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Abstract: The Arctic is undergoing unprecedented transformations with implications
for regional ecosystems, Indigenous communities, and global climate systems. Ocean
heat transport, permafrost thawing, and ice–albedo interactions are some of the feedback
mechanisms that contribute to the increase in average temperatures in the Arctic. These
processes increase the risks associated with climate change globally by speeding up the loss
of sea ice, changes in biodiversity, and greenhouse gas emissions. This review synthesises
recent advances in Arctic climate science, focusing on the drivers and feedback mechanisms
of Arctic amplification, its cascading impacts on ecosystems and socioeconomic systems,
and emerging governance challenges. It highlights critical knowledge gaps, specifically
regarding the importance of Indigenous knowledge and interdisciplinary approaches in
climate adaptation strategies. This study emphasises the need for inclusive, transformative,
and collaborative approaches by analysing governance frameworks, climate policies, and
community resilience initiatives. Innovative adaptation strategies are suggested, such as
ecosystem-based adaptations, climate-resilient infrastructure, and the switch to renewable
energy to address these issues. Arctic-specific governance recommendations are proposed
to develop sustainable solutions that preserve its ecology while reducing its global effects
by filling research gaps and promoting international collaboration. The future of the Arctic
is not merely a regional issue but also a global one, requiring swift and coordinated action
to address climate challenges.

Keywords: arctic; climate change; adaptation; Indigenous Peoples; governance

1. Introduction
Climate change is causing significant environmental changes in the Arctic, with far-

reaching consequences beyond its borders [1]. The Arctic has become a major area of global
climate research in recent decades, owing to its increased sensitivity to warming and crucial
role in controlling planetary climate systems [2–8]. The Arctic is warming at a rate nearly
four times faster than the global average, a phenomenon known as Arctic amplification [9].
This phenomenon is attributed to complex feedback mechanisms, such as the ice–albedo
effect and shifts in atmospheric and oceanic dynamics [10–12]. These processes accelerate
regional warming and contribute to systemic changes in Arctic ecosystems, atmospheric
circulation, and global climate regulation [6,13].

The rapid loss of Arctic Sea ice is one of the most prominent manifestations of envi-
ronmental changes. Recent studies have documented unprecedented reductions in sea
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ice extent, with projections indicating a seasonally ice-free Arctic Ocean as early as the
mid-21st century [5,6,14]. This phenomenon has a cascading effect on global climate sys-
tems, affecting oceanic circulation, weather patterns, and the severity of extreme weather
events [15–17]. Permafrost thawing presents a significant concern by releasing substantial
amounts of stored carbon, thereby amplifying the greenhouse effect and altering regional
and global carbon dynamics [18–21]. These environmental changes are accompanied by
significant ecological transformations. Rising temperatures and increased vegetation drive
Arctic greening, which coexists with the localised browning produced by extreme weather
events and permafrost degradation [22,23]. As sub-Arctic species migrate northward, both
marine and terrestrial species face significant phenological changes and increased competi-
tion, posing substantial challenges to the Arctic endemics [24–26]. Changes in hydrological
cycles, such as increased precipitation and decreased snow cover, are changing freshwater
ecosystems and affecting regional energy balances [27,28].

Understanding the dynamics of these changes is important not only for forecasting
the course of Arctic change, but also for assessing their implications for global climate
systems, biodiversity, and communities. Indigenous communities in the Arctic are
particularly sensitive to these changes [29–31], facing disruptions to traditional sub-
sistence practices, infrastructure damage caused by permafrost thaw, and challenges
from shifting ecological and socioeconomic conditions [32–35]. The opening of Arctic
shipping routes and increased potential for resource extraction demonstrate its growing
geopolitical importance [15,36].

The Arctic has a population of approximately 4 million people, of whom approximately
10% are Indigenous, living in Alaska, Canada, Finland, Greenland, Norway, Russia, and
Sweden [37,38]. Different nations refer to Indigenous Peoples in a diversity of ways, includ-
ing “native” in Alaska, First Nations, Inuit, and Metis in Canada (and also “aboriginal”),
Sámi in Finland, Norway, Sweden, and Russia, Inuit in Greenland, and Aleuts and Nenets,
among others, in Russia [39]. Indigenous Peoples of the Arctic encompass a heterogeneity
of cultures, worldviews, traditions, ethnicities, and biophysical environments [40]. This
spectrum of identity is often underpinned by a strong relationship and cultural commit-
ment to the significance of ancestral lands. In many regions, Indigenous Peoples continue
to live in small, remote settlements with livelihoods and cultural identities closely linked to
traditional hunting, fishing, herding, and trapping activities.

Despite significant advances in understanding Arctic climate mechanisms (Table 1),
significant information gaps persist. Key uncertainties remain in feedback mechanisms,
such as permafrost–carbon interactions, the function of short-lived climatic forcers, and
the impact of Arctic changes on mid-latitude weather patterns [18,41]. In addition,
the inadequate inclusion of Indigenous knowledge in research and governance frame-
works impedes the development of effective and equitable adaptation strategies [32,42].
Addressing these key gaps is important, considering the rapid pace of environmental
change in the Arctic and its global implications. This review synthesises insights from
recent studies on Arctic climate change and its impacts, providing a comprehensive
overview of emerging trends and challenges. By integrating findings from diverse dis-
ciplines, this paper aims to advance our understanding of Arctic processes, identify
important research priorities, and facilitate the development of strategies to mitigate
and adapt to the rapid transformations that are occurring. In doing so, this review not
only contributes to advancing Arctic science but also highlights the Arctic’s significant
role in the broader context of global climate change research and policymaking. This
study examines the transboundary impacts of climate change on Arctic, emphasising the
critical need for joint mitigation and adaptation efforts.
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Table 1. Summary of key findings on climate change impacts and adaptation in the Arctic.

Theme Key Findings References

Arctic warming and amplification

• Arctic warming is occurring at nearly four times the global average, driven by
strong feedback loops, such as albedo reduction and ocean heat uptake.

• Polar amplification intensifies winter warming, impacting Arctic Oscillation.
• Arctic Ocean amplification highlights poleward heat transport.
• Historical cooling offset by aerosols reveals Arctic amplification consistency in

future projections.

[3,5,12,43]

Sea ice dynamics and feedbacks

• Arctic sea ice is declining rapidly, with projections of a seasonally ice-free Arctic
by the mid-century.

• Feedback mechanisms, such as reduced albedo, exacerbate climate change.
• Cyclones and atmospheric rivers influence sea ice loss.
• Regional differences in sea ice variability reflect feedback dynamics and

emissions scenarios.

[6,16,44,45]

Permafrost and carbon dynamics

• Thawing permafrost releases vast amounts of carbon, significantly altering
carbon budgets.

• Methane emissions and abrupt thaw processes accelerate climate risks.
• Permafrost thaw affects Arctic landscapes and vegetation dynamics, amplifying

feedback loops.

[46–49]

Ecosystem shifts and biodiversity

• Arctic greening and browning patterns highlight heterogeneous vegetation
responses to climate change.

• Marine ecosystems experience species range shifts and biodiversity changes.
• Herbivore activity alters tundra carbon and nutrient dynamics.

[22–25]

Socioeconomic impacts and adaptation

• Climate change threatens Arctic infrastructure through permafrost thaw and
increased costs.

• Indigenous communities face risks to traditional activities, food security,
resilience, traditional knowledge, and culture.

• Equitable governance and adaptation policies are important to address Arctic
vulnerabilities.

[32,35,42,50,51]

Hydrological and oceanic changes

• Arctic hydrological cycles are intensifying, with a transition to a rain-dominated
Arctic projected under 1.5 ◦C warming.

• Changes in freshwater export affect nutrient distribution and food web
dynamics in the North Atlantic.

• Atlantification of the Barents Sea impacts marine ecosystems and borealisation.

[27,28,52]

Health and pollution dynamics

• Arctic warming reshapes contaminant pathways, including mercury and
persistent organic pollutants (POPs).

• Pollutants pose health risks to humans and ecosystems, exacerbated by climate
change.

• Increased disease spread and health impacts are linked to temperature shifts and
pollutant bioaccumulation.

[53–57]

Governance and climate policies

• Arctic climate governance should use Indigenous knowledge for equitable
solutions.

• Cross-border impacts necessitate systemic adaptation strategies.
• Reframing climate policy towards community-driven research is important.

[37,42,58,59]

Cultural and heritage impacts
• Climate change threatens Arctic cultural heritage and Indigenous traditions.
• Preservation efforts require integration of hazard-impact diagrams and

Sustainable Development Goals alignment.
[51,60,61]

2. Study Area Description
The Arctic encompasses the Earth’s northernmost part (Figure 1), also known as the

circumpolar north, and consists of the following eight countries: Canada, the United States
(Alaska), Denmark (via Greenland), Russia, Norway, Sweden, Finland, and Iceland [62].
While the Arctic lacks a universally accepted southern boundary, for the purposes of this
study, we adopt the Arctic Monitoring and Assessment Programme (AMAP) definition.
This definition includes all areas north of the Arctic Circle (66◦ 33′N) and extends into sub-
Arctic zones based on bioclimatic and ecological characteristics, particularly the presence
of permafrost, tundra, and boreal forest systems [39,63]. This delineation is consistent with
other pan-Arctic ecological studies investigating vegetation and environmental change
(e.g., [64,65]). It is characterised by cold winters and cool summers, with lowest tempera-
tures between −54 and −46 ◦C, and monthly average temperature is below +10 ◦C [66,67].
The Arctic, which was historically dominated by vast sea ice, is experiencing rapid envi-
ronmental change, including significant ice loss due to climate warming [68]. The Arctic is
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ecologically significant, serving as a habitat for species, such as polar bears and Arctic foxes,
and functioning as a global climate regulator [69]. Rising temperatures are caused by mech-
anisms including ice–albedo feedback and shifting atmospheric and oceanic patterns [70].
Since 1979, these changes have resulted in a 13% per decade loss in Arctic Sea ice, per-
mafrost thaw, and biodiversity disruptions, all of which have cascading consequences on
ecosystems and global climate patterns [71,72]. The Arctic is home to four million people,
including about 40 Indigenous groups, such as Alaska Natives, Inuit, Sámi, Nenets, Métis,
Aleut, Yup’ik, Khanty, Evenk, and Chukchi, among others, constituting about 10% of the
Arctic’s population [37].
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Figure 1. Map showing Arctic countries and Indigenous communities.

The Arctic possesses abundant natural resources, including oil, natural gas, wildlife,
and fisheries, but the exploitation of these resources poses significant environmental and so-
ciocultural challenges [73]. The Arctic Council plays an important role in Arctic governance,
integrating both national policies and international cooperation and promoting cooperation,
coordination, and interaction among the Arctic States and their inhabitants [74,75].

3. Thematic Analysis and Methods
This review adopts an integrated approach to synthesise the recent literature and mul-

tidisciplinary perspectives on Arctic climate change and its implications. The methodology
consists of the following three steps: (1) a thorough literature review; (2) thematic content
analysis; and (3) a critical synthesis of emerging trends and knowledge gaps. The literature
evaluation started with a search of peer-reviewed journals, reports from international organi-
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sations, and Indigenous knowledge repositories. Databases including Scopus, Web of Science,
and PubMed (Figure 2) were used to provide a diversified source base. We prioritised studies
over the last two decades (2000–2025) focused on climate dynamics, environmental changes,
socioeconomic implications, and Arctic-specific governance frameworks.
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Figure 2. Thematic analysis of the literature review.

The main inclusion criteria were relevance to the Arctic and interdisciplinary perspec-
tives. Indigenous knowledge systems, as documented in grey literature and community-
based studies, were used to examine sociocultural components that are sometimes disre-
garded in mainstream research.

The collected literature was methodically organised into major themes, such as Arctic
amplification, sea ice dynamics, permafrost thaw, ecosystem alterations, socioeconomic impli-
cations, and policy responses. A thematic content analysis was carried out to analyse recurring
trends, causal relationships, and emerging challenges across these themes. This method
focused on feedback mechanisms, such as ice–albedo interactions and permafrost–carbon
dynamics, as well as their consequences for global climate systems. Second, the study critically
synthesised emerging patterns, linking findings to regional and global contexts. Visualisation
tools, such as geographic information systems (GISs) and data-driven infographics, were used
to show spatial and temporal trends in Arctic warming, sea ice loss, and ecosystem impact.
Figures were created to represent various phenomena, such as Arctic amplification and cas-
cading ecosystem impacts, assuring clarity and accessibility. Finally, knowledge gaps and
future research goals were identified using a gap analysis approach. This includes comparing
current findings to existing policy and governance frameworks, emphasising the importance
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of interdisciplinary and participatory approaches. The incorporation of Indigenous ecological
knowledge and scientific approaches was identified as an important pathway for developing
long-term adaption strategies.

4. Arctic Temperature Trends and Climate Drivers
In recent decades, the Arctic has experienced significant increases in temperature

as a result of both rising greenhouse gas emissions and the Arctic’s unique feedback
mechanisms [4]. Historically, the vast ice and snow cover in the Arctic has worked as a mir-
ror, reflecting most of the sun’s energy into space [76–78]. However, when temperatures
rise, this reflecting layer is gradually replaced by darker ocean water and exposed land,
both of which absorb significantly more solar energy [79]. This absorption accelerates
warming, resulting in additional ice and snow loss—a cycle that continues to increase.
Beyond surface changes, air dynamics have an important impact on Arctic temperature
trends [80]. Global warming-induced shifts in the polar vortex and jet stream are sending
warmer air masses northward, resulting in peculiar patterns of seasonal variability and
extreme occurrences in the region [81]. Ocean currents also contribute to this warming: the
input of warmer Atlantic waters interrupts the normal cooling processes in Arctic, causing
faster sea ice melt and increasing the thermal instability [82]. Surface feedback mechanisms,
atmospheric changes, and ocean currents all work together to form an Arctic climate system
that is extremely sensitive to change [80]. The effects are not isolated; warming in the Arctic
influences weather patterns across the Northern Hemisphere, drives sea-level rises, and
increases the risks to biodiversity and coastal ecosystems worldwide [1]. Understanding
these trends and drivers is important, as they reveal not only the vulnerabilities of the
Arctic but also the broader impacts of a rapidly changing climate.

Recent studies show that the Arctic is warming at considerably higher rates than
the world average—a phenomenon known as Arctic amplification, in which it warms at
nearly four times the global average [9]. This warming trend is significantly caused by
specific regional feedback processes and atmospheric–oceanic interactions [83]. Historical
data suggest that Arctic temperatures have risen by about 2.3 ◦C since the early twentieth
century, greatly exceeding world norms [84]. Observations from 1979 to 2021 show that a
significant portion of the Arctic Ocean warmed at a rate exceeding 0.75 ◦C per decade [9].
Ground-based records, particularly from coastal and island stations, indicate that this
trend accelerated significantly during the 1970s, coinciding with substantial increases in
industrial emissions [85]. Arctic amplification is caused by a complex combination of local
feedback, including sea ice–albedo effects, increased heat and moisture transport from
lower latitudes, and increased cloud cover [86,87].

The “tropically excited Arctic warming mechanism” (TEAM) is an important driver of
Arctic amplification, connecting increased tropical convection with Arctic warming. TEAM
suggests that enhanced convection in the Pacific warm pool boosts poleward Rossby wave
propagation, thereby transferring heat and moisture to the Arctic [88,89]. This transport
not only enhances downwelling longwave radiation (DLW), but it also contributes to
rising Arctic temperatures [88,90,91]. Atmospheric latent heat (LH) transfer has been
demonstrated to be more efficient in warming the Arctic compared to dry static energy
(DSE) transit [92]. This effect is amplified by the “water vapour triple effect,” in which
moisture boosts the greenhouse effect before condensing, resulting in additional warming
via increased cloudiness [93–95]. The role of maritime heat movement is another important
consideration. Observations indicate that oceanic heat inflow through the Fram Strait and
Barents Sea has increased, transporting warm Atlantic waters into the Arctic [96]. This
heat contributes directly to sea ice melt and local warming, allowing for longer periods
of open water and diminishing sea ice extent [97,98]. Climate models also support this
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trend, indicating that under continued warming scenarios, ocean heat transport into the
Arctic will continue to be a major driver of Arctic amplification, contributing significantly
to long-term sea ice decline and temperature increases [99–101].

Episodic phenomena, such as air mass changes and moisture invasions from the
middle latitudes, also contribute significantly to Arctic warming. These events bring
warm, moist air masses, resulting in transient increases in temperature and humidity,
thereby enhancing Arctic amplification [102]. These episodic changes in cloud cover and
specific humidity, as well as shifts in seasonal energy budgets, highlight the importance
of moisture transport in Arctic warming [103,104]. As these factors interact with specific
Arctic feedback mechanisms, they collectively accelerate the rate of regional warming,
thereby exacerbating the impacts of global climate change on the Arctic. Since 1979,
satellite data have provided important insights into the seasonal variations of Arctic Sea ice.
These data reveal a significant decline in Arctic Sea ice extent, averaging approximately
13% per decade, which is closely associated with rising temperatures in both surface air
and sea surface environments [71,105]. These patterns are investigated using a variety
of data sources, including passive microwave satellites, thermal infrared sensors, and
reanalysis models, which blend historical records with current atmospheric data to account
for fluctuations [106–108]. The thorough integration of these approaches indicates not
only a significant temperature rise but also changes in ocean heat distribution and cloud
cover—factors that influence warming rates throughout the region.

4.1. Climate Drivers in the ARCTIC

The Arctic climate is shaped by three major drivers that accelerate warming more
rapidly than in other regions. First, greenhouse gases, such as carbon dioxide (CO2)
and methane (CH4), trap heat in the atmosphere, raising surface temperatures [109–111].
Second, albedo changes due to melting snow and sea ice expose darker land and ocean
surfaces, which absorb more solar radiation. This reduction in reflectivity intensifies
warming in a self-reinforcing cycle [44,112]. Third, polar vortex dynamics are increasingly
disrupted by Arctic warming. As the temperature gradient between the Arctic and mid-
latitudes narrows, the polar vortex weakens and becomes more erratic, allowing cold Arctic
air to move southward and allowing warmer air to enter the Arctic [113–115]. Together,
these climate drivers contribute to the unique and amplified warming pattern observed
across the Arctic region.

4.2. Anthropogenic Drivers

Anthropogenic activities have significantly contributed to climate change in the Arctic.
The primary driver of this change is the increased emission of greenhouse gases (GHGs),
particularly carbon dioxide (CO2) and methane (CH4), resulting from fossil fuel combustion,
industrial activities, and deforestation [4,116]. These emissions enhance the greenhouse
effect, trapping heat in the atmosphere and leading to rising temperatures [117]. Global
warming caused by anthropogenic greenhouse gas emissions is leading to a significant
reduction in the Arctic’s sea ice [7]. Black carbon, a short-lived climate pollutant produced
from incomplete combustion of fossil fuels and biomass, settles on Arctic ice, reducing its
reflectivity (albedo) and accelerating melting [118].

In conjunction with the effects of climate change, various other human-induced
stressors, such as air and water pollution, overfishing, depletion of the ozone layer,
habitat modification, and pollution resulting from resource extraction, as well as the
escalating pressure on land and resources, are affecting life in the Arctic. The increase in
wildfire seasons in the Arctic has made forest fires more intense and destructive [119],
resulting in deforestation and loss of forest cover [120] due to a combination of climatic
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and non-climatic factors, predominantly human-caused climate change [121]. Industrial
activities, such as oil and gas extraction in the Arctic, contribute to environmental degra-
dation and climate instability [122]. The expansion of shipping routes, enabled by sea ice
loss, increases emissions of pollutants, further warming the atmosphere [123]. A notable
example is the increasing presence of liquefied natural gas tankers, which produce
methane leaks during transport, further amplifying Arctic warming [124]. Deforestation
and land-use changes, particularly in boreal forests bordering the Arctic, reduce carbon
sequestration capacity and alter regional climate patterns [125]. The combination of
these human-induced factors is accelerating changes in Arctic ecosystems, leading to
biodiversity loss, disruptions in Indigenous livelihoods, and shifts in global climate
patterns due to altered oceanic and atmospheric circulation [72].

Natural resource extraction is increasing in the Arctic and is a significant contributing
factor to the rise in Arctic shipping. This can be observed in the case of increasing iron ore
extraction in the Arctic [126]. The transportation of bulk carriers carrying large quantities
of various products, such as food grains, ores, coal, and cement, has increased substantially.
Shipping activity increased by 37% from 2013 to 2023 and the distance sailed by all the
vessels increased by 75% [127]. Shipping activities in the Arctic have significant effects
on biogeophysical systems, including the atmosphere and the ocean. In the atmosphere,
shipping contributes to greenhouse gas emissions and the release of black carbon, which
accelerates ice melting [128]. In the ocean, shipping causes pollution, overharvesting of
marine resources, disturbances to marine species, underwater noise pollution, and the
introduction of invasive species [129]. These impacts pose risks to both the environment
and society, particularly for the Indigenous Peoples who rely on these systems [130].
The Arctic is estimated to contain approximately 13% (90 billion barrels) of the world’s
undiscovered conventional oil resources and 30% of its undiscovered conventional natural
gas resources [131]. It supplies roughly 10% of its oil and 25% of its natural gas to the
world [132]. With the melting of Arctic ice, there is increased exploration and production of
fossil fuels in the area, leading to climate change.

4.3. Feedback Mechanisms in the Arctic

The Arctic is vulnerable to a variety of feedback mechanisms that accelerate warm-
ing and alter climate dynamics [4]. Ice–albedo feedback, which occurs when the ice cover
shrinks, exposes darker ocean or land surfaces [10]. This exposed surface absorbs more
solar energy than ice, which reflects sunlight, resulting in increased heat and accelerated
ice melting. This cycle of melting ice and increased heat absorption is an important driver
of Arctic warming [133]. The release of greenhouse gases from permafrost thawing is
an important feedback mechanism [134]. As permafrost thaws, the organic material
trapped beneath it decomposes, emitting carbon dioxide and methane, both of which are
important greenhouse gases [18]. These emissions add to atmospheric warming, which
increases permafrost thaw, resulting in a feedback loop that affects global greenhouse gas
levels. Ocean circulation patterns also play an important part. As Arctic ice melts and
freshwater flows into the ocean, it alters the salinity and density of seawater, potentially
slowing the Atlantic Meridional Overturning Circulation (AMOC). A weaker AMOC
could slow the transfer of warm water northward, affecting climatic patterns far beyond
the Arctic [80]. Together, these feedback mechanisms show the interdependence of Arctic
changes, with each loop exacerbating warming and changing not only the Arctic but
also the worldwide climate system.
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4.4. Arctic Amplification (AA)

Arctic amplification is a process in which the Arctic region warms at a much higher
rate than the global average, as supported by instrumental evidence, climate models,
and paleoclimate proxy records [135,136]. Several connected mechanisms contribute to
this rapid warming, including marine heating and the ice–albedo feedback mechanism
(Figure 3), which exposes darker ocean surfaces when sea ice melts, resulting in higher
solar energy absorption [4]. Atmospheric feedback mechanisms, such as Planck feedback,
lapse-rate feedback, and cloud feedback, as well as ocean heat transport and meridional
atmospheric moisture transport, also play important roles [137,138]. Recent decreases in
air pollution in Europe [139] have been related to increasing Arctic warming, and future
reductions in Asian aerosols owing to mitigation policies may exacerbate this trend [140].
Despite the well-known trends, there is little agreement on the exact magnitude of
AA, with studies reporting Arctic warming at nearly twice, thrice, and four times the
global average. The Arctic Monitoring and Assessment Programme reports a rate of
warming three times faster than global warming from 1971 to 2019 [141]. The differences
stem from different definitions of AA, such as the time periods and geographical limits
examined. While climate models, notably those in the Coupled Model Intercomparison
Project phase 6 (CMIP6), have made progress in modelling Arctic climate evolution and
sea ice dynamics, many continue to struggle to appropriately depict the sensitivity of
sea ice loss to global temperature increases. Understanding whether climate models can
effectively reproduce the reported scale of AA is important, given that sea ice loss is
an important cause of the phenomena. Although previous research suggests that AA
is weaker in climate models than in observations [142], a complete comparison with
the most recent observational datasets has yet to be undertaken. Arctic amplification
is an important climate phenomenon with far-reaching implications for global climate
systems, emphasising the need for further research and better climate models to support
effective policy decisions targeted at minimising climate change impacts.
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Figure 3. Arctic amplification phenomenon. The figure depicts Arctic amplification, in which
global warming, caused by greenhouse gases, accelerates warming in the Arctic via key feedback
mechanisms, such as ice albedo feedback (reduced reflectivity due to melting ice), ocean heat transport
(warm Atlantic water entering the Arctic), permafrost thaw and carbon release (greenhouse gas
emissions from thawing), and cloud cover changes (increased heat retention). Secondary impacts
include changes to the jet stream and ocean circulation, as well as effects on biodiversity and
ecosystems. These interactions contribute to Arctic warming and influence the global climate.

AA is a well-known phenomenon characterised by increased warming in the Arc-
tic relative to the global average, primarily caused by such processes as sea ice–albedo
feedback, which reduces the surface albedo as ice melts, exposing more ocean that ab-
sorbs heat [143,144]. Recent research has highlighted the subtle functions of cloud and
water vapour feedback mechanisms, with increased cloud cover blocking incoming solar
radiation while increasing downward longwave radiation, resulting in net warming [145].
Temperature feedback, influenced by stable stratification of the Arctic atmosphere, leads
to positive feedback via a lower lapse rate, resulting in higher warmth aloft [146]. The
movement of heat and water vapour from lower latitudes to the Arctic exacerbates regional
warming [10,147]. Despite a thorough understanding of these mechanisms, quantifying
their relative contributions is difficult, implying that Arctic amplification persists even
when specific feedback mechanisms are suppressed, resulting in dynamic competition
among feedback processes in climate models [142].

5. Climate Change Impacts in the Arctic
5.1. Arctic Sea Ice Decline: Impacts on Ecosystems and Biogeochemical Cycles

The Arctic sea ice (ASI) is changing rapidly, with significant implications for both the
regional and global ecology. The significant drop in ASI extent, area, and volume observed
over the last few decades is evidence of human-induced climate change, underlining the
Arctic’s vulnerability to rising temperatures [148]. This trend is more than just a climatic
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anomaly; it is also closely related to biological and biogeochemical processes that are
currently poorly understood, notably how ASI interacts with life-history events in Arctic
biota. While the impacts of ASI loss, such as altered migration and breeding patterns in
marine and terrestrial species, have been extensively documented [149], the more complex
indirect impacts remain a key area of investigation. These indirect consequences involve
a series of interactions between many ecosystem components, such as altered predator–prey
relationships and disruptions to food webs [150].

The effects of ASI on biogeochemical cycles, notably mercury cycling, are a major
concern [151]. Rapid loss of sea ice is impacting mercury transport and cycling in Arctic
ecosystems, with consequences for human and wildlife health [152]. ASI depletion has been
documented to alter primary productivity, food web structure, and mercury methylation
and demethylation rates [153]. The combination of these changes’ influences mercury
bioaccumulation in Arctic species, potentially amplifying its harmful effects. These bottom-
up processes, driven by changes in sea ice cover and primary production, are exacerbated by
top-down influences, where animal behavioural changes, such as changing feeding patterns,
can lead to increased mercury exposure [153,154]. These biogeochemical alterations raise
concerns about future of the Arctic food webs and the long-term sustainability of ecosystems
(Figure 4). While studies focus on the immediate implications of sea ice loss on mercury
cycling, the long-term ecological and biogeochemical impacts are still unknown.
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The significant drop in the Arctic Sea ice volume, a vital indicator for assessing the
severity of Arctic warming, is a major focus of recent climate research [17,155]. Unlike
sea ice extent or thickness, sea ice volume is a more sensitive indication of climate
change because it incorporates both the horizontal dispersion and vertical thickness of
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the ice [156,157]. Over the past 40 years, the volume of sea ice has declined by about
75% [158]. Summer minimums have decreased from over 16,000 km3 to under 4000 km3,
indicating a breakdown of the multi-year ice cover [148]. This loss of multi-year ice (MYI),
which is more resistant to melting than first-year ice (FYI), is a major contributor to the
positive feedback loop of the Arctic, in which melting ice exposes darker ocean water,
increasing warming and additional ice loss [156]. As MYI disappears, the Arctic is increas-
ingly dominated by FYI, which is less stable and more vulnerable to seasonal fluctuations.
The transition from MYI to FYI has profound implications, affecting not only the climate
system but also the region’s ecological and biogeochemical stability [148,159]. Given this
tendency, there is growing fear that the Arctic may experience an ice-free summer within
the next 15 years, with far-reaching implications for both regional and global climates [160].
Paleoenvironmental records provide important information about the long-term variability
of Arctic Sea ice and how it interacts with climate and ecosystems. Evidence from the East
Greenland shelf reveals prior sea ice events, revealing transitions towards colder, lower-
salinity conditions approximately 4.7 ka, indicating the start of neoglacial cooling [161].
These data indicate that sea ice variability has historically been a key driver of Arctic climate
and ecosystem changes. However, the current rate of sea ice loss is unprecedented, and the
future course of Arctic ice loss is unpredictable. The increase in polar water input and Arctic
Sea ice export could worsen cooling trends in the north Atlantic Ocean, thereby affecting
global ocean circulation and weather patterns [162]. Understanding these paleosignals in
the context of present climate change is important for improving forecasts of future Arctic
conditions and their implications.

The integrated effects of ASI loss on Arctic ecosystems, combined with the intricate
interplay of biological and biogeochemical processes, highlight the need for a multidis-
ciplinary approach. While the direct biological effects of sea ice decrease are rather well
established [150,155], the indirect effects caused by changes in nutrient dynamics, food
web interactions, and biogeochemical cycles necessitate further exploration. The signifi-
cance of mercury cycling in Arctic ecosystems, particularly in response to climate-induced
changes in sea ice cover, is a growing concern that necessitates collaborative study efforts.
Comprehensive monitoring systems and models that include both biological and physical
components are critical for improving our predictive understanding of these cascading
impacts. The rapid reduction in Arctic Sea ice is not merely an indication of climate change,
but also a precursor to significant ecological and biogeochemical changes. ASI loss has far-
reaching and complex impacts, ranging from changes in food webs to an altered mercury
cycle. The interdisciplinary research needed to understand these processes is critical for
creating successful conservation and mitigation solutions.

5.2. Glacier Retreat and Ice Sheet Dynamics

The melting of glaciers and ice sheets in the Arctic, particularly the Greenland ice
sheet, has increased in recent past, creating concerns about global sea level rise [163]. The
Greenland ice sheet is losing mass at an alarming rate, with yearly ice loss growing from
around 50 billion tonnes in the 1990s to nearly 280 billion tonnes by 2018 [164]. The glacial
melting trend in the Arctic is driven by the combination of surface melting caused by rising
temperatures and greater iceberg calving from glaciers into the ocean [165,166]. Satellite
data reveal that surface melting accounts for around 60% of ice loss, which is exacerbated
by rising air temperatures and changes in atmospheric circulation [167,168]. Short-term
climate variability and extreme glaciological events influence the long-term evolution of the
Antarctic and Greenland ice sheets, impacting projections of sea level rise [168]. Projections
indicate that if current trends continue, the Greenland ice sheet alone might be one of
the major contributors to world sea levels by 2100 [169]. The melting of other glaciers
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and ice caps throughout the world adds to rising sea levels [170,171]. The worldwide
consequences of such sea-level rise are severe, affecting low-lying coastal regions and
island nations, increasing the frequency of flooding, and displacing people [172]. The influx
of freshwater from melting glaciers might disturb ocean circulation patterns, potentially
impacting climatic systems well beyond the Arctic [173]. The continued loss of glaciers and
ice sheets highlights the need for global climate action, as these changes not only endanger
local ecosystems and livelihoods but also have far-reaching consequences for global climate
stability and sea levels [173].

5.3. Implications for Ocean Circulation

The loss of Arctic ice has implications for ocean circulation, particularly key sys-
tems, like thermohaline circulation and the Atlantic Meridional Overturning Circulation
(AMOC) [80]. As sea ice melts, the influx of freshwater affects the salinity and density
of surface waters in the Arctic and North Atlantic [174,175]. This influx of freshwater
has the potential to disturb the equilibrium required for thermohaline circulation, which
drives ocean currents by varying temperature and salt levels [176]. The decrease in salinity,
combined with the warming of surface waters, can affect these currents, which are critical
for transferring heat and nutrients around the world. The AMOC, a critical component of
the global climate system, is particularly susceptible to changes in the Arctic [177]. This
circulation system is critical in transporting warm water from the tropics to higher latitudes,
influencing weather patterns and climate throughout Europe and North America [110].
Studies have reported that the continued melting of ice sheets and sea ice is contributing to
a slowing in the AMOC, which is projected to diminish by up to 34% by 2100 if current
trends continue [178]. Such a deceleration could lead to harsher winters in Europe, altered
precipitation patterns, and greater storminess in the North Atlantic region [179]. The weak-
ening of AMOC could also cause a sea-level rise along the United States’ east coast due
to changes in ocean dynamics [180]. These changes in ocean circulation have far-reaching
implications, with the potential to disturb marine ecosystems, affect fish migration patterns,
and have an impact on global weather systems [181]. As ocean currents play an important
role in controlling the Earth’s climate, the continuous loss of Arctic ice cover raises concerns
about their stability and the wider implications for global climate patterns.

5.4. Permafrost Thawing and Carbon Release

The Arctic permafrost zone covers approximately 24% of the Northern Hemisphere’s
geographical area, including Alaska, Canada, Siberia, and northern Scandinavia [182].
Permafrost is defined as permanently frozen ground that can range in depth from a few
meters to over 1500 m in some areas [183]. Permafrost depth is determined by a variety of
factors, including local climate, vegetation cover, and soil composition [184]. Continuous
permafrost locations have a thicker and more stable layer, whereas sporadic permafrost
locations have greater depth variability and sensitivity to warming [185]. Recent data
show that permafrost is thawing at an accelerated rate as global temperatures rise, with
some research suggesting that the Arctic permafrost area is warming by about 0.5 ◦C
each decade [186]. This enhanced thawing causes ground sinking, which poses issues
for infrastructure and alters hydrological processes [187]. Thawing permafrost can also
produce significant changes in Arctic geomorphology, as melting ice creates thermokarsts,
which are depressions or uneven terrain caused by the melting of ice-rich permafrost [188].
These landscape alterations have the potential to destabilise ecosystems and habitat stability,
exacerbating the regional impacts of climate change. The thawing of permafrost poses
threats to the carbon cycle by releasing significant amounts of greenhouse gases, principally
carbon dioxide (CO2) and methane (CH4). According to Strauss et al. [189], permafrost
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holds roughly 1500 gigatons of organic carbon, which is comparable to twice the current
atmospheric carbon stock. As permafrost thaws, the microbial breakdown of organic
materials increases, releasing CO2 [190]. Anaerobic conditions in saturated areas promote
the creation of methane, a more potent greenhouse gas than CO2 in the short term [191].
This release of greenhouse gases triggers a feedback loop in which higher air concentrations
contribute to greater warming and permafrost thaw.

5.5. Impact on Arctic Ecosystems and Biodiversity

(a) Terrestrial ecosystem changes

Climate change is causing major changes to the Arctic’s terrestrial ecosystems. Veg-
etation patterns are changing drastically, with tundra habitats receding north and being
replaced by shrubs and forests in many areas [192,193]. This phenomenon, known as
“greening”, is caused by longer growing seasons and higher temperatures, allowing
more productive flora to take over previously sparse Arctic environments [194]. How-
ever, this vegetation transition has ecological implications. Herbivores, such as caribou,
which rely on tundra-specific lichens, are experiencing reduced food supply and altered
migration patterns, potentially contributing to declines in population [195–197]. Arctic
foxes and wolves, which rely on tundra-adapted food, are facing increased competition
from boreal species moving into their habitats [53,198]. The cascading effects of these
changes disrupt the balance of Arctic terrestrial food webs, endangering biodiversity
and ecosystem resilience.

(b) Marine Ecosystem Responses

Arctic marine habitats are undergoing dramatic changes as a result of sea ice loss and
rising waters. The timing and intensity of phytoplankton blooms, a key component of
Arctic food webs, are being influenced by early ice melt and extended periods of open
sea [199]. These changes have far-reaching consequences for the ecosystem, affecting
primary consumers, such as zooplankton, and the larger marine species that rely on
them [200]. Polar bears, walruses, and seals are highly susceptible to climate change. Polar
bears, which rely on sea ice for hunting, are facing habitat fragmentation as ice melts earlier
and freezes later in the year [201]. Walruses and seals, which rely on stable ice platforms for
breeding and resting, are also impacted, with reduced ice cover threatening their survival
and reproductive success [202,203]. These disturbances highlight the interconnectivity of
Arctic marine systems and the importance of preventing future climate implications [204].

(c) Invasive species and biodiversity threats

Warming Arctic temperatures are allowing non-native species to establish themselves
in formerly hostile regions, jeopardising the health of native ecosystems (Figure 5). Invasive
species, which are frequently introduced through increasing shipping and ballast water
discharge, can outcompete local flora and fauna, disturbing existing ecological relation-
ships [196]. For example, invasive plant species can change soil composition and nutrient
cycles, making it harder for native tundra plants to recover. Similarly, non-native marine
species introduced by humans can dominate food webs, displacing native species and
causing unexpected ecological repercussions [205]. Some of the invasive species found in
the Arctic are the American mink, Nootka lupine, European green crab, Japanese knotweed,
and Japanese ghost shrimp [69]. The biodiversity in the Arctic, which is already under
threat from climate-induced habitat changes, faces additional threats from these invasive
species, emphasising the importance of biosecurity controls and adaptive management
solutions to protect these sensitive ecosystems.
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5.6. Socioeconomic Implications and Indigenous Communities

The warming of the Arctic has severely affected the traditional livelihoods and cultural
practices of Indigenous communities (Figure 6), which are inextricably linked to the region’s
natural ecosystems [32]. Climate-induced changes in wildlife behaviour, habitat availability,
and seasonal patterns are affecting subsistence activities, such as hunting, fishing, and
gathering [152,206]. Earlier sea ice breakup restricts access to marine animals, such as
seals and walruses, which are important for both food and cultural practices among
Indigenous Peoples [203]. Changes in caribou migration routes and population dynamics
disrupt traditional hunting practices, creating food insecurity [207,208]. Cultural traditions
based on the regularity of Arctic surroundings, such as storytelling, seasonal festivities,
sewing, and craft-making, are also under threat, undermining intergenerational knowledge
transfer and cultural identity [209–211]. As the temperature increases, the health of Arctic
people and infrastructure is expected to face more challenges [152]. Thawing permafrost
destabilises buildings, roadways, and essential infrastructure, resulting in costly repairs and
increased safety risks [212]. Changes in precipitation and temperature enhance health risks,
such as respiratory problems from increasing wildfire smoke and waterborne infections
caused by poor sanitation systems [152,154]. Food security is a significant issue, since
disruptions in subsistence hunting and fishing force communities to rely on expensive
and less nutritious imported foods [213]. These increased vulnerabilities highlight the
critical need for infrastructure adaptation and public health measures that are targeted to
the challenges of Arctic communities. The melting of Arctic Sea ice has created access to
previously unexplored oil, gas, and mineral riches, as well as the possibility of expanded
shipping routes and tourism.

While these changes have potential economic advantages, they also represent major
risks to the environment. Increased industrial activity can cause pollution, habitat degra-
dation, and social impacts, which disproportionately affect Indigenous communities that
rely on Arctic ecosystem stability and resources [214,215]. The possibility of transboundary
conflicts over resource claims emphasises the need for strong governance frameworks that
balance economic development, environmental conservation, and community rights [205].
Despite these constraints, Arctic communities have demonstrated extraordinary resilience
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through adaptive techniques and policy initiatives. Indigenous knowledge systems, which
emphasise sustainable resource use and community-based monitoring, are crucial in re-
sponding to climate change [203,216]. Co-management of wildlife resources, for example,
and the development of renewable energy initiatives minimise reliance on foreign supply
while also mitigating environmental harm [217]. At the policy level, efforts, like the Arctic
Council and national adaptation programs, aim to boost resilience by encouraging collabo-
ration among local, national, and international stakeholders [212]. These efforts underscore
the need of combining scientific research with Indigenous knowledge to provide equitable
and effective solutions [218] for the Arctic’s rapidly changing climate.
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5.7. Global Implications of Arctic Warming

The increased warming in the Arctic causes significant disturbances to global climate
systems by disrupting air circulation and heat transfer processes [219]. One major impact is
the destabilisation of the polar jet stream, which controls weather patterns in the Northern
Hemisphere [220]. Arctic temperatures rise faster than at lower latitudes, weakening the
jet stream, causing it to meander and stall [221]. This has resulted in persistent extreme
weather conditions, such as extended droughts, flooding, and unseasonal cold snaps in
areas far from the Arctic [222]. In addition to the jet stream, the Arctic’s role as a heat
sink is dwindling, reducing the Earth’s ability to manage heat distribution and fuelling
increasingly erratic global climate behaviour [223]. Melting Arctic ice is becoming a major
contributor to increasing global sea-level rise [224]. Unlike thermal expansion of saltwater,
glacier melt introduces massive amounts of freshwater into the ocean, affecting salinity
and density gradients [225]. These changes affect ocean circulation patterns, such as the
Atlantic Meridional Overturning Circulation, which could cause localised cooling in Europe
while exacerbating warming elsewhere [226]. Coastal communities around the world
face increased risk of flooding, infrastructure damage, and forced migration [227]. The
Arctic’s contribution to rising sea levels highlights the dual complication of managing local
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impacts while addressing broader global vulnerability. The Arctic is an important location
of climatic feedback loops that might impede progress towards global climate targets.
Permafrost thawing, which releases methane and carbon dioxide stored for millennia,
results in a self-reinforcing warming cycle [228]. The loss of sea ice exacerbates the albedo
effect, as darker ocean surfaces absorb more solar radiation, accelerating regional and
global temperature increases [44]. A less commonly discussed feedback mechanism is
the destabilisation of Arctic peatlands, which may release massive amounts of ancient
carbon into the atmosphere [229]. These feedback mechanisms not only exacerbate current
warming, but also pose a risk of exceeding climate tipping thresholds, making global
temperature stabilisation more difficult. Arctic warming has far-reaching economic and
policy repercussions. Melting glaciers are revealing previously inaccessible resources,
including fossil fuels, offering a challenge to climate mitigation [72]. Increased Arctic
resource extraction, motivated by economic interests, might undermine attempts to reduce
global emissions if not properly controlled [230]. Arctic warming emphasises the limitations
of current climate models, which underestimate warming rates, complicating global climate
projections and policy planning.

6. Recent Advances in Arctic Climate Change Research
The Arctic has emerged as an important target of climate change studies because of its

increased sensitivity and rapid environmental changes. Over the last two decades, research
has improved our understanding of Arctic climate dynamics, highlighting both natural and
anthropogenic influences on its ecosystem. Recent studies have documented that the Arctic
is warming faster than the global average due to feedback mechanisms, like the ice–albedo
effect [6,231]. Winter warming trends are pronounced, leading to a significant decline in sea
ice extent, with predictions of a seasonally ice-free Arctic Ocean by mid-century [6]. This
impacts global climate systems and accelerates feedback loops [5,15]. Permafrost thawing
releases stored carbon, intensifying the greenhouse effect and increasing infrastructure
vulnerability for Arctic communities [19,28].

Some studies highlight that warmer temperatures are causing widespread Arctic
greening, which is an increase in vegetation productivity and biomass [194,232–234]. How-
ever, these changes are not uniform, with some areas undergoing browning or decreased
productivity as a result of extreme weather events or permafrost thaw [22]. Marine and
terrestrial species are suffering range changes, changing phenologies, and greater compe-
tition, with sub-Arctic species pushing into Arctic environments, endangering endemic
species [24,25]. The release of carbon from thawing permafrost and the growth of anoxic
conditions contribute to the permafrost carbon feedback, which has the potential to exacer-
bate global warming [18,20]. The destabilisation of methane hydrates and higher emissions
from wildfires exacerbate these impacts [18,28].

Research suggests that the Arctic hydrological cycle is becoming more intense, with
increasing precipitation, transitions from snow to rain, and more frequent extreme weather
events [27,28]. These changes disrupt freshwater ecosystems, alter river dynamics, and
reduce snow cover, which have an impact on regional energy balances [235,236]. Atmo-
spheric dynamics, such as the Atlantification of Arctic waters and increasing poleward
heat movement, are changing regional climate patterns [16,32,34,52]. Economic losses are
anticipated for Arctic infrastructure as permafrost thaws, threatening the infrastructure’s
stability [19,21,237,238]. The opening of Arctic shipping routes and increased resource ex-
traction prospects have heightened geopolitical concerns [15,36]. Advances in climate mod-
elling have enhanced our understanding of Arctic dynamics, with high-resolution models
better capturing the interactions between sea ice, atmospheric circulation, and ocean dynam-
ics. However, uncertainties persist due to the complexity of feedback mechanisms [45,239].
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Probabilistic forecasting systems, like IceNet, are improving the accuracy of sea ice pro-
jections, particularly for extreme events [240]. Recent research highlights the necessity of
incorporating Indigenous knowledge into climate governance to improve resilience and
adaptation [32,42]. The Arctic’s geopolitical relevance requires international cooperation,
as governance frameworks are crucial in addressing climate impacts, managing risks, and
achieving climate policy targets [14,50,75,241].

7. Policy Responses and Mitigation Efforts
7.1. International Initiatives for Arctic Climate Protection

The susceptibility of the Arctic to climate change has led to several international ef-
forts aimed at encouraging international cooperation, although the efficacy of these efforts
varies [242]. The Arctic Council, formed in 1996, is the premier intergovernmental platform
for Arctic governments and Indigenous communities [243,244]. It has played an important
role in producing critical reports, such as the Arctic Climate Impact Assessment (ACIA),
which highlights the multifaceted effects of warming on the region [245]. The Council
supports research and sustainable resource use through initiatives, such as the Agreement
on Enhancing International Arctic Scientific Cooperation (2017) and the Agreement to
Prevent Unregulated Fishing in the Central Arctic Ocean (2018) [75]. However, its inabil-
ity to impose legally binding controls on carbon emissions or industrial activity limits
its overall effectiveness. The Paris Agreement (2015), while global in scope, indirectly
addresses Arctic warming by aiming to keep the global temperature rise to well below
2 ◦C [246]. Arctic-specific solutions, such as enhanced financial support for adaptation
in polar regions or tighter timelines for emissions reductions in high-latitude countries,
are noticeably lacking [247]. Similarly, the Polar Code, produced by the International Mar-
itime Organisation, establishes rules for Arctic shipping but calls for broader coverage
to offset the hazards of increased commercial activity, such as stronger limits on black
carbon emissions and ballast water discharge [248]. The lack of comprehensive agreements
explicitly designed to address Arctic concerns, such as regulating oil and gas development
or overseeing geoengineering experiments, emphasises the need for more international
action. Proposals for a binding Arctic Climate Treaty, similar to the Antarctic Treaty System,
remain contentious due to competing interests among Arctic states and industry [249].

7.2. Regional Policies and Indigenous Involvement and Leadership

National policies in Arctic nations vary significantly, reflecting different priorities in
balancing economic development and environmental conservation [250]. Canada’s Arctic
and Northern Policy Framework prioritises sustainable development, renewable energy
transitions, and climate resilience, while also incorporating Indigenous knowledge into
government policies to some extent [251]. In contrast, Russia’s Arctic strategy focusses
on resource extraction, particularly oil, gas, and minerals, and prioritises economic gains
over environmental preservation [252]. The Nordic countries have adopted ambitious
green policies, such as transitioning to renewable energy and promoting marine protected
areas, but there are still challenges in reducing emissions from the expanding maritime
and tourism industries [253]. Indigenous communities, important to the Arctic’s social
and biological systems, are becoming more active in policymaking [50]. Co-management
initiatives demonstrate the importance of combining traditional ecological knowledge and
scientific research to develop culturally sensitive adaptation strategies [254]. Indigenous
knowledge has proven especially useful in monitoring climate impacts, such as changes
in species migration and permafrost degradation [255]. However, the United Nations
Declaration on the Rights of Indigenous Peoples (UNDRIP) emphasises the importance of
increased political and financial empowerment in order to promote fair participation in
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decision making [256]. Indigenous organisations advocate for greater influence in shaping
regional and national policies, particularly those governing land use, resource extraction,
and conservation [40,257,258].

7.3. Mitigation Strategies to Reduce Arctic Warming

Mitigating Arctic warming demands an integrated approach combining traditional
emission reduction strategies with novel technologies and regional conservation activities [259].
Emission reduction remains crucial, with Arctic nations working to decarbonise their economy
through renewable energy transitions, carbon pricing mechanisms, and commitments to
net-zero targets [260]. Policies to reduce black carbon emissions, a major contributor to Arctic
warming, are critical [261]. Regional initiatives, such as the Arctic Council Framework for
Action on Enhanced Black Carbon and Methane Emissions Reductions, seek to restrict these
pollutants, but enforcement is uneven [262]. Geoengineering solutions, such as solar radiation
management and Arctic ice restoration, are under investigation as prospective interventions,
for example, using reflective aerosols to increase the Earth’s albedo or artificially recovering sea
ice could help to decrease regional warming [263,264]. However, these methods pose ethical,
environmental, and geopolitical risks, demanding stringent international control. Protected
areas, such as the United States’ Arctic National Wildlife Refuge, are important for biodiversity
conservation and carbon sequestration [265]. Expanding these zones, particularly in maritime
habitats, may lessen anthropogenic disruptions while providing refuge for vulnerable species.
Cleaner shipping technologies and tougher rules on resource extraction activities help to
achieve localised mitigation.

7.4. Arctic Governance and Adaptation Strategies

Climate change is causing significant environmental and socioeconomic changes
in the Arctic, necessitating the implementation of strong governance frameworks and
adaptation strategies. The combination of global climate dynamics, Indigenous knowledge
systems, and geopolitical interests has made the Arctic a focus for scientific research and
policy intervention. The Arctic Council serves as a major forum for collaboration among
Arctic nations and Indigenous organisations [266]. It has played an important role in
addressing concerns, such as environmental preservation and sustainable development,
but its non-binding agreements impede enforcement [32]. Despite these efforts, gaps exist
in the management of challenges, such as increased shipping, resource extraction, and
environmental deterioration. For example, the rapid melting of sea ice has increased
geopolitical competition for shipping routes and mineral resources, emphasising the need
for stronger legal frameworks [36,50,267]. International agreements, such as the United
Nations Convention on the Law of the Sea, provide legal processes for settling disputes,
particularly those involving marine boundaries [268]. However, there are concerns that
these frameworks are insufficient to handle the Arctic’s rapid environmental changes [212].
The Arctic Fisheries Agreement of 2018, which outlaws unregulated fishing in the central
Arctic Ocean, is a recent example of effective international cooperation [269].

Indigenous Peoples, who have lived sustainably in the Arctic for centuries, play cru-
cial roles in governance. However, their sovereignty and rights are frequently overlooked
in decision-making processes [270]. Studies emphasise the necessity of incorporating
Indigenous knowledge into governance frameworks to achieve culturally suitable and
sustainable adaptation policies [31,32,42]. Collaborative governance approaches that em-
phasise resource co-management have showed potential, notably in mitigating the effects of
climate change on traditional livelihoods [51,271,272]. Fragmented policies and disparities
in capacities among Arctic governments present considerable governance issues. Regional
disparities in economic development, environmental interests, and legal frameworks im-
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pede coordinated responses to climate change [42]. Resource extraction activities, which
are often motivated by national interests, clash with conservation objectives, complicating
governance efforts [14].

Indigenous People are among the most susceptible to climate change, with traditional
subsistence activities disrupted by changes in wildlife migration, sea ice loss, and permafrost
thaw [22,32]. Adaptation measures that incorporate Indigenous knowledge, like community-
based monitoring systems, have been beneficial in increasing resilience [51,273]. For example,
collaborating on research with Indigenous stakeholders has resulted in a better knowledge and
management of ecological changes [30–32,274]. Thawing permafrost and coastal erosion pose
significant dangers to Arctic infrastructure, such as buildings, pipelines, and transportation
networks [19,275]. Engineering solutions, such as permafrost-resistant materials and coastal
defence systems, are being deployed, but their high cost and the distant locations of Arctic
communities prevent widespread adoption [276–278]. Policies that prioritise climate-resilient
infrastructure are important for mitigating these risks [152,279,280].

Ecosystem-based adaptation strategies prioritise biodiversity conservation and habitat
restoration in order to preserve ecosystem services that benefit communities [281]. Arctic
wetlands, for example, play an important role in carbon sequestration and water control;
hence, their preservation is a priority [22]. Protecting vital habitats for migratory species has
become an important adaptation strategy [23]. Integrating climate adaptation into national
and regional strategies is critical for good governance. Participatory scenario planning, which
combines multiple stakeholder viewpoints, including those of Indigenous communities, has
proven effective in developing adaptive management strategies [282]. However, research
shows that it frequently fails to fully integrate with Indigenous practices, emphasising the
need for more inclusive approaches [282]. Cooperative agreements, such as the Arctic Fisheries
Agreement, illustrate the possibility for multilateral governance, but gaps exist in addressing
the security implications of rising human activity in the region [36,50]. Strengthening inter-
national agreements on Arctic shipping, fishing, and resource management is important for
balancing economic development and environmental sustainability.

Continuous monitoring with advanced technologies, such as satellite-based remote
sensing, drones, and IoT-enabled sensors, is required for real-time data collection and
processing [283]. International collaboration, such as the Arctic Council, must be strength-
ened to enable coordinated research and policy implementation [250]. Enhanced funding
channels and collaborations are required to support Arctic-focused research activities [284].
Raising worldwide awareness of Arctic changes and their repercussions can also help to
mobilise support for these efforts.

8. Key Research Gaps
The Arctic has several research gaps that limit effective climate action and equitable policy

development, particularly for Indigenous Peoples and the ecosystem. An important gap is the
poor inclusion of Indigenous knowledge systems into larger scientific frameworks. Indigenous
communities have built up extensive, place-based knowledge about Arctic ecosystems over
generations, which is underutilised in scientific and policy discussions [285]. The lack of this
knowledge reduces the cultural significance and efficacy of adaptation strategies, particularly
those aimed at traditional livelihoods, like hunting, fishing, and reindeer herding. The detailed
overview of the key research gaps identified in this study is given in Supplementary Table S1.
Studies that combine Indigenous knowledge with science are critical for developing inclusive
policies that empower communities and strengthen their resilience. Beyond Indigenous-
specific gaps, larger ecological and socioeconomic uncertainties persist. There is a lack of
understanding about Arctic marine ecosystems, specifically the combined effects of ocean
acidification, changing sea ice dynamics, and altered food webs. Polar bears, walruses, and
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Arctic cod are among the species at risk due to these conditions, which threaten both ecological
equilibrium and Indigenous sustenance. Economic gaps include a lack of comprehensive
appraisals of growing industries, such as Arctic shipping and resource extraction. The effects
of infrastructure expansion on vulnerable permafrost and ecosystems are poorly understood,
leaving important concerns unanswered. These research gaps and future goals highlight the
need for a comprehensive and collaborative approach to Arctic climate research, which ensures
that scientific understanding keeps up with the rapid changes taking place in this crucial area.
Addressing these gaps necessitates interdisciplinary research, more collaboration between
Arctic and non-Arctic nations, and a focus on participatory techniques that incorporate
Indigenous perspectives at all stages of development. By addressing these research gaps, the
Arctic can serve as a paradigm for integrated, sustainable, and inclusive climate response.

Despite growing interest in Arctic climate change, several key research gaps remain.
These include limited high-resolution data across space and seasons, insufficient integration
of interacting climate drivers (e.g., greenhouse gases, albedo, and atmospheric dynamics),
and unclear linkages between Arctic warming and mid-latitude weather extremes. More-
over, local-scale impacts on ecosystems and Indigenous communities are underexplored,
and observational data—especially in remote and winter-dominated regions—remain
sparse. This study contributes by synthesising multiple drivers and highlighting the
Arctic’s role as a critical zone of interconnected global change.

9. Recommendations for Addressing Climate Change in the Arctic
The Arctic is warming at an unprecedented rate, affecting global climate systems,

ecosystems, and local communities. These recommendations provide a comprehensive
strategy for addressing climate change in the Arctic, incorporating risk assessment, moni-
toring, mitigation, community participation, and policy formulation to promote resilience
and sustainability. Effective risk assessment is essential to tackle Arctic climate challenges.
Geospatial analysis can reveal hotspots for permafrost degradation, glacier retreat, and
carbon release, as well as vulnerabilities in Arctic biodiversity and infrastructure. Creating
multi-hazard vulnerability maps that integrate risks, such as ice melt, coastal erosion, and
storm surges, allows initiatives to be prioritised more effectively. By including socioe-
conomic scenarios in climate models, policymakers can assess risks to livelihoods, food
security, and cultural traditions, allowing them to address both local and global implica-
tions. Robust monitoring and early warning systems are required to track climate dynamics
in real time. Advanced remote sensing technology, such as AI-enhanced satellites and
autonomous underwater drones, can provide useful information about ice dynamics, per-
mafrost thaw, and ecosystem changes. Localised field investigations that combine scientific
methods with Indigenous knowledge are important for understanding changes in animal
migration patterns, ecosystem health, and social aspects. Early warning systems, powered
by AI and integrated into global networks, can predict extreme weather and ice collapse
events, improving preparedness for downstream impacts, like sea-level rise.

Large-scale renewable energy projects, such as offshore wind farms and hydrogen
energy hubs, can replace fossil fuels, while localised solar power systems lessen the need
for diesel generators in remote locations. Restoring Arctic wetlands and peatlands is a
natural carbon sequestration approach, and novel technologies, such as carbon capture
and biochar synthesis, can further reduce emissions. Geoengineering options, such as
maritime cloud brightening and artificial ice floe creation, must be investigated carefully,
with international frameworks insuring ethical and effective implementation. Marine
ecosystem preservation, including protected areas and sustainable fisheries management,
is important for biodiversity and carbon balance. Community engagement is critical to
Arctic climate action. Capacity-sharing is important to promote sustainable practices and



Climate 2025, 13, 85 22 of 34

prepare future leaders for climate science and resilience approaches. Arctic climate councils,
which comprise Indigenous leaders, scientists, and policymakers, facilitate collaborative
decision making and support inclusive governance. Integrating Indigenous ecological
knowledge into climate policies is important to strengthen research and adaptation while
encouraging shared ownership of climate solutions. The recommendations for addressing
climate change impacts in the Arctic are illustrated in Figure 7, while a detailed overview
of each component of recommendations is given in Supplementary Table S1.
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Policy frameworks must be strengthened in order for Arctic climate governance to
function effectively. A legally binding Arctic Climate Treaty could impose limitations on
emissions and resource extraction, while strengthening the Polar Code will ensure more
stringent management of shipping emissions and pollution. Arctic-specific climate funds can
help fund renewable energy, conservation, and community resilience initiatives, but methods
for compensating Indigenous communities for climate-related losses must be established.
Regional and global collaborations, such as those organised by the Arctic Council, can help to
coordinate action and knowledge sharing. Technological advancements provide chances to
strengthen Arctic resilience. Climate-resilient infrastructure, such as floating structures and
adaptable pipelines, can resist severe weather and permafrost melt. Decentralised renewable
energy systems and innovative battery storage technologies can provide stable electricity in
remote Arctic locations, while IoT-based monitoring systems track vulnerabilities in real time,
allowing for quick responses to emerging problems. Restoring Arctic habitats is important
for minimising climate impacts. Wildlife corridors can help species migrate, and rewilding
degraded landscapes with native vegetation increases biodiversity and carbon sequestration.
Developing resilient agricultural practices, such as cold-resistant crops and agroforestry, can
promote food security while decreasing reliance on imported foods.

Education and awareness about Arctic climate challenges is critical. Global campaigns
emphasising the Arctic’s role in the climate system, combined with contemporary tech-
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niques, such as multimedia and virtual reality, can reach a larger audience. Citizen science
programs can enable Arctic people to participate in environmental monitoring while also
encouraging collaboration between scientists and local volunteers to increase data accuracy
and coverage. This paradigm emphasises the importance of a collaborative and integrated
strategy to combating climate change in the Arctic. Combining science, technology, policy,
and community engagement is important to protect the Arctic’s ecological, cultural, and
climatic integrity while addressing its global relevance. Collaborative actions are important
to ensuring a sustainable and resilient future for the Arctic and beyond.

10. Conclusions
This study highlights the critical function of the Arctic as a planetary health indicator

and climate regulator, demonstrating the cascading effects of Arctic warming on global sys-
tems. The review shows that climate change in the Arctic is not an isolated phenomenon but
rather the result of intricate interactions between regional feedback mechanisms that have
a significant impact on ecosystems, socioeconomic systems, and the stability of the global
climate. Permafrost thawing, ecosystem changes, and the rapid melting of sea ice necessitate
immediate and decisive action on multiple fronts. Critical knowledge gaps still exist despite
tremendous advancements in our understanding of the causes and effects of Arctic warming,
especially when it comes to addressing the complex socioeconomic issues that Arctic commu-
nities face and incorporating Indigenous ecological knowledge with scientific frameworks.
Interdisciplinary approaches must be given top priority in future studies in order to fully
understand the intricate relationships between permafrost carbon cycles, ocean circulation,
and extreme weather patterns. To improve the projections of Arctic climate trajectories and
their worldwide impacts, sophisticated climate models that integrate probabilistic forecasting
and high-resolution data are crucial. Longitudinal studies that evaluate the long-term socio-
cultural effects of climate change on Indigenous communities—including their traditional
livelihoods, cultural heritage, and resilience strategies—are also urgently required.

The policy recommendations emerging from this study emphasize the need for an
Arctic-specific climate governance framework, which should include legally binding agree-
ments to control region-specific emissions, resource extraction, and shipping operations.
To promote fair and successful adaptation plans, collaborative governance models that
integrate Indigenous leadership and co-management principles are crucial. To guarantee
a balanced approach to conservation and economic potential, international cooperation
may be strengthened through organisations, like the Arctic Council, and sustainable devel-
opment principles can be included into Arctic policies. Finally, to reduce the effects of Arctic
climate change and promote resilience, transformative actions are needed. Among these
are investments in renewable energy initiatives, ecosystem-based adaptation strategies,
and climate-resilient infrastructure designed to meet the particular difficulties faced by the
Arctic. Public partnerships and increased global understanding of the Arctic’s crucial role
in climate systems can help to mobilise resources and support for these initiatives.
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