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Abstract. Covering about 20 % of the global ocean, the polar ocean areas are among the most sensitive regions
of the Earth climate system, where today climate change is reshaping processes that influence global circulation,
sea level, and climate far beyond the poles. Here, we develop an ocean narrative that integrates physical, ecolog-
ical, and societal indicators, to illustrate polar ocean change. Across the region defined by the Arctic Monitoring
and Assessment Programme (AMAP), which is a key scientific framework supporting environmental assess-
ments of the Arctic Council, combined sea surface and sea-ice surface temperature has increased at an average
rate of 1 °C per decade over 1982–2024, equivalent to approximately 4.2 °C of warming over the observational
period. Strongest warming rates exceeding 1 °C per decade observed in the Large Marine Ecosystems (LMEs)
Kara Sea, East Siberian and Laptev Sea, Barent Sea, Beauford Sea, Chukchi Sea, and Arctic Ocean. All Arctic
polar LMEs with seasonal sea-ice cover have experienced sea-ice decline over the 1982–2024. LMEs, an ecolog-
ically defined framework that supports coordinated management of fisheries, biodiversity, habitat conservation,
and other shared marine resources, show the strongest sea-ice cover losses in the Hudson Bay, Barents Sea, East
Greenland Shelf, Chukchi Sea and Kara Sea. Also, areas of substantial sea-ice retreat consistently coincide with
rapid coastal erosion in the Arctic, as sea-ice loss increases the exposure of Arctic coastlines to waves action,
thereby further exacerbating coastal erosion and increasing risks to infrastructure and coastal communities. In
the Southern Ocean, the spatial overlap between long-term sea-ice retreat and major penguin colonies illustrates
a fundamental conservation challenge: the habitat supporting Southern Ocean biodiversity is itself changing.
Effective biodiversity protection therefore requires both reducing local pressures through conservation and ad-
dressing the climate drivers of sea-ice loss through global mitigation. Together, these examples demonstrate
that polar ocean change is not a collection of isolated environmental trends, but an interconnected transforma-
tion of physical systems, ecosystems, and societies, requiring integrated observations and coordinated climate,
biodiversity, and ocean governance responses.

1 Introduction

The polar ocean areas occupy about 20 % of the global ocean
surface, and they have a disproportionate influence on the
trajectory of the Earth system (IPCC, 2019): they absorb and
store large amounts of anthropogenic heat and carbon; they
sustain the global overturning circulation that redistributes
heat and carbon across the planet and shapes regional and
global climate patterns; and they host some of the most
rapidly changing components of the climate system, where

strong feedbacks and potential tipping elements are concen-
trated. Consequently, changes in the polar ocean areas extend
far beyond the high latitudes, influencing climate, sea level,
and weather worldwide (IPCC, 2019), deeply affect Arctic
communities and ecosystems (Baudry et al., 2026; Bronen,
2015; Bronen and Chapin, 2013; Deb and Bailey, 2023; Naik
et al., 2026), and are crucial for local to global sustainabil-
ity (Li et al., 2025). The growing recognition of the criti-
cal role of polar regions in the Earth system is reflected in
the United Nations General Assembly’s declaration of 2025–
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Table 1. Products used and their documentation.

Product Product ID and type Data access Documentation
ref. No.

1 SEAICE_ARC_PHY_CLIMATE_L4_MY_011_016
Satellite observations (reprocessed)

E.U. Copernicus Marine
Service Information (2021)

QUID: Karagali et al. (2025a)
PUM: Karagali et al. (2025b)

2 Global Large Marine Ecosystems
Expert-delineated ecological boundary

IW-LEARN (2020) Sherman (2005)

3 Arctic AMAP assessment area
Expert-delineated administrative-biogeographic boundary

Steenhuisen and Wilson
(2013)

AMAP (1998)

4 SEAICE_GLO_SEAICE_L4_REP_OBSERVATIONS_011_009
Satellite observations

E.U. Copernicus Marine
Service Information (2026)

QUID: Eastwood and Wettre
(2026)
PUM: Sørensen et al. (2026)

5 SST_GLO_SST_L4_REP_OBSERVATIONS_010_011
Satellite observations (reprocessed)

E.U. Copernicus Marine
Service Information (2025)

QUID: Worsfold et al. (2026)
PUM: Worsfold et al. (2022)

6 Arctic Coastal Dynamics (ACD) coastal geomorphology
Expert-derived clasification (survey and remote sensing)

Lantuit et al. (2020) Lantuit et al. (2012)

7 Permafrost extent for the Northern Hemisphere
Physical model (satellite-forced)

Westermann et al. (2025) Obu et al. (2019)

8 Building footprints
Satellite and crowdsourced fusion

Manos and Witharana
(2025)

Manos et al. (2025)

9 Indigenous Peoples of the Arctic
Community-consulted, participatory-edited boundaries

Fiske (2021) Berkman et al. (2022)

10 Distribution of Adelie penguin
Expert-derived species range map

IUCN (2020a) IUCN (2020a)

11 Distribution of Emperor penguin
Expert-derived species range map

IUCN (2020b) IUCN (2020b)

12 Distribution of Adéline and Emperor penguins
Multi-source biogeographic database (in-situ + remote sensing)

Che-Castaldo et al. (2023a) Che-Castaldo et al. (2023b)

13 Maritime Boundaries Geodatabase: High Seas
Expert-delineated boundary

Flanders Marine Institute
(VLIZ), Belgium (2024)

Claus et al. (2014)

14 Statistical areas, subareas and divisions
Expert-delineated boundary

Commission for the
Conservation of Antarctic
Marine Living Resources
(2026)

CCAMLR (2017), CCAMLR
Secretariat (2026)

2034 as the “Decade of Action for Cryospheric Sciences”,
highlighting the increasing importance of coordinated scien-
tific efforts and policy responses to understand and address
cryospheric changes (Luo and Alverson, 2025).

The scale of the buffering role through polar ocean ar-
eas is remarkable: the Southern Ocean alone is responsible
for about 70 ± 30 % of the anthropogenic heat absorbed by
the world ocean each year, and about half of the uptake of
anthropogenic carbon (e.g., Cheng et al., 2022; Frölicher et
al., 2015; Gruber et al., 2009; Khatiwala et al., 2013; SO-
CHIC et al., 2023). However, this buffering capacity is cou-
pled to a rapidly changing cryosphere: warming polar ocean
waters contribute to ice-shelf thinning and glacier discharge,
enhancing continental ice loss and sea-level rise (Rignot et

al., 2019, 2026; Slater et al., 2021). Also, ocean warming
and more frequent Arctic marine heatwaves are transforming
marine food webs, species distributions, fisheries, and biodi-
versity, with consequences for Indigenous communities and
Arctic economies, necessitating targeted conservation and
adaptive strategies (He et al., 2024).

Both polar ocean areas host some of the most rapidly
changing components of the climate system. The Arctic has
warmed nearly six times faster than the global mean since
1980, with 2025 bringing the warmest autumn on record,
and summer sea-ice extent declining at more than 10 % per
decade since satellite records began (Englyst et al., 2026;
WMO, 2026; Zhou et al., 2024). In addition, the Arctic
ocean is experiencing a transformation from the northward
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influx of warmer, saltier Atlantic water (so-called Atlantifi-
cation), which is reshaping the Arctic Ocean itself (Årthun
et al., 2025; Polyakov et al., 2025; Wang et al., 2024). In the
Antarctic, a regime shift in 2016 has driven sea-ice extent far
below its natural range of variability (Mercator Ocean inter-
national, 2026), and, in some respects, is more abrupt, non-
linear, and potentially irreversible than Arctic sea-ice loss
(Abram et al., 2025; Hobbs et al., 2024; Purich and Dod-
dridge, 2023). A decline in sea-ice formation linked to the
observed regime shift has been suggested as a primary cause
for an observed 30 % slowdown in bottom water production
in the Weddell Sea since 1992 (Kusahara and Tatebe, 2025;
Spira et al., 2026; Wu et al., 2025; Zhang et al., 2022; Zhou
et al., 2023), known as a key process driving the Antarctic
Overturning Circulation (Abram et al., 2025). Antarctic and
Southern Ocean ecosystems are experiencing regime shifts as
environmental change transforms habitats and pushes species
beyond physiological limits (Griffiths et al., 2024). Arctic
marine ecosystems are undergoing comparable transforma-
tions, as sea-ice loss and the Atlantification restructure habi-
tats, disrupt historical pelagic-benthic coupling, and push
species toward or beyond their thermal limits (Stern, 2025).

The polar ocean areas also host major climate feedbacks
that can amplify or modulate future Earth system change.
The sea-ice albedo feedback is one of the most prominent
examples: the loss of reflective sea ice increases solar ab-
sorption by the ocean, amplifying regional and global warm-
ing (Goessling et al., 2025; Riihelä et al., 2021; Zhou et al.,
2024). Another feedback includes ice-sheet melt that fresh-
ens surrounding ocean surface waters, affecting stratifica-
tion, suppressing deep-water formation, and increasing basal
melting of ice shelves (Lambert et al., 2025; Silvano et al.,
2025; Zhang et al., 2025). Another important process in-
cludes the atmosphere-ocean coupling and cloud feedback.
Declining sea-ice cover favours the formation of low-level
liquid clouds over newly exposed open water. These clouds
trap outgoing surface radiation that would otherwise escape
to space, warming the surface and slowing sea-ice regrowth,
thereby reinforcing sea-ice loss (Arouf et al., 2024). To-
gether, these feedbacks illustrate how polar ocean changes
can modify the response of the Earth system to ongoing
warming, with consequences extending well beyond the high
latitudes.

The Arctic and Southern Ocean areas are critical arenas for
international governance, science diplomacy, and multilat-
eral cooperation, where environmental protection, resource
management, scientific collaboration, and geopolitical inter-
ests converge to shape the stewardship of globally signifi-
cant marine commons (Berkman, 2025; Gaffey et al., 2024;
Jayaram, 2022; Szkarłat et al., 2025). Unlike most ocean
basins, large parts of the Arctic Ocean and especially the
Southern Ocean cannot be managed by a single nation. Their
governance relies on a mosaic of international agreements,
including the United Nations Convention on the Law of the
Sea (United Nations, 1982a), the Antarctic Treaty (https://

www.ats.aq/index_e.html, last access: 14 July 2026), includ-
ing the Commission for the Conservation of Antarctic Ma-
rine Living Resources (CCAMLR, https://www.ccamlr.org/
en/organisation/home-page, last access: 14 July 2026), and
the Arctic Council (https://arctic-council.org/, last access: 14
July 2026). As climate change reshapes these regions, gov-
ernance increasingly requires multi-functional arrangements
through international coordination across jurisdictions, sec-
tors, and scientific disciplines, and genuine participation of
nations, including Indigenous communities (Gaffey et al.,
2024; IPCC, 2019, 2023; Young, 2016). This includes the
need to track progress based on available science, enhancing
data sharing practices, and securing long-term financing to
sustain research (Gaffey et al., 2024).

Climate change is creating new governance challenges,
challenging regional cooperation with a problem that is
global by nature (Argüello and Rafaly, 2023; Nanni et al.,
2024; Stokke, 2021; Wood-Donnelly, 2023; Young, 2016). In
the Arctic for example, rapid sea-ice decline is opening new
shipping routes, expanding access to fisheries, hydrocarbons,
minerals, and tourism, while simultaneously increasing envi-
ronmental risks (Crate and Nuttall, 2024). Notably, the Arc-
tic Shipping recorded a 40 % increase from 2013 to 2025,
with this growth coinciding with diminishing sea-ice (PAME,
2026). These changes are transforming the Arctic from a rel-
atively isolated region into a globally connected governance
space, where conservation, economic development, Indige-
nous and Local Peoples rights, maritime law, and geopolitical
interests must be balanced (Crate and Nuttall, 2024; IPCC,
2019). In the Antarctic Ocean, rapid environmental change,
particularly sea-ice decline and ecosystem shifts, is increas-
ing accessibility to the region, and enabling expanded ship-
ping, fisheries, and tourism, while simultaneously increas-
ing environmental risks and governance challenges (Chavez-
Molina et al., 2023; Constable, 2022, 2025; IPCC, 2019).
Across both poles, these dynamics reflect a fragmented, mul-
tilevel governance landscape, where polar governance capac-
ity has strengthened in recent years, but not rapidly or ro-
bustly enough to keep pace with the cascading risks and new
external interests reshaping both regions (IPCC, 2019).

Together, these interconnected functions position the po-
lar ocean areas as critical components of the Earth system,
where physical changes translate into consequences for cli-
mate, ecosystems and societies worldwide. As Arctic and
Antarctic change increases and governance challenges be-
come increasingly interconnected, sustained ocean observa-
tions, indicators, and assessments are essential to understand
emerging risks, track system responses, and support effective
ocean governance. Here, we provide 3 themes for the polar
ocean narrative, with focus on the ocean areas relevant for
the polar regions, and their wider implications for the Earth
system, ecosystems, and societies. The first theme sets the
focus on Arctic Ocean change through the lens of sea-ice
decline and surface warming, across different regions rele-
vant for regional to international ocean governance. The sec-
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ond explores how Arctic Ocean change translates into soci-
etal exposure, including coastal erosion, permafrost change,
and communities. The third focuses on the Southern Ocean,
where changes in sea ice, marine ecosystems, and biodiver-
sity are closely linked to questions of conservation, climate
change mitigation, and international governance.

2 Method

Ocean change is increasingly monitored and reported on
through a growing range of physical, biological, and chemi-
cal ocean indicators, including ocean warming, sea-level rise,
deoxygenation, and acidification. At the same time, socioe-
conomic datasets provide detailed information on, for exam-
ple, human vulnerability, economic dependence, protection
efforts, or governance capacity. However, these two domains
are often analysed separately, making it difficult to under-
stand how changes in the ocean translate into societal impacts
and opportunities. The concept of ocean narratives addresses
this gap, as they establish scientific linkages between ocean
and socioeconomic indicators within a specific thematic con-
text. By combining these datasets and scientific knowledge,
the approach helps identify where ocean changes may be
having the most impact on human well-being, economic de-
velopment, and environmental sustainability.

Ocean narratives are a new concept to connect ocean data
and indicators to human relevance. The concept has been in-
troduced by an international and multidisciplinary team of
scientists (Von Schuckmann et al., 2026), and implemented
for the first time in the 9th Copernicus Ocean State Report
(von Schuckmann et al., 2025a, b). Ocean narratives create a
systematic bridge between ocean science, societal outcomes,
and evidence-based knowledge transfer. They are based on
the combination of ocean indicators such as ocean warming,
sea level rise, ocean acidification, or sea ice change, together
with socioeconomic data relevant to specific themes or re-
gions. A key innovation of the framework is its integration of
data-driven exploration with evidence-based interpretation.
Spatial and temporal patterns of ocean change revealed by in-
dicators can highlight potential socioeconomic relationships
and emerging areas of concern, while peer-reviewed scien-
tific literature is used to validate and explain these connec-
tions. Therefore, the narrative development follows a strict
evidence-based approach: links between ocean change and
socioeconomic data are only integrated in the ocean narrative
when peer-reviewed literature shows scientifically quantified
relationships. This ensures that narratives are both scientifi-
cally robust and accessible to decision-makers.

The approach offers several benefits. First, ocean narra-
tives translate complex ocean science into societally relevant
insights, as it provides a transparent framework for connect-
ing environmental and socioeconomic information (see Ta-
ble 1). Second, the approach helps to raise awareness on re-
gions, sectors, and communities, that may be particularly ex-

posed or resilient to ocean change. Third, ocean narratives
can support policy development, as they link ocean condi-
tions to tangible societal outcomes. And fourth, they en-
able communication of ocean knowledge and change through
compelling, evidence-based stories, that resonate with di-
verse audiences. In other words, ocean narratives can serve as
a bridge between observation and action, helping synthesize
large, and often disconnected, datasets into coherent knowl-
edge that can inform sustainable ocean governance, and into
informed decision-making. By improving the accessibility
and relevance of scientific information, ocean narratives can
contribute to making data and science more actionable.

The narrative presented here focusses on the polar ocean
areas, i.e. the Arctic and Antarctic ocean. This approach
highlights critical questions: How are Arctic and Southern
Ocean conditions changing in different regions relevant for
regional to international ocean governance? How are these
physical changes translating into consequences for ecosys-
tems, biodiversity, and societies, including coastal commu-
nities in polar regions? How can observations and indicators
support the understanding, conservation, and governance of
rapidly changing polar ocean environments, including Areas
Beyond National Jurisdictions (ABNJs) and shared global
commons? By connecting physical ocean change with eco-
logical responses and societal dimensions, ocean narratives
aim to provide an integrated understanding of how polar
ocean transformations unfold to help policymakers, practi-
tioners, and scientists to move towards a more comprehen-
sive view of the links between ocean change, ecosystem re-
silience and governance challenges. All data used for the nar-
rative are documented in Product Table 1, together with in-
formation on data access and related references.

3 The Ocean Narrative

3.1 Sea ice extent and surface warming in the Arctic

Sea ice plays a major role in the Arctic Ocean due to its large
cooling influence from its high reflectivity (IPCC, 2019). Sea
ice supports all four ecosystem service categories (Steiner et
al., 2021): supporting services, through habitat and nurseries
for species such as Arctic cod and Antarctic krill; provision-
ing services, through harvesting and medicinal and genetic
resources; cultural services, through Indigenous and local
knowledge, identity, tourism, and research; and regulating
services, through light regulation, biogenic aerosol produc-
tion, halogen oxidation, and greenhouse gas exchange. Sea
ice is not only ecologically, but socially and culturally foun-
dational for Indigenous and Local Peoples. Millions of peo-
ple live in close contact with the cryosphere in the Arctic,
and sea ice underpins traditional subsistence practices, while
also carrying deep cultural, spiritual, and identity-related sig-
nificance (IPCC, 2019)(Steiner et al., 2021).
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Arctic sea ice has dramatically retreated and thinned in re-
cent decades, both of which are expected to continue under
climate change (IPCC, 2021). These ongoing changes in the
polar regions have strong impacts on sea-ice ecosystems and
associated ecosystem services (Steiner et al., 2021). Decreas-
ing sea ice reduces the surface albedo, resulting in more sur-
face solar absorption, which amplifies surface warming and
drives additional ice melt, known as the sea-ice albedo feed-
back (e.g., Zhang et al., 2025). Loss of Arctic sea ice is reduc-
ing habitat for key species and directly affecting the liveli-
hoods of Indigenous communities and cultures (IPCC, 2019),
while permafrost thaw, sea-level rise, and reduced sea-ice
protection have already damaged or destroyed numerous cul-
tural heritage sites across Arctic regions (IPCC, 2023). These
changes are increasingly threatening Arctic livelihoods, cul-
ture, identity, health, and food security, with risks ampli-
fied for those most reliant on the environment for subsis-
tence (IPCC, 2023). Traditional knowledge from I nupiaq
and Yupik hunters in northern Alaska further documents how
changing sea-ice patterns are altering the behaviour and ac-
cessibility of marine mammals, that remain a key subsistence
food source, directly affecting hunting practices developed
over generations (Huntington et al., 2016).

Large Marine Ecosystems (LMEs) are ecologically rather
than politically defined ocean regions. They are relatively
large regions of coastal water (200 000 km2 or greater) thus
defined by ecological criteria, such as bathymetry or produc-
tivity (Sherman, 2014). LMEs cut across national boundaries
and provide a scientific basis for transboundary, ecosystem-
based management that links ocean knowledge directly to ac-
tion on, for example, fisheries, pollution, habitat restoration,
and biodiversity conservation (Sherman, 2014). Arctic LMEs
were identified as an Arctic marine strategic plan following
its decision to adopt ecosystem-based management, and were
endorsed by the Arctic Council Ministers in 2006 (PAME,
2013). The map of Arctic LMEs was revised in 2013 to bet-
ter respect ecological features and integrate all zones which
are included in the Arctic Council work. In total, 18 LMEs
have been identified in the Arctic (PAME, 2013). We address
here 13 out of the 18 LMEs as defined by the Arctic Council,
as the remaining 5 are currently only partly or not covered
by the regional product for surface temperature (Fig. 1). Ex-
cept for Iceland Shelf and Norwegian shelf, where seasonal
sea ice is generally absent, polar LMEs with seasonal sea-
ice cover have experienced sea-ice decline over the period
1982–2024, reaching in some areas up to −16 % per decade
relative to the climatology 1993–2010 (Fig. 1b). LMEs most
affected by sea ice loss include the Hudson Bay (−16 %
per decade), Barent Sea (−12 % per decade), East Green-
land Shelf (−8 % per decade), Chukchi Sea and the Kara Sea
(−7 % per decade) (Fig. 1b). Sea ice loss of −4 % per decade
is reported for the AMAP area over the period 1982–2024.

The sea-ice albedo feedback is central to the Arctic am-
plification, where near-surface air temperature change over
the Arctic are enhanced relative to lower latitude (Previdi

et al., 2021), and well established in ocean sea surface and
sea ice surface temperature (SST, Fig. 1). SST provides cru-
cial insight into the mechanisms underlying extreme weather
and climate events in the Arctic, as well as broader oceanic
and atmospheric teleconnections linking the Arctic to lower
latitudes (Carvalho and Wang, 2020). Arctic Ocean SST is
strongly influenced by sea ice and related melt water, brine
rejection, continental runoff, and upward heat fluxes from the
deeper warm ocean (Stroh et al., 2015). Warmer SSTs di-
rectly shape marine ecosystems, influencing the timing and
development of primary production cycles, the availability
of habitat, and the occurrence of harmful algal blooms, with
cascading effects on fisheries, food security, and the commu-
nities that depend on them (IPCC, 2019). Rising Arctic SST,
together with associated sea-ice loss and habitat change, is
contributing to significant northward shifts in the distribution
of commercially and culturally important fish species, with
direct consequences for fisheries management and the In-
digenous and local communities who rely on these resources
(Mueter et al., 2021). Sea surface and sea ice surface temper-
ature is increasing in all Arctic LMEs included in this study
(LME Hudson Bay excluded due to data product limitations,
see Fig. 1), and has increased on average in the AMAP region
at a rate of 1 °C per decade over the period 1982–2024, which
accumulates to 4.2 °C on average since 1982 (Fig. 1). These
values are consistent with the study of Englyst et al. (2026).
LMEs most affected by strong increase in SST include the
Kara Sea (1.68 °C per decade), East Siberian Sea and Laptev
Sea (1.28 °C per decade), Barent Sea (1.23 °C per decade),
Beaufort Sea (1.19 °C per decade), Chukchi Sea and Arctic
Ocean (1.18 °C per decade) (Fig. 1b).

3.2 Arctic ocean change and human exposure

Sea ice loss also has consequences beyond the open ocean
itself, extending to compound impacts on Arctic coasts
through its role in coastal erosion. Rapid coastal erosion in
the Arctic consistently coincides with substantial sea-ice re-
treat over the past four decades (Fig. 2). As sea ice retreats,
it expands the fetch over which wind can generate waves and
prolongs the open-water season, increasing the mechanical
exposure of Arctic coastlines to wave action (Nielsen et al.,
2022). This process compounds with permafrost thaw, which
causes soil decohesion and slumping as the frozen ground
that structurally binds coastal sediment disappears, and this
compound effect drives coastal retreat rates, that have already
increased by a factor of two or more across the Arctic in re-
cent decades (Nielsen et al., 2022). Recent research shows
that these hazards interact more severely in combination than
previously understood. Particularly, accounting for the com-
pound effects of permafrost thaw subsidence, sea-level rise,
and erosion together projects 6 to 8 times more land loss
along Alaska’s Arctic Coastal Plain by 2100 than erosion
alone would suggest, potentially damaging 40 %–65 % of
infrastructure in present-day coastal villages (Creel et al.,
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Figure 1. Physical state of the Arctic. (a) Map of the trend in combined sea and ice surface temperature anomalies for the Arctic Ocean
over 1982–2024 (blue-red shading, based on product ref. no. 1), showing clearly how most of the region has heated up over more than four
decades. The boundaries of the Large Marine Ecosystems (LMEs) in the Arctic are displayed on top (colored lines, based on product ref.
no. 2), to allow an estimation and intercomparison of the differential warming in each zone. The work area of the Arctic Monitoring and
Assessment Programme (AMAP) is also shown, enclosed by a solid black line (based on product ref. no. 3). (b) Trend per decade of the
percentage of sea ice extent loss compared to the climatology (1993–2010) in each Polar LME and the AMAP area from 1982 to 2024 (based
on product ref. no. 4). (c) Sea surface and sea ice surface temperature anomalies trends in Polar LMEs and the AMAP area over period
1982–2024, expressed as the average increase in temperature observed in each region per decade (based on product ref. no. 1). As reference,
the value of the corresponding sea surface temperature anomalies trend at global scale (computed using product ref. no. 5) is indicated by
the black dashed line. LMEs are ecologically rather than politically defined ocean regions. They are relatively large regions of coastal water
(200 000 km2 or greater) thus defined by ecological criteria, such as bathymetry or productivity (Sherman, 2014).

2024). Across the wider Arctic, 60 % of detected coastal in-
frastructure already sits in low-lying areas vulnerable to this
compounding erosion and sea-level rise, underscoring the
scale of the challenge facing coastal communities (Tanguy
et al., 2024).

For many Arctic Indigenous and Local Peoples, sea ice is
far more than a physical component of the environment, as
it provides access to hunting grounds, supports food security,
enables travel, and underpins cultural identity and knowledge
systems (IPCC, 2019). The combined effects of declining
sea ice, rising temperatures, increasing numbers of above-
freezing days, and thawing permafrost are reducing the pre-
dictability and safety of travel, altering wildlife distributions
and harvesting opportunities, and increasing risks to coastal
settlements and traditional livelihoods (Grimmer et al., 2025;
Hovelsrud et al., 2011; Huntington et al., 2022).

The annual number of days when Arctic surface waters
exceed the seawater freezing point threshold (−1.8 °C) pro-
vides an integrated measure of changes in the seasonal sea-
ice regime, as small shifts around this threshold can influ-
ence the timing and duration of sea-ice formation and persis-

tence, with consequences for ocean–atmosphere exchanges,
marine ecosystems, and human activities (Stroeve and Notz,
2018; Perovich et al., 2020; IPCC, 2019). All ocean areas
adjacent to the Arctic coast show increasing trends in the an-
nual number of days when conditions are above the seawater
freezing point threshold (−1.8 °C), reflecting longer periods
of warmer surface waters and reduced seasonal ice presence
(Fig. 2). Trends range from approximately half a day per year
to more than 3 d per year over the past four decades, with the
strongest increases observed in the Barents Sea, Kara Sea,
and Greenland Sea (Fig. 2). Over four decades, these trends
result in an additional ∼ 20 to more than 120 d locally, with
above-freezing conditions, compared with the beginning of
the record in 1982, indicating a tremendous lengthening of
the period during which Arctic waters remain exposed to
warmer, ice-unfavourable conditions.

The impacts of Arctic change manifest differently across
Indigenous and Local Peoples communities. For example,
for Inuit Peoples across Canada, Alaska, and Greenland,
declining and increasingly unpredictable sea ice is disrupt-
ing access to marine mammal hunting grounds and tradi-
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Figure 2. Arctic ocean change and human exposure. (a) Map of sea ice retreat and erosion in the Arctic and surrounding regions. The
gradual reduction of the sea ice extent in the Arctic Ocean over the last decades is shown through the variation observed in the month
of September from 1982 to 2025 (blue-white shaded area, based on product ref. no. 4). The prolonged presence of open waters along the
bordering coastline is usually accompanied by an increase in local erosion rates (Lantuit et al., 2012) (pink-purple dots, based on product
ref. no. 6). Inland, the sustained warming of the circumpolar region is inducing also a thawing of the permafrost (green area shows its total
extent in 2023, based on product ref. no. 7), which, besides its effect on ecosystems, can cause severe damage to buildings erected on frozen
ground due to foundation movement (Hjort et al., 2022): the zones that could be potentially affected by this are indicated on the map through
their building footprints (brown dots, based on product ref. no. 8). The second map (b) indicates the trend of the number of days per year
where the surface temperature is above the freezing point (−1.8 °C), computed from 1982 to 2024 (purple-shaded area; white area indicates
that the temperatures are always below or above the freezing point; based on product ref. no. 1); it also shows the regions where the different
Indigenous and Local Peoples of the Arctic live (coloured areas, based on product ref. no. 9).

tional travel routes, with direct consequences for food secu-
rity, safety, and cultural practices (Ford et al., 2019; IPCC,
2019; Laidler and Ikummaq, 2008). Another example in-
cludes Yup’ik and I nupiat communities in Alaska that face
similar challenges, as thinner and less predictable sea ice
increasingly affects access to marine subsistence resources,
and alters established patterns of travel and harvesting (Hunt-
ington et al., 2016; Meeker and Kettle, 2017).

As these environmental transitions evolve, Indigenous and
Local communities face increasing challenges in maintain-
ing traditional practices and livelihoods, highlighting the
importance of integrating Indigenous and Local Peoples’
knowledge systems with sustained environmental observa-
tions to inform adaptation and strengthen Arctic governance
(Beaulieu et al., 2023; Bishop et al., 2026; Eerkes-Medrano
and Huntington, 2021; Malik and Ford, 2025; Monakhova et
al., 2026). Indigenous and Local Peoples knowledge is in-
separable from culture: observing is stewardship, livelihood,
and science all at once (Carroll, 2024; Carroll et al., 2020;
Ladd et al., 2025).

3.3 Southern Ocean ecosystems, sea ice, and
governance

Multilateral governance regimes, like the Antarctic Treaty
System, play a central role in addressing complex, trans-
boundary environmental problems, and their success depends
heavily on effective exchange of knowledge between scien-
tists and policymakers (Gardiner et al., 2025). The Antarc-
tic treaty was signed in 1959, and entering into force in
1961, it set aside the region south of 60° S for peace, sci-
ence, and international cooperation (The Antarctic Treaty,
1959). The Antarctic environmental conservation and protec-
tion is assured by the 1980 Convention on the Conservation
of Antarctic Marine Living Resources (CCAMLR, entered
into force in 1982; CCAMLR, 1980), and the 1991 Proto-
col on Environmental Protection to the Antarctic Treaty (the
Madrid Protocol, entered into force in 1998). The Environ-
mental Protocol of the Antarctic Treaty requires that the pro-
tection of the Antarctic environment and its ecosystems be
a fundamental consideration in the planning and conduct of
all activities in the Antarctic Treaty area, and, for example,
bans mining and mineral exploitation except for scientific
research (Antarctic Treaty Environmental Protocol, 1991).
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CCAMLR governs an area of around 10 % of the world’s
ocean surface, and mandates conservation, but allows ratio-
nal use, where fishing is permitted but under a strict, pre-
cautionary, ecosystem-based approach (Nocito and Brooks,
2023). Decision-making within CCAMLR, whose member-
ship comprises 26 states and the European Union, operates
by consensus. Decisions are codified as Conservation Mea-
sures, which are legally binding on all CCAMLR Member
States. This science-based, precautionary approach directly
influenced the design of the 2023 Agreement on the Conser-
vation and Sustainable Use of Marine Biological Diversity
of Areas Beyond National Jurisdiction (BBNJ Agreement)
governing biodiversity in the high seas (Nocito and Brooks,
2023).

Today, the Southern Ocean is also a region of overlap-
ping governance, where the Antarctic Treaty System and the
newly established BBNJ framework may both have relevance
for the conservation of marine biodiversity in areas beyond
national jurisdiction (see Fig. 3). Since about 2016, negoti-
ations on further Southern Ocean MPA proposals (e.g., East
Antarctica, Weddell Sea, Antarctic Peninsula) have repeat-
edly failed to reach the consensus CCAMLR requires, leav-
ing Southern Ocean MPA expansion effectively stalled for
close to a decade (Nocito and Brooks, 2023). Against this
backdrop, the 2023 adoption and 2026 entry into force of
the BBNJ Agreement offers new momentum that CCAMLR
can draw on to advance Southern Ocean protection (Haward,
2021; Nocito and Brooks, 2023). The Southern Ocean oc-
cupies an ambiguous position in both major global environ-
mental conventions: it is formally excluded from Convention
on Biological Diversity (CBD) assessments of progress to-
ward its Strategic Plan for Biodiversity (Chown et al., 2017),
and has no dedicated provisions within the UNFCCC pro-
cess, leaving CCAMLR and the Antarctic Treaty System as
the primary vehicles through which Southern Ocean con-
servation and climate-related action are pursued in practice
(Chown et al., 2017; Constable, 2022; Lowther et al., 2022).

However, the Southern Ocean makes the case, more
clearly than perhaps anywhere else, that climate and biodi-
versity action are two sides of the same problem. This in-
terdependence becomes particularly evident where climate
change directly alters the habitat that conservation policies
seek to protect. Sea-ice-dependent species, such as the Em-
peror and Adélie penguin (Fig. 3), require both: (i) MPAs, ad-
vanced through the Antarctic Treaty System, and the emerg-
ing BBNJ framework, to reduce direct anthropogenic pres-
sures, and (ii) the sea ice itself maintained, which requires
deep emissions reductions under the Paris Agreement to limit
long-term climate-driven sea-ice loss. These tracks are not al-
ternatives but a single, intertwined agenda, and the Southern
Ocean is where this relationship is particularly visible. For
example, Emperor penguins, which breed exclusively on sta-
ble, shore-attached sea ice known as “fast ice”, are especially
vulnerable: record-low Antarctic sea ice in 2022 coincided
with the first-ever recorded large-scale breeding failure, with

four of five monitored colonies experiencing total breed-
ing failure after early ice break-up, and modelling suggests
over 90 % of emperor penguin colonies could become quasi-
extinct by 2100 if current sea-ice loss rates persist (Fretwell
et al., 2023; Fretwell and Trathan, 2021; Jenouvrier et al.,
2021). The August-to-December window is especially rele-
vant because it spans the most vulnerable phase of the breed-
ing cycle of emperor penguins (Fig. 3): chicks hatch in July–
August and only become waterproofed and ready to fledge
by mid-December to early January. Since chicks cannot sur-
vive in open water before fledging, sea-ice persistence dur-
ing this period is a critical determinant of breeding success.
Changes in sea ice do not solely affect emperor penguins, but
also other species such as Adélie penguins, whose access to
the ocean and to prey is determined by the sea ice around
their colonies (Quilestino-Olario, 2026). Although satellite-
derived regional sea-ice extent does not directly measure
fast-ice stability, it provides an important indicator of the
surrounding sea-ice conditions that influence fast-ice persis-
tence and colony viability (Aoki, 2017; Fretwell, 2024).

The spatial overlap between areas of sea ice retreat over
the past 4 decades coincide with major pinguin colonies
areas, particularly around the Antarctic Peninsula (Fig. 3),
which illustrates how physical changes in the cryosphere
are already translating into biological responses, providing
one of the clearest examples of climate-driven ecosystem
change anywhere on Earth. Emperor penguins provide one
of the clearest biological examples of the consequences of
sea-ice decline, but they are not an isolated case. Antarctic
sea ice structures the entire Southern Ocean ecosystem, reg-
ulating primary production, krill recruitment, predator distri-
butions, and the seasonal availability of habitat. Changes in
sea-ice extent and duration therefore propagate across multi-
ple trophic levels, from phytoplankton and Antarctic krill to
fish, seals, whales, and seabirds, reshaping ecosystem func-
tioning at the scale of the Southern Ocean. When climate
alters the habitat itself, conservation and climate policy be-
come inseparable. This dependence fundamentally changes
the conservation challenge. Marine Protected Areas can re-
duce anthropogenic pressures from fishing, disturbance, and
habitat degradation, but they cannot preserve sea-ice habitat
itself. Conversely, climate mitigation alone cannot address
local ecological pressures. Conserving Southern Ocean bio-
diversity therefore requires climate and biodiversity policies
to operate together, making the Southern Ocean one of the
clearest demonstrations that climate mitigation and biodiver-
sity conservation cannot be pursued independently.

4 Conclusion

The three themes of the polar ocean narrative presented here
illustrate that polar ocean change is not expressed through
isolated environmental trends, but through interconnected
transformations affecting physical systems, ecosystems and
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Figure 3. Map of Antarctica and the Southern Ocean combining data on Antarctic animal species, sea ice and governance. Around the
continent, the habitat range (purple area, based on product ref. nos. 10 and 11) and known colonies from 1982 to 2022 (red crosses, based
on product ref. no. 12) of Adelie and Emperor penguins (Pygoscelis adeliae, Aptenodytes forsteri) are shown, two bird species whose
conservation status is monitored by the IUCN Red List. The observed extent variations of the circumpolar sea ice on which they live are
also displayed as annual averages from August to December between 1982 and 2025 (blue-white shading, based on product ref. no. 4), with
the particular value for year 2022 highlighted (orange contour line over the shaded area). In relation to conservation agreements over the
Antarctic seas, the Areas Beyond National Jurisdiction (ABNJ) defined under the 1982 United Nations Convention on the Law of the Sea
(United Nations, 1982b, 2023) are delimited on the map by brown lines (based on product ref. no. 13), and the areas and subareas defined
by the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR, 2017) are delineated in green (based on product
ref. no. 14).

societies. In the Arctic, declining sea ice and rising ocean
and sea ice temperatures reveal a rapidly changing marine
environment with consequences for ecosystem dynamics and
ocean governance. These physical changes propagate beyond
the open ocean, interacting with permafrost thaw and coastal
processes to increase risks for infrastructure, ecosystems, and
communities whose livelihoods and cultures depend on sea
ice. In the Southern Ocean, the spatial relationship between
sea-ice retreat and penguin colonies highlights a central con-
servation challenge: protecting biodiversity requires address-
ing both local pressures and the climate drivers reshaping
the habitat itself. Together, these examples demonstrate why
polar ocean observations must be translated into integrated
knowledge to support effective adaptation, conservation and
governance. The main insights from these narratives are cap-
tured in the following key messages:

Except for Iceland Shelf and Norwegian shelf, where sea-
sonal sea ice is generally absent, polar LMEs with seasonal
sea-ice cover have experienced sea-ice decline over the pe-
riod 1982–2024, with the strongest losses observed in the

Hudson Bay, Barent Sea, East Greenland Shelf, Chukchi
Sea and the Kara Sea. Large Marine Ecosystems (LMEs)
are ecologically defined ocean regions that provide a sci-
entific framework for ecosystem-based management across
national boundaries. By integrating oceanographic and eco-
logical processes, they support coordinated management of
fisheries, biodiversity, habitat conservation and other shared
marine resources. Tracking sea-ice change at the LME scale
therefore provides information directly relevant for trans-
boundary ocean governance and the sustainable management
of Arctic marine ecosystems.

Across the AMAP region, combined sea surface and sea-
ice surface temperature has increased at an average rate
of 1 °C per decade over 1982–2024, equivalent to approx-
imately 4.2 °C of warming over the observational period,
with the strongest warming rates (above 1 °C per decade)
observed in the LMEs Kara Sea, East Siberian Sea and
Laptev Sea, Barent Sea, Beaufort Sea, Chukchi Sea and Arc-
tic Ocean. Sea surface temperature is a fundamental indicator
of Arctic amplification and provides an integrated measure
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of changes in the coupled ocean–sea ice–atmosphere system.
Also, increasing ocean temperatures are transforming Arctic
marine ecosystems, driving shifts in species distributions and
ecosystem productivity, with implications for fisheries, food
security and Indigenous and Local Peoples livelihoods.

Rapid coastal erosion in the Arctic consistently coincides
with substantial sea-ice retreat over the past four decades.
Sea-ice loss increases the exposure of Arctic coastlines to
wave action by extending the open-water season and enlarg-
ing the fetch over which waves can develop. Combined with
thawing permafrost that weakens coastal sediments, these
interacting processes have accelerated coastal retreat across
many Arctic regions, with important consequences for infras-
tructure and coastal communities.

All ocean areas adjacent to the Arctic coast show in-
creasing numbers of days above the seawater freezing point
threshold (−1.8 °C), with trends ranging from approximately
0.5 to more than 3 additional days per year over the past
four decades. These trends correspond to approximately 20
to more than 120 additional days with above-freezing con-
ditions since 1982, indicating longer periods of warmer sur-
face waters and reduced seasonal ice presence, particularly
in the Barents Sea, Kara Sea and Greenland Sea. As sea
ice becomes less predictable and persistent, Arctic ecosys-
tems, marine species distributions, and communities that rely
on sea ice for travel, harvesting and cultural practices are
increasingly affected. Understanding these interconnected
changes requires sustained observations and the integration
of Indigenous and Local Peoples’ knowledge to support
adaptation and informed Arctic governance.

The spatial overlap between long-term sea-ice retreat and
major penguin colonies illustrates a fundamental conserva-
tion challenge: the habitat that supports Southern Ocean bio-
diversity is itself changing. Protecting biodiversity therefore
requires both reducing local pressures through conservation
and addressing the climate drivers of sea-ice loss through
global mitigation.
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