat is being lost, and will be lost in the future, and
how such loss will impact sea ice, atmospheric circulation and climate; ii) the current and most
likely future state of the halocline (Muilwijk et al., 2023) and its impact on ocean ventilation
and vertical fluxes; and iii) the main drivers of the observed changes, including forcing patterns
generated by the Arctic Dipole (Polyakov et al., 2024) or the Arctic Oscillation (Morison et al.,
2021). Enhanced knowledge on density distribution will improve understanding of the Arctic
Ocean's dynamic balance and transfers of ocean properties (Spall, 2020).

Ocean dynamics. Arctic Ocean dynamics and eddies play a major role in redistributing
physical and biogeochemical properties through ocean currents and mixing, impacting the
response of marine ecosystems to climate change. Basin-averaged vorticity balance in the
eastern and western Arctic suggests eddies counteract wind-driven vorticity input at the
surface, with increasing eddy activity stabilizing the system. However, the timescales for Arctic
Basin circulation adjustments remain unclear (Timmermans and Marshall, 2020). Mesoscale
eddies transport properties from basin boundaries to the interior, ventilating the halocline
(Spall etal., 2008), and may also enhance diapycnal mixing (Rippeth and Fine, 2022), possibly
transporting AW heat to sea ice in winter. While eddies are thought to be ubiquitous in the
Arctic Ocean, their distribution is largely inferred from models or satellite observations.
Intensified eddy activity has been observed in the Beaufort Gyre (Manucharyan et al., 2022),
with potential future increases in eddy kinetic energy (Muilwijk et al., 2024). Systematic
surveys of eddy features are urgently needed to better understand their role in the
redistribution of Arctic Ocean properties, the leading processes underpinning their formation
and lifetime, and their response to Arctic warming.

Ocean mixing. A pan-Arctic evaluation of mixing in the Arctic Ocean has not been carried out

to our knowledge. Frequent mixing, which is linked to strong winds, occurs near topographic
features. Lateral thermohaline intrusions near the AW core transport heat to the upper ocean,
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where staircases (of double diffusion) are observed at the top and bottom interfaces of the
intrusions. These features may span larger distances at the upper boundary of the AW layer
under low levels of turbulence (Polyakov et al., 2019). Ocean mixing is considered to be the
main mechanism for vertical heat transport in the CAO. Near-inertial waves also contribute to
stirring properties and are expected to be enhanced under declining sea ice, with reinforced
momentum transfer to the ocean and shear-driven turbulent mixing (Polyakov et al., 2020b).
Although trends in the level of Arctic Ocean mixing are not yet evident (Lenn et al., 2022),
ongoing changes in sea-ice volume, heat and freshwater content, stratification and water
masses will affect forcing via mixing and other processes, ultimately having an impact on the
water column and sea ice. Key priorities for basin-scale Arctic Ocean mixing observations
include developing technologies for sustained, wide-scale ocean microstructure monitoring to
better understand the under-ice boundary layer, buoyancy effects of sea-ice growth/melt,
momentum transfer through ice, and surface gravity wave generation and propagation.

Under-ice light. Arctic warming leads to a reduction in sea-ice thickness and age, as well as
an earlier transition from snow-covered ice to ice covered by melt ponds. These factors directly
affect surface albedo and the underwater light field. Together, they lead to a substantial
increase in the availability of photosynthetically active radiation (400—700 nm) for primary
production in the ice-covered upper ocean, promoting under-ice phytoplankton growth and
widespread under-ice blooms (Ardyna and Arrigo, 2020). In addition, other evidence indicates
that the photosynthetic machinery of Arctic phytoplankton and ice algae can adjust to very low
ambient light, enabling positive phytoplankton growth at the end of winter (Kvernvik et al.,
2020; Randelhoff et al., 2020; Hoppe et al., 2024) and quick adjustment to the higher light
conditions at ice edges (e.g.,, leads and polynyas; Palmer et al., 2011). In addition,
photosensing and photoregulation are likely to play a key role in controlling phytoplankton
responses to extreme and variable light conditions (intensity/photoperiod) in the CAO. A better
understanding, on both large and small scales, of the changing and variable ice- and light-
scape, as well as the unique photosynthetic properties and plasticity of Arctic primary
producers, is essential.

Nutrient availability. Dissolved nutrients are the fundamental building blocks of marine life,
and their availability in the upper Arctic Ocean is generally considered limiting for primary
production (Tremblay et al., 2015). While several elements are required to build algal biomass,
nitrogen is considered as the main limiting nutrient across most of the Arctic Ocean (Tremblay
and Gagnon, 2009), with iron possibly having a role in specific areas (Taylor et al., 2013;
Rijkenberg et al., 2018) and silicate limitation being specific to diatoms in the Atlantic sector
(Krause et al., 2019). Several knowledge gaps remain with respect to current and future
nutrient supplies to the upper water column, which have vertical and horizontal components.
These gaps include nutrient exchanges between the brine channels in sea ice and underlying
seawater, and microbial processes in the ice and water column that modulate the
bioavailability of nitrogen. The magnitude and composition of horizontal nutrient inputs via the
Bering Sea, the Barents Sea Opening, rivers and coastal erosion are strikingly different and
susceptible to an array of remote external forcings that are poorly constrained (e.g., Tremblay
et al., 2015; Terhaar et al., 2021). Convection and the vertical export of organic matter at shelf
edges transfer these external nutrients into the halocline where they can remain isolated from
the surface ocean. Their upward re-supply in the Arctic Ocean’s interior is contingent on
vertical mixing and entrainment processes that remain sparsely measured and coarsely
modelled (e.g., Randelhoff et al., 2020; Rippeth and Fine, 2022). In parallel, microbial
processes occurring both in the water column and in sea ice, affect the inventory of bio-labile
nitrogen through net gains (e.g., Nz fixation) or losses (e.g., denitrification, anammox) that
remain poorly quantified (Vancoppenolle et al., 2013; Von Friesen and Riemann, 2020;
Zhuang et al., 2022).

Ocean biodiversity. The CAO is home to endemic fauna that have evolved with a multi-year
ice cover, cold temperatures, an extreme light regime, and pulsed productivity. Changes in
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these extreme conditions result in the borealization of the Arctic fauna, defined as a process
by which ecosystems that were characterized historically as Arctic are progressively acquiring
features typical of more southern, boreal ecosystems (Oziel et al., 2019). Knowledge gaps
persist with regards to the rate of borealization in the CAO and resulting impacts on structure
and functionality of food webs. Whether diversity would increase or decrease due to niche
partitioning or disappearance of endemic species and whether borealization happens
gradually or by drastic changes in ecosystem dynamics are both unclear. Investigating these
aspects is critical to assess the productivity and biodiversity of the future CAO ecosystems.
We predict that, although total biodiversity measured by species numbers might increase,
genomic biodiversity could decrease if sympagic fauna decrease across all seasons, including
winter (Ehrlich et al., 2020). Adaptation to new conditions and competition with boreal taxa
may also result in altered life histories of Arctic species, including timing of reproduction,
grazing, and vertical distributions (Moline et al., 2008). Moreover, Hop et al. (2020) reported
that reduction in multi-year ice could result in lower protist biodiversity in the CAO.

Microbial functioning. Microbial ecosystem functioning in the Central Arctic Ocean (CAQO)
arises from the combined activity of microorganisms inhabiting the sea ice, the underlying
water column, and the ocean interior. These assemblages include photosynthetic,
heterotrophic, and chemoautotrophic taxa that together sustain the marine food web and drive
key biogeochemical processes regulating carbon and nitrogen cycles (Falkowski et al., 2008).
Ongoing warming and sea-ice loss in the CAO are expected to affect the composition and
metabolic activity of both pelagic and sympagic microorganisms, thereby altering microbial
functional diversity and the overall ecosystem processes they sustain. Heterotrophic or
chemoautotrophic bacteria or archaea capable of fixing carbon could be examples of
microorganisms in the CAO that continue to fix biological carbon during the long months of
darkness, when the activity of photosynthetic algae is highly reduced or absent (Alonso-Saez
et al., 2010). Specific microbial functions can be identified using diagnostic genes encoding
targeted metabolic pathways. For example, detecting transcripts of genes involved in CO2-
fixation metabolism in prokaryotes could indicate which microbes perform this function and
their persistence in the CAO. Following this approach, suites of marker genes representing
essential ecosystem processes could be systematically identified and monitored over time to
track microbial functional dynamics in the rapidly changing CAO.

Carbon export. Increased advection of Atlantic and Pacific waters into the deep basins of the
CAO is altering sea-ice characteristics, nutrient availability, and the timing and intensity of the
productive season (Wassmann and Reigstad, 2011; Lewis et al., 2020). These shifts affect
not only the magnitude of primary production but also its phenology and spatial distribution
(Ardyna and Arrigo, 2020). Changes in sea-ice cover and snow properties further influence
light availability, stratification, and the vertical transfer of nutrients, thereby modifying key
biogeochemical cycles and carbon fluxes (N6thig et al., 2020; Ramondenc et al., 2023). How
ongoing transformations in both sympagic and planktonic communities, and the changing
coupling between them, particularly shifts in diversity, size spectra and abundance, will affect
the quantity, composition and sinking velocity of exported material in the CAO remains
unclear. Similarly, the long-term implications of changing lipid production and transfer through
evolving food webs for carbon flux dynamics remain unknown. Whether the CAO will exhibit
export fluxes more comparable to productive shelf regions in the seasonal ice zone, or whether
increased stratification and oligotrophication in the deep basins will suppress vertical carbon
export, is a critical open question. The fate of carbon in this rapidly changing region has
important implications for global carbon budgets and life on the seafloor (e.g., Boetius et al.,
2013). To determine whether the deep basins of the CAO will evolve into a significant and
persistent carbon sink on climate-relevant timescales, or if biological export pump
contributions will remain marginal under future Arctic conditions, is thus essential.

Mercury. Elevated concentrations of mercury (Hg) are found in Arctic biota, potentially putting
both ecosystem and human health at risk (Basu et al., 2022; Dietz et al., 2022). The Arctic
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Ocean is unique in exhibiting elevated surface Hg and shallow methylmercury peaks
(Heimburger et al., 2015). Hg enters the system via atmospheric deposition, riverine inflow,
coastal erosion, and oceanic exchange (Dastoor et al., 2022). Major sinks include particle-
driven vertical export on shelves (Tesan et al., 2020) and outflow to the Atlantic (Petrova et
al., 2020). The atmosphere plays a central role, with springtime atmospheric mercury depletion
events causing deposition on snow and ice (Ahmed et al., 2023), followed by substantial
summer remission, making net deposition highly variable. Evasion from open leads and the
marginal ice zone is also a major atmospheric source (Yue et al.,, 2023). Seasonal and
interannual variability remains poorly constrained due to limited year-round observations
(Angot et al., 2022; Kohler et al., 2024). The short residence time of Hg (<10 years) makes
the Arctic Ocean particularly sensitive to change (Kohler et al., 2022). Despite global emission
reductions, thawing permafrost is expected to release legacy Hg (Chételat et al., 2022), while
warming likely enhances microbial methylation and bioaccumulation (McKinney et al., 2022).
The ftransition from multi-year to first-year sea ice may further elevate methylmercury
concentrations within the sea-ice habitat (Schartup et al., 2020).

Plastics. A recent review of over 60 studies on plastic pollution in the Arctic found that
macroplastic objects (>5 mm) and microplastic fragments (<5 mm) are pervasive throughout
the Arctic, even in areas with no apparent human activity, such as the CAO and the deep
seafloor (Bergmann et al., 2022). Some plastic pollution is from local sources, such as
fisheries, landfills, wastewater and industrial activity, but long-range sources are also
substantial, as plastic is transported from the mid-latitudes to the Arctic by Pacific and Atlantic
waters, by atmospheric transport and by the large watersheds of Arctic rivers (Materic et al.,
2022). As global plastic production is set to double by 2050 (Lebreton and Andrady, 2019),
we expect increased transport of microplastics to Arctic sea ice and the larger marine
ecosystem. Small, floating microplastics enter the food web by assimilation, ingestion or
inhalation, and they release toxic additives and monomers inside organisms and in the
environment (Hermabessiere et al., 2017). The consequences for Arctic wildlife are a greater
health burden, including disrupted endocrine function and increased risk for
neurodevelopmental disorders, reproductive birth defects, and infertility (Gallo et al., 2018).

Other chemicals of emerging Arctic concern. In addition to Hg and plastics, a growing
number of persistent and mobile synthetic chemicals are raising concern in the Arctic due to
their long-range transport potential, environmental persistence, and bioaccumulation in food
webs (AMAP, 2017). For example, perfluoroalkyl and polyfluoroalkyl substances (PFAS),
widely used in consumer products, industrial processes, and firefighting foams, are now
detected frequently in Arctic air, snow, surface waters, and biota, including top predators (Xie
et al., 2022). Their presence in remote Arctic environments highlights the efficiency of
atmospheric and oceanic transport pathways. These emerging organic contaminants have
been associated with immunotoxicity, endocrine disruption, and developmental toxicity in both
wildlife and humans (Sonne et al., 2021). Given ongoing chemical innovation, the number of
contaminants reaching the Arctic is likely to increase, posing new challenges for monitoring
and risk assessment in a rapidly changing environment.

4. Approach

The guiding principle for the Tara Polaris observational program is to measure basic
parameters for each of the three compartments (i.e., atmospheric, sea ice/snow and ocean)
over the course of two decades. Table 2 lists these basic parameters to be measured and
observed consistently on all drifts; Figure 3 illustrates the basic measurement approaches,
with TPS in the center of activities. These measurements constitute the backbone of the
observation concept, with spatial and temporal resolution limited by the restricted resources
on board. The timing and spatial coverage of observations could be adjusted over time, as
one of the primary goals is to identify the relevant scales of variability (from sub-daily to inter-

12



annual) in the context of global change. Methods are chosen to be as autonomous as possible.
Manual sampling and processing are included where necessary, particularly for ecological
parameters. In addition to these compartment-specific protocols, several transversal
approaches, notably contaminant analyses and microbial omics, will be applied systematically
across the atmosphere, sea ice/snow, and ocean compartments. These integrated
measurements will ensure methodological comparability, facilitate data synthesis across
compartments, and strengthen the overall capacity of TPS to capture coupled physical and
biogeochemical processes.

At the same time, Figure 4 shows that the observational program will be realized such that
measurements overlap as much as possible to allow best linkages of observations across the
compartments and related parameters. Additional parameters and higher-frequency
measurements are implemented as part of targeted studies, as described separately for the
atmospheric (Schmale et al., 2025), sea ice and snow (Vancoppenolle et al., n.d.), and ocean
(Geoffroy et al., n.d.) components.

Each drift will be unique in terms of its trajectory and weather conditions. The main approach
is to carry out repeated drift experiments along the transpolar drift, following the ice cover from
its early formation into melt. However, targeted drift scenarios can be chosen for individual
years, focusing on specific processes. This dual strategy makes it possible to quantify the
relative importance of processes and links between compartments (i.e., atmosphere, sea
ice/snow and ocean). Observation of processes, such as fluxes across interfaces and linkages
between subsystems, will improve their parameterization in models and lead to a better
understanding of the Arctic system and its evolution beyond 2046.

4.1 Atmospheric measurements

Long-term basic meteorological observations, including pressure, temperature, humidity, wind
speed, and wind direction, will be gathered by two atmospheric weather stations: one onboard
TPS and another on a mast situated over the sea-ice pack. These observations will be
complemented by regular measurements of precipitation intensity and CO, concentration in
air. While eddy-covariance measurements are currently the state of the art for determining air-
sea CO; fluxes, use of such a system in harsh polar environments is especially challenging
(e.g., Butterworth and Miller, 2016), therefore we will continue to develop this capacity for
future TPS campaigns. In the meantime, continuous observations of CO, concentration in air
and surface waters (see 4.3), combined with meteorological and oceanographic parameters
(4.3), will enable us to estimate air-sea CO- fluxes and provide essential context to develop
future dedicated CO: flux installations. Additionally, shortwave and longwave upwelling and
downwelling radiation (from broad-band radiometers), as well as sensible and latent turbulent
fluxes, will be measured to constrain the surface energy budget, in conjunction with conductive
heat fluxes reported in the ice.

To gather data on airborne microorganisms, aerosol chemical composition and their sources
particles will be collected regularly on filters both on TPS and at remote locations over sea ice.
General aerosol information, such as their mass, concentration, number, and size
distributions, as well as trace gas (ozone, carbon monoxide, BVOCs like dimethyl sulfide using
cartridges) and contaminant (Hg) concentrations, will be monitored continuously using
instruments permanently installed on TPS. Measurements of gaseous nitrogen compounds
such as nitric oxides or nitric acid and halogens will require dedicated measurement efforts.
In addition to aerosol microphysical and optical properties (scattering/absorption), basic
aerosol sampling on filters will permit the study of chemical composition, including black
carbon, organics, soluble inorganics, methanesulfonic acid, microplastics and mineral dust.
Their potential activity to serve as ice-nucleating particles will also be investigated, together
with measurements of cloud condensation nuclei.
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To address the vertical dimension, we will first deploy remote sensing instruments (lidar, radar
and zenith-sky UV-visible spectrometer) onboard TPS to detect aerosol optical depth, cloud
structures, optical depth and phase partitioning, and UV radiation fluxes. Enabling horizontal
scanning observations of the lidar system will permit the documenting of spatial variability of
aerosols over the heterogeneous structures of sea ice, including leads, melt ponds or ridges.
In addition, a small tethered balloon and drones will be used to obtain vertical and horizontal
in-situ data, respectively. For more detailed investigations (see also Schmale et al., 2025) into
the processes governing surface fluxes (emission, deposition) and microorganism-cloud
interactions, we plan to conduct dedicated field campaigns with more comprehensive
measurements. These efforts may include, for example, deploying a large tethered balloon or
taking measurements from a sea-ice-based mast to study deposition fluxes.

4.2 Sea-ice and snow measurements

Parameters for sea ice and snow mass (including sea-ice and snow thicknesses, freeboard,
sea-ice and snow densities) and energy balance (including sea-ice and snow temperatures,
surface albedo, light transmittance, and surface conditions) will be measured with autonomous
platforms fixed to buoys on different ice types and manually along transects in the vicinity of
TPS. Sea-ice draft and bottom roughness as well as under-ice optical and water mass
properties will be mapped in two dimensions (e.g., 200 m radius around TPS) with different
sensors mounted on a remotely operated vehicle on a weekly basis. Surface conditions,
including melt pond coverage in summer, will be observed visually using cameras installed on
autonomous stations, on TPS, and on drones.

Physical and ecological properties of sea ice and snow, including salinity, density, stratigraphy,
texture, and chlorophyll a fluorescence, will be measured from snow pit and ice core samples
on one or two sites on the ice. The composition of ice algae and other ice-inhabiting organisms,
as well as phytoplankton and zooplankton communities, will be sampled at the ice-ocean
interface, providing data on the biodiversity and spatial heterogeneity of the sea-ice habitat.
This sampling will be aligned with the measurements of impurities (e.g., black carbon, dust,
and other light-absorbing particles), nutrients, particulate matter and contaminants (Hg,
microplastics, and other chemicals of emerging concern in the Arctic). Under-ice and ice
bottom samples will be obtained using the remotely operated vehicle. Additional samples may
be collected for incubations and experiments related to analyses in the atmosphere, sea-
ice/snow and ocean compartments.

4.3 Ocean measurements

To obtain the basic information about hydrography, regular conductivity-temperature-depth
(CTD) casts, including standard additional instrumentation (dissolved oxygen,
photosynthetically active radiation, turbidity, biogeochemical sensors) will collect profiles from
the surface to 2000 m, thus covering the water column to the approximate depth of the
Lomonosov Ridge (which separates the Amerasian Basin from the Eurasian Basin). Profiles
to the bottom will be carried out over longer time intervals to monitor long-term changes in the
deep Arctic Ocean water masses. Current velocity profiles will be monitored in the upper 800
m from a station-mounted Acoustic Doppler Current Profiler (ADCP) and larger plankton will
be collected using nets deployed from the moon pool. For the upper water column, under the
TPS, discrete water samples will be collected using the rosette, while surface water from 2.5
m depth will be pumped through a seawater intake for continuous monitoring of temperature,
salinity, dissolved oxygen, pCO,, pH, chlorophyll a fluorescence, and bio-optical properties.
Complementary measurements to characterize the unperturbed top ocean layer away from
the station will be maintained from bore holes in the ice near the TPS by deploying sediment
traps, ADCPs with turbulence-measurement capacity, a light chain to measure irradiance, and
an echosounder for biological backscatter and sea-ice bottom profiling.
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Sampling under the ice beyond the TPS footprint will include CTD chains with ADCP and
turbulence sensors, short- and long-term sediment trap deployments with underwater vision
profilers, an autonomous high-frequency echosounder (Acoustic Zooplankton and Fish
Profiler), and ichthyoplankton net deployments. Sample collection will combine direct
measurements and laboratory analyses, including state-of-the-art omics, culture and imaging
approaches (e.g., long-read sequencing for metagenomics and single-cell genomics), as well
as the quantification of selected contaminants.

4.4 Context to other approaches

All measurements and observations will be limited to a radius of a few kilometers around TPS
along the specific drift trajectory. Collaboration and coordination with other programs will be
necessary to contextualize all the collected data, assure compatibility of protocols for
comparisons, and extend spatial scales and temporal resolution. While extensive collaboration
is planned for all drifts, a special effort is expected for the International Polar Year (2030—
2032).

Other vessels. A number of nations carry out scientific expeditions with research vessels in
the CAO. These expeditions often provide interdisciplinary atmosphere-ice-ocean
measurements. Unlike the continuous drift of TPS in the same sea ice throughout the year,
these expeditions traverse mainly the ice-covered Arctic Ocean. As a result, these
measurements often add a spatial component within the same year. The TPS consortium will
be in close contact with these expeditions to share observational concepts, exchange
positions and activity information, discuss results and coordinate measurements wherever
possible.

Buoy networks and moorings. The autonomous stations (buoys) at TPS will be shared with
the International Arctic Buoy Program and data made available in near real time, e.g., through
this buoy program and the online sea-ice knowledge and data platform (meereisportal.de;
Grosfeld et al., 2016). Complementarily, the data from all the other buoys will provide the same
type of data from other regions in the Arctic. Similarly, TPS will drift in regions where moorings
are installed, providing stationary time series in addition to the drifting time series. By merging
all these datasets, a large Lagrangian dataset (from the sea-ice perspective) describing
atmosphere-snow-ice-ocean conditions will become available.

Ground-based observatories. Continuous, long-term atmospheric measurements are
collected as part of the International Arctic Systems for Observing the Atmosphere network,
which provides info on the Arctic atmospheric environment from its stations across the Arctic
(Uttal et al., 2016). Observatories are more concentrated in the western Arctic than in the
eastern Arctic: Utqgiagvik (Alaska), Eureka and Alert (Canada), Ny-Alesund, Zeppelin and
Andoya (Norway), Summit Station, Zackenberg/Daneborg and Villum (Greenland), Pallas and
Sodankyla (Finland), and Tiksi and Cherski (Russia). This network is designed to provide a
comprehensive understanding of Arctic atmospheric processes and their role in the global
climate system. Typically, these network stations collect data on meteorology, radiation,
greenhouse and other trace gases, clouds and precipitation, and aerosol particles, enabling
assessment of aerosol trends and policy impact as part of the Arctic Monitoring and
Assessment Program (AMAP, 2021). Although collectively crucial for observing long-term
trends and changes in Arctic climate, these stations are more representative of the Arctic
coastal environment than its central ocean. The Tara Polaris expeditions provide a unique
opportunity to fill the gaps in atmospheric observations in the CAO.

Aircraft. TPS is expected to be visited occasionally by aircraft and helicopters from other

vessels. Their longer-range measurements of the state of the atmosphere, snow and sea ice
will be complementary to the local measurements taken at TPS in a spatial context. They will
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contribute to discussions on the representativeness and spatial variability of several long-term
sentinels.

Satellites. Surface measurements and TPS observations offer an excellent opportunity to
establish a link with satellite observations. Ground measurements will be used to improve
satellite retrievals, while satellite data will place TPS observations on a larger spatial scale.
The set of parameters derived from satellite measurements is extensive, covering most of the
long-term sentinels of atmospheric and sea ice measurements (Table 2). However, limitations
will apply to the periods during which TPS will drift into the polar hole of different satellites,
and during polar night for passive optical sensors.

Numerical modeling. The most interaction between Tara Polaris measurements and
numerical modeling is anticipated for process-oriented models in the three compartments. The
Tara Polaris data will be used for model initialization, forcing and validation to improve the
understanding of processes and support further models towards better forecasts and
predictions of changes in climate, biogeochemical cycling and ecosystems. Regional models,
in particular weather and ice forecasts, will also support TPS operations.

All these collaborative approaches will support the planning and execution of each drift. The
information they provide will be invaluable to anticipating conditions and thus measurements,
scales and resolutions to prioritize or consider adjusting.

4.5 From observation to archive

One of the main challenges of this 20-year observation program is to guarantee consistency
and excellence throughout, as most sampling and measurements will be carried out by a small
and changing group of people on board. Tara Polaris will establish new procedures for the
entire chain, from observations to archives, to: 1) define measurement and metadata protocols
for each parameter and method; 2) pre-train the responsible team on board; 3) support the
team during the drift; 4) carry out measurements and sampling during the drift; 5) document
measurements and communicate data samples for quality checks, automatically or manually,
to the home institutes; 6) store all data in a structured project database; 7) calibrate, quality-
control and apply standard data processing to all data and merge with metadata; and 8)
publish and archive data according to the FAIR principles of Findable, Accessible,
Interoperable, and Reusable. This process and data storage must follow existing national and
international infrastructures. The decision to transmit data in real or delayed time must be
taken for each dataset.

The Tara Polaris dataset will need to reach a new level of data processing due to the extreme
heterogeneity of the data at different spatial scales (from point measurements and individual
samples, to time series and transects, up to satellite grids), different temporal resolutions (from
seconds to daily and monthly datasets) and different data types (numerical data, omics data,
images). The aim is to obtain weekly data sets that can be used to generalize atmosphere-
ocean-ice conditions along the drift trajectory.

5. Foreseen outcomes

TPS will deliver the first multi-decadal record of the coupled atmosphere—ice—ocean system
in the central Arctic, enabling a leap in our ability to separate natural variability from long-term
climate change. Previous large-scale efforts, such as SHEBA, DAMOCLES, MOSAIC, and
others cited in the introduction, have provided invaluable insights into seasonal and
interannual processes. Yet, by their very design as 1-year or short-term expeditions, they
capture only a “snapshot” of an extremely dynamic system. The TPS will extend these insights
by establishing a sustained 20-year baseline, which is essential to i) document processes with
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variabilities that unfold over the decadal scale, ii) capture rare or extreme events that occur
only sporadically; and iii) provide an integrated reference dataset against which models and
satellite missions can be tested systematically and improved. In short, TPS will transform the
way we observe and understand the Arctic by combining long-term continuity with system-
level integration.

Atmosphere. The Arctic atmosphere exerts a fundamental control on the regional energy
budget, cloud radiative forcing, and chemical composition, yet it remains one of the least well-
constrained components of models of the climate system. TPS will generate for the first time
a continuous, multi-decadal record of Arctic atmosphere-ice interactions. This record will make
possible the quantification of decadal variability in stratification of the lower atmosphere,
radiation and cloud processes, such as the frequency and intensity of moist intrusions, fog,
and atmospheric rivers that episodically dominate the polar energy budget. It will also provide
a tracking of long-term changes in aerosols, air-sea CO; fluxes, trace gases and pollutants,
including black carbon, tropospheric ozone, methane, and other short-lived climate forcers,
which have origins and radiative and biogeochemical impacts, including deposition, that are
only poorly represented in models. Moreover, TPS will assess the interplay between biology
and aerosols in the atmosphere, by linking local emissions from leads, melt ponds, and
microbial activity with regional cloud formation and atmospheric composition. Finally, the
extended record will capture extreme and rare events, such as winter warming spikes, ozone
depletion events, or anomalous transport episodes, which can be fully contextualized only with
a multi-decadal dataset.

Snow and sea ice. Sea ice and its snow cover are at the heart of Arctic climate feedback,
controlling albedo, heat fluxes, and ecosystem functioning, yet both remain poorly
parameterized in models and imperfectly constrained by satellite observations, largely
because of their strong spatial heterogeneity and rapid evolution. TPS will provide the first
long-term record of snow and sea-ice properties from a drifting platform, enabling us to
document the evolution of snow depth, distribution, and metamorphism and how they shape
surface albedo and the energy balance of the Arctic system. TPS will also track the transition
from multi-year to first-year ice, including associated changes in ice thickness and other
characteristics, including roughness, melt pond dynamics, and permeability. With this
continuity, TPS will assess the balance between short-term variability and structural regime
shifts in the ice cover, disentangling transient extremes from long-term trends. Finally, this
dataset will provide the empirical basis to improve the representation of snow and ice in
climate and pollutant cycling models and to validate and refine satellite retrievals of sea-ice
thickness and snow depth.

Ocean. The Arctic Ocean is undergoing rapid and profound transformations in stratification,
circulation, and ecosystem functioning, yet decadal-scale changes remain essentially
unknown. TPS will establish the first multi-decadal baseline of the upper Arctic Ocean, making
possible the quantification of long-term changes in mixed-layer depth, freshwater storage, and
stratification, and their role in modulating nutrient and pollutant fluxes and upper-ocean
dynamics. This record will also track biogeochemical variability, including nutrients, pollutants,
dissolved gases, carbonate chemistry, and air—sea CO, fluxes, with a focus on emerging
signals of acidification and deoxygenation. At the same time, TPS will assess the response of
communities, primary production, and trophic interactions to shifting sea-ice cover and
stratification, with particular attention to under-ice blooms and export fluxes. Ultimately this
continuity will provide a robust multi-decadal baseline to constrain coupled physical—
biogeochemical models and evaluate ecosystem resilience under ongoing Arctic change.

Integration and legacy. What sets TPS apart is not only the continuity of the record, but also
the simultaneous observation of all components of the Arctic system. This integration will allow
researchers to identify cross-system linkages, capture cascading effects, and quantify the
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resilience and thresholds of the Arctic climate system. By spanning two decades, TPS will
cover multiple phases of major climate oscillations (North Atlantic Oscillation, Atlantic
Multidecadal Oscillation, El Nifio Southern Oscillation) and capture their integrated impacts on
the Arctic system and potentially vice versa. This holistic approach will provide an unparalleled
testbed for models and satellite algorithms, bridging the gap between short-term field
campaigns and long-term monitoring networks. Beyond the scientific advances, TPS will
establish a legacy dataset that will serve as a benchmark for future generations to assess
Arctic change, ensuring that the Arctic, as the most rapidly changing component of the Earth
system, is also the best observed — a global bellwether for climate change.

6. Concluding remarks

The Tara Polaris multi-decadal observation program represents an unprecedented opportunity
to document, understand, and anticipate the profound transformations occurring in the CAO.
By combining continuous, year-round measurements across atmosphere, sea ice and snow,
and ocean compartments with integrative analyses and cutting-edge methodologies, the
program will generate a unique legacy dataset. This long-term effort is essential to disentangle
natural variability from anthropogenic trends, assess feedback within the coupled Arctic
system, and constrain model projections in a region undergoing rapid and nonlinear changes.

Beyond scientific advancement, Tara Polaris has the potential to redefine how sustained Arctic
observations are conducted. Its modular, low-impact platform offers a flexible, replicable
model for future polar monitoring initiatives. Through open science, interoperability, and
partnerships with international stakeholders (e.g. European consortium), Tara Polaris will
reinforce the Arctic’s role as a sentinel of global change. Ultimately, this program aims to
strengthen scientific diplomacy, inform policy frameworks, and support a collective response
to the climate and ecological crises unfolding in the Arctic and beyond. It will also serve as a
powerful vehicle for science outreach and public engagement, raising awareness about the
Arctic’s transformation and fostering broader societal mobilization through education,
storytelling, and participatory initiatives.
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Tables

Table 1. Sentinels of the changing Arctic Ocean and their roles in the climate and ecosystem,
for study during Tara Polaris expeditions at Tara Polar Station.

Sentinel?
Meteorology
Clouds
Trace gases
Aerosols
Contaminants (mercury,
microplastics, other
chemicals of emerging Arctic
concern)

Snhow cover

Ice cover

Ice dynamics

Ice habitat and biodiversity
Contaminants (mercury,
microplastics, other
chemicals of emerging Arctic
concern)

Ocean hydrography

Ocean dynamics

Ocean mixing

Under-ice light

Nutrient availability

Ocean biodiversity

Role

Atmosphere
Air temperature, humidity and winds of different levels are
key indicators of the climate system and Arctic warming.
Clouds control radiative transfer and water vapor transport,
thus playing a key role in Arctic Amplification.
Trace gas concentrations reflect biospheric metabolism and
diverse human activities.
Aerosols are indicators of regional human activity: long-
range/local natural and anthropogenic emissions.
Atmospheric concentrations and deposition of contaminants
reflect long-range transport, seasonal dynamics, and
chemical processing in the Arctic atmosphere.

Sea ice and show
Snow thickness and properties control surface properties,
the surface energy budget and under-ice light.
Sea-ice thickness and physical properties control heat,
mass, and momentum exchange between atmosphere and
ocean.
Drift velocity, pressure ridges and leads are key elements for

momentum transfer and shape sea-ice habitats.

Ranging from microbes to mammals, sea ice is a habitat and
key factor of the polar ecosystem.

Sea ice and snow act as temporary sinks and transport
media for contaminants, influencing their redistribution and
availability to ecosystems during melt.

Ocean
Temperature and salinity control the state of the ocean;
freshwater is a key factor in ocean stratification.
Dynamics and eddies play a key role in redistributing
physical and biogeochemical properties.
Topography and winds cause ocean mixing that impacts
ocean stratification, sea ice, and water mass properties.
Changing sea-ice conditions increase light availability, and
change in seasonal timing has strong impacts for the
ecosystem.
Changing nutrient concentrations and ratios affect the
productivity and structure of marine ecosystems.
Diversity of bacteria, plankton, fish, and marine mammals
are indicators of changes in ocean, ice, and atmosphere.
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Microbial functioning Microbial ecosystem functioning reacts to environmental
changes, and thus future functional changes are expected.

Carbon export Quantity and quality of carbon exports into the ocean

depend on biophysical drivers and impact food webs.
Contaminants (mercury, Long-term and seasonal trends of contaminants reflect
microplastics, other ocean circulation, stratification, and biogeochemical
chemicals of emerging Arctic processes, with implications for food web exposure and
concern) ecosystem health.

aCategorized by compartment, as described in more detail in Section 3; some sentinels cross
compartments.
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Table 2. Main parameters of the long-term measurements at Tara Polar Station.

Parameter?®

Basic meteorology

Fluxes, heat and
momentum

Atmospheric sounding
Fluxes, radiation, integrated

Fluxes, radiation, spectral

Cloud distribution (cover,
height, optical depth, phase
partitioning)

Trace gases (O3, CO, CHa)
and VOC

CO, concentration

Aerosol microphysics,
vertical distribution, cloud
condensation nuclei
Black carbon, organic
carbon, isotopes,
contaminants
(microplastics, other
chemicals of emerging
Arctic concern)

Mercury

Sea ice thickness

Snow thickness
Freeboard

Sea-ice density
Snow density
Sea-ice salinity
Sea-ice temperature

Snow salinity
Sea-ice texture
Snow stratigraphy

Method®

Atmosphere

Automatic weather
station

Automatic weather
station
Meteorological tower

Balloon launches
Automatic weather
station

Automatic weather
station

Radiation station
Radiation station
Transects across ice
Radar

Analyzers

Sorbent tubes for BVOC

Infrared gas
analyzer

Lidar

Balloon launches

Aethalometer, filter

samplers and laboratory

analysis

Automated gaseous
mercury analyzer

Sea ice and snhow

Transects across ice
ROV transect

Autonomous station
Transect across ice
Autonomous station
Transect across ice

Coring, weight/volume

Transect across ice
Coring, sampling
Autonomous station
Coring

Snow pit

Coring, sampling
Transect across ice

34

Spatial scale
(horizontal® /
vertical)

OnTPS/10m
Onice/2-10 m
Onice/2-10m

On TPS/0-700 m
OnTPS/3m

Onice/2-10m

On TPS /10 m
Onice/2m
0-200m/1m

On TPS/0.1-10 km

OnTPS/10m
On TPS/0-700 m
OnTPS/10m

On TPS/0.1-10 km
On TPS/0-700 m

OnTPS/10m

OnTPS/10m

1km,each1m
200 x 200 m, each 1
m

On ice

1 km,each1m

On ice

100 m, each 10 m

1 station

100 m, each 10 m
1 station

On ice

1 station

1 station

1 station

100 m, each 10 m

Time
interval

Minutes
Minutes
Minutes

Daily
Minutes

Minutes

Minutes
Minutes
Weekly
Minutes

Weekly
Weekly
Minutes

Minutes
Minutes

Minutes
to
months

Minutes

Weekly
Weekly

Hours
Weekly
Hours
Weekly

Weekly
Weekly
Weekly
Hours

Weekly
Weekly
Weekly
Weekly



Surface albedo (Apr—Oct)

Light transmittance

Melt pond properties

Snow impurities
Roughness/topography

Sea ice biogeochemical and
ecological parameters
Surface conditions (ice
types, leads)

Contaminants (mercury,
microplastics, other
chemicals of emerging
Arctic concern)

Temperature

Salinity

Density
Dissolved oxygen

pH
pCO-
Chlorophyll a fluorescence

Nitrate

CDOM fluorescence
Current velocity, 3D
Particulate matter, plankton

Suspended particles
Bacteria, phytoplankton,
zooplankton and fish
communities and
abundances

Light in ocean

Ambient noise, mammals
Bio-optical properties
Contaminants (mercury,
microplastics and other
chemicals of emerging

Snow pit

Transect across ice
Autonomous station
Drone survey

ROV transects

Autonomous station
Drone survey

Snow pit, sampling
ROV transects

Coring, sampling
Drone survey

Coring, snow pit

Ocean
CTD rosette
ROV transects
Autonomous
In-line system (TSG)
CTD rosette
RQV transects
Autonomous
In-line system (TSG)
CTD rosette
CTD rosette
In-line system
In-line system
In-line system
CTD rosette
RQV transects
In-line system
CTD rosette
CTD rosette
ADCP
UVP on CTD rosette
Sediment traps

Imaging Flow Cyto Bot
Water samples

Nets

Acoustic Backscatter
UVP

Autonomous station
Hydrophone

Inline system

CTD rosette, nets
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1 station

200 m, each 10 m
Onice

500 x 500 m, each 1
m

200 x 200 m, each 1
m

stationary

500 x 500 m, each 1
m

1 station

200 x 200 m, each 1
m

1 station

500 x 500 m

1 station, higher
resolution during
polar sunrise

On TPS / 0-2000 m
400 m/0-50 m

On ice / 0—100m
OnTPS/25m

On TPS /0-2000 m
400 m/0-50 m
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Arctic concern)

2Parameters obtained with different methods, representing different spatial scales and realized
in different intervals, have multiple entries; abbreviated parameters are volatile organic carbon
(VOC) and chromophoric dissolved organic matter (CDOM).,

®Biological VOC (BVOC), remotely operated vehicle (ROV), conductivity-temperature-depth
(CTD),.acoustic doppler current profiler (ADCP), ultrasonic velocity profiler (UVP)

°On TPS indicates stationary measurements on the platform Tara Polar Station (TPS); on ice
indicates stationary measurements on the ice.

dVertical range for Atmosphere is above surface; for Sea ice and snow, it is not applicable
(none specified); for Ocean, it is below surface.
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Figure 1. Map of the central Arctic Ocean with drift trajectories of two recent drift
experiments. The Tara (orange) and MOSAIC (teal) drift experiments built upon prior
experiments (see Section 1). Also shown are the mean sea-ice concentrations from 2013 to
2024 (color scale bar; from daily AWI AMSR2 ice concentration product v110) and the 200 m
isobath (gray line; from ETOPO Global Relief Model).
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Figure 2. The coupled system of the central Arctic Ocean. Color-coded labels show the
sentinels of the atmosphere (yellow), sea ice and snow (teal), and ocean (dark blue) under

study by Tara Polar Station and described further in Table 1; biota and nutrients are also
highlighted (orange).
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Figure 3. lllustration of the main methodological approaches for long-term monitoring
at the Tara Polar Station. Methods are color-coded by atmosphere (yellow), sea ice and
snow (teal), and ocean (white), including biological sensors (orange). Methods are described
further in Section 4; key parameters are provided in Table 2. Abbreviations are for remotely
operated vehicle (ROV), Acoustic Zooplankton and Fish Profiler (AZFP), acoustic Doppler
current profiler (ADCP), and conductivity-temperature-depth (CTD).
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Main ROV line

(no walk on)

Figure 4. Ice station layout in the vicinity of Tara Polar Station. The illustration shows how
the different observational components overlay and interact with each other. The
observational concept is described in Section 4, and the main parameters and observational
scales are given in Table 2. Abbreviations are for remotely operated vehicle (ROV).
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