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1. Introduction

Our current understanding of the polar climate and its feedback mechanisms within the
coupled global climate system remains incomplete (Goosse et al. 2018). Most polar scientific
communities have primarily focused on summer weather processes because observations are
easier to obtain. Due to the harsh weather conditions and logistical difficulties associated with
conducting winter campaigns, our data coverage at both spatial and temporal scales for the
polar winter is limited. This means that key processes vital to the coupled climate system are
still not fully understood and investigated. To identify the knowledge gaps in our understand-
ing of the coupled climate system, we organized a workshop centered on polar winter climate
and processes. We aimed to bring together diverse research communities to showcase the
current state of winter polar weather and climate research and its latest findings, exchange
scientific ideas, and foster new collaborations. Our goal was to discuss the key physical and
chemical processes often overlooked by models and field measurements across the intercon-
nected atmosphere, cryosphere, marine, and terrestrial systems. Below are three key topics
we expected to focus on during the workshop: polar winter aerosols, clouds, and chemistry;
winter storms and sea ice; and large-scale teleconnections.

The Arctic is experiencing rapid warming, with surface air temperatures increasing
3—-4 times faster than the global average (Rantanen et al. 2022), with the most rapid tempera-
ture rise occurring during boreal winter (December—February), not summer (Ma et al. 2024;
Liu et al. 2025). This warming process remains not fully understood, and current climate
models struggle to accurately represent polar weather and climate, particularly during winter.
For instance, the largest biases between the Coupled Model Intercomparison Project phase
6 (CMIP6) simulations and satellite CALCLD cloud fractions (CFs) occur at high latitudes in
both hemispheres (Vignesh et al. 2020), and the most significant model spread of CF is in
winter (Wei et al. 2021). These significant discrepancies hinder the reliability of these models
in predicting and projecting future conditions in the Arctic and Antarctica (Bock and Lauer
2024). One of the key factors contributing to these uncertainties is the limited knowledge and
understanding of sources of cloud condensation nuclei (CCN) and ice nuclei particles (INPs),
as well as aerosol-cloud interaction processes (Tan and Storelvmo 2019). For instance, current
CMIP6 models fail to reproduce the winter peaks of primary sea salt aerosol (SSA) observed at
high latitudes (Lapere et al. 2023). This is likely due to the absence of blowing-snow-sourced
SSA generated through blowing snow events over sea ice, as proposed (Yang et al. 2019,
2008) and confirmed by field data from the Arctic (Gong et al. 2023) and Antarctica (Frey
et al. 2020). The recently identified sea ice—sourced aerosols account for one-third of Arctic
winter aerosols and significantly warm the surface by influencing cloud properties (Gong
et al. 2023), a process that most current climate models overlook.
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Synoptic-scale low pressure systems, or cyclones, are common polar weather phenomena,
especially in winter, playing a vital role in the atmosphere’s energy balance by transporting
heat and moisture poleward (Wickstrom et al. 2020). They also influence sea ice dynamics
through complex thermodynamic and dynamic interactions within the air-ice—ocean system
(Watkins et al. 2024). Recent observational campaigns have begun to reveal winter processes
in the poles. In the Arctic, the Multidisciplinary Drifting Observatory for the Study of Arctic
Climate (MOSAIC) (Shupe et al. 2022) has provided valuable insights into the physical and
chemical mechanisms occurring during the polar night. In Antarctica instead, the winter tar-
geted observing periods (TOPs) performed during the Year of Polar Prediction in the Southern
Hemisphere (YOPP-SH) (Bromwich et al. 2024) have provided information on how observations
influence forecast accuracy in the less-observed polar regions. These campaigns enhance our
understanding of winter processes. For instance, during midwinter cyclone events, enhanced
longwave radiation associated with cyclonic activity warms the sea ice surface, reducing ice
growth rates and destabilizing the atmospheric boundary layer (Watkins et al. 2024). This
destabilization, particularly behind the cyclone’s cold front, leads to intensified air—ice stress,
resulting in significant ice motion and deformation, as well as upper-ocean mixing through
frictional coupling. An increasing trend in the intensity and frequency of Arctic cyclones has
been observed over the past decades (Zhang et al. 2023; Parker et al. 2022), likely associ-
ated with global warming. Atmospheric rivers (ARs) are closely linked to midlatitude Rossby
wave breaking and blocking events (Wille et al. 2021), serving as a direct manifestation of
teleconnection-driven energy and moisture transfer poleward, particularly into Antarctica
(Maclennan and Lenaerts 2021; Turner et al. 2022). Atmospheric rivers also contribute to
polar warm-air intrusions and extreme precipitation episodes, which exacerbate surface melt
and destabilize regional ice cover.

There is a growing consensus that polar storm systems and related extremes (e.g., atmo-
spheric rivers, warm intrusions, extreme winds, and polynya formation) are no longer purely
local phenomena. Instead, they are increasingly influenced by a hierarchy of atmospheric tele-
connections stretching from the tropics, across the midlatitudes, to the poles. The dynamical
pathways involve shifts in jet stream positions and stratosphere—troposphere coupling (Wille
etal. 2021; Turner et al. 2022; He et al. 2017). Conversely, high-latitude variability, especially
sea ice changes, in both hemispheres may impact lower-latitude atmospheric systems, such
as the Indian and East Asian monsoon precipitation (Azhar et al. 2023; Kim et al. 2020; He
et al. 2017; Kulkarni and Agarwal 2024), European extreme weather events (Oltmanns et al.
2024), or Australian wildfires (Liu et al. 2024)—highlighting the bidirectional link between
polar regions and lower latitudes.

2. Key themes and session summaries

The program was structured around four core themes identified as shown below. Each theme’s
session included a keynote lecture, several oral presentations, and breakout group discus-
sions that involved both in-person and online participants. Additionally, there was a poster
session featuring a 2-min lightning presentation for each poster presenter. Figure 1 shows
participants on day 2.

a. Polar winter storms, sea ice, and climate impacts. A series of presentations addressed
the complex interactions between polar storms, sea ice, and the broader climate system.
The keynote speaker, Ola Person, reviewed air—ice—ocean coupling during Arctic cyclone
events, emphasizing their role in modifying surface fluxes and ice dynamics. This was fur-
ther explored through a climatological analysis of Arctic cyclones, outlining recent trends in
their frequency and intensity and their influence on sea ice and upper-ocean structure. The
subsequent two presentations discussed Arctic sea ice, including its internal variability and
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Fic. 1. Participants of the workshop on day 2.

external forcing, as well as projections of ice-free conditions in a warmer climate. The Ant-
arctic perspective was provided by two presentations focused on heat waves, analyzing their
frequency, intensification, and duration through data and modeling. The session concluded
with an introduction to the Churchill Marine Observatory.

b. Aerosols, clouds, and chemistry in the polar winter. This session focused on recent ad-
vances in understanding the sources of aerosols, aerosol-cloud interactions, and chemi-
cal processes in the polar winter atmosphere and snowpacks. Martin Radenz’s keynote
highlighted the importance of remote sensing in improving wintertime observations of
aerosol-cloud interactions under low-light conditions. Several presentations examined po-
tential sources of INPs in the Arctic, the Southern Ocean, and Antarctica, using data collected
from recent field campaigns including MOSAIC (Shupe et al. 2022) and The Southern Ocean
Clouds (SOC) project (https://www.bas.ac.uk/project/southern-ocean-clouds/). The representation
of clouds in U.K. Earth System models for polar regions, including during cold-air intrusions
in the Arctic, was discussed. The roles of blowing snow on Arctic INPs, sublimation, and
air pollution production were reported in three presentations from observational, model-
ing, and data analysis perspectives. Additionally, three presentations detailed laboratory
work on salt formation through sublimation and the increase in brine acidification caused
by freezing. One presentation provided field evidence of the importance of nocturnal snow
chemistry in regulating reactive nitrogen.

c. Teleconnections between polar, midlatitude, and lower-latitude regions. This session
emphasized atmospheric teleconnections and their role in driving extreme weather patterns
and climate variability. Keynote speaker Irina Gorodetskaya delivered a review on the role
of atmospheric rivers in Antarctica and their teleconnections to lower-latitude weather sys-
tems. The subsequent presentations covered AR activity across the Arctic and western North
America, the dynamics of high-latitude atmospheric blocking, and the seasonal behavior
of the Amundsen Sea low. It also included two presentations on the impact of polar sea ice
variahility on subtropical precipitation in the Indian summer monsoon and spring rainfall
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over South China. The sensitivity of Antarctic coastal fast ice to large-scale processes was
also reported.

d. Knowledge gaps. This session addressed significant scientific uncertainties in polar
climate research, highlighting emerging areas that demand targeted investigation and im-
proved observational efforts. The keynote speech by Thomas Bracegirdle synthesized recent
advances in understanding Antarctic weather and climate extremes, including the repre-
sentation of synoptic processes and extreme events in climate models. The subsequent
presentation reported findings on how complex terrain and synoptic forcing jointly influ-
ence near-surface wind variability in East Antarctica. Another presentation introduced the
Atmospheric Water Cycle over Antarctica (AWACA) project (https://awaca.ipsl.fr/en/atmospheric-
water-cycle-over-antarctica/), detailing radar-based snowfall case studies and instrumenta-
tion deployment strategies in challenging polar environments. While most presentations
focused on physical processes, one showcased novel observations of microbial biodiversity
in Antarctic precipitation, emphasizing the need for interdisciplinary studies and a deeper
understanding of biogeochemical cycles and the potential for winter microbial transport. A
further talk highlighted the ecological impacts of storm-driven rain-on-snow events during
the polar winter, which affect snowpack structure, soil freezing dynamics, and terrestrial
biodiversity. Extending the theme to the third pole, one report examined the role of dust
deposition from South Asian dust storms in speeding up the melting of Himalayan glaciers.

3. Scientific challenges and research priorities

The discussions highlighted various scientific challenges, knowledge gaps, and new research
priorities, emphasizing the importance of interdisciplinary collaboration to tackle these is-
sues. The most significant research priorities identified are listed below.

a. Observational gaps in polar winter conditions. A significant obstacle in both Arctic and
Antarctic research is the limited availability of observational data for key parameters such
as winter sea ice thickness, snow salinity, and turbulent surface fluxes. The lack of win-
tertime measurements hampers the investigation and understanding of ice dynamics and
atmosphere—ice—ocean interactions and feedback mechanisms. The workshop recommends
expanding autonomous observational networks—such as drone and buoy deployments—to
enhance winter data coverage in remote and logistically challenging regions.

b. Aerosol-cloud interactions and associated uncertainties. Uncertainties in aerosol-cloud
coupling, especially during the polar night, represent a significant gap in knowledge. These
issues are particularly evident in Antarctica, where data are limited. The workshop empha-
sized the need for continuous, year-round aerosol monitoring using remote sensing and au-
tonomous platforms to address this. Additionally, improving the parameterizations for sea
salt aerosol production over sea ice, cloud condensation nuclei, and ice-nucleating particle
activity is essential for enhancing polar climate models and reducing uncertainty in cloud
microphysical processes.

c. Complexities in teleconnections and model representation. Understanding the mech-
anisms behind polar—tropical teleconnections remains a vital challenge. Current climate
models frequently fail to accurately represent these cross-scale interactions, leading to
discrepancies in simulated climate variability. Workshop participants recommended co-
ordinated multimodel experiments to evaluate teleconnection robustness across different
modeling frameworks. They also supported targeted observational campaigns focused on
atmospheric rivers and blocking events that influence polar systems.
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4. Summaries

Polar winter plays a vital role in the global surface energy balance, atmospheric dynamics,
and chemical processes. During winter, the poles undergo numerous changes, including
sea ice growth, snow accumulation, and reduced solar radiation, among other processes.
These seasonal variations interact with longer-term changes driven by anthropogenic global
warming. The workshop highlighted the latest research on polar winter climate and processes
across various disciplines, including observation, laboratory work, and modeling. Several
key research priorities for the polar climate system were identified. For example, (i) the work-
shop emphasized the need for enhanced observational capabilities and improved modeling
of storm-driven processes to better understand and predict the evolution of polar climate.
(ii) The complex mechanisms behind polar aerosol production and aerosol-cloud interactions,
as well as the necessity for better parameterizations and integrated observational strategies
to reduce model uncertainties, were also highlighted. (iii) The workshop further stressed the
importance of incorporating polar processes into global teleconnection frameworks to improve
the predictability of climate impacts at mid- and low latitudes.

Overall, the workshop emphasized the importance of multidisciplinary approaches,
year-round observation, and the integration of biological, chemical, and physical processes
to address persistent knowledge gaps in polar and cryospheric science. Initiatives such as
Antarctica InSync (https://www.antarctica-insync.org) and Aerosol, Clouds and Trace Gases
Research Infrastructure (ACTRIS) (https://www.actris.eu) were highlighted as vital platforms for
encouraging collaborative efforts across observational, modeling, laboratory, and theoreti-
cal communities. Strengthening these collaborations will improve understanding of polar
processes and their global climatic impacts. Detailed information about this workshop can
be found at https://www.bas.ac.uk/event/workshop-on-polar-winter-climate-and-processes/.
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