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A better understanding of land-atmosphere-ocean feedbacks and interactions is essential for developing effective strategies for
sustainable development of the Arctic region. Further, this understanding is crucial for improving mitigation and adaptation
Plans and transforming them into actionable services for Arctic stakebolders and Indigenons communities. In this paper, we
highlight key topics in Arctic research from atmospheric, oceanic, and cryospheric perspectives and offer insights into the latest
research on interactions and feedback mechanisms in the Arctic region, particularly from the natural sciences perspective. Our
approach synthesizes insights from the Arena for the Gap Analysis of Existing Arctic Science Co-Operations (AASCO-1)
project (2020—2022), which calls for further development of integrated observation systems and the fusion of data from diverse
sources, extending beyond traditional scientific boundaries.

Introduction

The Arctic faces immense pressure from rapid environmental, economic and cultural changes, as
the complex dynamics of globalization has positioned it as a region of high influence in global
geopolitics (e.g., Hartfield et al., 2018; Ford et al., 2015; Petédji et al., 2020; Heininen, 2018). The
role of the Arctic in the global climate system, Arctic ecosystems, and the development of Arctic
societies are challenged by global megatrends, including rising concentrations of greenhouse gases
(GHG, all acronyms defined in Appendix A-1), resource extraction, urbanization as well as local
and long-range pollution (Smith 2011; Overland et al., 2019; Farré et al., 2014; Meinander et al.,
2021). The changing Arctic has placed its fragile environment and its population, especially
Indigenous Peoples, in a vulnerable position (e.g., Holland & Stroeve 2011; Arnold et al., 2016;
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Kulmala et al., 2015; Kumpula et al., 2011; Post et al., 2009 & 2019; Destouni et al., 2021; Ezhova
et al., 2021).

The observed Arctic climate change is a consequence of the increased anthropogenic GHG
emissions causing global warming and the local and remotely driven feedback processes amplifying
warming in the Arctic (e.g., Rantanen et al. 2022). Climate change in the Arctic is affected by
complex land-ocean-cryosphere-atmosphere feedback mechanisms linking higher and lower
latitudes and acting on time scales from weeks to decades (however, geological and glaciological
feedback mechanisms with longer time scales are beyond the scope of this paper). Due to the
apparent rapid changes observed in the Arctic, there are simultaneous needs for both domain-
specific scientific advances, e.g., in ecology, atmospheric, and cryosphere sciences, as well as for
more in-depth integration of the research from these fields to better understand the interconnected
system as a cohesive whole. A quantitative feedback analysis requires special attention so that the
detailed, process-level knowledge can be elevated to a system-wide understanding of causes and
effects and how actions mitigating the effects of climate change are best placed (Lappalainen et al.
2016, Kulmala et al. 2004).

There are still several critical knowledge gaps (Boy et al., 2019) in the Arctic environment. For
example, ecological research on disentangling and quantifying Arctic processes and their drivers
across the appropriate temporal scales is challenged by a lack of understanding of the detailed
coupling within the Earth system including the relevant feedback mechanisms (e.g. Heffernan et
al., 2014). Such combined system understanding is required to meet the complex environmental
challenges in the Arctic. In addition to improved system understanding, the fundamental evaluation
of the feedbacks and interactions will provide a foundation for necessary improvements of climate
models and for required services benefiting Arctic residents and other stakeholders in the region
(e.g., Starkweather et al., 2022).

The international Arctic research community has addressed the complexity of Arctic changes in
several recent activities. The need for a deeper understanding was recognized by the IASC State of
Arctic Science Report (2021) underlining the role of the Arctic in the global system and listed
eleven relevant topics in this context, including “Improving understanding of Arctic amplification
and Arctic climate feedbacks”. The NCoE-CRAICC provided several scientific legacies for deeper
Arctic gap analyses and feedback interaction studies and analyzed new or improved existing
feedback loops in ESMs that are crucial for accurate representation of the Arctic cryosphere-
biosphere-atmosphere interactions (Boy et al., 2019) (Fig. 1). Now research projects like CRiceS,
PolarRES, PROTECT and the Horizon Europe GREENFEEDBACK are continuing in this

direction.
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Figure. 1. The feedbacks related to the Arctic region and climate change are a key research topic of global
importance. Figure adopted and modified from Boy et al. (2019) doi.org/10.5194/acp-19-2015-2019.

A general framework representing the complexity of feedbacks is not sufficient to find solutions
for the critical issues, as quantification of feedbacks is needed to make progress. Comprehensive
observational data with adequate geographical coverage and temporal sampling are the foundation
for such a feedback analysis so that it is fit to support decision making in the Arctic. Some of the
essential variables for monitoring the state of the Arctic environment are already available (e.g.
Petdjd et al., 2020; Noe et al., 2022) and the development of Arctic observational infrastructure is
a critical step in this process (Uttal et al., 20106; Petdji et al., 2020; IASC 2021; Starkweather et al.,
2022). Towards this end, the strategical planning and implementation of basic research together
with an integrated Arctic Research Infrastructure (RI) is underway (e.g. Starkweather et al., 2022),
where different national and international activities have provided critical support (SIOS 2018- ;
IASC-SAON; WMO). Also, several European Union projects e.g INTAROS 2016-2022, Arctic
PASSION 2021-2025, iCUPE 2017-2021, EU-PolarNet 2, and GEM 1995- (Pirazzini et al., 2020;
Noe et al., 2022) provide novel data and process management to integrate and combine Arctic data
sets. However, these infrastructure projects and the modelling of Polar climate and weather largely
separate activities, and gaps emerge in lieu of explicit links.

Beyond observational data collection and processing, the link between observations and models is
crucial for turning process understanding into Arctic wide and for global monitoring and prediction
capabilities. Here, the WMO’s PPP project, the YOPP (Jung et al., 2016; Goessling et al., 2016)
and the EU funded APPLICATE project (e.g. Sandu et al., 2021) have been important milestones
for creating a new methodological Artic focus covering the range from weather to climate
timescales. YOPP is followed by the new the WMO project PCAPS, more strongly oriented
towards development of services for societies. Also, Preparations for the International Polar Year
(IPY) 2032-2033 are underway, coordinated by the International Conference on Arctic Research
Planning (ICARP) with the seven Research Priority Teams (RPTs). Ultimately, science must
support societal and political agreements, fostering social acceptance and active engagement. This
is increasingly recognized as a fundamental asset for enabling the implementation of these plans
(Betkmann et al., 2017, ARCTIC OPTIONS).

Advancing the Understanding and Quantification of Arctic Climate Feedbacks
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Here we introduce the scientific contributions obtained from the “Arena gap analysis of the existing
Arctic science co-operations” AASCO project (2020-2022) funded by the Prince Albert II of
Monaco Foundation. AASCO complements the IASC report (2021) with a specific focus on the
Arctic feedbacks and interactions framework, the related Research Infrastructures (RIs) and data
needs. Further, AASCO contributes to the ICARP process for the IPY.

Methods

The AASCO project spans two periods: 2020-2022 (AASCO-1, Contract No. 2858) and 2023—
2025 (AASCO-2, Contract No. 2858). It is coordinated by the Institute for Atmospheric and Earth
System Research (INAR) at the University of Helsinki. The primary goal of AASCO-1 was to
establish the AASCO collaborative process, focusing on understanding land-ocean-atmosphere
feedbacks and interactions within the Arctic-boreal context. The project analyzed research gaps in
Arctic-boreal studies, specifically addressing unresolved problems identified in existing research. A
key method involved organizing two interactive workshops for Arctic experts in the field. Due to
COVID-19, we conducted online workshops in November 2020 (over 200 participants) and
December 2022 (with over 200 participants). The abstracts submitted by participants and reports
generated from the discussions during AASCO-1 were utilized for this papet's overview.

First, we briefly introduce the current capacity of Arctic research infrastructure and outline future
data needs. Next, we synthesize discussions on existing knowledge gaps, particularly concerning
system feedbacks and process interactions. Although the societal component was not included in
AASCO-1, it remains a crucial aspect for future analysis in AASCO-2.

The AASCO process contributes to Arctic research and observation planning in preparation for
the International Polar Year (IPY) 2032—-2033, particularly regarding the following ICARP research
priorities: RPT 1 "The Role of the Arctic in the Global System," RPT 2 "Observing,
Reconstructing, and Predicting Future Climate Dynamics and Ecosystem Responses," and RPT 4
"Arctic Research Cooperation & Diplomacy."

The Arctic research infrastructure and data - current and future approaches

Understanding of Arctic processes and feedbacks is the key to provide a scientifically sound basis
for policy making. To this end, there is need for systematic observations from different domains,
such as the physical Earth system, biodiversity, ecosystem structure and functionality, and the
global and regional environmental drivers changing the system. The current networks of
monitoring and research are unevenly spread across the Arctic region, which largely reflects the
reality of difficulties with working in remote areas, inequality of resources and limited human
presence causing limited observational coverage at the Earth surface. In support of surface-based
observations, the remote sensing from satellites and aircraft can provide data with a high spatial
and temporal resolution, distributed with a remarkable speed and cost-effectiveness governed by
internationally agreed protocols and infrastructures. The availability of harmonized data is crucial
not only for monitoring changes as they occur, but also to forecast future conditions and to
combine the environmental data with socio-economic data, such as health data.

Russia's invasion of Ukraine on February 24, 2022, marked a significant turning point for pan-
Arctic research and data collaboration. In response, the European Union and several individual
countries, such as the United States, Canada, Norway, and Iceland took decisive actions, with
research organizations and communities following suit by suspending cooperative efforts with
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Russia. For example, on March 4, 2022, the Arctic Council announced that it would "temporarily
pause the work of the Arctic Council and its subsidiary bodies until further notice”. Since then,
access to environmental data from Russia has become much more difficult, and in some cases,
impossible. However, the World Meteorological Organization (WMO) continues to collaborate
with Russia, ensuring access to meteorological data from the region.

The use exisiting of data is becoming more efficient due to the fast development of artificial
intelligence-based solutions. Stevens et al. (2023) introduced Artificial Intelligence-based “Earth
Virtualization Engines” (EVE) which are generating novel and fundamentally improved sources
of information that has the potential to catalyze changes towards a new generation of data
ecosystem and services.

Global and regional re-analyses form the best available databases of physical variables in the
atmosphere and ocean over the past decades because they exploit most of the existing ground-
based and space-borne observations (Hersbach et al., 2020; Bromwich et al., 2018). Re-analyses
combine such observations with numerical models through data assimilation methods to produce
a physically consistent, three-dimensional record of the coupled atmosphere-ocean system at the
highest affordable resolution. The numerical models fill observational gaps in space and time but
also permit insights into processes and cause-effect relationships. However, our limited
understanding of process details and feedbacks in the Arctic also requires dedicated modelling
efforts that must be supported by observations and campaigns (Shupe et al., 2022).

At the moment, the observational data product streams covering the Arctic are based on numerous
atmospheric, cryospheric, oceanic and terrestrial observing systems (Fig. 2). The linkages between
observational RIs and data management are implemented through topical projects and programs
(see Appendix A-1 for details) while the planning, implementation, and production of data in the
Arctic takes place in many different communities at global, regional, national and local scales.
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Figure 2. Arctic data are multidimensional and consist of atmosphere, marine, cryosphere, terrestrial
ecosystem and socio-economic datasets. Observations are made as in situ and remote based measurements
and by community based monitoring. The long-term goal is open data for everyone. In the best case we
have the so-called "big data", which we need as a basis for science-based political decision-making.
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In situ Research Infrastructures (RIs) and thematic networks for the Arctic

The European and national RIs for the observation of climate are based on physical structures and
on logistics such as satellites, terrestrial stations, aircraft, ships and ocean/sea ice platforms.
European infrastructures (roadmap2018.esfri.eu/) are partly represented in Arctic areas or they
plan to extend their observational capacities into the Arctic. Some are already established as legal
entities, such as the ICOS-ERIC and ACTRIS-ERIC, or are public, limited companies (e.g., SIOS
Svalbard AS), while others are yet in the process of establishing their legal status to ensure that the
observing system has a sustainable organization. Most of the in-situ observations are funded
through European or national research infrastructure programs. They provide high-quality,
standardized data on GHG concentrations and fluxes (ICOS), short-lived trace gases and aerosols
(ACTRIS), as well as on biodiversity and ecosystems (¢eLTER and EU INTERACT). Global
networks relevant to the Arctic include, e.g., the GAW and the BSRN observation networks of the
WMO.

Some thematic observing systems (focusing on, e.g., ice sheets, snow, hydrology, permafrost, and
sea ice) are not developed through formal RIs but operate as part of research projects and are
organized in networks, programs or as formal organizations, such as the GCW network of the
WMO. In a few cases, governmental funding is involved but most of their efforts are driven by
research projects without long-term funding. In some cases, they are developed into formal Rls,
such as the International Arctic Buoy Program. In addition, the locally generated data from
community-based monitoring (CBM) activities provide environmental and climate data as decided
by the contributors. The evolution of such local observing systems plays an increasingly important
role. Many CBMs are designed to support science in addition to community needs, and sometimes
are lacking community involvement in design. The AMAP marine mammal monitoring generated
by CBMs is an example how the CBM systems represent important information to the science
systems (Appendix A-1).

The recent AMAP report (2021) on human health in the Arctic highlights effects of environmental
contaminants on health, diets, lifestyles, and other circumstances of the Indigenious Peoples and
leads to an assignment of different risk levels and health impacts between regions. Connecting the
environmental data with health data is in progress, and is currently implemented in different large-
scale projects, such as the EU Horizon-2020 Nunataryuk project and the NordForsk Nordic
Centre of Excellence CLINF on epidemics of infectious diseases (Appendix A-1).

Space and airborne Research Infrastructures (RIs) in the Arctic

The global observing programs initiated under the UN, e.g., WMO and 1OC, which include the
polar regions, often use satellites as the backbone observing system. The European Union space
program’s Earth observation component Copernicus, launched in 2014, became the largest open
and free satellite data provider with seven currently operational so-called Sentinel missions
(Plummer et al., 2017). The Arctic component measurements (CIMR, CRISTAL, ROSE-1),
combined with Sentinel-1 instruments, can measure dry snow depths, soil moisture and vegetation
characteristics. ESA now also has its own polar projects, which adds a layer of complexity when
identifying the gaps. In addition to Europe and USA, Chinese satellite systems are actively
developing their remote sensing capacity in the Arctic.

Lappalainen et al.
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The space-borne observing systems are growing and produce an increasing amount of data in the
polar regions. The largest impact of this data is produced by offering free and open data access of
the entire circumpolar Arctic on a weekly basis at high spatial resolution and a sub-daily basis at
medium resolution. This is already achievable with European and American data, which are
facilitated by the GEOSS programs (Qiu et al., 2016 & 2017). However, high-quality, long-term in-
situ and airborne observations, which are particularly important in the Arctic, are typically not
included in such space programs. There are a number of specific airborne campaigns in the Arctic
(e.g. Wendisch et al., 2024). These types of measurements help to investigate specific research
questions, such as the role of clouds in the Arctic climate system.

Data sharing and international agreements

A common data management and open data distribution policy is an important part of the
operating principles for these programs, and data from thematic observing systems are often
complementary to space-based observing systems. Data from any observational activity are broadly
used by the scientific community only if the data are supplemented by transparent metadata and
follows the FAIR principles (http://www.go-fair.org/ fair-principles/). This is extremely important
for widely shared datasets to ensure maximum value generation but also to ensure that the scientists
operating in the Arctic and collecting the data are propetly credited.

An integrated Arctic observing system needs to provide access to ground- and space-based data at
the same time. Currently, there is a combination of data systems that are specific to the Arctic or
include the Arctic as part of a global or regional system and are operated by individual research
organizations, national data centres, data infrastructures, and thematical observing programs. With
many data systems that have evolved largely independently, a major challenge is that they offer
different access mechanisms, and support different metadata, vocabularies and data formats. This
makes it hard to integrate data from multiple systems, requiring a complex technical
implementation to make interoperability work in practice.

So far, the efforts to strategically improve the Arctic observing systems have been hampered by
the lack of a consistent, equitable and holistic planning mechanism and direct coordination at a
high level from international funding agencies. Vihma et al. (2019) presented a comprehensive
overview and formulated views on a future Arctic marine and terrestrial observing system.
Recently, SAON has taken an active role and delivered a ROADS roadmap for Arctic RI
(Starkweather et al., 2022). ROADS aims at improving linkages across independently funded
efforts, proposes a holistic concept, building from the societal benefit-based approach of the IDA,
and presents a roadmap to improve the most important Arctic observing elements accessed
through interoperable data systems. The concept of SAVs is central to the ROADS and is linked
to the essential harmonization of variables in broad, global networks (e.g., GCOS, GOOS, and
GAW) (Starkweather et al., 2022).

A similar approach for the identification of the essential climate variables has been addressed in
the frame of the R&B Initiative by China, by the EOST and by the Big Earth Data (BED). In
addition to research, SAVs are serving an increasing socio-economic need, such as the Climate and
Environmental Services in the Arctic (Baklanov et al., 2018; Grimmond et al., 2020). On one hand,
climate variables from other parts of the World are important for understanding and predicting the
changes in the Arctic (Karpechko et al., 2024). On the other hand, the High Latitude Cold Regions,
especially the Arctic Ocean, and the High-Altitude Mountain Cold Regions of Asia have a profound
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influence on the northern hemisphere weather and climate, through which they further determine
global changes (You et al., 2021). From the perspective of the Earth’s climate system, there is a
need for continuous, long-term observations of these areas, as well as for the development of new
methodologies to better characterize the evolution of the ecosystems, atmosphere, and cryosphere.

One of the major challenges is the gap between data collectors producing new datasets and data
managers tasked with ensuring long-term storage and open access. A mediator role between these
two communities of scientists and technical experts needs to be established, enabling competence
building in FAIR data management (FAIR, 2016) and providing support in documenting and
formatting datasets. For example, the Data Catalogue developed by INTAROS (https://catalog-
intaros.nersc.no/) is an attempt to integrate and provide access to data from different scientific
disciplines (Sandven et al., 2022). In addition to the technical organization of the data products and
their availability, agreements are needed to allow on international cooperation (like COPENICUS)
for studies addressing complex observations, basic science, multidisciplinary analysis and
predictions, social dimension and policy mechanisms. The Agreement on Enhancing International
Arctic Scientific Cooperation (signed in 2017 www.arctic.gov/agreement-on-enhancing-international-
arctic-scientific-cooperation/) serves as an example, which aims to promote cooperation and prevent
conflict with an international, interdisciplinary and inclusive implementation “for the benefit of all on
Earth across generations” (Berkman et al., 2017). The agreement is also a science diplomacy asset,
which improves collaboration and the dialogue between the Arctic actors (Berkmann et al., 2017,
Evengard et al., 2021; Lappalainen et al., 2022).

Integrated observation system and big data

An integrated observing system for the Arctic needs to be established at different levels ranging
from better formalized co-operations between institutions and countries to the practical integration
of sensors and platforms and the development of interoperability between data systems. We have
successful examples going in these directions. The regional observing system SIOS is an example
of an integrated, in-situ observing system where scientists work together by sharing observing
methods, knowledge, and logistics in an interdisciplinary manner over the entire Svalbard region
(van den Heuvel- Greve et al., 2020; Moreno-Ibanez et al., 2021). Another example is the SMEAR
concept, which was originally developed for the high-latitude, boreal forest environment but can
now be applied to various environments and conditions from the tropics to the Arctic, from rural
regions to megacities (Kulmala 2018, Hari et al. 2016). The SMEAR concept is providing big data
and enabling analysis of the atmospheric feedbacks, interactions and processes in and between the
atmosphere and different land surface types (Hari et al., 2016; Kulmala et al., 2004 & 2014;
Lappalainen et al. 2016, Vihma et al., 2019; Kulmala et al. 2021).

As new, advanced satellite observing systems emerge based on advanced hyperspectral radiometer
and active lidar-radar instruments complemented by ground-based sensor networks and the
internet of things, and as numerical models reach much finer scales also integrating impact sector
models, the way big data are generated, analysed and workflows managed will evolve towards so-
called digital twins. Digital twins will not only allow to observe and simulate the complex Earth
system more accurately, also bridging between the physical and human world, but such an
information system also allows a much more interactive way to work for scientists, service
providers and decision makers (Bauer et al. 2021 a, b). Particularly for the Arctic, digital twin
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capabilities will create new opportunities for preparing climate change adaptation measures and
preparing Arctic societies for the future.

Existing and future actions for the further development of Arctic RIs and the role of big data are
not only important for the services and for the verification of the sustainable development, but
also for research, e.g., feedback analysis (e.g. Kulmala 2018; Kulmala et al., 2021; Guo et al. 2018).
While the global climate modelling and numerical weather prediction communities have driven this
macro-level data gathering and merging approach in the past, increased attention to the Arctic only
emerged recently triggered by the decline of sea-ice, glaciers, and the Greenland ice sheet, as well
as by the complex process interaction during weather regime transitions affecting mid latitudes.
Still, in the consolidation phase of YOPP and an early stage of PCAPS, both weather and climate
prediction require more polar focus and a dedicated RI to fill this gap.

Different observing systems must be seen as complementary to each other. In situ observations
provide validation data for models and remote sensing observations, particularly important in the
data-sparse Arctic region. Without standardization of data structures, formats, access and analysis
capabilities, the data will not provide sufficient understanding of the complex natural and societal
interactions or improve predictions of future changes. There is an urgent need to collaborate across
communities, across local and global scales and across methods of modeling and observations.
Progress in one area is impossible without progress in the others. To meet these challenges, Arctic
observing programmes have been at the forefront of filling the gap over the last decades (e.g. AOS
2020 summit). However, better ways of coordinating observations are only one element of this

agenda.
Arctic processes and their broader context - science-based rationale

Altogether 13 key fields of research relevant to feedbacks in different Arctic main domains are
introduced in Table A-2 (Appendix 2). These key areas call for comprehensive data, a
multidisciplinary approach, and dedicated funding to better understand all these interconnections
and feedbacks (Schuster et al., 2018).

To better predict and mitigate the rapid changes in the Arctic environment, there is a strong need
to better understand numerous local and large-scale processes in the Arctic atmosphere,
cryosphere, hydrosphere, biosphere, and within Arctic societies. The Arctic Amplification and
understanding the atmospheric process and changes in the cryosphere in the Arctic are key issues
(e.g. Pithan and Mauritsen, 2014, Wendisch et al., 2023). Practical issues in the hydrosphere include
warming, salinity changes, and acidification in the Arctic Ocean and its marginal seas. Changes in
the Arctic cryosphere are seen as reductions in the mass of sea ice (in particular, multi-year ice),
lake ice, terrestrial snow, the Greenland ice sheet, and numerous Arctic glaciers, as well as in the
thawing of terrestrial and submarine permafrost (Meredith et al., 2019). The cryospheric changes
are mostly driven by the atmosphere and ocean, providing feedback to both. The sea-ice decline
also allows stronger impacts of the open ocean on the coastal zone, seen above all in coastal erosion
(Ogorodov et al., 2020). The above-mentioned changes both affect and are affected by the socio-
economic evolution in the terrestrial and marine Arctic. The key socio-economic issues include e.g.
pollution of the environment (Schmale et al., 2018), environmental health (Evengard et al., 2021),
urban climate (Esau et al., 2021a, b), as well as socio-economic effects of extreme weather and
climate events (Walsh et al., 2020). Both terrestrial and marine systems are strongly dependent on

Advancing the Understanding and Quantification of Arctic Climate Feedbacks



Aprctic Yearbook 2024 10

atmospheric (temperature, precipitation), cryospheric (water availability, snow and ice cover,
permafrost), and socio-economic trends (land cover, land use, and offshore activities).

Considering the atmosphere, the active transport of heat, moisture, greenhouse gases, trace gases
and aerosols occurs between the marine Arctic and northern continents, and the source regions
are often located in mid-latitudes (Hirdman et al., 2010; Backman et al., 2021; Schmale et al., 2021).
In particular, the moisture transport is critical for the state of the Arctic climate system, as it
distributes atmospheric water vapor and thereby impacts cloud formation, radiative transfer
through the atmosphere, precipitation (Vihma et al, 2016), and consequently the ocean
hydrography (Carmack et al., 2016) and terrestrial hydrology (Bring et al., 2016). The Arctic climate
system is further modified by variable concentrations of natural and anthropogenic aerosols which
directly interact with the radiation and take part in the complex dynamic processes modifying the
properties and lifecycle of clouds (Schmale et al., 2021). Analogously in the ocean, heat and salt are
transported poleward above all in the Atlantic sector, whereas freshwater is transported to the
Arctic Ocean by rivers, the major ones having their origins in the Eurasian continent and North
American mid-latitudes (Carmack et al., 2016), and by the relatively fresh oceanic flow from the
Pacific and from melting ice (Solomon et al. 2021). Over recent decades, a large part of this
freshwater has been accumulated in the Beaufort Gyre, but if it gets released relatively fast, as a
response to large-scale atmospheric circulation, and transported to the North Atlantic, it might
impact the oceanic meridional overturning circulation (Zhang et al., 2021). In addition to mid-
latitude effects on the Arctic, conditions in the Arctic affect mid-latitudes. Due to the strong Arctic
warming, cold-air outbreaks originating from the Arctic have become less cold (Screen et al., 2015).
However, simultaneously with the warming of the marine Arctic, decadal-scale cooling trends and
the increased occurrence of cold, snow-rich winters have been observed in parts of Eurasia and
North America. These may represent natural climate variability or the forced response to Arctic
warming, or, most likely, be a combined effect of both (Cohen et al., 2020).

Considering the Arctic cryosphere and biosphere, on the one hand, the situation is simpler in the
sense that the variations and trends are controlled by local-to-regional processes in the Arctic
(although the atmospheric and oceanic boundary conditions are partly remotely driven). On the
other hand, the processes are very complex. The cryospheric ones involve both atmospheric and
oceanic forcings, as well as thermodynamics and dynamics of sea ice, glaciers, and ice sheets, the
dynamic components of glaciers and ice sheets being the least well-known ones (Meredith et al.,
2019). The terrestrial biospheric processes in the Arctic are closely controlled by the availability of
heat, water, and nutrients, which determine the ecosystem structure and productivity. The impacts
on Arctic biodiversity are partly driven by local factors (depending on land cover and management),
and partly by regional or even global ones (e.g. migrating birds and mammals).

Analogously to the atmosphere and hydrosphere, also the socio-economic component of the Arctic
system is strongly externally driven, as both in large private companies as well as in the public sector
in national and international levels the key decisions are made outside of the Arctic (Hanacek et al.,
2022). In addition, the socio-economic interactions between the marine and terrestrial Arctic are
strong (Radushinsky et al., 2017; Huskey et al., 2014), e.g. the shipping along the Northern Sea
Route requires improved port infrastructure. Urbanization is accelerating globally but also in
Northern high latitudes. This trend causes transformation in the geosphere, biosphere, pedosphere,
atmosphere, and hydrosphere, affecting the human-environment system over both short- and long-
term timescales. Cities represent a complex and highly dynamic interface between the Earth system
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(atmosphere, land, water, etc.) and societal factors (health, social equity, life quality, economy, etc.)
(Orttung et al., 2021). At the same time, cities are very sensitive to climate change. This vulnerability
is strongly pronounced in the North, especially in the Arctic, where the warming rate since 1979
has been nearly four times the global average (Rantanen et al., 2022). This has direct and indirect
impacts on the local livelihoods, infrastructure, water resources, ecology and air quality (e.g. Esau
et al., 2020 & 2021a, b; Varentsov et al. 2023).

When the examination is extended beyond the pure natural sciences to the living environments
and the effects on people, Urban Arctic climate and environmental health is widely recognized as
an important topic (e.g. Schmale et al. 2018). Arctic is home for more than 5 million people living
in >100 cities (Arnold et al., 2016). Rapid Arctic warming challenges people, infrastructures, and
sustainability of the Arctic settlements (Hjort et al., 2018; Ramage et al., 2021; Sharma et al., 2019;
Orttung et al., 2021). Poor knowledge of urban climate anomalies, their feedbacks and implications
to socio-environmental interactions impede the progress towards more resilient and sustainable
Arctic settlements e.g. proper mitigation and adaptation actions (Esau et al., 2020; Esau et al 2021;
Streletskiy et al., 2019). The warming causes e.g., release of mercury (Hg), infectious agents, anthrax,
from permafrost (Schester et al., 2018; Revich et al., 2021; Timofeev et al., 2019; Ezhova et al.,
2021). Arctic air pollution has negative health effects on Arctic residents and the environment
(AMAP, 2021; Schmale et al., 2018). There are a number of nuclear risk sites located in the Arctic
(Mahura et al., 2005; Baklanov et al., 2006) causing potential hazards related to unintended release
of nuclear waste.

In these challenges, the contributions of the cold climate conditions, stable-stratified turbulent
exchange, and intense anthropogenic fluxes of heat and pollutants need to be better understood.
High-resolution data from both ground-based and satellite observations are required for
quantification of changes in the environment. Strategic plans for food and water security and living
conditions influenced by thawing permafrost need to be developed in close collaboration with local
stakeholders and researchers (Callaghan et al., 2020). Projects on quantifying nuclear risk sites in
the Arctic are needed. Overall, a new view of One Health (World Health Organization,
https:/ /www.who.int/news-room/questions-and-answers/item/one-health) is needed to tackle
the challenges in health of the environment, wild-life, and humans. Open and inclusive
collaboration between the different disciplines and experts in research and practical work are
needed to make steps forward.

Conclusions

The Arctic climate is changing much faster than the global average (Hartfield et al., 2018; Meredith
etal., 2019; Rantanen et al., 2022) and the permafrost and multi-year sea ice are disappearing rapidly
(Onarheim et al., 2018; Kwok 2018; Ricker et al., 2017). Our existing in-situ observational networks
and space-borne instruments together with strategical plans (Starkweather et al., 2022) provide us

a basis to create a new Arctic focus.

Arctic research on meteorology and sea-ice physics are relatively well established because of the
investments made by operational forecasting services and the associated scientific research
programs, their good international collaboration, and well-coordinated development of in-situ and
satellite observation networks. Increasingly, the global climate modelling community also identifies
the Arctic as a key area of interest but struggles with the scales and complexity of the important
processes, their interactions and their effects on the large scale. Regarding the primary scientific
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challenges, we have introduced 13 key topics on Arctic feedbacks and interactions (Appendix 2)
and call for a new coordinated framework from multi-disciplinary perspectives to address them.

While the observations from different systems are currently often performed in isolation, the
critical global challenges call upon a multidisciplinary approach, stronger integration, improved
information and data flows, and a capacity to draw science-based synthesis and predictions from
the existing information through single platforms and data services. Without a coordinated,
systematic observation system the science-based approach for the mitigation of environmental
threats in the Arctic will be impossible to achieve, and we risk the failure of adaptation measures

for Arctic societies.

Moreover, we are still missing full description of polar processes in the models. To be able to add
these descriptions we need new, improved polar observations to increase the process level
understanding in the Arctic environment. However, the approach has to be extended beyond the
physical world with a much-enhanced data-model fusion including impact sectors relevant to
societies. In-situ and remote sensing data as well as citizen science and Indigenous knowledges
need to be included to form the so-called big Earth data and digital twin capabilities specifically for
the Arctic. The important role of the Arctic in the global system and the acceleration of the change
seen in the Arctic require these capabilities to be developed at the highest speed.

The collaboration of national and international organizations is of great importance to achieve
these goals. The accelerated and amplified urban warming opens a unique opportunity for gap-
filling field studies, where the analyses cover the physical, biological, and societal processes in the
already warmed and altered environment. Hence, the organization of multi-disciplinary field work
in and around the Arctic cities would be beneficial for the environmental protection and better

climate projections alike.

For the societies affected by rapid changes and experiencing increasing threats, we urgently need
new information systems with foci across basic process and feedback research and bridging
between science and society. As changes are evolving fast, these information systems and their
scientific input need to be as agile as possible. Based on the Analyzing Global Funding Trends
project and the UArctic’s funding database, the research funding targeted to the Arctic is only 1%
of all global research funding. “Earth Sciences” is the largest proportion of the Arctic research
funding and is especially attributed to oceanography. This concretizes the need for enhanced
resources for multi- and cross-disciplinary Arctic research (Osipov et al., 2016). AASCO calls for
further actions towards achieving this goal by creating a big data framework enabling
comprehensive research (program) on land — atmosphere — ocean interactions and feedbacks. This
will benefit Arctic stakeholders from local to global communities to address climate change and
tulfil UN SDGs in the Arctic context.

The paper has been conceptualized with a joint contribution of all the Authors.
Declaration of Competing Interest

The authors declare that they have no competing financial interests or personal relationships that
could influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

Lappalainen et al.



Aprctic Yearbook 2024 13

Notes

1.

Author Affiliations: Hanna K. Lappalainen, Associate Professor, Institute for Atmospheric
and Earth System Research, University of Helsinki (Finland); Timo Vihma, Professor,
Finnish Meteorological Institute (Finland); Eija Asmi, Head of Group, Finnish
Meteorological Institute (Finland); Alexander Baklanov, Professor, Science and Innovation
Department, World Meteorological Organization (Switzerland); Peter Bauer, Director of
Destination Earth, European Centre for Medium-Range Weather Forecasts (ECMWTF)
(UK); Paul Arthur Berkman, Professor, Science and Innovation Department, World
Meteorological Organization (Switzerland); Federico Bianchi, Professor, Institute for
Atmospheric and Earth System Research, University of Helsinki (Finland); Nicole Biebow,
Head of International Cooperation Unit, Alfred-Wegener-Institut, Helmholtz-Zentrum fiir
Polar- und Meeresforschung (Germany); Jaana Bick, Professor, Institute for Atmospheric
and Earth System Research, University of Helsinki (Finland); Torben Rejle Christensen,
Professor, iCLIMATE Aarhus University Interdisciplinary Centre for Climate Change
(Denmark); Richard Davy, Senior Researcher, Nansen Environmental and Remote Sensing
Center (Norway); Igor Esau, Professor, University of Tromse (UiT), Nansen
Environmental and Remote Sensing Center (Norway); Ekaterina Ezhova, University
Lecturer, Institute for Atmospheric and Earth System Research, University of Helsinki
(Finland); Huadong Guo, Academician, Professor, Director General, International
Research Center of Big Data for Sustainable Development Goals (CBAS) (China); Torill
Hamre, Research Leader, Nansen Environmental and Remote Sensing Center (Norway);
Angelika Humbert, Professor, Alfred-Wegener-Institut, Helmholtz-Zentrum fir Polar-
und Meeresforschung (Germany); Veli-Matti Kerminen, Professor, Institute for
Atmospheric and Earth System Research, University of Helsinki (Finland); Lukas Kohl,
Senior Researcher, University of Eastern Finland (Finland); Lars Kullerud, President,
University of the Arctic, GRID-Arendal (Norway); Kirsty Langley, Project Leader, Asiaq
Greenland Survey (Greenland); Jan Rene Larsen, Deputy Executive Secretary, SAON
Secretariat, Arctic Monitoring and Assessment Programme Secretariat (Norway); Heikki
Lihavainen, Managing Director, Svalbard Integrated Arctic Earth Observing System
(SIOS) (Norway); Lisa Loseto, Research Scientist, Freshwater Institute (Canada); Risto
Makkonen, Research Professor, Finnish Meteorological Institute (Finland); Cecilie
Mauritzen, Senior Scientist, Norwegian Meteorological Institute (Norway); Outi
Meinander, Senior Research Scientist, Finnish Meteorological Institute (Finland); Geir
Ottersen, Senior Research Scientist, Institute of Marine Research (Norway); Peter Pulsifer,
Research Scientist, University of Colorado, Boulder (USA); Yubao Qiu, Professor,
International Research Center of Big Data for Sustainable Development Goals (CBAS)
(China); Arja Rautio, Professor, Director of Thule Institute, University of Oulu (Finland);
Stein Sandven, Senior Scientist, Nansen Environmental and Remote Sensing Center
(Norway); Britta K. Sannel, Senior Lecturer, Stockholm University (Sweden); Sandy
Starkweather, Scientist, NOAA Physical Science Laboratory (USA); Mikko Strahlendorff,
Space Adpviser, Finnish Meteorological Institute (Finland); Lise Lotte Serensen, Professor,
Aarhus University (Denmark); Jennie L. Thomas, CNRS Researcher, Institut des Géosciences
de I'Environnement in Grenoble IGE) (France); Michael Tjernstrom, Professor Emeritus,

Advancing the Understanding and Quantification of Arctic Climate Feedbacks



Aretic Yearbook 2024 14

Stockholm University (Sweden); Petteri Uotila, Professor, Institute for Atmospheric and
Earth System Research, University of Helsinki (Finland); Manfred Wendisch, Professor,
Head of Institute for Meteorology, Leipzig University (Germany); Markku Kulmala,
Academician, Professor, Director of Institute for Atmospheric and Earth System Research,
University of Helsinki (Finland); Tuukka Petijd, Professor, Institute for Atmospheric and
Earth System Research, University of Helsinki (Finland)

References

ACIA, 2005. Arctic Climate Impact Assessment. ACLA Overview report. Cambridge University Press.
1020 pp. ISBN 0521 86509 3

AMAP, 2021. Arctic Climate Change Update 2021: Key Trends and Impacts. Summary for Policy
Makers. Arctic Monitoring and Assessment Program, AMAP Secretariat, Tromso, Norway, p. 10.

Arnold, S. R., Law, K. S., Brock, C.A., Thomas, J.L., Starkweather, S.M., von Salzen, K., Stohl, A.,
Sharma, S., Lund, M.T., Flanner, M.G., Petiji, T., Tanimoto, H., Gamble, J., Dibb, J.E.,
Melamed, M., Johnson, N., Fidel, M., Tynkkynen, V.-P., Baklanov, A., Eckhardt, S., Monks,
S.A., Browse, J., Bozem, H. (2016). Arctic air pollution: Challenges and opportunities for
the next decade.  Elementa:  Science  of  the  Anthropocene, 4,  000104.
https://doi.org/10.12952/journal.elementa.000104.

ARR, 2016. Arctic Council. Arctic Resilience Report. M. Carson and G. Peterson (eds). Stockholm
Environment Institute and Stockholm Resilience Centre, Stockholm from http://www.

arctic-council.org/art.

Backman, J., Schmeisser, L., Asmi, E. (2021). Asian emissions explain much of the Arctic Black
Carbon events. Geophysical Research Letters, 48, €2020GL091913.
https://doi.org/10.1029/2020GL091913.

Bagard, M-L., Chabaux, F., Pokrovsky, O.S., Viers, J., Prokushkin, A.S., Stille, P., Rihs, S., Schmitt,
A-D., Dupré, B. (2011). Seasonal variability of element fluxes in two Central Siberian rivers
draining high latitude permafrost dominated areas. Geochimica et Cosmochimica Acta, 75, 12,
3335-3357. doi.org/10.1016/.gca.2011.03.024.

Baklanov, A., Serensen, J.H., Hoe, S.C., Amstrup, B. (2006). Urban meteorological modelling for
nuclear emergency preparedness. Journal of Environmental Radioactivity, 85 (2-3), 154-170,
https://doi.org/10.1016/j.jenvrad.2005.01.018.

Baklanov, A., Grimmond, C.S.B., Carlson, D., Terblanche, D., Tang, X., Bouchet, V., Lee, B.,
Langendijk, G., Kolli, R.K., Hovsepyan, A. (2018). From urban meteorology, climate and
environment research to integrated city services. Urban Climate, 23, 330-341, ISSN 2212-
0955, https://doi.org/10.1016/j.uclim.2017.05.004.

Baltzer, J.L., Veness, T., Chasmer, L.E., Sniderhan, A.E., Quinton, W.L, (2014). Forests on thawing
permafrost: fragmentation, edge effects, and net forest loss. Global Change Biology, 20 (3),
824-834. https://doi.org/10.1111/gcb.12349.

Barbante, C., Veysseyre, A., Ferrari, C., Van De Velde, K., Morel, C., Capodaglio, G., Cescon, P.,
Scarponi, G., Boutron, C, (2001). Greenland snow evidence of large scale atmospheric

Lappalainen et al.


https://doi.org/10.12952/journal.elementa.000104

Aprctic Yearbook 2024 15

contamination for Platinum, Palladium, and Rhodium. Environ. Sci. Technol., 35, 835-839.
https://doi.org/10.1021/es000146y.

Bauer, P., Dueben, P.D., Hoefler, T., Quintino, T., Schulthess, T. C., Wedi, N. P, (2021a). The
digital revolution of Earth-system science. Nat  Comput. Sci, 1, 104-113.
https://doi.org/10.1038/s43588-021-00023-0.

Bauer, P., Stevens, B., Hazeleger, W, (2021b.) A digital twin of Earth for the green transition. Nat.
Clim. Chang., 11, 80-83. https://doi.org/10.1038/s41558-021-00986-y.

Berkman, P., Kullerud, L., Pope, A., Vylegzhanin, A. N., Young, O. R. (2017). The Arctic Science
Agreement  propels  science  diplomacy.  Scence, 358  (6363),  596-598.
https://doi.org/10.1126/science.aaq089.

Birch, L., Schwalm, C. R., Natali, S., Lombardozzi, D., Keppel-Aleks, G., Watts, J., Lin, X., Zona,
D., Oechel, W., Sachs, T, Black, T. A., Rogers, B. M. (2021). Addressing biases in Arctic—
boreal carbon cycling in the Community Land Model Version 5. Geosci. Model Dev., 14,
3361-3382. https://doi.org/10.5194/gmd-14-3361-2021.

Box, J.E., Colgan, W.T., Christensen, T.R., Schmidt, N.M., Lund, M., Parmentier, F.-].W., Brown,
R., Bhatt, U.S., Euskirchen, E.S., Romanovsky, V.E., Walsh, J.E., Overland, J.E., Wang,
M., Corell, R.W., Meier, W.N., Wouters, B., Mernild, S., Mard, J., Pawlak, J., Olsen, M.S.
(2019). Key indicators of Arctic climate change: 1971-2017. Environ. Res. Lett., 14, 045010.
https://doi.org/10.1088/1748-9326/aafclb.

Bondur, V.G., Voronova, O.., Cherepanova, E.V., Tsidilina, M. N., Zima, A. L. (2020).
Spatiotemporal Analysis of Multi-Year Wildfires and Emissions of Trace Gases and
Aerosols in Russia Based on Satellite Data. Izn. Atmos. Ocean. Phys., 56, 1457-1469.
https://doi.org/10.1134/S0001433820120348.

Boy, M., Thomson, E. S., Acosta Navarro, J.-C., Arnalds, O., Batchvarova, E., Bick, J., Berninger,
F., Bilde, M., Brasseur, Z., Dagsson-Waldhauserova, P., Castarede, D., Dalirian, M., de
Leeuw, G., Dragosics, M., Duplissy, E.-M., Duplissy, J., Ekman, A. M. L., Fang, K., Gallet,
J.-C., Glasius, M., Gryning, S.-E., Grythe, H., Hansson, H.-C., Hansson, M., Isaksson, E.,
Iversen, T, Jonsdottir, 1., Kasurinen, V., Kirkevag, A., Korhola, A., Krejci, R., Kristjansson,
J. E., Lappalainen, H. K., Lauri, A., Leppiranta, M., Lihavainen, H., Makkonen, R.,
Massling, A., Meinander, O., Nilsson, E. D., Olafsson, H., Pettersson, J. B. C., Prisle, N.
L., Riipinen, L., Roldin, P., Ruppel, M., Salter, M., Sand, M., Seland, @., Seppa, H., Skov,
H., Soares, J., Stohl, A., Strém, J., Svensson, J., Swietlicki, E., Tabakova, K., Thorsteinsson,
T., Virkkula, A., Weyhenmeyer, G. A., Wu, Y., Zieger, P., Kulmala, M. (2019). Interactions
between the atmosphere, cryosphere, and ecosystems at northern high latitudes, A#»os.
Chem. Phys., 19, 2015-2061. https://doi.org/10.5194/acp-19-2015-2019.

Bring, A., Fedorova, 1., Dibike, Y., Hinzman, L., Mard, J., Mernild, S.H., Prowse, T., Semenova,
O., Stuefer, S.L., Woo, M.-K. (2016). Arctic terrestrial hydrology: A synthesis of processes,
regional  effects, and  research  challenges.  JGR  Biosciences, 121 ~ (3).
https://doi.org/10.1002/2015]G00313.

Bromwich, D.H., Wilson, A.B., Bai, L., Liu, Z., Barlage, M., Shih, C.-F., Maldonado, S., Hines,
K.M., Wang, S.-H., Woollen, J., Kuo, B., Lin, H.-C. Wee, T.-K., Serreze, M. C., Walsh, J.E,

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.1021/es000146y
https://doi.org/10.1038/s43588-021-00023-0
https://doi.org/10.1038/s41558-021-00986-y
https://doi.org/10.1126/science.aaq089
https://doi.org/10.1088/1748-9326/aafc1b
https://doi.org/10.5194/acp-19-2015-2019

Aprctic Yearbook 2024 16

(2018). The Arctic System Reanalysis, Version 2. American Meteorological Society, 805—828.
https://doi.org/10.1175/BAMS-D-16-0215.1.

Brown, KA., Johnna M. Holding, J.M., Carmack, E.C. (2020). Understanding Regional and
Seasonal Variability Is Key to Gaining a Pan-Arctic Perspective on Arctic Ocean
Freshening. Front. Mar. Sci., 7(606). https://doi.org/10.3389 /fmars.2020.00606.

Bullard, J.E., Baddock, M., Bradwell, T., Crusius, J., Datlington, E., Gaiero, D., Gasso, S.,
Gisladottir, G., Hodgkins, R., McCulloch, R., McKenna-Neuman, C., Mockford, T.,
Stewart, H., Thorsteinsson, T. (2016). High-latitude dust in the Earth system. Reviews of
Geaphysies, 54(2). https:/ /doi.org/10.1002/2016RG000518.

Callaghan, T.V., Kulikova, O., Rakhmanova, L., Topp-Jergensen, E., Labba, N., Kuhmanen, L.-
A., Kirpotin, S., Shaduyko, O., Burgess, H., Rautio, A., Hindshaw, R., Golubyatnikov, L.L.,
Marshall, G.J., Lobanov, A., Soromotin, A., Sokolov, A., Sokolova, N., Filant, P,
Johansson, M. (2020). Improving dialogue among researchers, local and indigenous peoples

and decision-makers to address issues of climate change in the North. Awbio, 49, 1161-
1178. https://doi.org/10.1007/s13280-019-01277-9.

Carmack, E. C., Yamamoto-Kawai, M., Haine, T. W. N. Bacon, S., Bluhm, B. A., Lique, C., Melling,
H., Polyakov, 1. V., Straneo, F., Timmermans, M.-L., Williams, W. J, (2016). Freshwater
and its role in the Arctic Marine System: Sources, disposition, storage, export, and physical

and biogeochemical consequences in the Arctic and global oceans. |. Gegphys. Res. Biogeosct.,
121. https://doi.org/10.1002/2015]G003140.

Chalov, S.R., Liu, S., Chalov, R.S., Chalova E.S., Chernov A.V., Promakhova, E.V., Berkovitch
K.M., Chalova A. S., Zavadsky A.S., Mikhailova N. (2018). Environmental and human

impacts on sediment transport of the largest Asian rivers of Russia and China. Environ.
Earth Sei., 77, 274. https:/ /doi.org/10.1007 /s12665-018-7448-9.

Chernokulsky, A., Esau, 1. (2019). Cloud cover and cloud types in the Eurasian Arctic in 1936—
2012. Int. ]. Climatol., 39. https:/ /doi.org/10.1002/joc.6187.

Christensen, T.R., Lund, M., Skov, K., Abermann, J., Lépez-Blanco, E., Scheller, J., Scheel, M.,
Jackowicz-Korczynski, M., Langley, K., Murphy, M. J., Mastepanov, M. (2021). Multiple
Ecosystem Effects of Extreme Weather Events in the Arctic. Ecosystems, 24, 122-130.
https://doi.org/10.1007/s10021-020-00507-6.

Christiansen, S.J. (2017). No future for Euro-Arctic ocean fishes? Marine Ecology Progress Series, 575,
217-227. https:/ /doi.org/10.3354/meps12192.

Cohen, J., Zhang X. , Francis, J., Jung, T., Kwok, R., Overland, J., Ballinger, T., Bhatt, U.S., Chen,
H. W., Coumou, D., Feldstein, S., Handotf, D., Henderson, G., lonita, M., Kretschmer,
M., Laliberte, F., Lee, S., Linderholm, H. W., Maslowski, W., Peings, Y., Pfeiffer, K., Rigor,
L., Semmler, T., Stroeve, J., Taylor, P.C., Vavrus, S., Vihma, T., Wang, S., Wendisch, M.,
Wu, Y., Yoon, J. (2020). Divergent consensuses on Arctic amplification influence on mid-
latitude severe  winter  weather.  Nat Clim. Chang., 10 20-29.

https://www.doi.org/10.1038/s41558-019-0662-y.

b

Couldrey, M. P., Gregory, J. M., Dias, F.B., Dobrohotoff, P., Domingues, C.M., Garuba, O.,
Griffies, S.M., Haak, H., Hu, A., Ishii, M., Jungclaus, J., K&hl, A., Marsland, S.]J., Ojha, S.,

Lappalainen et al.


https://doi.org/10.1175/BAMS-D-16-0215.1
https://doi.org/10.3389/fmars.2020.00606
https://doi.org/10.1002/2016RG000518
https://doi.org/10.1007/s13280-019-01277-9
https://doi.org/10.1002/2015JG003140
https://doi.org/10.1007/s10021-020-00507-6
https://doi.org/10.3354/meps12192
https://www.doi.org/10.1038/s41558-019-0662-y

Aprctic Yearbook 2024 17

Saenko, O.A., Savita, A., Shao, A., Stammer, D., Suzuki, T., Todd, A., Zanna, L, (2021).
What causes the spread of model projections of ocean dynamic sea-level change in response

to greenhouse gas forcing? Climate dynamics: observational, theoretical and computational research on
the climate system, 56, no. 1-2, 155-187. https://doi.org/10.1007/s00382-020-05471-4.

Dai, A., Luo, D., Song, M., Liu, J. (2019). Arctic amplification is caused by sea-ice loss under
increasing CO2, Nat. Commun., 10, 121. https:/ /doi.org/10.1038/s41467-018-07954-9.

Dalpadado, P., Hop, H., Renning, J., Pavlov, V., Sperfeld, E., Buchholz, F., Rey, A., Wold, A.
(2016). Distribution and abundance of euphausiids and pelagic amphipods in
Kongsfjorden, Isfjorden and Rijpfjorden (Svalbard) and changes in their relative
importance as key prey in a warming marine ecosystem. Polar Biol, 39.
https://doi.org/10.1007/s00300-015-1874-x.

Davy, R., Esau, 1., Chernokulsky, A., Outten, S., Zilitinkevich, S. (2017). Diurnal asymmetry to the
observed global warming. Int. |. Climatol., 37, 79-93. https://doi.org/10.1002/joc.4688.

Davy, R., Chen, L., Hanna, E. (2018). Arctic amplification metrics. International Journal of Climatology,
38 (12), 4384—4394. https://doi.org/10.1002/joc.5675.

Davy, R., Outten, S. (2020). The Arctic surface climate in CMIPG6: status and developments since
CMIP5. Journal of Climate, 1-51. https://doi.org/10.1175/JCLI-D-19-0990.1.

Dekhtyareva, A., Edvardsen, K., Holmen, K., Hermansen, O., Hansson, H.-C. (2016). Influence
of local and regional air pollution on atmospheric measurements in Ny-Alesund, Inz. J. Sust.
Dev. Plan., 11, 578-587. https://doi.org/10.2495/SDP-V11-N4-578-587.

Destouni, G., Cantoni, J., Kalantari, Z. (2021). Distinguishing active and legacy source
contributions to stream water quality: Comparative quantification for chloride and metals.
Hydrological processes, 35 (7). https:/ /doi.org/10.1002/hyp.14280.

Devasthale, A., Sedlar, J., Tjernstrom, M., Kokhanovsky, A. (2020). .4 Climatological Overview of Arctic
Clonds, 331-3060. https://doi.org/10.1007/978-3-030-33566-3_5.

Duncan, B.N,, Ott, L.E., Abshire, J.B., Brucker, L., Carroll, M.L., Carton, J., Comiso, J.C., Dinnat,
E.P., Forbes, B.C., Gonsamo, A., Gregg, W.W., Hall, D.K., Ialongo, 1., Jandt, R., Kahn,
R.A., Karpechko, A., Kawa, S.R., Kato, S., Kumpula, T., Kyroli, E., Loboda, T. V.,
McDonald, K.C., Montesano, P.M., Nassar, R., Neigh, C.S.R., Parkinson, C.L., Poulter, B.,
Pulliainen, J., Rautiainen, K., Rogers, B.M., Rousseaux, C.S., Soja, A.]., Steiner, N.,
Tamminen, J., Taylor, P.C., Tzortziou, M.A., Virta, H., Wang, ].S., Watts, ].D., Winker,
D.M., Wu, D.L. (2020). Space-Based Observations for Understanding Changes in the
Arctic-Boreal Zone. Rev. Geophys., 58, 1-95. https://doi.org/10.1029/2019RG000652.

Esau, 1., Varentsov, M., Laruelle, M., Miles, M.W., Konstantinov, P., Soromotin, A., Baklanov,
A.A., Miles, V. V. (2020). Warmer Climate of Arctic Cities, Chapter 3 in the monography
“The Arctic: Current Issues and Challenges”, Pokrovsky O., et al. (Eds), NOVA Publishers,
ISBN: 978-1-53617-306-2. https://novapublishers.com/shop/the-arctic-current-issues-
and-challenges/.

Esau, 1., Bobylev, L., Donchenko, V., Gnatiuk, N., Lappalainen, H.K., Konstantinov, P., Kulmala,
M., Mahura, A., Makkonen, R., Manvelova, A., Miles, V., Petdja, T., Poutanen, P., Fedorov,

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.1007/s00382-020-05471-4
https://doi.org/10.1038/s41467-018-07954-9
https://doi.org/10.1007/s00300-015-1874-x
https://doi.org/10.1002/joc.4688
https://doi.org/10.1002/joc.5675
https://doi.org/10.1175/JCLI-D-19-0990.1
https://doi.org/10.2495/SDP-V11-N4-578-587
https://doi.org/10.1002/hyp.14280
https://doi.org/10.1007/978-3-030-33566-3_5
https://doi.org/10.1029/2019RG000652
https://novapublishers.com/shop/the-arctic-current-issues-and-challenges/
https://novapublishers.com/shop/the-arctic-current-issues-and-challenges/

Aprctic Yearbook 2024 18

R., Varentsov, M., Wolf, T., Zilitinkevich, S., Baklanov, A. (2021a). An enhanced integrated
approach to knowledgeable high-resolution environmental quality assessment, Environ. S¢i.
Poligy, 122, 1-13. https://doi.org/10.1016/j.envsci.2021.03.020.

Esau, L., Miles, V., Soromotin, A., Sizov, O., Varentsov, M., Konstantinov, P. (2021b). Urban heat
islands in the Arctic cities: an updated compilation of in situ and remote-sensing
estimations, Ady. Sci. Res., 18, 51-57, https://doi.org/10.5194 /ast-18-51-2021.

Evengird, B., Destouni, G., Kalantari, Z., Albihn, A., Bjérkman, C., Bylund, H., Jenkins, E., Koch,
A., Kukarenko, N., Leibovici, D., Lemmityinen, J., Menshakova, M., Mulvad, G., Nilsson,
L.M., Omazic, A., Pshenichnaya, N., Quegan, S., Rautio, A., Revich, B., Rydén, P., Sj6stedt,
A., Tokarevich, N., Thierfelder, T., Orlov, D. (2021). Healthy ecosystems for human and
animal health: Science diplomacy for responsible development in the Arctic. Polar Record,
57. ¢39. ISSN 0032-2474. https://doi.org/10.1017/s0032247421000589.

Ezerinskis, 7., Spolaor, A., Kirchgeorg, T., Cozzi, G., Vallelonga, P., Kjer, H. A,, gapolaité, I
Barbante, C., Druteikiené, R. (2014). Determination of 1-129 in Arctic snow by a novel
analytical approach using IC-ICP-SEMS. |. Anal. Atom. Spectrom., 29, 1827-1834.
https://doi.org/10.1039/c4ja00179f.

Ezhova, E., Orlov, D., Suhonen, E., Kaverin, D., Mahura, A., Gennadinik, V., Kukkonen, I.,
Drozdov, D., Lappalainen, H. K., Melnikov, V., Petiji, T., Kerminen, V-M., Zilitinkevich,
S., Malkhazova, S. M., Christensen, T. R., Kulmala, M. (2021). Climatic Factors Influencing
the Anthrax Outbreak of 2016 in Siberia, Russia. EcoHealth 18, 217-228.
https://doi.org/10.1007/5s10393-021-01549-5.

FAIR (2016). EUROPEAN COMMISSION, Directorate-General for Research & Innovation
(20106). Guidelines  on FAIR ~ Data  Management — in ~ Horizon — 2020.
https://ec.europa.cu/research/participants/data/ref/h2020/grants_manual/hi/oa_pilot
/h2020-hi-oa-data-mgt_en.pdf

Farré A.B., Stephenson S.R., Chen, L., Czub, M., Dai, Y., Demchev, D., Efimov, Y., Graczyk, P.,
Grythe, H., Keil, K., Kivekds, N., Kumar, N., Liu, N., Matelenok, 1., Myksvoll, M., O'Leary,
D., Olsen, J., Sachin Pavithran.A.P., Petersen, E., Raspotnik, A., Ryzhov, L., Solski, J., Suo,
L., Troein, C., Valeeva, V., van Rijckevorsel, J., Wighting, J. (2014). Commercial Arctic
shipping through the Northeast Passage: routes, resources, governance, technology, and
infrastructure. Polar Geography, 37:4, 298-324.
https://doi.org/10.1080/1088937X.2014.965769.

Feldl, N., Merlis, T.M. (2021). Polar Amplification in Idealized Climates: The Role of Ice, Moisture,
and Seasons. Geaphys. Res. Lett,. 48, 1-11. https://doi.org/10.1029/2021GL094130.

Ford, J., McDowell, G., Pearce, T. (2015). The adaptation challenge in the Arctic, Nat. Clin. Change,
5, 1046-1053. https://doi.org/10.1038/nclimate2723.

Fox-Kemper, B., Adcroft, A., Béning, C.W., Chassingnet, E.P., Curchitser, E., Danabasoglu, G.,
Eden, C., England, M.H., Gerdes, R., Greatbach, R.J., Griffies, S. M., Hallberg, R.W.,
Hanert, E., Heimbach, P., Hewitt, H.T., Hill, C.N., Komuro, Y., Legg, S., Le Sommer, J.,
Masina, S., Marsland, S.J., Penny, S.G., Qiao, F., Ringler, T.D., Trequier, A.M., Tsujino, H.,

Lappalainen et al.


https://doi.org/10.1016/j.envsci.2021.03.020
https://doi.org/10.5194/asr-18-51-2021
https://doi.org/10.1017/s0032247421000589
https://doi.org/10.1007/s10393-021-01549-5
https://ec.europa.eu/research/participants/data/ref/h2020/grants_manual/hi/oa_pilot/h2020-hi-oa-data-mgt_en.pdf
https://ec.europa.eu/research/participants/data/ref/h2020/grants_manual/hi/oa_pilot/h2020-hi-oa-data-mgt_en.pdf
https://doi.org/10.1080/1088937X.2014.965769
https://doi.org/10.1029/2021GL094130
https://doi.org/10.1038/nclimate2723

Aprctic Yearbook 2024 19

Uotila, P., Yeager, S.G. (2019). Challenges and Prospects in Ocean Circulation Models.
Front. Mar. Sci., 6:65. https:/ /doi.org/10.3389 /fmars.2019.00065.

Frainer, A., Primicerio, R., Kortsch , S., Aune, M., Dolgov, A.V., Fossheim, M., Aschan, M.M.
(2017). Climate-driven changes in functional biogeography of Arctic marine fish
communities. Biological Sciences, 114 (406), 12202-12207.
https://doi.org/10.1073/pnas.1706080114.

Garrett, T.J., Zhao, C. (20006). Increased Arctic cloud longwave emissivity associated with pollution
from mid-latitudes. Natur,e 440, 787-789. https://doi.org/10.1038/nature04636.

Gerland, S., Barber, D., Meier, W., Mundy, C.J., Holland, M., Kern, S., Li, Z., Michel, C., Perovich,
D.K,, Tamura, T. (2019). Essential gaps and uncertainties in the understanding of the roles
and functions of Arctic Sea ice. Emviron. Res. Letz, 14, 043002.
https://doi.org/10.1088/1748-9326/ab09b3.

Goessling, F.H., Jung, T., Klebe, S., Baeseman, J., Bauer, P., Chen, P., Chevallier, M., Dole, R.,
Gordon, N., Ruti, P., Bradley, A., Bromwich, D.H., Casati, B., Chechin, D., Day, J.J.,
Massonnet, F., Mills, B., Renfrew, 1., Smith, G., Tatusko, R. (2016). Paving the Way for the
Year  of  Polar  Prediction.  Awmerican  Meteorological — Society, 97, 4.
https://doi.org/10.1175/BAMS-D-15-00270.1.

Goosse, H., Kay, J. E., Armour, K. C., Bodas-salcedo, A., Chepfer, H., Docquier, D., Jonko, A.,
Kushner, P. J., Lecomte, O., Massonnet, F., Park, H., Pithan, F., Svensson, G,
Vancoppenolle, M. (2018). Quantifying climate feedback in polar regions. Nature
Communications, 9, 1919. https:/ /doi.org/10.1038/s41467-018-04173-0.

Graham, R.M.,, Itkin, P., Meyer, A., Sundfjord, A., Spreen, G., Smedsrud, L.H., Liston, G.E. ,
Cheng, B., Cohen, L., Divine, D., Fer, 1., Fransson, A., Gerland, S., Haapala, J., Hudson,
S.R., Johansson, M.A., King, J., Merkouriadi, I., Peterson, A.K., Provost, C., Randelhoff,
A., Rinke, A., Rosel, A., Sennéchael, N., Walden, V.P., Duarte, P., Assmy, P., Steen, H.,
Granskog, M.A. (2019). Winter storms accelerate the demise of sea ice in the Atlantic sector
of the Arctic Ocean. Se. Rep., 9, 9222. https://doi.org/10.1038/s41598-019-45574-5.

Grimmond, S., Bouchet, V., Molina, L.T., Baklanov, A., Tan, J., Schlinzen, K.H., Mills, G.,
Golding, B., Masson, V., Ren, C., Voogt, ]., Miao, S., Lean, H., Heusinkveld, B., Hovespyan,
A., Teruggi, G., Parrish, P., Joe, P. (2020). Integrated urban hydrometeorological, climate
and environmental services: Concept, methodology and key messages. Urban Climate, 33,
100623, ISSN 2212-0955. https://doi.org/10.1016/j.uclim.2020.100623.

Guo, H., Liu, J., Qiu, Y., Menenti, M., Chen, F., Uhlir, P. F., Zhang, L., van Genderen, ]J., Liang,
D., Natarajan, I., Zhu, L., Liu, J. (2018). The Digital Belt and Road program in support of

regional sustainability. Infernational ~ Journal of Digital Earth, 2018(11), 657-669.
https://doi.org/10.1080/17538947.2018.147179.

Hanacek, K., Kréger, M., Scheidel, A., Rojas, F., Martinez-Alier, J. (2022). On thin ice — The Arctic
commodity extraction frontier and environmental conflicts. Ecological Economics, 191,
107247. https://doi.org/10.1016/j.ecolecon.2021.107247.

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.3389/fmars.2019.00065
https://doi.org/10.1073/pnas.1706080114
https://doi.org/10.1038/nature04636
https://doi.org/10.1088/1748-9326/ab09b3
https://doi.org/10.1175/BAMS-D-15-00270.1
https://doi.org/10.1038/s41598-019-45574-5
https://doi.org/10.1080/17538947.2018.147179
https://doi.org/10.1016/j.ecolecon.2021.107247

Aprctic Yearbook 2024 20

Hartfield, G., Blunden, J., Arndt, D.S. (2018). State of the Climate in 2017. Bulletin of the American
Meteorological Society, 99(8), Si-8310.
https://doi.org/10.1175/2018BAMSStateoftheClimate.1.

Hari, P., Petaja, T., Bick, J., Kerminen, V-M., Lappalainen, H.K. Vihma, T., Laurila, T., Viisanen,
Y., Vesala, T., Kulmala M. (2016). Conceptual design of a measurement network of the
global change. Awmos. Chem. Phys., 16, 1017-1028. http://www.atmos-chem-
phys.net/16/1017/2016/.

Heffernan, J.B., Soranno, A.P., Angilletta Jr M.]., Buckley, L.B., Gruner, D.S., Keitt, T.H., Kellner,
J.R., Kominoski, ].S., Rocha, A.V., Xiao, J., Harms, T.K., Goring S.J., Koenig, E.L.,
McDowell, W.H., Powell, H., Richardson, A.D., Stow, C.A., Vargas, E., Weathers, H.C.
(2014). Macrosystems ecology: understanding ecological patterns and processes at
continental scales. Front. Ecol. Environ., 12, 1, 5-14. https://doi.org/10.1890/130017.

Heininen, L. (2018). Arctic geopolitics from classical to critical approach — importance of
immaterial  factors.  Geography,  Environment,  Sustainability, — 11(1),  171-180.
https://doi.org/10.24057/2071-9388-2018-11-1-171-186.

Helm, V., Humbert, A., Miller, H. (2014). Elevation and elevation change of Greenland and
Antarctica  derived  from  CryoSat-2,  The  Cryosphere, 8  (4), 1539-1559.
https://doi.org/10.5194/tc-8-1539-2014.

Hermanson, M.H., Isaksson, E., Forsstrom, S., Teixeira, C., Muir, D.C.G., Pohjola, V.A., van de
Wal, R.S.V. (2010). Deposition history of brominated flame retardant compounds in an ice
core from Holtedahlfonna, Svalbard, Norway. Enwviron. Sci. Technol., 44, 7405-7410.
https://doi.org/10.1021/es1016608.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufioz-Sabater, J., Nicolas, J.,
Peubey, C., Raluca, R., Schepers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X,
Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonvita, M., De Chiara, G., Dahlgren P.,
Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A,
Haimberger, L., Healy, S., Hogan, R.]., Hélm, E., Janiskova, M., Keeley, S., Laloyaux, P.,
Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, 1., Vamborg, F., Villaume, S.,
Thépaut, J.-N. (2020). The ERA5 global reanalysis. QJRMeteorol Soc., 146, 1999-2049.
https://doi.org/10.1002/qj.3803.

Hienola, A L, Pietikidinen, ].-P., Jacob, D., Pozdun, R., Petiji, T., Hyvirinen, A.-P., Sogacheva, L.,
Kerminen, V.-M., Kulmala, M., Laaksonen, A. (2013). Black carbon concentration and
deposition estimations in Finland by the regional aerosol-climate model REMO-HAM.
Atmos. Chem. Phys., 13, 4033-4055. https://doi.org/10.5194/acp-13-4033-2013.

Hirdman, D., Sodemann, H., Eckhardt, S., Burkhart, ].F., Jefferson, A., Mefford, T., Quinn, P.K.,
Sharma, S., Strém, J., Stohl, A. (2010). Source identification of short-lived air pollutants in
the Arctic using statistical analysis of measurement data and particle dispersion model
output. Atmos. Chem. Phys., 10, 669—693. https://doi.org/10.5194 /acp-10-669-2010.

Hjort J., Karjalainen O., Aalto J., Westermann S., Romanovsky V.E., Nelson F.E., Etzelmiller B.,
Luoto M. (2018). Degrading permafrost puts Arctic infrastructure at risk by mid-century.
Nature Communications, 9(1), 5147. https://doi.org/10.1038/s41467-018-07557-4.

Lappalainen et al.


https://doi.org/10.1175/2018BAMSStateoftheClimate.1
http://www.atmos-chem-phys.net/16/1017/2016/
http://www.atmos-chem-phys.net/16/1017/2016/
https://doi.org/10.24057/2071-9388-2018-11-1-171-186
https://doi.org/10.5194/tc-8-1539-2014
https://doi.org/10.1021/es1016608
https://doi.org/10.1002/qj.3803
https://doi.org/10.5194/acp-13-4033-2013
https://doi.org/10.5194/acp-10-669-2010
https://doi.org/10.1038/s41467-018-07557-4

Aprctic Yearbook 2024 21

Holland, M.M., Stroeve, J. (2011). Changing seasonal sea ice predictor relationships in a changing
Arctic climate. Geophysical Research Letters, 38, 18. https://doi.org/10.1029/2011GL049303

Holker, F., Wolter, C., Perkin, E. K., Tockner, K. (2010). Light pollution as a biodiversity threat.
Trends Ecol. Evol., 25, 681. https://doi.org/10.1016/j.tree.2010.09.007.

Hugelius, G., Strauss, J., Zubrzycki, S., Harden, ].W., Schuur, E.A.G., Ping, C.L.., Schirrmeister, L.,
Grosse, G., Michaelson, G.J., Koven, C.D., O'Donnell, J.A., Ebetling, B., Mishra, U.,
Camill, P., Yu, Z., Palmtag, J., Kuhry, P. (2014). Improved estimates show large circumpolar
stocks of permafrost carbon while quantifying substantial uncertainty ranges and
identifying  remaining data  gaps.  Brogeosciences  Discussions, 11,  4771-4822.

https://doi.org/10.5194/bed-11-4771-2014.

Humbert, A., Schroder, L., Schultz, T., Miller, R., Neckel, N., Helm, V., Zindler, R., Eleftheriadis,
K., Salzano, R., Salvatori, R. (2020). Dark Glacier Surface of Greenland’s Largest Floating
Tongue Governed by High Local Deposition of Dust, Remote Sens., 12, 3793.
https://doi.org/10.3390/1s12223793.

b

Huskey, L., Mienpia, 1., Pelyasov, A. (2014). Economic Systems. Arctic Human Development
Report, Regional Processes, and Global Linkages, ed. J. Nymand Larsen and G. Fondahl.
Tema Nord, 151-180. http://norden.diva-
portal.org/smash/get/diva2:788965/FULLTEXTO03.pdf

IASC (2021). International Arctic Science Committee’s State of Arctic Science Report 2021.
https:/ /iasc.info/about/publications-documents/ state-of-arctic-science.

IMBIE Team (2020). Mass balance of the Greenland Ice Sheet from 1992 to 2018. Nature, 579,
233-239 https://doi.org/10.1038/s41586-019-1855-2.

Jung, T., Neil, D.G., Bauer, P., Bromwich, D.H., Chevallier, M., Day, ].J., Dawson, J., Doblas-
Reyes, F., Fairall, C., Goessling, H.F., Holland, M., Inoue, J., Iversen, T, Klebe, S., Lemke,
P., Losck, M., Makshtas, A., Mills, B., Nurmi, P., Perovich, D., Reid, P., Renfrew, 1.A.,
Smith, G., Svensson, G. Tolstykh, M., Yang, Q. (2016). Advancing Polar Prediction
Capabilities on Daily to Seasonal Time Scales. Weather and Forecasting, 32 (3).
https://doi.org/10.1175/BAMS-D-14-00246.1.

Karpechko, A.Y., Vitart, F., Statnaia, I, Alonso Balmaseda, M., Charlton-Perez, A.]. &
Polichtchouk, I. (2024). The tropical influence on sub-seasonal predictability of wintertime
stratosphere and stratosphere—troposphere coupling. Quarterly Journal of the Royal
Meteorological Society, 150(760), 13571374 https://doi.org/10.1002/qj.4649

Kidston, J., Scaife, A., Hardiman, S. , Mitchell, D. M., Butchart, N., Baldwin, M.P., Gray, L.J.
(2015). Stratospheric influence on tropospheric jet streams, storm tracks and surface
weathert. Nature Geosci., 8, 433—440. https://doi.org/10.1038/ngeo2424.

Koster, E., Koster, K., Berninger, F., Prokushkin, A., Aaltonen, H., Zhou, X., Pumpanen, J. (2018).
Changes in fluxes of carbon dioxide and methane caused by fire in Siberian boreal forest
with continuous permafrost, J. Environ. Manage., 228, 405—415.

Kulmala, M., Suni, T., Lehtinen, K. E. J., Dal Maso, M., Boy, M., Reissell, A., Rannik, U., Aalto, P.,
Keronen, P., Hakola, H., Bick, J., Hoffmann, T., Vesala, T., Hari, P. (2004). A new

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.1016/j.tree.2010.09.007
https://doi.org/10.3390/rs12223793
https://iasc.info/about/publications-documents/state-of-arctic-science
https://doi.org/10.1038/s41586-019-1855-2
https://doi.org/10.1175/BAMS-D-14-00246.1
https://doi.org/10.1002/qj.4649

Aprctic Yearbook 2024 22

feedback mechanism linking forests, acrosols, and climate. A#wos. Chem. Phys., 4, 557-562.
doi.org/10.5194 /acp-4-557-2004.

Kulmala, M., Lappalainen, H.K., Petija, T., Kurten, T., Kerminen, V.-M., Viisanen, Y., Hari, P.,
Sorvari, S., Bick, J., Bondur, V., Kasimov, N., Kotlyakov, V., Matvienko, G., Baklanov, A.,
Guo, H.D., Ding, A., Hansson, H.-C., Zilitinkevich, S. (2015). Introduction: The Pan-
Eurasian Experiment (PEEX) — multidisciplinary, multiscale and multicomponent research
and  capacity-building  initiative,  Ammwos.  Chem.  Phys, 15,  13085-13096.

https://doi.org/10.5194 /acp-15-13085-2015.

b

Kulmala M. (2018). Build a global Earth observatory, Nature 553, 21-23.
https://doi.org/10.1038/d41586017-08967-y.

Kulmala, M., Ezhova, E., Kalliokoski, T., Noe, S., Vesala, T., Lohila, A., Liski, J., Makkonen, R.,
Bick, J., Petdja, T., VM., 2020. CarbonSink+ — Accounting for multiple climate feedbacks
from forests. Boreal Environment Research, 25, 145—159.

Kulmala, M., Lintunen, A., Ylivinkka, I., Mukkala, J., Rantanen, R., Kujansuu, J., Petdji, T.,
Lappalainen, H.K. (2021). Atmospheric and ecosystem big data providing key

contributions in reaching United Nations’ Sustainable Development Goals. Big Earth Data,
5(3), 277-305 https://doi.org/10.1080/20964471.2021.1936943.

Kumpula, T., Pajunen, A., Kaarlejirvi, E., Forbes, B.C., Stammler, F. (2011). Land use and land
cover change in Arctic Russia: Ecological and social implications of industrial development.
Glob. Environ. Chang., 21, 550-562. https://doi.org/10.1016/j.gloenvcha.2010.12.010.

Kwok, R. (2018). Arctic sea ice thickness, volume, and multiyear ice coverage: losses and coupled
variability (1958-2018). Enmwviron. Res. Lett., 13, 105005. https://doi.org/10.1088/1748-
9326/ aae3ec.

Lambert, E., Eldevik, T., Spall, M.A. (2018). On the dynamics and water mass transformation of a

boundary current connecting alpha and beta oceans. Journal of Physical Oceanography, 48(10),
2457-2475. https:/ /doi.org/10.1175/JPO-D-17-0186.1.

Lantuit, H., Overduin, P.P., Couture, N., Wetterich, S., Aré, F., Atkinson, D., Brown, J.,
Cherkashov, G., Drozdov, D., Forbes, D. L., Graves-Gaylord, A., Grigoriev, M.,
Hubberten, H.-W., Jordan, J., Jorgenson, T., @degard, R. S., Ogorodov, S., Pollard, W. H.,
Rachold, V., Sedenko, S., Solomon, S., Steenhuisen, F., Streletskaya, 1., Vasiliev, A. (2012).
The Arctic Coastal Dynamics Database: A New Classification Scheme and Statistics on
Arctic Permafrost Coastlines. Estuaries and Coasts, 35 383—400.

https://doi.org/10.1007 /s12237-010-9362-6.

b

Lappalainen, H. K., Kerminen, V.-M., Petdja, T., Kurten, T., Baklanov, A., Shvidenko, A., Bick, J.,
Vihma, T., Alekseychik, P., Andreae, M. O., Arnold, S. R., Arshinov, M., Asmi, E., Belan,
B., Bobylev, L., Chalov, S., Cheng, Y., Chubarova, N., de Leeuw, G., Ding, A,
Dobrolyubov, S., Dubtsov, S., Dyukarev, E., Elansky, N., Eleftheriadis, K., Esau, L.,
Filatov, N., Flint, M., Fu, C., Glezer, O., Gliko, A., Heimann, M., Holtslag, A. A. M.,
Hoérrak, U., Janhunen, J., Juhola, S., Jarvi, L., Jirvinen, H., Kanukhina, A., Konstantinov,
P., Kotlyakov, V., Kieloaho, A.-]., Komarov, A. S., Kujansuu, J., Kukkonen, I., Duplissy,
E.-M., Laaksonen, A., Laurila, T., Lihavainen, H., Lisitzin, A., Mahura, A., Makshtas, A.,

Lappalainen et al.


https://doi.org/10.5194/acp-15-13085-2015
https://doi.org/10.1080/20964471.2021.1936943
https://doi.org/10.1016/j.gloenvcha.2010.12.010
https://doi.org/10.1088/1748-9326/aae3ec
https://doi.org/10.1088/1748-9326/aae3ec
https://doi.org/10.1175/JPO-D-17-0186.1
https://doi.org/10.1007/s12237-010-9362-6

Aprctic Yearbook 2024 23

Mareev, E., Mazon, S., Matishov, D., Melnikov, V., Mikhailov, E., Moisseev, D.,
Nigmatulin, R., Noe, S. M., Ojala, A., Pihlatie, M., Popovicheva, O., Pumpanen, J.,
Regerand, T., Repina, I., Shcherbinin, A., Shevchenko, V., Sipild, M., Skorokhod, A.,
Spracklen, D. V., Su, H., Subetto, D. A., Sun, J., Terzhevik, A. Y., Timofeyev, Y.,
Troitskaya, Y., Tynkkynen, V.-P., Kharuk, V. L., Zaytseva, N., Zhang, J., Viisanen, Y.,
Vesala, T., Hari, P., Hansson, H. C., Matvienko, G. G., Kasimov, N. S., Guo, H., Bondut,
V., Zilitinkevich, S., Kulmala, M. (2016). Pan-Eurasian Experiment (PEEX): towards a
holistic understanding of the feedbacks and interactions in the land—atmosphere—ocean—
society continuum in the northern Eurasian region. A#mos. Chem. Phys., 16, 14421-14461.
https://doi.org/10.5194/acp-16-14421-2016.

Lappalainen, H., Petdja, T., Lintunen, A., Kulmala, M. (2022). Institute for Atmospheric and Earth
System Research (INAR): Showcases for making science diplomacy. Polar Record, 58, E15.
https://doi.org/10.1017/S0032247421000760.

Law, K.S., Stohl, A., Quinn, P.K., Brock, C., Burkhart, J., Paris, J.-D., Ancellet, G., Singh, H.B.,
Roiger, A., Schlager, H., Dibb, J., Jacob, D.J., Arnold, S.R., Pelon, J., Thomas, J.L. (2014).
Arctic air pollution - new insights from POLARCAT-IPY, Bulletin of the American
Meteorological Society, 1874-1895. https://doi.org/10.1175/BAMS-D-13-00017.1.

Lee, CM., Starkweather S., Ficken H., Timmermans, M.-L., Wilkinson, J., Sandven, S.,
Dukhovskoy, D., Gerland, S., Grebmelier, J., Intrieri, J.M., Kang, S.-H., McCammon, M.,
Polykov, L., Rabe, B., Seeyave, S., Volkov, D., Beszczynska-Méller, A., Dzieciuch, M., Goni,
G., Luke King, A., Olsen, A., Rossby, T., Sagen, H., Skagseth, ., Seiland, H., Serensen,
K. (2019). A framework for the development, design and implementation of a sustained

Arctic Ocean Observing System. Frontiers n Marine Sczence.
https://doi.org/10.3389/fmars.2019.00451.

Li, H., Viliranta, M., Miki, M., Kohl, L., Sannel, A.B.K., Pumpanen, J., Koskinen, M., Bick, J.,
Bianchi, F. (2020). Overlooked organic vapor emissions from thawing Arctic permafrost,
Environ. Res. Lett., 15, 104097. https://doi.org/10.1088/1748-9326/abb62d.

Lépez-Blanco, E., Jackowicz-Korczynski, M., Mastepanov, M., Skov, K., Westergaard-Nielsen A.,
Williams, M., Christensen, T.R. (2020). Multi-year data-model evaluation reveals the
importance of nutrient availability over climate in arctic ecosystem C dynamics,
Environmental Research Letters, 15, 094007.

Machguth, H., MacFerrin, M., van As, D. Box, J.E., Charalampidis, C., Colgan, W., Fausto, R. S,
Meijer, H.A.J., Mosley-Thompson, E., van de Wal, R.S.W. (2016). Greenland meltwater
storage in firn limited by near-surface ice formation. Nature Clim Change, 6, 390-393.
https://doi.org/10.1038/nclimate2899.

Mahura, A., Baklanov, A., Sorensen J.H. (2005). Long-term dispersion modelling: assessment of
atmospheric transport and deposition patterns from nuclear risk sites in Euro-Arctic
region. Journal of Computational Technologies, 10, 112-134.

McGuire, A.D., Lawrence, D.M., Koven, C., Zhuang, Q. (2018). Dependence of the evolution of
carbon dynamics in the northern permafrost region on the trajectory of climate change.
Proceedings ~ of  the  National — Academy — of  Sciences,  115(15),  3882-3887.
https://doi.org/10.1073/pnas.1719903115.

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.5194/acp-16-14421-2016
https://doi.org/10.1175/BAMS-D-13-00017.1
https://doi.org/10.1088/1748-9326/abb62d
https://doi.org/10.1073/pnas.1719903115

Aretic Yearbook 2024 24

Meinander, O., Dagsson-Waldhauserova, P., Amosov, P., Aseyeva, E., Atkins, C., Baklanov, A.,
Baldo, C., Barr, S., Barzycka, B., Benning, L., Cvetkovic, B., Enchilik, P., Frolov, D., Gasso,
S., Kandler, K., Kasimov, N., Kavan, J., King, J., Koroleva, T., Krupskaya, V., Kusiak, M.,
Laska, M., Lasne, J., Lewandowski, M., Luks, B., McQuaid, J., Moroni, B., Murray, B.,
Mohler, O., Nawrot, A., Nickovic, S., O’Neill, N., Pejanovic, G., Popovicheva, O., Ranjbar,
K., Romanias, M., Samonova, O., Sanchez-Marroquin, A., Schepanski, K., Semenkov, I.,
Sharapova, A., Shevnina, E., Shi, Z., Sofiev, M., Thevenet, F., Thorsteinsson, T., Timofeev,
M., Umo, N. S., Uppstu, A., Urupina, D., Varga, G., Werner, T., Arnalds, O., Vukovic
Vimic, A. (2022). Newly identified climatically and environmentally significant high latitude
dust sources. Atmos. Chem. Phys. Discuss., 22, 11889-11930, https://doi.org/10.5194/acp-
22-11889-2022.

Meredith, M., Sommerkorn, M., Cassotta, S., Derksen, C., Ekaykin, A., Hollowed, A., Kofinas, G.,
Mackintosh, A., Melbourne-Thomas, J., Muelbert, M.M.C., Ottersen, G., Pritchard, H.,
Schuur, E.A.G. (2019). Polar Regions. In: IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate [H.-O. Portner, D.C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor,
E. Poloczanska, K. Mintenbeck, A. Alegrfa, M. Nicolai, A. Okem, ]. Petzold, B. Rama,
N.M. Weyer (eds.)]. Cambridge University Press, Cambridge, UK and New York, NY,
USA, pp. 203-320. https://doi.org/10.1017/9781009157964.005.

Metcalfe, D.B., Olofsson, J. (2015). Distinct impacts of different mammalian herbivore
assemblages on arctic tundra CO2 exchange during the peak of the growing season. Oikos,
124(12), 1632-1638. https://doi.org/10.1111/0ik.02085.

Miller, J. Z., Long, D. G., Jezek, K. C., Johnson, J. T., Brodzik, M. J., Shuman, C. A., Koenig, L.
S., Scambos, T. A. (2020). Brief communication: Mapping Greenland's perennial firn
aquifers using enhanced-resolution L-band brightness temperature image time series. The
Cryosphere, 14, 2809-2817. https://doi.org/10.5194/tc-14-2809-2020.

Min, E., Wilcots, ME., Naeem, S., Gough L., McLaren J.R., Rowe, R.J., Rastetter, E.B., Boelman,
N.T., Griffin, K.L.. (2021). Herbivore absence can shift dry heath tundra from carbon

source to sink during peak growing season. Environmental Research Letters, 16 (2), 16 024027.
https://doi.org/10.1088/1748-9326/abd3d0.

Moreno-Ibafiez, M., Laprise, R., Gachon, P. (2021). Recent advances in polar low research: current
knowledge, challenges and future perspectives. Telus A: Dynamic Meteorology and
Oceanography, 73 (1), 1-31. https:/ /doi.org710.1080/16000870.2021.1890412.

Neckel, N., Zeising, O., Steinhage, D., Helm, V., Humbert, A. (2020). Seasonal Observations at
79°N Glacier (Greenland) From Remote Sensing and in situ Measurements. Front. Earth
Sei., 8. https://doi.org/10.3389/feart.2020.00142.

Noe, S.M., Tabakova, K., Mahura, A., Lappalainen, H.K., Kosmale, M., Heilimo, J., Salzano, R.,
Santoro, M., Salvatori, R., Spolaor, A., Cairns, W., Barbante, C., Pankratov, F., Humbert,
A., Sonke, J.E., Law, K.S., Onishi, T., Paris, J.-D., Skov, H., Massling, A., Dommergue, A.,
Arshinov, M., Davydov, D., Belan, B., Petidjd, T. (2022). Arctic observations and sustainable
development goals — Contributions and examples from ERA-PLANET iCUPE data,
Environmental Science i Poliey, 132, 323-330, ISSN 1462-9011.
https://doi.org/10.1016/j.envsci.2022.02.034.

Lappalainen et al.


https://doi.org/10.5194/tc-14-2809-2020
https://doi.org/10.3389/feart.2020.00142
https://doi.org/10.1016/j.envsci.2022.02.034

Aprctic Yearbook 2024 25

Ogorodov, S., Aleksyutina, D., Baranskaya, A., Shabanova, N., Shilova, O. (2020). Coastal Erosion
of the Russian Arcticc An Overview. | Coastal Res. 95, 599-604.
https://doi.org/10.2112/S195-117.1.

Oldenburg, D., Armour, K.C., Thompson, L.A., Bitz, C.M. (2018). Distinct Mechanisms of Ocean
Heat Transport into the Arctic Under Internal Variability and Climate Change. Gegphysical
Research Letters, 45(15), 7692-7700. https://doi.org/10.1029/2018gl078719.

b

Olefeldt, D., Goswami, S., Grosse, G., Hayes, D., Hugelius, G., Kuhry, P., McGuire, A.D.,
Romanovsky, V.E., Sannel, A.B.K., Schuur, E.A.G., Turetsky, M.R. (2016). Circumpolar
distribution and carbon storage of thermokarst landscapes. Naz. Commun., 7, 13043.
https://doi.org/10.1038 /ncomms13043.

Olonscheck, D., Mauritsen, T., Notz D. (2019): Arctic sea-ice variability is primarily driven 1360
by  atmospheric  temperature  fluctuations.  Nat. Geosd., 12,  430-434,
https://doi.org/10.1038/s41561-019-0363-1.

Onarheim, L.H., Eldevik, T., Smedsrud, L.H., Julienne C. Stroeve, J.C. (2018). Seasonal and
Regional Manifestation of Arctic Sea Ice Loss. Journal of Climate, 31(12).
https://doi.org/10.1175/JCLI-D-17-0427.1.

Orttung, R.W., Anisimov, O., Badina, S., Burns, C., Cho, L., DiNapoli, B., Jull, M., Shaiman, M.,
Shapovalova, K., Silinsky, L., Zhang, E., Zhiltcova, Y. (2021). Measuring the sustainability
of Russia’s Arctic cities. Ambio, 50, 2090-2103. https://doi.org/10.1007/s13280-020-
01395-9.

Osipov, LA., Radford, G., Aksnes, D., Kullerud, L., Hirshberg, D.B., Skéld, P., Latola, K.,
Moskaleva, O.V., Sorensen, A.A. (2016). International Arctic Research: Analyzing Global
Funding Trends. A Pilot Report. University of the Arctic (UArctic), Digital Science, Report.
https://doi.org/10.6084/m9.figshare.3811224.v1.

Overduin, P.P., Wetterich, S., Gunther, F., Grigoriev, M.N., Grosse, G., Schirrmeister, L.,
Hubberten, H.-W., Makarov, A. (2016). Coastal dynamics and submarine permafrost in
shallow water of the central Laptev Sea, East Siberia. The Cryosphere, 10, 1449—-1462.
https://doi.org/10.5194/tc-10-1449-2016.

Overland, J., Dunlea, E., Box, J.E., Corell, R., Forsius, M., Kattsov, V., Olsen, M.S., Pawlak, J.,
Reiersen, L.-O., Wang, M. (2019). The urgency of Arctic change. Polar Sci., 21, 6-13.
https://doi.org/10.1016/j.polar.2018.11.008.

Perovich, D., Meier, W., T'schudi, M., Wood, K., Farrell, S., Hendricks, S., Gerland, S., Kaleschke,
L., Ricker, R., Tian-Kunze, X., Webster, M. (2020). Section 5d. Sea ice. Section [in “State
of the Climate in 2019"|. Bull.  Amer. Meteor. Soc, 101 (8), 263-265.
https://doi.org/10.1175/BAMS-D-20-0086.1.

Petdjd, T., Duplissy, E.-M., Tabakova, K., Schmale, J., Altstadter, B., Ancellet, G., Arshinov, M.,
Balin, Y., Baltensperger, U., Bange, J., Beamish, A., Belan, B., Berchet, A., Bossi, R., Cairns,
W.R.L., Ebinghaus, R., El Haddad, I., Ferreira-Araujo, B., Franck, A., Huang, L.,
Hyvirinen, A., Humbert, A., Kalogridis, A.-C., Konstantinov, P., Lampert, A., MacLeod,
M., Magand, O., Mahura, A., Marelle, L., Masloboev, V., Moisseev, D., Moschos, V.,
Neckel, N., Onishi, T., Ostwalder, S., Ovaska, A., Paasonen, P., Panchenko, M., Pankratov,

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.2112/SI95-117.1
https://doi.org/10.1029/2018gl078719
https://doi.org/10.1175/JCLI-D-17-0427.1
https://doi.org/10.1007/s13280-020-01395-9
https://doi.org/10.1007/s13280-020-01395-9
https://doi.org/10.1016/j.polar.2018.11.008

Aprctic Yearbook 2024 26

F., Pernov, J.B., Platis, A., Popovicheva, O., Schréder, L., Schén, M., Shevchenko, V., Skov,
H., Sonke, J.E., Spolaor, A., Stathopoulos, V.K., Strahlendorff, M., Thomas, J.L., Vitale,
V., Vratolis, S., Barbante, C., Chabrillat, S., Dommergue, A., Eleftheriadis, K., Heilimo, J.,
Law, K.S., Massling, A., Noe, S.M., Paris, J.-D., Prévot, A.S.H., Riipinen, 1., Wehner, B.,
Xie, Z., Lappalainen, H.K. (2020). Integrative and Comprehensive Understanding on Polar
Environments 1ICUPE): the concept and initial results. Azwos. Chene. Phys., 20, 8551-8592.
https://doi.org/10.5194/acp-20-8551-2020.

Pirazzini, R., Tjernstrém, M., Sandven, S., Sagen, H., Hamre, T., Ludwigsen, C., Beszczynska-
Moller, A., Gustafsson, D., Heygster, G., Sejr, M., Ahlstrom, A., Navarro, F., Goeckede,
M., Zona, D., Buch, E., Sorensen, M., Soltwedel, T. (2020). 22nd EGU General Assembly,
held online 4-8 May, 2020, id.20091. INTAROS synthesis of gap analysis of the existing
Arctic observing systems. https://doi.org/10.5194/egusphere-egu2020-20091.

Ping, C. L., Michaelson, G. J., Guo, L., Jorgenson, M. T., Kanevskiy, M., Shur, Y., Dou, F., Liang,
J. (2011). Soil carbon and material fluxes across the eroding Alaska Beaufort Sea coastline.
J. Geaphy. Res.-Biggeo., 116, G02004. https://doi.org/10.1029/2010]JG001588.

Pithan, F., Mauritsen, T. (2014). Arctic amplification dominated by temperature feedbacks in
contemporary climate models. Nature Geoscience, 7 3 181-184.

https://doi.org/10.1038 /ngeo2071.

Pithan, F., Svensson, G., Caballero, R., Chechin, D., Cronin, T.W., Ekman, A.M.L., Neggers, R.,
Shupe, M.D., Solomon, A., Tjernstrom, M., Wendisch, M. (2018). Role of air-mass
transformations in exchange between the Arctic and mid-latitudes. Natz. Geosci., 11, 805-
812. https://doi.org/10.1038/s41561-018-0234-1.

b b

Plummer, S., Lecomte, P., Doherty, M. (2017). The ESA Climate Change Initiative (CCI): A
European contribution to the generation of the Global Climate Observing System. Renzote
Sens. Environ., 203, 2-8. https://doi.org/10.1016/j.rse.2017.07.014.

Pokrovsky, O. S., Manasypov, R. M., Loiko, S., Shirokova, L. S., Krickov, I. A., Pokrovsky, B. G.,
Kolesnichenko, L. G., Kopysov, S. G., Zemtzov, V. A., Kulizhsky, S. P., Vorobyev, S. N.,
Kirpotin, S. N. (2015). Permafrost coverage, watershed area and season control of dissolved

cartbon and major elements in western Siberian rivers. Biogeosciences, 12, 6301-6320,
https://doi.org/10.5194/bg-12-6301-2015.

Post, E., Forchhammer, M.C., Bret-Harte, M.S., Callaghan, T.V., Christensen, T.R., Elberling, B.,
Fox, A.D., Gilg, O., Hik, D.S., Hoye, T.T., Ims, R.A., Jeppesen, E., Klein, D.R., Madsen,
J., Mcguire, A.D., Rysgaard, S., Schindler, D.E., Stirling, I., Tamstorf, M.P., Tyler, N.J.C,,
Van Der Wal, R., Welker, J., Wookey, P.A., Schmidt, N.M., Aastrup, P. (2009). Ecological
dynamics across the Arctic associated with recent climate change. Sczence, 325 (5946), 1355-
1358. https:/ /www.science.otg/doi/10.1126/science.1173113.

Post, E., Alley, R.B., Christensen, T.R., Macias-Fauria, M., Forbes, B.C., Gooseff, M.N., Iler, A.,
Kerby, J.T., Laidre, K.LL., Mann, M.E., Olofsson, J., Stroeve, J.C., Ulmer, F., Virginia, R.A.,
Wang, M. (2019). The polar regions in a 2°C warmer world. Sci. Adp., 5(12), eaaw9883.
https:/ /www.science.org/doi/10.1126/sciadv.aaw9883.

Lappalainen et al.


https://doi.org/10.5194/egusphere-egu2020-20091
https://doi.org/10.1038/ngeo2071
https://doi.org/10.1038/s41561-018-0234-1
https://doi.org/10.1016/j.rse.2017.07.014
https://www.science.org/doi/10.1126/science.1173113
https://www.science.org/doi/10.1126/sciadv.aaw9883

Aprctic Yearbook 2024 27

Previdi, M., Smith, K.L., Polvani, L.M. (2021). Arctic amplification of climate change: a review of
underlying mechanisms. Environ. Res. Lett., 16, 093003. https://doi.org/10.1088/1748-
9326/ac1c29.

Portner, H.-O., Roberts, D.C., Masson-Delmotte, V., Zhai, P., Tignor, M., Poloczanska, E.,
Mintenbeck, K., Alegria, A., Nicolai, M., Okem, A., Petzold, J., Rama, B., Weyer, N.M.
(2019). IPCC special report on the ocean and cryosphere in a changing climate (IPCC special report).
Retrieved from https://www.ipcc.ch/srocc/

Qiu, Y., Savela, H., Key, J., Menenti, M., Vitale, V., Cheng, X., Friddell, J.E., Larsen, J.R., Enomoto,
H., Guo, X., Sandven, S., She, J., Lappalainen, H., Shrestha, Basanta R., Su, B., Gabarro,
C., Li, X, Callaghan, T.V., Lawford, R., Berod, D.D., GEOCRI Group (20106). Statement
on the GEO Cold Region Initiative (GEOCRI). Arctic Observing Summit 2016, Fairbanks,
Alaska, 15-18 March 2016.

Qiu, Y., Menenti, M., Li, X., Bajracharya, B., Kujansuu, J., Davaa, N., Liu, S., Gao, Y., Cheng, B.,
Wu, T., Li, Z., Che, T., Lemmetyinen, J., Liu, J., Xie, H., Ran, Y., Ruan, Z., ZhaoT. (2017).
Observing and Understanding High Mountain and Cold Regions Using Big Earth Datal]].
Bulletin of Chinese Academy of Sciences, 32(Z.1), 82-94.

Radushinsky, D., Mottaeva, A., Andreeva, L., Dyakova, G. (2017). The evaluation of the
modernization cost of the transport infrastructure of the Northern Sea Route in the Arctic
zone of the Russian Federation. IOP Conf. Ser.:. Earth Environ. Sci., 90, 012137.
https://doi.org/10.1088/1755-1315/90/1/012137.

Ramage, J., Jungsberg, L., Wang, S., Westermann, S., Lantuit, H., Heleniak T. (2021). Population
living on  permafrost in  the  Arctic.  Popul  Environ., 43,  22-38.
https://doi.org/10.1007/s11111-020-00370-6.

Rantanen, M., Karpechko, A. Y., Lipponen, A., Nordling, K., Hyvirinen, O., Ruosteenoja, K.,
Vihma, T., Laaksonen, A. (2022). The Arctic has warmed nearly four times faster than the
globe since 1979. Communications — Earth and  Environment, 3 168.

https://www.nature.com/articles/s43247-022-00498-3.

b

Revich, B.A., Shaposhnikov, D.A., Raichich, S.R., Saburova, S.A., Simonova, E.G. (2021). Creating
zones in administrative districts located in the Russian Arctic region specific as per threats
of cattle burials decay due to permafrost degradation. Health Risk Analysis, 1, 115-125.
https://doi.org/10.21668 /health.risk /2021.1.12.eng.

Ricker, R., Hendricks, S., Kaleschke, L., Tian-Kunze, X., King, J., Haas, C. (2017). A weekly Arctic
sea-ice thickness data record from merged CryoSat-2 and SMOS satellite data. The
Cryosphere, 11, 1607-1623. https://doi.org/10.5194/tc-11-1607-2017.

Riebesell, U., Gattuso, JP. (2015). Lessons learned from ocean acidification research. Nature Clin.
Change, 5, 12-14. https://doi.org/10.1038 /nclimate2456.

Ruckamp, M., Neckel, N., Berger, S., Humert, A., Helm, V. (2019). Calving Induced Speedup of
Petermann  Glacier. Journal of Geophysical ~ Research:  Earth — Surface, 124, 216-228.
https://doi.org/10.1029/2018JF004775.

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.1088/1748-9326/ac1c29
https://doi.org/10.1088/1748-9326/ac1c29
https://doi.org/10.1007/s11111-020-00370-6
https://www.nature.com/articles/s43247-022-00498-3
https://doi.org/10.21668/health.risk/2021.1.12.eng
https://doi.org/10.5194/tc-11-1607-2017
https://doi.org/10.1029/2018JF004775

Aprctic Yearbook 2024 28

Sandu, 1., Massonnet, ., van Achter, G., Acosta Navarro, C.J., Arduini, G., Bauer, P., Blockley,
E., Bormann., N., Chevallier, M., Day, J., Dahoui, M., Fichefet, T., Flocco, D., Jung, T.
Hawkins, E., Laroche, S., Lawrence, H., Kristiansen, J., Moreno-Chamarro, E., Ortega, P.,

b

Poan, E., Ponsoni, L., Randriamampianina, R. (2021). The potential of numerical prediction
systems to support the design of Arctic observing systems: Insights from the APPLICATE
and YOPP projects. OJR Meteorol. Soc., 147, 3863-3877. https://doi.org/10.1002/qj.4182.

Sandven, S., Sagen, H., Pirazzini, R., Beszczynska-Moller, A., Danielsen, F., Gongalves, P.,
Ottersen, G., Zona, D., Buch, E., Gustavson, D., Voss, P., Iversen, L., Hamre, T, Sejr, M.,
Higgins, R. (2022). INTAROS  Final  Synthesis report, 70 pPp-
https://doi.org/10.5281/zenodo.7033824.

Savenko, V.S. (2000). Principal features of the chemical composition of suspended load in world
rivers. Dokl. Earth Se., 407, 450454 (2000).
https://doi.org/10.1134/51028334X06030238.

Schmale, J., Arnold, S.R., Law, K.S., Thorp, T., Anenerg, S., Simpson, W.R., Mao, ]J., Pratt, K.A.
(2018). Local Arctic air pollution: a neglected but setious problem, Earth’s Future, 6, 1385—
1412, https://doi.org/10.1029/2018ef000952.

Schmale, J., Zieger, P., Ekman, A.M.L. (2021). Aerosols in current and future Arctic climate. Nature
Climate Change, 11, 95-105. https://doi.org/10.1038/s41558-020-00969-5.

Schroder, L., Neckel, N., Zindler, R., Humbert, A. (2020). Perennial supraglacial lakes in Northeast
Greenland observed by polarimetric SAR.  Rew.  Sens., 12 (17), 2798.
https://doi.org/10.3390/1s12172798.

Schuster, P.F, Schaefer, K.M., Aiken, G.R., Antweiler, R.C., Dewild, J.F., Gryziec, ].D., Gusmeroli,
A., Hugelius, G., Jafarov, E., Krabbenhoft, D.P., Liu, L., Herman-Mercer, N., Mu, C., Roth,
D.A., Schaefer, T., Striegl, R.G., Wickland, K.P., Zhang, T. (2018). Permafrost stores a

globally significant amount of mercury. Geophysical Research Letters, 45, 1463—1471.
https://doi.org/10.1002/2017GL075571.

Schuur, E.A.G., McGuire, A.D., Schidel, C., Grosse, G., Harden, ].W., Hayes, D.J., Hugelius, G.,
Koven, C.D., Kuhry, P., Lawrence, D.M., Natali, S.M., Olefeldt, D., Romanovsky, V.E.,
Schaefer, K., Turetsky, M.R., Treat, C.C., Vonk, J.E. (2015). Climate change and the
permafrost carbon feedback. Nazure, 520, 171-179. https://doi.org/10.1038 /nature14338.

Screen, J. A. (2021). An ice-free Arctic: What could it mean for European weather? Weather, 76
(10), 327-328, https://doi.org/10.1002/wea.4069.

Screen, J.A., Deser, C., Sun, L. (2015). Reduced risk of North American cold extremes due to
continued  arctic sea ice  loss.  Awmerican  Meteorological  Society,  96(9).
https://doi.org/10.1175/bams-d-14-00185.1.

Serreze, M.C., Francis, J.A. (2000). The Arctic Amplification debate. Clim. Change, 76, 241-264,
https://doi.org/10.1007/s10584-005-9017-y.

Serreze M.C., Barry R.G. (2011). Processes and impacts of Arctic amplification: A research
synthesis. Global and Planetary Change, 77, 85-96.
https://doi.org/10.1016/j.gloplacha.2011.03.004.

Lappalainen et al.


https://doi.org/10.5281/zenodo.7033824
https://doi.org/10.1029/2018ef000952
https://doi.org/10.1038/s41558-020-00969-5
https://doi.org/10.3390/rs12172798
https://doi.org/10.1002/2017GL075571
https://doi.org/10.1038/nature14338
https://doi.org/10.1016/j.gloplacha.2011.03.004

Aprctic Yearbook 2024 29

Shakhova, N., Semiletov, I. (2007). Methane release and coastal environment in the East Siberian
Arctic shelf. Journal of Marine Systens, 60, 1-4, 227-243.
https://doi.org/10.1016/j.jmarsys.2006.06.006.

Sharma, S., Barrie, L.A., Magnusson, E., Brattstrém, G., Leaitch, W.R., Steffen, A., Landsberger,
S. (2019). A Factor and Trends Analysis of Multidecadal Lower Tropospheric Observations
of Arctic Aerosol Composition, Black Carbon, Ozone, and Mercury at Alert, Canada. JGR
Atmpsheres, 124, 24. https:/ /doi.org/10.1029,/2019]D030844.

Shupe, M.D., Rex, M., Blomquist, B., Persson, P.O.G., Schmale, J., Uttal, T., Althausen, D., Angot,
H., Archer, S., Bariteau, L., Beck, 1., Bilberry, J., Bucci, S., Buck, C., Boyer, M., Brasseur,
Z., Brooks, I.M., Calmer, R., Cassano, J., Castro, V., Chu, D., Costa, D., Cox, C.]J.,
Creamean, J., Crewell, S., Dahlke, S., Damm, E., de Boer, G., Deckelmann, H., Dethloff,
K., Ditsch, M., Ebell, K., Ehrlich, A., Ellis, J., Engelmann, R., Fong, A.A., Frey, M.M.,
Gallagher, M.R., Ganzeveld, L., Gradinger, R., Graeser, J., Greenamyer, V., Griesche, H.,
Griffiths, S., Hamilton, J., Heinemann, G., Helmig, D., Herber, A., Heuzé, C., Hofer, J.,
Houchens, T., Howard, D., Inoue, J., Jacobi, H.-W., Jaiser, R., Jokinen, T., Jourdan, O.,
Jozef, G., King, W., Kirchgaessner, A., Klingebiel, M., Krassovski, M., Krumpen, T.,
Lampert, A., Landing, W., Laurila, T., Lawrence, D., Lonardi, M., Loose, B., Liipkes, C.,
Maahn, M., Macke, A., Maslowski, W., Marsay, C., Maturilli, M., Mech, M., Mortis, S.,
Moser, M., Nicolaus, M., Ortega, P., Osborn, J., Pitzold, F., Perovich, D.K,, Petija, T, Pilz,
C., Pirazzini, R., Posman, K., Powers, H., Pratt, K.A., Preuller, A., Quéléver, L., Radenz,
M., Rabe, B., Rinke, A., Sachs, T., Schulz, A., Siebert, H., Silva, T., Solomon, A.,
Sommerfeld, A., Spreen, G., Stephens, M., Stohl, A., Svensson, G., Uin, J., Viegas, J., Voigt,
C., von der Gathen, P., Wehner, B., Welker, ].M., Wendisch, M., Werner, M., Xie, Z.Q.,
Yue, F. (2022). Overview of the MOSAIC expedition—Atmosphere. Elementa: Science of the
Abnthropocene, 10 (1), 00060. https://doi.org/10.1525/elementa.2021.00060.

Sizov, O., Ezhova, E., Tsymbarovich, P., Soromotin, A., Prihod’ko, N., Petija, T., Zilitinkevich,
S., Kulmala, M., Bick, J., Koster, K. (2021). Fire and vegetation dynamics in North-West

Siberia during the last 60 years based on high resolution remote sensing. Biogeosciences, 18,
207-228. https://doi.org/10.5194/BG-18-207-2021.

Slater, D. A., Straneo, F., Felikson, D., Little, C. M., Goelzer, H., Fettweis, X., Holte, J. (2019).
Estimating Greenland tidewater glacier retreat driven by submarine melting. The Cryosphere,
13, 2489-2509, https://doi.org/10.5194/tc-13-2489-2019.

Small, R.J., Bryan, F.O., Bishop, S.P., Tomas, R.A. (2019). Air-Sea Turbulent Heat Fluxes in
Climate Models and Observational Analyses: What Drives Their Variability? Journal of
Climate, 32, 8, 2397-2421. https:/ /doi.org/10.1175/JCLI-D-18-0576.1.

Smith, L. (2011): New North: The World in 2050. Profile Books (GB); Main edition January 1,
2011, ISBN-10: 1846688760, ISBN-13: 978-1846688768.

Solomon, A., Heuzé, C., Rabe, B., Bacon, S., Bertino, L., Heimbach, P., Inoue, J., Iovino, D.,
Mottram, R., Zhang, X., Aksenov, Y., McAdam, R., Nguyen, A., Raj, R.P., Tang, H. (2021).
Freshwater in the Arctic Ocean 2010-2019. Ocean Science, 17 (4), 1081-1102.
https://doi.org/10.5194/0s-17-1081-2021.

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.1525/elementa.2021.00060
https://doi.org/10.5194/BG-18-207-2021
https://doi.org/10.1175/JCLI-D-18-0576.1
https://doi.org/10.5194/os-17-1081-2021

Aprctic Yearbook 2024 30

Spreen, G., de Steur, L., Divine, D., Hansen, E., Gerland S., Kwok, R. (2020). Arctic Sea Ice
Volume Export through Fram Strait from 1992 to 2014. Journal of Geophysical Research —
Oceans, 125, ¢2019]C016039. https://doi.org/10.1029/2019]C016039.

Starkweather, S, Larsen, J.R., Kruemmel, E., Eicken, H., Arthurs, D., Bradley, A.C., Catlo, N.,
Christensen, T., Daniel, R., Danielsen, F., Kalhok, S., Karcher, M., Johansson, M.,
Johannsson, H., Kodama, Y., Lund, S., Murray, M.S., Petaja, T., Pulsifer, P.L.., Sandven, S.,
Sankar, R.D., Strahlendorff, M., Wilkinson, J. (2022). Sustaining Arctic Observing
Networks” (SAON) Roadmap for Arctic Observing and Data Systems (ROADS). Areti,
74,5 (Suppl. 1), 56-68. https://doi.org/10.14430/arctic74330.

Straneo, F., Cenedese, C. (2015). The Dynamics of Greenland's Glacial Fjords and Their Role in
Climate. Ann. Rev. Mar. Sei., 7, 89—112. https://doi.org/10.1146/annurev-marine-010213-
135133.

Streletskiy D. A., Suter L. J., Shiklomanov N. L., Porfiriev B. N, Eliseev D. O. (2019). Assessment
of climate change impacts on buildings, structures and infrastructure in the Russian regions
on permafrost. Environmental Research Letters, 14 (2), 025003. https://doi.org/10.1088/1748-
9326/ aaf5e.

Svensson, J., Strom, J., Kivekis, N., Dkhar, N. B., Tayal, S., Sharma, V. P., Jutila, A., Backman, J.,
Virkkula, A., Ruppel, M., Hyvirinen, A., Kontu, A., Hannula, H.-R., Leppiranta, M.,
Hooda, R. K., Korhola, A., Asmi, E., Lihavainen, H. (2018). Light-absorption of dust and
elemental carbon in snow in the Indian Himalayas and the Finnish Arctic. A#mos. Meas.
Tech., 11, 1403-1416. https://doi.org/10.5194/amt-11-1403-2018.

Terhaar, J., Kwiatkowski, L., Bopp, L. (2020). Emergent constraint on Arctic Ocean acidification
in the twenty-first century. Nature, 582, 379-383. https://doi.org/10.1038/s41586-020-
2360-3.

Timofeev, V., Bahtejeva, 1., Mironova, R., Titareva, G., Lev, 1., Christiany, D., Borzilov, A., Bogun,
A., Vergnaud, G. (2019). Insights from Bacillus anthracis strains isolated from permafrost
in the tundra zone of Russia. PloS  ONE, 14(5): e0209140.
https://doi.org/10.1371/journal.pone.0209140.

Trenberth, K.E., Fasullo, J.T. (2017). Atlantic meridional heat transports computed from balancing
Earth's energy locally. Geophys. Res. Lett. 44 1919-1927.
https://doi.org/10.1002/2016GL072475.

b b

Trenberth, K.E., Zhang, Y., Fasullo, J.T., Cheng, L. (2019). Observation-Based Estimates of
Global and Basin Ocean Meridional Heat Transport Time Seties. Journal of Climate, 32(14),
4567-4583. https://doi.org/10.1175/JCLI-D-18-0872.1.

Tsubouchi, T., Vage, K., Hansen, B. (2021). Increased ocean heat transport into the Nordic Seas
and Arctic Ocean over the period 1993-2016. Nat. Clim. Chang., 11, 21-26.
https://doi.org/10.1038/s41558-020-00941-3.

b

Turetsky, M., Abbott, B., Jones, M., Walter A.K., Olefeldt, D., Schuur, E., Grosse, G., Kuhry, P.,
Hugelius, G., Koven, C., Lawrence, D., Gibson, C., Sannel, A., McGuire, A. (2020). Carbon

release  through  abrupt permafrost thaw.  Natwre  Geoscience, 13(2), 8.
https://doi.org/10.1038/s41561-019-0526-0.

Lappalainen et al.


https://doi.org/10.1029/2019JC016039
https://doi.org/10.14430/arctic74330
https://doi.org/10.1088/1748-9326/aaf5e
https://doi.org/10.1088/1748-9326/aaf5e
https://doi.org/10.1371/journal.pone.0209140
https://doi.org/10.1002/2016GL072475
https://doi.org/10.1175/JCLI-D-18-0872.1
https://doi.org/10.1038/s41558-020-00941-3

Aprctic Yearbook 2024 31

Uotila, P., Goosse, H., Haines, K., Chevallier, M., Barthélemy, A., Bricaud, C., Carton, J., Fuckar,
N., Garric, G., lovino, D., Kauker, F., Korhonen, M., Lien, V.S., Marnela, M., Massonnet,
F., Mignac, D., Peterson, K.A., Sadikni, R., Shi, L., Tietsche, S., Toyoda, T., Xie, J., Zhang,
Z. (2019). An assessment of ten ocean reanalyses in the polar regions. Clin. Dyn., 52, 1613-
1650. https://doi.org/10.1007/s00382-018-4242-.

Uttal, T, Starkweather, S., Drummond, J.R., Vihma, T., Makshtas, A.P., Darby, L.S., Burkhart, J.F.,
Cox, C.J., Schmeisser, L.N., Haiden, T., Maturilli, M., Shupe, M.D., De Boer, G., Saha, A.,
Grachev, A.A., Crepinsek, S.M., Bruhwiler, L., Goodison, B., McArthur, B., Walden, V.P.,
Dlugokencky, E.J., Persson, P.O. G., Lesins, G., Laurila, T., Ogren, J.A., Stone, R., Long,
C.N,, Sharma, S., Massling, A., Turner, D.D., Stanitski, D.M., Asmi, E., Aurela, M., Skov,
H., Eleftheriadis, K., Virkkula, A., Platt, A., Ferland, E.J., Iijima, Y., Nielsen, I.E., Bergin,
M.H., Candlish, L., Zimov, N.S., Zimov, S.A., O’Neill, N.T., Fogal, P.F., Kivi, R,,
Konopleva-Akish, E.A., Verlinde, J., Kustov, V.Y, Vasel, B., Ivakhov, V.M., Viisanen, Y.,
Intrieri, J.M. (2016). International Arctic Systems for Observing the Atmosphere: An
International Polar Year Legacy Consortium. Bulletin of the American Meteorological Society,
97(6), 1033-1056. https://journals.ametsoc.org/view/journals/bams/97/6/bams-d-14-
00145.1.xml.

van den Heuvel-Greve, MJ., van den Brink, AM., Glorius, ST., Arjen de Groot, G., Laros, 1.,
Renaud, P.E., Pettersen, R., Weslawski, J.M., Kuklinski, P., Murk, A.J. (2021). Early
detection of marine non-indigenous species on Svalbard by DNA metabarcoding of
sediment. Polar Biology, 44, 653—665. https://doi.org/10.1007 /s00300-021-02822-7.

Varentsov, M., Viacheslav V., Dvornikov, Y., Samsonov, T., Klimanova O. (2023). Does size
matter? Modelling the cooling effect of green infrastructures in a megacity during a heat
wave. Science of the Total Environment, 1659606,
https://doi.org/10.1016/j.scitotenv.2023.165966.

Vihma, T., R. Pirazzini, I. Fer, I. A. Renfrew, J. Sedlar, M. Tjernstrém, C. Lipkes, T. Nygérd, D.
Notz, J. Weiss, D. Marsan, B. Cheng, G. Birnbaum, S. Gerland, D. Chechin, and J. C.
Gascard (2014). Advances in understanding and parameterization of small-scale physical

processes in the marine Arctic climate system: a review. Atmos. Chem. Phys., 14, 9403-
9450, doi:10.5194/acp-14-9403-2014.

Vihma, T., Screen, J., Tjernstrom, M., Newton, B., Zhang, X., Popova, V., Deser, C., Holland, M.,
Prowse, T. (2016). The atmospheric role in the Arctic water cycle: A review on processes,
past and future changes, and their impacts. |. Geophys. Res. Biogeosci, 121, 586-620.
https://doi.org/10.1002/2015]G003132.

Vihma, T., Uotila, P., Sandven, S., Pozdnyakov, D., Makshtas, A., Pelyasov, A., Pirazzini, R,
Danielsen, F., Chalov, S., Lappalainen, H. K., Ivanov, V., Frolov, 1., Albin, A., Cheng, B.,
Dobrolyubov, S., Arkhipkin, V., Myslenkov, S., Petdjd, T., Kulmala, M. (2019). Towards an
advanced observation system for the marine Arctic in the framework of the Pan-Eurasian
Expetiment (PEEX), A#mos. Chem. Phys., 19, 1941-1970, https://doi.org/10.5194/acp-19-
1941-2019.

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.1007/s00382-018-4242-z
https://journals.ametsoc.org/view/journals/bams/97/6/bams-d-14-00145.1.xml
https://journals.ametsoc.org/view/journals/bams/97/6/bams-d-14-00145.1.xml
https://doi.org/10.5194/acp-19-1941-2019
https://doi.org/10.5194/acp-19-1941-2019

Aprctic Yearbook 2024 32

Voigt, C., Marushchak, M.E., Lamprecht, R.E., Jackowicz-Korczynski, M., Lindgren, A,
Mastepanov, M., Granlund, L., Christensen, T.R., Tahvanainen, T., Martikainen, P.]., Biasi,
C. (2017). Increased nitrous oxide emissions from Arctic peatlands after permafrost thaw.
Proceedings ~ of  the  National — Academy — of  Sciences,  114(24),  6238-6243.
https://doi.org/10.1073/pnas.1702902114.

Viisdnen, M., Ylinne, H., Kaarlejirvi, E., Sj6gersten, S., Olofsson, J., Crout, N., Stark, S. (2014).
Consequences of warming on tundra carbon balance determined by reindeer grazing
history. Nature Climate Change, 4, 384-388. https://doi.org/10.1038/nclimate2147.

Walsh, J.E., Ballinger, T.J., Euskirchen, E.S., Hanna, E., Mard, ]J., Overland, J. E., Tangen, H.,
Vihma T. (2020). Extreme weather and climate events in the Arctic: A review. Earth Sci.
Rews., 209, 103324, https://doi.org/10.1016/j.earscirev.2020.103324.

Walvoord, M.A., Kurylyk, B.L. (2016). Hydrologic Impacts of Thawing Permafrost—A Review.
VVadose Zone Journal, 15, 6, 1-20. https:/ /doi.otg/10.2136/vzj2016.01.0010.

Webster, M., Gerland, S., Holland, M., Hunke, E., Kwok, R., Lecomte, O., Massom, R., Perovich,
D., Sturm, M. (2018). Snow in the Changing Sea-ice Systems. Nature Climate Change, 8,
946-953. https://doi.org/10.1038/s41558-018-0286-7.

Wendisch, M., Macke, A., Ehtlich, A., Lipkes, C., Mech, M., Chechin, D., Dethloff, K., Barientos,
C., Bozem, H., Briickner, M., Clemen, H.-C., Crewell, S., Donth, T., Dupuy, R., Dusny, C.
Ebell, K., Egerer, U., Engelmann, R., Engler, C., Eppers,O., Gehrmann, M., Gong, X,
Gottschalk, M., Gourbeyre, C., Griesche, H., Hartmann, J., Hartmann, M., Heinold, B.,
Herber, A., Herrmann, H., Heygster, G., Hoor, P., Jafariserajehlou, S., Jikel, E., Jirvinen,
E., Jourdan, O., Kistner, U., Kecorius, S., Knudsen, E.M., Kéllner, F., Kretzschmar, .
Lelli, L., Leroy, D., Maturilli, M., Mei, L., Mertes, S., Mioche, G., Neuber, R., Nicolaus, M.,
Nomokonova, T., Notholt, J., Palm, M., van Pinxteren, M., Quaas, ]., Richter, P., Ruiz-
Donoso, E., Schifer, M., Schmieder, K., Schnaiter, M., Schneider, J., Schwarzenbéck, A.,
Seifert, P., Shupe, M.D., Siebert, H., Spreen, G., Stapf, J. Stratmann, F., Vogl, T., Welti, A.,
Wex, H., Wiedensohler, A., Zanatta, M., Zeppenfeld, S. (2019). The Arctic Cloud Puzzle:
Using ACLOUD/PASCAL Mult-Platform Observations to Unravel the Role of Clouds
and Aerosol Particles in Arctic Amplification. Bull. Amer. Meteor. Soc., 100 (5), 841-871.
https://doi.org/10.1175/BAMS-D-18-0072.1.

b

Wendisch, M., M. Briickner, S. Crewell, A. Ehtlich, J. Notholt, C. Lipkes, A. Macke, J. P. Burrows,
A. Rinke, J. Quaas, M. Maturilli, V. Schemann, M. D. Shupe, E. F. Akansu, C. Barrientos-
Velasco, K. Birfuss, A.-M. Blechschmidt, K. Block, I. Bougoudis, H. Bozem, C.
Bockmann, A. Bracher, H. Bresson, L. Bretschneider, M. Buschmann, D. G. Chechin, J.
Chylik, S. Dahlke, H. Deneke, K. Dethloff, T. Donth, W. Dorn, R. Dupuy, K. Ebell, U.
Egerer, R. Engelmann, O. Eppers, R. Gerdes, R. Gierens, 1. V. Gorodetskaya, M.
Gottschalk, H. Griesche, V. M. Gryanik, D. Handorf, B. Harm-Altstddter, J. Hartmann, M.
Hartmann, B. Heinold, A. Herber, H. Herrmann, G. Heygster, I. Hoschel, Z. Hofmann, J.
Hélemann, A. Hunerbein, S. Jafariserajehlou, E. Jikel, C. Jacobi, M. Janout, F. Jansen, O.
Jourdan, Z. Juranyi, H. Kalesse-Los, T. Kanzow, R. Kithner, L. L. Kliesch, M. Klingebiel,
E. M. Knudsen, T. Kovacs, W. Kortke, D. Krampe, J. Kretzschmar, D. Kreyling, B. Kulla,
D. Kunkel, A. Lampert, M. Lauer, L. Lelli, A. von Lerber, O. Linke, U. Léhnert, M.

Lappalainen et al.


https://doi.org/10.1073/pnas.1702902114
https://doi.org/10.1016/j.earscirev.2020.103324
https://doi.org/10.2136/vzj2016.01.0010
https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1175/BAMS-D-18-0072.1

Aprctic Yearbook 2024 33

Lonardi, S. N. Losa, M. Losch, M. Maahn, M. Mech, L. Mei, S. Mertes, E. Metzner, D.
Mewes, J. Michaelis, G. Mioche, M. Moser, K. Nakoudi, R. Neggers, R. Neuber, T.
Nomokonova, J. Oclker, 1. Papakonstantinou-Presvelou, F. Pitzold, V. Pefanis, C. Pohl,
M. van Pinxteren, A. Radovan, M. Rhein, M. Rex, A. Richter, N. Risse, C. Ritter, P.
Rostosky, V. V. Rozanov, E. Ruiz Donoso, P. Saavedra-Garfias, M. Salzmann, J. Schacht,
M. Schifer, J. Schneider, N. Schnierstein, P. Seifert, S. Seo, H. Siebert, M. A. Soppa, G.
Spreen, I. S. Stachlewska, J. Stapf, F. Stratmann, I. Tegen, C. Viceto, C. Voigt, M. Vountas,
A. Walbrol, M. Walter, B. Wehner, H. Wex, S. Willmes, M. Zanatta, S. Zeppenfeld, (2023).
Atmospheric and Surface Processes, and Feedback Mechanisms Determining Arctic
Amplification: A Review of First Results and Prospects of the (AC)’ Project. Bull. Amer.
Meteorol. Soc., 104 (1), E208—E242, https://doi.org/10.1175/BAMS-D-21-0218.1

Wendisch, M., S. Crewell, A. Ehrlich, A. Herber, B. Kirbus, C. Lipkes, M. Mech, E. F. Akansu, F.
Ament, C. Aubry, S. Becker, S. Borrmann, H. Bozem, M. Briickner, H.-C. Clemen, S.
Dahlke, G. Dekoutsidis, J. Delanoé, E. De La Torre Castro, H Dorff, R. Dupuy, O. Eppers,
F. Ewald, G. George, I. V. Gorodetskaya, S. Grawe, S. Grof3, J. Hartmann, S. Henning, E.
Jakel, P. Joppe, O. Jourdan, Z. Juranyi, M. Karalis, M. Kellermann, M. Klingebiel, M.
Lonardji, J. Lucke, M. Maahn, N. Maherndl, M. Maturilli, B. Mayer, J. Mayer, S. Mertes, ].
Michaelis, M. Michalkov, G. Mioche, M. Moser, H. Miller, R. Neggers, D. Ori, D. Paul, F.
Paulus, C. Pilz, F. Pithan, V. Portge, N. Risse, G. C. Roberts, S. Rosenburg, J. Réttenbacher,
J. Rickert, M. Schifer, J. Schaefer, V. Schemann, I. Schirmacher, S. Schmidt, J. Schneider,
S. Schnitt, A. Schwarz, H. Siebert, T. Sperze, G. Spreen, B. Stevens, F. Stratmann, G.
Svensson, C. Tatzelt, T. Tuch, T. Vihma, C. Voigt, L. Volkmer, A. Walbrél, A. Weber, B.
Wehner, B. Wetzel, M. Wirth, and T. Zinne (2024). Overview: quasi-Lagrangian
observations of Arctic air mass transformations — introduction and initial results of the
HALO—(AC) 3 aircraft campaign. Atmos. Chem. Phys, 24, 8865-8892,
https://doi.org/10.5194/acp-24-8865-2024.

b

Wicks, A.J., Atkinson, D.E. (2017). Identification and classification of storm surge events at Red
Dog Dock, Alaska, 2004—-2014. Natural Hazards, 86 1-24.
https://doi.org/10.1007/s11069-016-2722-1.

bl

Woosley, R.J., Millero, F.J. (2020). Freshening of the western Arctic negates anthropogenic carbon
uptake potential. Limnol. Oceanogr., 65, 1834-1846. https://doi.org/10.1002/1no.11421.

Xie, Z., Ebinghaus, R., Temme, C., Lohmann, R., Caba, A., Ruck, W. (2007). Occurrence and
air—sea exchange of phthalates in the Arctic. Enmviron. Sci Technol., 41(13), 4555-4560.
https://doi.org/10.1021/es0630240.

You, Q., Cai, Z., Pepin, N., Chen, D., Ahrens, B., Jiang, Z., Wu, F., Kang, S., Zhang, R., Wu, T,
Wang, P., Li, M., Zuo, Z., Gao, Y., Zhai, P., Zhang, Y. (2021). Earth-Science Reviews
Warming amplification over the Arctic Pole and Third Pole: Trends, mechanisms and
consequences. Earth-Science Rew., 217, 103625.
https://doi.org/10.1016/j.earscirev.2021.103625.

Advancing the Understanding and Quantification of Arctic Climate Feedbacks


https://doi.org/10.1175/BAMS-D-21-0218.1
https://doi.org/10.1021/es0630240
https://doi.org/10.1016/j.earscirev.2021.103625

Aprctic Yearbook 2024

34

Zhang, J., Weijer, W., Steele, M., Cheng, W., Verma, T., Veneziani, M. (2021). Labrador Sea
Freshening Linked to Beaufort Gyre Freshwater Release. Nature Communications, 12 (1),
1229. https://doi.org/10.1038/s41467-021-21470-3.

Appendix 1
Table A-1. Explanation of the acronyms.
Acronym Full name Scope Website
AASCO Arena gap analysis of the existing Atctic Prince Albert https:/ /www.atm.helsinki.fi/
science co-operations Foundation peex/index.php/aasco/
teedback research
(AC)? Arctic Amplification: Climate Relevant Transregional http://ac3-tr.de
Atmospheric and Surface Processes, and Collaborative
Feedback Mechanisms Research Centre
funded by German
Science Foundation
(Deutsche
Forschungsgemeinsc
haft, DFG)
ACTRIS Aerosol, Clouds and Trace Gases Research | European Rl https:/ /www.actris.eu
Infrastructure S
atmospheric sciences
AMAP Arctic Monitoring & Assessment Arctic Council https:/ /www.amap.no/docu
Programme -a Working Group of the health research ments/doc/ amap—as.sessment—
Arctic Council 2021-human-health-in-the-
AMAP Assessment 2021: Human Health in arctic-pre-print/ 3593
the Arctic
AOS The Arctic Observing Summit conference https://arcticobservingsummi
t.org/summits/a0s-2020/.
APPLICATE Advanced Prediction in Polar Region and European Union’s https:/ /applicate-h2020.eu/
Beyond Hortizon 2020
ARCTIC OPTIONS | Atctic Options / Pan-Atrctic Options the Belmont Forum | https://scidiplo.org
projects (both on Holistic Integration for with Canada, China,
Arctic Coastal-Marine Sustainability) — France, Norway,
funded through () Russia and the US
from 2013-2022 —
which evolved into
the Science
Diplomacy Center™
Arctic PASSION Pan-Arctic Observing System of Systems - | EU Hortizon2020 https:/ /arcticpassion.cu
project RI
BED Big Earth Data
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BSRN-WMO Baseline Surface Radiation Network of the United Nations’ https:/ /hal.archives-
Wortld Meteorological Organization organization ouvertes.fr/hal-
03658664 /document
CBM Community-based monitoring https:/ /mkp28.wixsite.com/c
bm-best-practice
CIMR The Copetnicus Imaging Microwave EU Earth https://atpi.eventsait.com/ci
Radiometer (CIMR) Expansion mission observation mr-mission-2021/
programme
COPERNICUS
CLINF Climate-change effects on the epidemiology | Notrdic Center of https://clinf.org
of infectious diseases and the impacts on Excellence funded by
Northern societies Nordforsk
feedback research
CRAICC Cryosphere—Atmosphere Interactions in a Nordic Center of https:/ /researchportal.helsink
Changing Arctic Climate, Nordic Centre of | Excellence funded by | i.fi/en/projects/craicc
Excellence Nordforsk
feedback research
CRiceS Climate Relevant interactions and EU Hortizon2020 https:/ /www.crices-
feedbacks: the key role of sea ice and Snow feedbacks research h2020.eu/
in the polar and global climate system -
project
CRISTAL The Copetnicus Polar Ice and Snow EU Earth https:/ /www.copernicus.cu/e
Topography Altimeter Mission in observation n
COPERNICUS, launch planned in 2027 programme
COPERNICUS
eLTER Integrated European Long-Term European RI https://elter-ti.eu
Ecosystem, critical zone and socio-ecology
. ecosystem tesearch
Research infrastructure
EOST Earth Observation Science and Technology | other https:/ /le.ac.uk/earth-
observation-science
EPOS European Plate Observing System European RI https:/ /www.epos-eu.org
ERIC European Research Infrastructure a specific legal form https://ec.europa.eu/info/res
Consortium that facilitates the earch-and-
establishment and innovation/strategy/ strategy-
operation of 2020-2024/ our-digital-
Research future/european-research-
Infrastructures with infrastructures/eric_en
European interest
ESM Earth System Models other
EVE Eatth Virtualization Engines interactive data access https://evedclimate.org/
layer that allows simple
navigation, extraction,
and application of the
climate simulation data
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EU-POLARNET European network to co-develop and EU Horizon2020 https://eu-polarnet.cu

advance European Polar Research feedback research

Euro-ARGO European Research Infrastructure European RI https:/ /www.euro-argo.eu

consortium for observing the Ocean
ocean

FAIR Findability, Accessibility, Interoperability, other https:/ /www.go-fair.org/ fait-

and Reusability principles/

Gaofen Gaofen series a series of Chinese https://directoty.copottal.org
high-resolution Earth | /web/eoportal/satellite-
imaging satellites for | missions/g/gaofen-1
the China High-
resolution Earth
Observation System
(CHEOS) program

GAW-WMO Global Atmosphere Watch of the World United Nations

Meteorological Organization organizations

GCOS Global Climate Obsetving System https:/ /gcos.wmo.int/en/ho

me

GCW Global Cryospheric Watch (GCW) of the United Nations

Wortld Meteorological Organization organizations

GEM Greenland Ecosystem Monitoring Other research https://g-e-m.dk
infrastructure(s)

GEOSS Global Earth Observation System of https:/ /earthobsetvations.org

Systems /geoss.php

GHG Greenhouse gases other

GOOS Global Ocean Obsetving System Arctic research https:/ /www.goosocean.org/
infrastrcture

TABP the International Arctic Buoy Program Other research http://abp.apl.washington.ed
infrastructure(s) u/overview principles.html

TASC International Arctic Science Committee International bodies https:/ /iasc.info
Scientific Associate
of International
Council for Science
(ICSU)

1COS Integrated Carbon Observation System European R1 https:/ /www.icos-cp.eu
atmospheric sciences

iCUPE Integrative and Comprehensive EU Horizon2020 https:/ /www.atm.helsinki.fi/i

Un(.ierstandmg on Polar Environments — feedbacks research cupe
project

IDA The International Development Association https:/ /www.wotldbank.org/

en/news/factsheet/2019/12/
13/fact-sheet-the-
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international-development-
association-ida

IMBIE Ice Sheet Mass Balance Inter-compatison project https:/ /web-

Exercise isardsat.vercel.app/project/im
bie2

INTAROS Integrated Arctic observation system EU Hortizon2020 https:/ /www.intaros.eu

RIA

INTERACT European RI project | https://eu-
interact.org/project/

10C Intergovernmental Oceanic Commission International bodies https:/ /ioc.unesco.org/node/

UNESCO 2
NCoE Nordic Centre of Excellence a NordForsk funced | https://www.notrdforsk.org/n
Notdic Centre of ordic-centre-excellence
Excellence (NCoE)
promoting Nordic
cooperation between
outstanding
researchers and
research institutions
NUNATARYUK Project combines permafrost research with EU Horizon 2020 https:/ /nunatatyuk.org
@odelhng and socio-economic analysis and feedback research
includes stakeholders from all over the
Arctic
PCAPS Polar Coupled Analysis and Prediction for WMO project as a https:/ /www.wwtp-
Services further developes numerical follow-up of YOPP pcaps.net/
weather prediction and utilization of its
results in operational setvices for societies.
PolarRES PolarRES studies the interactions PolarRES is a multi- | https://polarres.eu/
between the atmosphere, oceans, and partner project, and a
sea ice in the Arctic and Antarctic member of the EU
Polar Cluster.
PPP Polar Prediction Project a 10-year (2013~ https:/ /www.polarprediction.
2022) endeavour of | net/
the Wotld
Meteorological
Organization’s
(WMO) World
Weather Research
Programme (WWRP)

R&B Belt and Road Initiative https:/ /www.mfa.gov.cn/ce/
cegv/eng/zywiyjh/t1675564.
htm

PROTECT PROjecTing sEa-level rise : from iCe sheets | EU Horizon 2020 https://cordis.europa.cu/proj

to local implicaTions . ect/id /869304
project
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RI Research Infrastructure large-scale, -
integrated, in situ
observation system
ROADS Roadmap for Arctic Observing and Data SAON coordinated http:/ /www.arcticobsetving.o
Systems activity rg/news/378-guidelines-for-
contributing-to-saon-s-
roadmap-for-arctic-observing-
and-data-systems-roads
SAON Sustaining Arctic Observing Networks Arctic Council Www.arctic-
research RI network council.org/projects/saon
SAVs Shared Arctic Variables - -
SDGs Sustainable Development Goals set up in 2015 by the | https://sdgs.un.org/goals
United Nations
General Assembly
(UN-GA) and are
intended to be
achieved by 2030
SIOS Svalbard Integrated Arctic Earth Observing | Other research https:/ /us.sios.com
System (SIOS) infrastructure(s)
SIOS Svalbard Integrated Atctic Earth Observing | large-scale, https:/ /sios-svalbard.org/
System integrated, in situ
observation system
SMEAR Stations for Measuring Farth sutface — research https:/ /www.atm.helsinki.fi/
Atmosphere Relations (SMEAR) infrastructure(s) SMEAR/index.php
coordinated by the
University Helsinki,
FIL
UN United Nations international https:/ /www.un.org/en/?
organization
YOPP Year of Polar Prediction other https:/ /www.polarprediction.
net/
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Appendix 2

Table A-2. The list of the 13 domain based Key topics, the existing knowledge and the areas where
we need a better understanding of the Arctic feedbacks and interactions. The content of the table
is based on the contributions e.g. submitted abstracts to the AASCO events in 2021 and 2020.

AA = Arctic Amplification: Key Topic 1 Feedbacks ‘{ : o
Key Topic 2 Trends
Key Topic 3 Extreme events ~ ' :
AT = Atmosphere: Key Topic 4 Atmospheric processes in the Arctic

II(ey Tgpic 5 Atmospheric circulation and transports between the Arctic and mid-
atitudes

MA= Marine Key Topic 6 Arctic Ocean and its ice cover

Key Topic 7 Ocean environment and socio-economic feedbacks

Key Topic 8 Ocean Acidification & Arctic marine freshening
CR = Cryosphere Key Topic 9 Greenland Ice Sheet mass loss and its impact

Key Topic 10 Interactions of the Arctic permafrost, soil active layer, and atmosphere
TE = Terrestrial Key Topic 11 River transports and coastal erosion

xey Topic 12 Changing pollution load, change of previous feedbacks within the
rctic

Key Topic 13 COntinental Biosphere-Aerosol-Cloud-Climate feedbacks

EXISTING KNOWLEDGE CRITICAL KNOWLEDGE GAPS AND RESEARCH
NEEDS

ARCTIC AMPLIFICATION (1-2-3) feedbacks-trends-extreme

events
The Arctic Ampliﬁcation — The mechanisms v Synthesis of the AA studies are needed to identify and
describe multi-scale and multi-process contributions to the
¢ Behind the enhanced response of the Arctic climate system to global phenomenon. Developing this solid background, future
warming are generally referred to as Arctic amplification (Serreze and projections and implications of the Arctic Amplifications
Francis 2006; Serreze and Barry, 2011; Davy et al., 2018; Davy and Outten, can be prospected and attributed. reanalysis.
2020; Dai et al., 2019; Previdi et al., 2021; Wendisch et al., 2022). Two | v/ In the case of extremes, such drought, flooding and
prominent indications of Arctic amplification are the dramatic decline cyclones, the future changes are not well known. High
of sea ice in the Arctic Ocean (Olonscheck et al. 2019; Screen 2021), and ptiority for: enhancement of observation systems to detect
the accelerated increase of the Arctic near-surface air temperature extreme events; application of high-resolution models; more
(Rantanen et al, 2022). research on the impacts of climate extremes on ecosystems
% Clarification of the Amplification mechanisms, feedbacks and impacts and humans (Walsh et al,, 2020; Ezhova et al,, 2021).
in progress (Goosse et al., 2018; Duncan et al., 2020; Feldl and Merlis, 2021; | v Extreme events may also provide positive feedback to
Wendisch et al., 2022). climate change, if critical thresholds or tipping points are
< Extreme events related to numerous variables in the coupled Arctic passed due extreme events

climate system (Bullard et al., 2016; Meinander et al. 2021).

ATMOSPHERE (4) Atmospheric processes in the Arctic

Advancing the Understanding and Quantification of Arctic Climate Feedbacks
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% Numerous interactive physical and chemical processes actin the | ¥' Understanding of interactions and feedbacks between

Arctic atmosphere (Goosse et al., 2018; Devasthale et al., 2020). processes and their presentation in numerical weather
% Local processes in the Arctic atmosphete that ate cleatly different prediction and climate models ate needed (I7bma et al.,
from those in mid latitudes include atmospheric boundary layer 2014, Petdji et al. 2020).
(ABL) physics and Arctic clouds (Davy et al, 2017; Chernokulsky and v Processes controlling low level clouds formation are
Esan, 2019). .
unclear. Improved descriptions of aerosol precursor
v' Atmosphere-cryosphere interactions are important for the arctic emissions and their influence on the polar aerosol lifecycle,
radiative balance due to highly reflecting surfaces (Boy et al., 2019; Petdji including parameterizations of biologically driven sea-ice
et al. 2020) DMS  production and  emission, physical and

biogeochemical drivers of NH3 emissions, and controls on
organic aerosol emissions and formation, with a focus on N-
containing organic aerosols, are needed.

v" Cloud microphysical processes in mix-phased and ice clouds
are poorly understood

v" More insights and improved parametrizations on absorbing
aerosol impact on snow albedo and melting (Svensson et al,

2018)

ATMOSPHERE (5) Atmospheric circulation and transports
between the Arctic and mid latitudes

o,

% Atmospheric circulation is of critical importance for climate in the | Need for a better understanding:
P p

circumpolar Arctic. A vast majority of the energy transport to the V' Tmpact of the Arctic amplification on the properties of

the jet stream (Coben et al., 2020), and related changes in
the occurrence and strength of warm-air intrusions and

Arctic is carried out in the atmosphere. Transport across the Arctic
Circle, the role of the atmosphere is 5 to 6 times larger than that of
the ocean (Trenbertl and Fasullo, 2017).

. L . cold-air outbreaks
< Key physical processes related to atmospheric circulation and

. . . . v" Relative importance of warm-air intrusions and local arctic
transport between the Arctic and mid-latitudes include: on planetary . . ) .

processes on the Arctic amplification in the past and
future

v' Compensating effects of a warmer Arctic (resulting in

scale, the stratospheric Polar Vortex and the upper-tropospheric Polar
front jet stream have a major role in controlling the cyclone tracks

Kidston et al, 2015). 1In the lower troposphere, warm-air intrusions are
( . ) . . Posb . . higher temperatures during cold-air outbreaks) and
characterized by complex interactions of heat and moisture advection, o . . .
. . . . conditions that possibly favor increasing occurrence of
subsidence, cloud and fog formation, turbulence in the atmospheric . .
o . cold-air outbreaks from the Arctic
boundary-layer and clouds, radiative transfer, as well as sea ice . o X .
. . . v' Modelling capabilities of air-mass transformation and
thermodynamics and dynamics (Pithan et al., 2018). . . ) o )
related interactive processes duting warm-air intrusions

and cold-air outbreaks

V' Measurement campaigns are needed to provide
appropriate data to construct test cases, which may help
to evaluate and improve models (Wendisch et al. 2019)

o,

% An important phenomenon of the regulation is the deep-water | v To resolve the volume transports, e.g. from the Pacific, is
formation in the vicinity of sea ice (Bindoff et al., 2019). to resolve currents through the narrow and shallow Arctic

. . . L passages, e.g. Bering Strait, which require accurate
% Oceanic heat transport to the Arctic Ocean from the Atlantic is . . . .
resolution, typically not yet implemented in standard CMIP

increasing due to increasing ocean temperatures and changing
circulation (Tsubouchi et al., 2021; Trenberth et al., 2019; Oldenburg et al.,
2018). v" Global ocean — sea-ice models cannot be expected to

category ocean climate models.

N . . . resolve all relevant scales, such as the sub-mesoscale, due to
%  Volume transport from the Pacific through the Bering Strait, . . .
. L . the issues related to oceanic predictions before the

river runoff and melting ice and snow have increased the fresh o . .
. . R . . . availability of quantum computers. The increasing

water in the Arctic Ocean thus strengthening its stratification, in . . .
i ) ) > ) resolution may also require updating the atmosphere-
particular in the Beaufort Gyre. This trend is also affecting the . .
. . 4 ocean coupling due to stronger oceanic impacts (Swall et al.,
dynamic sea-level and circulation patterns (Couldrey et al, 2021). In .
K ) . ) . 2019). However, processes such as sea-level rise and
some regions such as the Eurasian basin, the reduced sea-ice cover .
. . T . hydrological ~ cycle, could already be addressed

may promote oceanic convection and the eradication of the halocline. o . . .
probabilistically by deploying model ensemble hierarchies

that include, in addition to global models, ocean reanalyses
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o,
Ex3

There is an increased risk of relatively sudden discharge of the
Arctic freshwater reservoir to the North Atlantic with impacts on
the oceanic meridional circulation (Zbang et al., 20217).

Global hydrodynamic models, prognostically reproducing the
transports and hydrography of the ocean — sea-ice system, rely on
parameterization of meso- and small-scale phenomena, such as ocean
eddies, tides and air-sea interaction, due to their insufficient resolution
(Fox-Kemper et al., 2019).

Arctic sea ice regime (SROCC, 2019; Perovich et al, 2020) with
different sea ice properties, ice types, thermodynamical and dynamical
conditions (Spreen et al., 2020), and changes in snow cover (Webster et
al., 2018), may lead to new processes and feedbacks (Grabam et al.,
2019).

Arctic net primary production increased in ice-free waters, spring
phytoplankton blooms occurring earlier in the year in response to sea
availability ~ with

consequences for marine ecosystems (IPCC, 20719).

ice change and nutrient spatially  variable
Boreal zooplankton and fish are expanding into more Arctic areas
(Dalpadado et al., 2016, Frainer et al., 2017) and Arctic fish are under
pressure (Christiansen, 2017; Meredith et al., 2019).

Increasing stratification and decreasing nutrients will likely
dominate in the Arctic environment, but land derived inputs may have

already sustained primary production.

v

v

v

v

v

and high-resolution regional models, and emulators
(Lambert et al., 2018; Uotila et al., 2019).

Knowledge about status and process understanding of the
Arctic sea-ice system is key for assessing impacts
quantitatively, and for improved projections of future
scenarios. Since the current observation system still has
crucial gaps when it comes to spatial and temporal coverage
of the Arctic sea-ice system (e.g. Gerland et al., 2019),
improved observations systems (e.g. Lee et al, 2019) and
more (international) coordination and collaboration across
disciplines and working groups are necessary.

Representing relevant sea ice and snow cover features
in numerical models is further challenged because of the
limited ability to include increased complexity and sub-grid
scale processes (e.g. ice type, leads and melt ponds) in large
scale climate models. Further research improvements
require utilization of existing and emerging satellite and in-
situ observations of sea ice, including sea ice age, thickness,
leads, melt ponds, ridges, and ice type, and under ice
radiation (driving biological activity). These will provide
improved data sets for validation of models and serve
as the basis for improved understanding of the
processes that govern sea ice.

Ongoing shift of sea ice age and type from multi-year ice
to first-year ice in the Arctic results in changes of properties
of the ice pack. The processes that control sea ice and its
interaction with atmosphere and ocean have unresolved
critical gaps and uncertainties

Urgent need to improve sea-ice biogeochemistry
models in both hemispheres, focusing on the nutrient
buffering role of sea ice and its effect on primary
production and carbon export.

Understanding the climate change driven risks to food
provision through fisheries, transport and access to
non-renewable resources are of great importance.
Adding to uncertainty in human choice related to climate
change is the interaction of climate with other forces for
change, such as globalization and land and sea-use change.
These interactions necessitate that responses to climate

change consider cumulative effects and context-specific
pathways for building resilience (ARR, 2076; Meredith et al.,
2019).

Terbaar et al. (2020) estimated an increase of regional anthropogenic
carbon storage and ocean acidification. Furthermore they predict
increasing probability for undersaturation to calcite of the
mesopelagic Arctic Ocean by the end of the century. This increased
rate of Arctic Ocean acidification together with changing physical
and biogeochemical Arctic conditions deepens climate change
impact on Arctic marine ecosystems (Terbaar et al. 2020).

Arctic marine freshening as an important process: warming and
freshening of the surface waters in the coastal and polar regions due
to increasing freshwater input (e.g., melting of sea ice and glaciers,
river discharge, lateral transport of biogeochemical variables,

v The main challenge for the ocean acidification reseach is to

v

assimilate the knowledge of different research branches into
an integrated assessment. The assement shound inlcude short
and long-term responses to multiple drivers and their
underlying mechanisms at the different scales: organisms,
populations, communities and ecosystems. (Riebesel] and
Gattuso, 2015, see also Pirtner et al., 2019)

A need for generalized pan-Arctic representation of the
impacts of freshwater on the upper Arctic Ocean. Many
biological and geochemical interactions occur in this part.
Knowledege on the regional and seasonal variability is
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including carbon) will change the chemistry of the surface waters
affecting the GHG uptake/release (Woosley and Millers, 2020),

addressed to gain a pan-Arctic perspective on the physical-
geochemical-biological state of the upper Arctic Ocean
(Brown et al. 2020)

CRYOSPHERE (9) Greenland Ice Sheet mass loss and its impact

o,
”

Greenland Ice Sheet mass loss is an urgent topic, given that even
by reaching the Paris Agreement goals, Greenland is experiencing 3-
4°C warming (Riickamp et al., 2019). Satellite observations provide
essential information to quantify the current contribution of the ice
sheet to sea level change (e.g. Helw et al., 2014, IMBIEZ team 2020).
About half of the mass loss is due to accelerating glaciers, while the
other half a consequence of changes in surface mass balance. Surface
melt water is either transported via surface rivers into supraglacial
lakes, or direct surface run-off. Another fraction of it is penetrating
into the firn and may either refreeze (Machguth et al., 2016), releasing
latent heat, or may form subsurface aquifers (Miller et al., 2020).
Calving of tidewater glaciers in Greenland is linked to subglacial
water discharge (S/ater et al., 2019). This demonstrates the feedback
between glacier dynamics and ice sheet hydrology. Projections
are underestimating the mass loss of the Greenland Ice Sheet
massively — only about 1/3 of the obsetved mass loss is represented
in simulations (Rickamp et al, 2019) - and this is mainly due to
underestimating glacier acceleration.

To understand the processed of ice sheet hydrology and
running coupled simulations of ice flow and hydrology. For
increasing the process understanding, modelling and satellite
remote sensing informed in-situ observations are required
(Petdji et al., 2020; Humbert et al., 2020). This comprises a wide
range of different type of observations, radar obsetrvations,
GPS stations close to supraglacial lakes, pumping tests in firn
and model experiments.

Coupled ice-ocean models with boundary conditions
accounting for physical processes in the boundary layer at the
ice-ocean interface (including, e.g., subglacial discharge, Straneo
and Cenedese, 2015), improved melting parameterizations.
Run-off in crevasse zones and supraglacial lake drainage (e.g.
Schrider et al., 2020) are then delivering water to the base of the
outlet glaciers, leading to seasonal acceleration (e.g. Necke/ et
al, 2020) and freshwater discharge into the ocean. All those
processes are contributing to the ice sheet hydrology, and they
are pootly constrained at the moment.

Interdisciplinary approaches are needed to boost process
understanding. It is important to attract scientists with
continuum mechanical background, researchers from
hydromechanics, applied mathematicians and computer
scientists, to jointly to derive mathematical models and
incorporate the missing processes into exascale-ready
simulation codes. (Box et al., 2019; AMAP SWIPA update report
2021 in press).

Better projections are needed for the mass loss of the
Greenland Ice Sheet (Riickamp et al., 2019).

New logistic hubs, supporting operation of monitoring
networks on the ice sheet, are crucial. Support of
autonomously operating instruments and sample retrieval, will
highly benefit from such hubs.

CRYOSPHERE (10) Interactions of the Arctic permafrost, active
layer, and atmosphere

o,
°g

o,
°Q

o,
g

o,
g

o,
°Q

The northern circumpolar permafrost region stores large amounts of
soil organic carbon (SOC), ~1300 Pg C (Hugelius et al., 2014).
Carbon based feedbacks connecting Arctic land-atmosphere
interactions to thawing permafrost: permafrost thaw makes
previously immobile carbon available for microbial decomposition,
depending on the oxygen availability, CH4 or CO3 is formed and
released from the soil; emitted GHGs can amplify warming and
further enhance permafrost thawing (Schuur et al,. 2015).

Abrupt thaw resulting in ground collapse (thermokarst), a process
contributing to extensive carbon losses both in lowland and upland
terrain (Olefeldt et al., 2016; Turetsky et al., 2020).

Future carbon emissions have been estimated under different
climate scenarios (McGuire et al., 2018).

Increased emissions of nitrous oxide have been observed from
thawing Arctic permafrost peatlands, acting as a non-carbon climate
feedback (Ivigt et al., 2017).

Better process understanding of the complex interactions
between climate, permafrost and hydrology is needed for
accurate projections of future GHG exchange.

More field and satellite based data on soil organic carbon
content, vegetation, landforms and GHG emissions in the
permafrost region required for better upscaling and

incorporation in models.

Extent and rate of abrupt permafrost thaw (thermokarst)
needs to be better understood and included in ESMs
projecting future carbon exchange.

Better quantification of CHj storage and future carbon
lability and release from subsea permafrost.

Assessment of the impact of considerable volatile organic
compound (VOC) emissions from the thawing permafrost
on atmospheric chemistry, aerosol formation or
terrestrial biosphere — atmosphere interactions (7 ez al.,

2020).
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v" Need to relate reanalysis model data sets with high
resolution optical and radar satellite observations. This
information would also provide necessary constraints on
modelling results.

v" Modelling results for vegetation response (NPP and
respiration) to climatic scenarios with strong increasing
temperature trends are pootly constrained. Challenges in
representing vegetation in the Arctic zone (Birch et al., 20217).

v Knowledge gaps: landscape dynamics and changes as a
result of permafrost thaw; interactions between plants,
soils and microbes under changing climatic conditions;
integrated analysis of carbon and nitrogen compounds
released from the permafrost and their net impacts on the
feedback

v’ Effects of permafrost thaw on forests (Baltzer et al. 2014),
soil microfauna and hydrology (Walvoord and Kurylyk, 2016).

TERRESTRIAL (11)

o,

*%* Increased nutrient transport via rivers, primary production in the
Arctic coastal oceans is expected to increase. The river discharge is a
component of the carbon cycle and also affects storm surges and
coastal erosion (Wicks and Atkinson, 2017; Shakhova and Semiletov 2007).

«*  Valuable datasets on riverine transports are available from the Lena,

Ob, and Amur rivers (Savenko, 2006; Bagard et al., 2011; Pokrovsky et al.,

2015), but also these datasets suffer from sampling infrequency and

uncertainties resulting to underestimation of fluxes (Chalov et al.,

2018).

v" Mechanical and thermal erosion of the coast results in
permafrost thaw/ground collapse and removal of the no-
longer frozen sediments by water (Lantuit et al, 2012)
favoring large-scale release of CO,, methane, and other
volatile substances from thawing permafrost (Overduin et al.,
2016). Quantitative data on these important processes
is limited. The average rate of erosion along the Arctic
coastline is 0.5 m year~!. Spatial variations are, however,
large both in local and regional scales with peak values
exceeding 3 m year~! in the Laptev, East Siberian, and
Beaufort Seas (Lantuit et al., 2012). Knowledge gaps
remain on submarine permafrost distribution, its
thermal state, and release rates of greenhouse gases
(Ping et al., 2017).

v'  Better knowledge
combined with improved model representations of

of biogeochemical processes

ocean-land interactions are essential to accurately predict
the development of arctic ecosystems and associated
climate feedbacks.

TERRESTRIAL (12)

@)

% Human activities (wild fires) have an impact on the Arctic
environment by increasing quantities:

pollutants: plastic, heavy metals and other trace elements
(Barbante et al., 2007) / radioactive nuclides (Egerinkis et al.,
2014) / synthesized otganic compounds (Hermanson et ai,.
2010; Xie et al,. 2007) / artificial light at night (Holker et al.,
2010) / black carbon, catbon-containing compounds (CO,
COy) trace gases and greenhouse gases (Garrett and Zbao,
2006; Hienola et al., 2013)

With the global climate changes of recent decades, strong
regional temperature, circulation, and hydrological anomalies
are manifested. They cause, among other things, extensive fires
(Bondur et al., 2020).

v Knowledge on the source conttibution of pollution to
settle mitigation strategies (Law ez al., 2014)

v' more measurement of short-lived climate pollutants,
and their precursors for evaluating the impacts of natural

resource extraction and shipping in Arctic environments
(Dekbtyareva et al., 2016).

TERRESTRIAL (13)

o,

¢ Arctic is home to more than 21,000 known species of highly cold-

adapted mammals, birds, fish, invertebrates, plants and fungi and
microbe species (ACLA, 2005).

v" Knowledge gaps:
o landscape dynamics and changes as a result of
permafrost thaw
o interactions between plants, soils and microbes under
changing climatic conditions

Advancing the Understanding and Quantification of Arctic Climate Feedbacks
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< Long-term warming and its most dramatic effects and changes in
Arctic ecosystems through local extreme events relating to
temperature, precipitation and snow (Christensen et al., 2027)
¢ Arctic terrestrial ecosystems possess feedbacks and critical tipping
points:
o wildfires turning the permafrost tundra to bushland or forest with
different functioning. (Kdster et al., 2018; Sizov et al., 20217)
o  local nutrient availability effecting carbon flux magnitudes
between otherwise comparable ecosystems (Idpez-Blanco et al.,
2020)
o herbivory changing the overall carbon balance via changes on
plant composition, energy balance, nutrient availability (1 disinen
et al., 2014; Metcalfe and Olofsson, 2015, Stark and Y lanne, 2015).

o integrated analysis of carbon and nitrogen compounds
released from the thawing permafrost and their net
impacts on the feedback mechanisms.

More ground based and remote GHG observations
needed on the local and regional levels to improve
understanding on  land-atmosphere  feedbacks, the
knowledge on the rate of GHG emissions and contribution
from different soils and landforms.

More data on the dynamics of thermal structure and
thickness of the seasonally thawed layer of permafrost
determinating the intensity of geomorphological processes
and the physical and mechanical properties of soils.
(assessment of the geocryological consequences)

Lappalainen et al.




