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1. Working group name and number
Working Group #163: Clce2Clouds (Coupling of ocean-ice-atmosphere processes: from sea-Ice
biogeochemistry to aerosols and Clouds)

2. Brief summary with the main highlights (200-300 words)

A key goal of Clce2Clouds is to build conceptual models of biological and chemistry systems that
interact across the ocean - snow - ice - atmosphere (OSIA) system. A major focus of Clce2Clouds
work between August 2025 and July 2026 was on final publication of a set of synthesis papers that
build and present these conceptual models. Work in our three Clce2Clouds subgroups (sulfur cycle,
nitrogen cycle, primary aerosols) are developing coupled conceptual models, considering both poles
and the seasonal cycle. Two manuscripts that describe these conceptual models are now published
in the Clce2Clouds Special Feature in the journal Elementa: Science of the Anthropocene. For the
nitrogen cycle, we have found that insufficient information exists for a full synthesis article and a
commentary article is being finalized. Our tutorial paper (TOR 5) is also going through final stages of
revision and internal review. Our Hybrid working group meeting held in Shiretoku, Japan in March
2026, linked to the Sea Ice School in Saroma, Japan focused in four major areas: finalizing our
manuscript for interdisciplinary observation planning recommendations (TOR 4) and tutorial paper
(TORS), de-briefing the Sea Ice School (TORS), and discussions on how to continue collaborations
among this newly established and very active community.

3. Activities since the previous report to SCOR (e.g., virtual or in-person meetings, email
discussions, special sessions). (Limit 1000 words)

e The final Clce2Clouds workshop was held in Shiretoko, Japan (March 9 - 11, 2025), following
the Clce2Clouds-BEPSII-CATCH Sea Ice School. In addition to a major focus on finalizing the
Clce2Clouds papers, discussion also focused on next steps for this dynamic group, who feels
our work on polar atmosphere-snow-ice-ocean interactions and exchanges is not yet done.
Several students from the Saroma Sea-Ice School attended the meeting and participated in
the discussions, lending confidence to the continuation of exciting research into this vital
component of the Earth system. This last hybrid Clce2Clouds workshop included a large focus
on finalizing Clce2Clouds’s interdisciplinary observation planning paper (see below).

e Clce2Clouds sub-working groups on chemical and biological systems ((a) sulfur cycle, (b)
nitrogen cycle and (c) primary aerosol), initiated in 2022, continued to work offline in shared
documents and online in sub-group meetings as sulfur cycle and primary aerosol processes
publications underwent extensive revision in response to peer review.

e A dedicated TOR4 (interdisciplinary observation planning recommendations) writing team has
met during two online meetings, with a paper titled “A Vision for Interdisciplinary Observations
across the Polar Ocean-Snow-Ice-Atmosphere (OSIA) Interface” in active revision

e The Clce2Clouds tutorial paper (TOR5, Deliverable #3): “From Sea Ice to Clouds:
Fundamental Processes Underpinning Particle and Gas Exchange between the Polar Oceans
and Atmospheres” built from original scoping and planning in Cape Town, South Africa in
September 2022 underwent 2 major rounds of internal revision focused on interdisciplinary
interpretation and translation. The paper focuses on fundamental concepts that link sea-ice
biogeochemistry with atmospheric science and chemistry: “What do we need to know from
each other on either side of the OIA interface?”


https://online.ucpress.edu/elementa/pages/coupling_of_ocean_ice_atmosphere_processes_from_sea_ice_biogeochemistry_to_aerosols_and_clouds_cice2clouds
https://sites.google.com/site/bepsiiwg140/outreach/bepsii-catch-sea-ice-school-2026?authuser=0

e First publications were published, and linked to, the Clce2Clouds Special Feature in the journal
Elementa: Science of the Anthropocene: Link to articles currently available in the Special
Feature Collection.

e Continued working group organization and communication includes: a Slack workspace open
to contributing members of the Clce2Clouds broader community, a Google Team Drive, and a
working group website, possible with support from the International Global Atmospheric
Chemistry (IGAC) project.

Clce2Clouds is on track to produce six synthesis publications that span TORs 1 - 5 in addition to
collaborative papers among group members. These papers and their relevance to each TOR are
described further below. Lead authors and titles for these publications follow, with their stage toward
completion shown in brackets. All Clce2Clouds papers are collated in the Elementa Special Feature -
Clce2Clouds (Special Feature: Coupling of Ocean-Ice-Atmosphere Processes: From Sea-Ice
Biogeochemistry to Aerosols and Clouds (Clce2Clouds) | Elementa: Science of the Anthropocene |
University of California Press).

1. Ishino, Willis et al., Sulfur cycle in coupled ocean-sea ice-atmosphere system (published)

2. Creamean et al., Polar primary aerosols across the ocean-sea ice-snow-atmosphere interface:
from sources to impacts (published)

3. Miller et al., From Sea Ice to Clouds: Fundamental Processes Underpinning Particle and Gas
Exchange between the Polar Oceans and Atmospheres (2nd round of internal review, figure
finalisation - including with artist M. Dalvi)

4. Zieger et al., A Vision for Interdisciplinary Observations across the Polar
Ocean-Snow-Ice-Atmosphere (OSIA) Interface (1st draft completed, review by
CiCe2Clouds community)

5. Steiner and Willis, Coupling of ocean-ice-atmosphere processes: from sea-Ice
biogeochemistry to aerosols and Clouds (introduction to the Clce2Clouds Special Feature;
drafting)

6. Frey, Delille et al., Uncertainties in the polar nitrogen cycle (final drafting stage)

4. Documents published since previous report to SCOR (e.g., peer-reviewed journal articles,
reports, Web pages) and should be limited to publications that resulted directly from WG
activities and which acknowledge SCOR support

Two Clce2Clouds synthesis papers were published in Elementa: Science of the Anthropocene
(‘corresponding author, Tearly career researcher):

S. Ishino,* T M.D. Willis,* T H. Angot,’ T. Bartels-Rausch, O. Crabeck, B. Delille, E. Dunne, E.
Franklin,t A. Haddon,' H. Hayashida, S.D. Joge," R. Lapere,’ H.G. Lim, A.S. Mahajan, M.D. Mallet, G.
Manville,t L. Marelle, D. Nomura, K.A. Pratt, |. Peeken, R. Price, R. Simo, J. Stefels, J.L. Thomas,
C.L. Zang," N.S. Steiner,* The biogenic sulfur cycle in the coupled ocean-sea ice-atmosphere system,
Elementa: Science of the Anthropocene 8 January 2026; 14 (1): 1-60.
https://doi.org/10.1525/elementa.2025.00067

J.M. Creamean*, L.A. Miller, M. van Pinxteren, O. Crabeck, N.S. Steiner, L.Marelle, I.
Deschepper,’ R. Lapere,’ A. Leon-Marcos," K.A. Pratt, J.L. Thomas, A. Da Silva," M.M. Frey, .
Peeken, H.M. Horowitz,” M.D. Willis," R. Price, Polar primary aerosols across the ocean-sea
ice-snow-atmosphere interface: from sources to impacts, Elementa: Science of the Anthropocene 8
January 2026; 14 (1): 00065. https://doi.org/10.1525/elementa.2025.00065


https://online.ucpress.edu/elementa/search-results?fl_SiteID=1000091&page=1&tax=253
https://online.ucpress.edu/elementa/search-results?fl_SiteID=1000091&page=1&tax=253
https://www.cice2clouds.org/
https://www.cice2clouds.org/
https://online.ucpress.edu/elementa/collection/11681/Special-Feature-Coupling-of-Ocean-Ice-Atmosphere
https://online.ucpress.edu/elementa/collection/11681/Special-Feature-Coupling-of-Ocean-Ice-Atmosphere
https://online.ucpress.edu/elementa/collection/11681/Special-Feature-Coupling-of-Ocean-Ice-Atmosphere
https://doi.org/10.1525/elementa.2025.00067
https://doi.org/10.1525/elementa.2025.00065

A summary of Clce2Clouds was prepared for the Canadian Ocean Science newsletter:

Coupling of ocean-ice-atmosphere processes: from sea-Ice biogeochemistry to aerosols and
Clouds (Clce2Clouds) — SCOR-WG #163 N. Steiner, M. Willis, L. Miller, CANADIAN OCEAN
SCIENCE NEWSLETTER #148, Canadian National Committee for SCOR (Scientific Committee on
Oceanic Research),
https://www.cmos.ca/uploaded/web/website/scor/newsletter/2026/COSN_May2026.pdf

Additional publications coming out of collaborations that would not have been possible without
Clce2Clouds:

Remy Lapere™, Antoine Haddon®, Ruth Price’, Louis Marelle, Adam H. Monahan, Nadja
Steiner, Jean-Christophe Raut, Lucas Bastien, Megan D Willist, Jennie L. Thomas*, Marine
Secondary Aerosols Are Required for Modeling Clouds in the Arctic, Geophysical Research Letters,

53, 13, 2026. https://doi.org/10.1029/2026GL 121724

Nicole A. June, Cort L. Zang, Samuel E. O’Donnell, Ben G. Kopec, Anderson Da Silva, Betty
Croft, Rachel Y.-W. Chang, Linia Tashmim, Antoine Haddon, Shengqian Zhou, William C. Porter,
Jeffrey M. Welker, Shantanu H. Jathar, Nadja Steiner, Michael Tjernstrom, Paul Zieger, Megan D.
Willis*, Jeffrey R. Pierce*, 2026, Through the Cracks: Sea Ice Regions as a Source of Volatile Marine
Sulfur in the Springtime Arctic, in revision for the Journal of Geophysical Research Atmospheres.

5. Progress toward achieving the group's terms of reference. List each term of reference
separately and describe progress on each one. (Limit 1000 words)

(TOR1) To prioritize key coupled biological and chemical systems that drive atmospheric reactive
trace gas, aerosol, and cloud properties in polar ocean environments. Synthesize expertise from
ocean, sea-ice, snow, and atmospheric chemistry communities to provide a hierarchy of chemical
species that reflect common overlapping science questions.

(TOR2) To identify similarities and differences in controls on exchange processes between the Arctic
and Antarctic OSIA systems. Compare and contrast common sea-ice and snow properties at both
poles. Use this polar ocean comparison to describe how sea-ice properties control exchange
processes, and constrain projections of future changes.

(TOR3) To develop a conceptual model of exchange processes in OSIA systems, focusing on key
reactive trace gas and aerosol species prioritized in TOR1. Conceptual model evolution will be based
on existing observational and numerical expertise, and will reflect the impact of heterogeneity in
sea-ice environments at present and under future climate change scenarios.

e Progress toward TORs 1-3:

o Continued work in sub-working groups on (a) sulfur cycle, (b) nitrogen cycle and (c)
primary aerosol processes. Each sub-working group has finalized bi-polar and seasonal
conceptual models on each chemical and biological system.

o Synthesis publications are published for sub-working groups (a) and (c) and the groups
are contributing to focused examples for the interdisciplinary observation planning
paper. Sub-working group (b) is finalizing a commentary paper on uncertainties in the
polar nitrogen cycle with regular meetings every 2-4 weeks.


https://doi.org/10.1029/2026GL121724

o To (a): Primary aerosols, which play a critical role in polar climate systems, influencing
cloud formation, precipitation, radiative balance, and surface energy budgets, were a
major focus of the working group. Creamean et al. (2026) provides a comprehensive
synthesis of primary aerosol sources, transformation and removal processes, and
broader atmospheric impacts in polar regions, emphasizing their links to ocean and
sea-ice biogeochemistry.

o To (c): The sulfur cycle was also a key priority for the group; polar oceans and sea-ice
regions are global hot spots for the production of biogenic volatile methylated sulfur
(VMS) compounds: dimethyl sulfide (DMS) and methanethiol (MeSH). Ishino et al.
(2026) synthesize current knowledge of the polar biogenic sulfur cycle and its
representation in models.

o Synthesis on differences between Arctic and Antarctic ocean - snow - ice - atmosphere
interactions (TOR2) is integrated into conceptual model papers (listed above) and
background information was compiled for the Clce2Clouds introduction paper.

o Graphic designer Mrinmayi Dalvi (India) continues to develop consistent graphics for
Clc2Clouds publications (with supplemental funding through IGAC, Fisheries and
Oceans Canada, individual project funds).

Progress toward (TOR4) To develop interdisciplinary observation planning recommendations to
guide future studies and address model and measurement gaps. Building on the conceptual models
(TOR3), we will identify future needs in observations and model parameterisations, and outline
requirements for fully integrated, multidisciplinary and collaborative OSIA field, laboratory, and
modeling research.

e The group is currently finalizing a journal article showcasing “A Vision for Interdisciplinary
Observations across the Polar Ocean-Snow-Ice-Atmosphere (OSIA) Interface” (Zieger, Willis,
Miller et al., in preparation). The article uses outcomes from five open community discussions
to develop a community-driven framework for designing joint oceanic and atmospheric
observational campaigns building on the Clce2Clouds conceptual models. The paper
discusses challenges in planning interdisciplinary observations across the OSIA interface and
presents examples for interdisciplinary modeling and observational strategies: a) the
importance of episodic extreme volatile methylated sulfur (VMS) emissions for polar aerosol
and b) melt pond systems as sources of primary biological aerosol particles and ice nuclei.

e Our hybrid workshop in Shiretoko, Japan featured a half-day working session focused on this
paper. The dedicated writing team for the TOR4 paper has since then continued to meet online
and work on a shared document. The finalized draft has been sent to the wider Clce2Clouds
community for review and revisions before target submission in September 2026.

Progress toward (TORS5) To facilitate community and capacity building opportunities for sustainable
multidisciplinary science at the OSIA interface. Engage scientifically emerging countries and early
career scientists in both observational and modeling communities.

e Clce2Clouds has had an overarching focus on capacity-building and Early Career Researcher
(ECR) engagement and training in an interdisciplinary context, as well as on building a
common language and sustainable interdisciplinary science community across the OSIA
system. We are finalizing our tutorial-style review paper (Miller et al., in preparation). The
tutorial-style review paper (Deliverable #3) has gone for another round of internal review and
revisions and is finalizing figures, including extensive graphics work by M. Dalvi.

e The jewel in the crown of the working group’s capacity building activities was a_Sea Ice Field
School at Saroma Lagoon in Japan, 28 February to 9 March 2026, co-organized with BEPSII



https://aranyagaatha.wordpress.com/
https://sites.google.com/site/bepsiiwg140/news/bepsii-catch-sea-ice-school-2026
https://sites.google.com/site/bepsiiwg140/news/bepsii-catch-sea-ice-school-2026

and CATCH. With a primary goal of building capacity for sustainable interdisciplinary science
at the OSIA interface, the Saroma Sea Ice School was designed to equally represent ocean,
sea ice, and atmospheric sciences through lectures, and field, laboratory, and modelling
exercises. A key goal was to develop a base understanding of all components of this
interdisciplinary field at an early career stage and facilitate cross-collaboration in the future. In
addition to the OSIA science components, complementary teaching components supported
early career researcher training and career advancement, including lectures/workshops on
Indigenous traditional knowledge, knowledge co-production, science communication, time
management, and publication strategies.

e Feedback from 29 ECRs from 17 countries who attended the school was extremely positive.
Several students had not seen or set foot on sea ice before, making this a memorable
experience. The school received 208 applications from 45 countries, making the selection
extremely difficult. The extensive educational program was conducted by 19 lecturers, with
field support from 8 students (from the host institution in Japan, Nomura Lab, Hokkaido
University). The program contained 17 hours of lectures on 11 topics, 16 hours in the field and
15 hours in the lab on the 5 main topics, where 5 groups rotated through each topic over the
course of the week, 11 hours of poster sessions and networking (including karaoke!). A live call
with Clce2Clouds colleagues on RV Polarstern in the Weddell Sea was particularly inspiring.
The participation of a communications expert allowed for dozens of hours of recordings, some
will be turned into Clce2Clouds tutorial videos.

6. WG activities planned for the coming year. (Limit 500 words)

e Online working group meeting on September 4, 2026 to close all TORs and develop ideas for
future collaborations.

e Completion and submission of the remaining Clce2Clouds publications (No. 3 - 6 listed in
Section 3), with additional graphic design support from Mrinmayi Dalvi in development.

7. Is the group having difficulties expected in achieving terms of reference or meeting the
original time schedule? If so, why, and what is being done to address the difficulties (Limit 200
words)

The group is greatly benefiting from the extended lifetime of the working group. We have made good
progress on our five TORs and associated papers, the interdisciplinary work has been extremely
rewarding, challenging, and productive. The tutorial paper is a true cross-disciplinary collaboration
with multiple rounds of internal co-author reviews to ensure all components can be well understood
by and are well linked for ocean, ice and atmosphere specialists. This requires dedicated focus from
multiple individuals which takes additional time. The additional year has also allowed us to co-host
the interdisciplinary Clce2Clouds Sea Ice Field School in March 2026.

8. Any special comments or requests to SCOR. (Limit 100 words)

We are grateful for the support from SCOR.The interdisciplinary synthesis work would not have been
possible otherwise:

e \We successfully developed coupled conceptual models across disciplines

e The collaboration opened additional opportunities for scientific collaboration, and additional
collaborative papers have emerged because of the working group

e \We entrained additional collaborators, e.g. through CATCH & BEPSII email lists and hosting
open community meetings



e 3 years is challenging for interdisciplinary work; flexibility in extending this group was extremely
helpful and valued by all working group members

e \We appreciated that we could support travel for associate members, which allowed some
leadership to emerge from the associate membership

e The support facilitated developing and funding the Sea Ice School, a major accomplishment for
international capacity building (TORS5).

Additional information can be submitted and will be included in the background book for the
SCOR meeting at the discretion of the SCOR Executive Committee Reporter for the WG and
the SCOR Secretariat.

Figure1. Center panel: Conceptual overview of primary aerosol sources and emission processes in
the polar environment. Key processes are magnified in sub panels and color-coded to reflect the
current level of scientific understanding: yellow represents not well understood processes and red
denotes particularly poorly constrained mechanisms. Top row subpanels: (a) seasonal cycle of
primary biological aerosol emissions; (b) bubble bursting and wave breaking as mechanisms for sea
spray aerosol production, incorporating material from both the bulk sea water and the sea surface
microlayer; (c) aerosol emissions from open leads and blowing snow during the polar winter, spring,
and fall. Bottom row subpanels: (d) potential emissions from melt ponds during seasonal melt; (e)
introduction of primary materials into the coastal ocean via river runoff and processing of terrestrial



organic matter before emission into the atmosphere; (f) glacial discharge contributing aerosol-relevant
materials to coastal waters before atmospheric emission. Figure from Creamean et al., Elementa,
2026, graphic design: Mrinmayi Dalvi, India (aranyagaatha.wordpress.com).
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Figure 2. Summary of the biogenic sulfur cycle in the coupled ocean—sea ice—atmosphere (OIA)
system. The middle panel shows the overview of key processes: (1) Biological production of DMSP
and subsequent conversion into VMS at the top, bottom, or under sea ice, (2) sea-to-air emission of
VMS, (3) production and emission of VMS through melt ponds, (4) inhibition or delay of VMS
emission by meltwater layers, (5) release of VMS from surface slush layer to ocean or atmosphere
(ice-to-air emission), (6) episodic VMS emission from leads or at the edge of sea ice, (7) atmospheric
VMS oxidation through different gas-and multiphase pathways and subsequent new particle formation
and growth, and (8) new particle formation in the free troposphere and subsequent intrusion to the
boundary layer. Bottom and top panels expand (1) and (7), respectively, for the detailed biological and
chemical processes. Green, red, and blue boxes indicate the species in biogenic-, gas-, and
aqueous-phase, respectively. Red arrows indicate highly uncertain processes or species. Figure from
Ishino et al. 2026, graphic design: Mrinmayi Dalvi, India (aranyagaatha.wordpress.com).
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