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Opportunities and threats of cryosphere change to
the achievement of UN 2030 SDGs

Shijin Wang'2-3%

The cryosphere plays a critical role in maintaining the stability of the social-ecological system,
but rapid cryosphere changes have been and are wide-ranging and have a profound affect,
even threatening the achievement of the UN's 2030 sustainable development goals (SDGs).
In the study, we review the opportunities and threats caused by cryosphere changes in
achieving the SDGs. The results reveal that cryosphere changes are significantly related to
the supply of sustainable fresh water (SDG 6), alpine hydropower (SDG 7), and climate
action (SDG 13). In addition, they favorably support life on land and below water (SDG 14-15),
and effectively affect the livelihoods (SDG 1-5), agricultural development (SDG 2), snow/ice
tourism (SDG 8), infrastructure (SDG 9), regional inequality (SDG 10), and cities and
communities (SDG 11), as well as affecting Arctic shipping routes (SDG 16). Long-term
cryosphere threats far outweigh their contributions to the SDGs. The cryosphere contributes
little to human emissions, but it is significantly affected by climate change. Areas affected by
cryosphere changes need to strengthen resilience and enhance the ability to adapt to the
influences of cryosphere changes (SDG 1-17) via financial transfer, multilateral international
cooperation, and other practical policies.

Introduction
The cryosphere is a sphere on the Earth’s surface with a certain thickness, within which
temperature is continuously below the freezing point. The cryosphere can be divided into
three components—continental, marine, and aerial—consisting of components such as
glaciers, ice sheets, ice shelves, frozen ground, snow cover, sea ice, and river/lake ice. The
cryosphere is the most direct and sensitive sphere in the climate system (Qin et al. 2018). Ice and
snow surfaces affect the Earth’s energy budget by reflecting solar radiation. For example, the
Arctic forcing on the atmosphere through the loss of sea ice and land snow is increasing
(Overland and Wang 2018). Cryosphere changes also affect the oceanic transport zone and the
strength of ocean currents, and they affect the global climate. Projected cryosphere changes in
response to past and present emissions of human-induced greenhouse gases and continued
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global warming include climate feedback, inevitable changes over
decades to thousands of years, abrupt thresholds, and irreversi-
bility (IPCC 2019).

There is high confidence that almost all of the components of
the cryosphere are melting or thawing, with mass loss from ice
sheets and glaciers; reductions of the snow cover extent, the
extent of Arctic sea ice, and the extent and thickness of river/lake
ice; and increased permafrost temperatures over the last several
decades, especially in the late 20th and early 21st centuries. The
predicted cryosphere retreat trend for 2015-2100 is also sig-
nificant (See Supplementary Information) (IPCC 2019, 2021;
AMAP 2021). Projected cryosphere changes in response to con-
tinued global warming include climate feedback, inevitable
changes over decades to thousands of years, abrupt thresholds,
and irreversibility (IPCC 2019). Synthesizing paleoclimate,
observational, early warning signals, future model projections,
underlying theory, and existing assessments, a revised shortlist of
global “core” tipping elements and regional “impact” tipping
elements and their temperature thresholds are provided based on
the IPCC’s confidence rating system. These inevitable changes
and tipping points (Atlantic Meridional Overturning Circulation,
the abrupt loss of Barents sea ice, collapse of Boreal permafrost,
the abrupt thawing of boreal permafrost, the expansion of boreal
forests, the loss of mountain glaciers, the collapse of the Antarctic
and Greenland ice sheets) (Armstrong McKay et al. 2022) are or
could soon affect human health and well-being, water and food
security, and socioeconomic development; these are closely rela-
ted to the UN’s 2030 sustainable development goals (SDGs)
(United Nations 2015).

The cryosphere is significantly related to water resources, the
ecological environment, and the social system, upon which
human beings depend. Furthermore, the cryosphere is not only
an important material basis for the SDGs but is also the main
factor influencing the achievement of the SDGs, such as the
disaster causing body. The cryosphere region scarcely contributes
to global climate warming but is severely affected by global
change. In view of the inconvenient location conditions and its
relatively backward economic level, optimizing cryosphere ser-
vices and mitigating and preventing risks related to cryosphere
changes remains the main pathway for achieving the SDGs.

Linkages between cryosphere changes and SDGs

Cryosphere change has different dimensions, such as mass, sali-
nity, hydrology, stability, hydrothermal, freeze-thawing change, as
well as the change of extent, duration, scale and intensity. Dif-
ferent dimensions of cryosphere change have different impacts on
the human system. Cryosphere create both opportunities and
challenges, which occur on the local, regional, international, and
even global scales. As an important part of the Earth’s system, the
cryosphere’s resources and environment is closely related to the
human system and interacts with the SDGs. Overall, the threats
posed by cryosphere changes to the realization of the SDGs
outweigh the opportunities it provides (Figs. 1 and 2).

The cryosphere contributes the most to the achievement of
clean water and sanitation (SDG 6) and poses the greatest threat
to climate action (SDG 13). SDG 6 has the greatest synergistic
relationships with other goals (Fader et al. 2018), and its imple-
mentation could make it easier to implement other SDGs. Pro-
gress on SDG 13 would reduce the risks to aspects of sustainable
development that are fundamentally linked to the cryosphere and
the services it provides. In addition, cryosphere changes also
affect services such as clean energy development (SDG 7), sus-
tained ice and snow tourism (SDG 8), efficient use of water
resources (SDG 12), and life below water (SDG 14) and on land
(SDG 15). Moreover, they influence infrastructure (SDG 9),
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regional inequality (SDG 10), and the sustainability of cities and
communities (SDG 11). In this context, the cryosphere affects the
realization of other SDGs in the future (Figs. 1 and 2).

As a water body, cryosphere changes have directly reduced the
level of global water stress (SDG 6), increased the clean energy
potential (SDG 7), and improved the livelihood level (SDG 1-2).
The increase in ice/snow meltwater is beneficial to the develop-
ment of alpine hydropower and for increasing the supply of
agricultural irrigation water, so it has a positive effect on regional
clean energy use (SDG 7.1-2) and drought-resistant agricultural
development (SDGs 2.4, 14, 6.1-4, 6.6) (Masiokas et al. 2006).
Conversely, when the decrease in glacier runoff exceeds a certain
threshold, there is a potential threat to the achievement of these
goals. In addition, the cryosphere water cycle directly affects life
below water (SDG 14). For example, ice sheet mass loss has
contributed a large amount of fresh water to the ocean, resulting
in a reduction in seawater salinity and sea temperature; this
affects the structure and function of underwater ecosystems (SDG
14.2) and fishery production as a result (SDG 14.7). Furthermore,
sea level rise (SLR) caused by cryosphere melting poses com-
prehensive threats to coastal and low-lying island states (CLISs)
and the achievement of SDGs 1-17, especially SDGs 3c, 7b, 9a,
and 10b.

As a climate system, rapid cryosphere changes plays an
important warning role in mitigating climate change (SDG 13)
and implementing green development and consumption patterns
in the future (SDG 12). For example, permafrost degradation
exacerbates the release of frozen soil carbon and viruses, which
affect climate change (SDG 13.3) and human health (SDG 3.9).
Warning signs (e.g., tipping points) of rapid cryosphere changes
(Armstrong McKay et al. 2022) help governments at all levels to
deepen their understanding of the impacts of climate change
(SDG 13.3) and to incorporate climate change mitigation mea-
sures into their policies and plans (SDG 13.2). Through climate
action, the resilience and adaptive capacity of areas affected by
cryosphere changes would be enhanced (SDG 13.1).

As economic resources (alpine hydropower, snow/ice sculp-
tures, ice lantern art, and ice-snow-related industries), the cryo-
sphere has effectively promoted clean energy development (SDG
7.1-2), sustainable use of ice/snow melt water (SDG 12.2), and
sustained growth of snow and ice-related goods and industries
(SDGs 8.9, 44, 4.7, 12.b), and it has improved the standards of
related infrastructures (SDGs 9.1, 9.4, and 11.2). Ice/snow-related
economies and industries are of great significance to the sus-
tainable goals of eradicating poverty (SDG 1), improving liveli-
hoods and well-being (SDG 2-3), improving quality education
and learning opportunities (SDG 4), achieving gender equality
(SDG 5), and decreasing regional inequality (SDG 10). Decreased
snow cover even affects snow and ice tourism industries (SDG
8.9) and traditional cultural structures in high mountains and
permafrost areas (SDG 11.4).

As habitats, global cryosphere supports favorably life on land
and below water (SDGs 14-15) in the polar and high mountain
areas (HMAs). Today, about 4 million people live permanently in
Arctic cities and communities (SDG 11), 10% of whom are
indigenous peoples. The mountain population in the cryosphere
is at least 1 billion (IPCC 2022). Climate-driven cryosphere
changes are affecting the travel, hunting, fishing, and gathering
practices of indigenous people. This also has implications for
their livelihoods (SDGs 1-4), health (SDGs 3.3 and 3.9), cultural
practices (SDG 12.b), economies (SDGs 8.3-5, 8.9), and self-
determination. Degradation of permafrost increases the moisture
content of the active layer, which is beneficial to the growth of
ecological vegetation (SDG 15.1). However, the replacement of
tundra with taiga or shrubs has limited the Arctic reindeer
industry, thereby changing traditional cultural structures (SDG
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Fig. 1 Cryosphere, dimensions of change, and benefits and risks to the human system (SDGs). CC, MC and AC represent Continental cryosphere,
Marine cryosphere and Aerial cryosphere, respectively. Alpine Hydro represents Alpine hydropower, GLOF represents Glacier Lake Outburst Flood. +
represents benefit, while — represents risk. The heights of the columns of the different elements in the four columns do not represent the importance.

11.4). The reduction or loss of Arctic sea ice and the intensifi-
cation of permafrost freezing and thawing have accelerated the
erosion rate of Arctic coastal permafrost, which in turn affects the
livelihoods of coastal indigenous peoples (SDGs 1.1, 1.4-5),
infrastructure (SDG 9.1), residential facilities (SDG 11.1-2),
habitats (SDG 15.5), and cultural heritage (SDG 11.4). In addi-
tion, erosion of coastal permafrost results in a massive loss of land
resources, but there are no corresponding SDGs.

As a public territory (Antarctica and Arctic high seas), it offers
opportunities for international collaboration of polar science
research (SDG 17). The reduction in the Arctic sea ice extent
(SIE) makes it possible to open up Arctic shipping routes and
allows greater access to coastal fisheries (SDG 14.7) and offshore
energy and mineral resources on land (SDG 12.2). The increase in
Arctic shipping has significant socio-economic and political
implications for the trade structures and economies of global and
northern countries, which are closely linked to traditional ship-
ping corridors (SDG 16). Certainly, Arctic (broad ocean) and
Antarctic cryosphere changes constantly affect multi-party
cooperation in fields such as the global economy, trade, tour-
ism, and scientific research (SDGs 10 and 16).

As natural hazards, cryosphere events (ice/snow avalanche, ice
and snow related flood, frozen rain and snow, snowstorm, freeze
thawing, etc.) and related disasters affect the livelihood, lives, and
property of people (SDGs 1-5), residences, infrastructure (SDGs
9.1, 9.4), transportation (SDG 11.2), and community safety (SDG
11) to some extent. For example, the instability of glaciers and the
intensification of freezing and thawing increase the probability of
the occurrence of ice avalanches, glacial surges, snow/ice floods,
coastal erosion, and disasters related to the settling of facilities. In

contrast, the decreases in the snow cover extent and extreme cold
events (hail, snowstorms, freezing rain, and snow) reduce the
occurrence of avalanches, blowing snow, snowstorms, frost, fro-
zen rain, and snow-related disasters (SDGs 1.5, 11.5) and are
beneficial to aviation safety, resident travel, and crop and fruit
growth (SDGs 2.3-4, 8.2) (Figs. 1 and 2).

Cryosphere change-related opportunities to achieve SDGs
With climate warming, some opportunities presented by cryo-
sphere changes to realize the 2030 SDGs have been significantly
enhanced, these include the alpine hydropower potential, the
increase in irrigation water resources in arid areas, the growth of
ice and snow tourism income, and the improvement of Arctic
economic trade and international cooperation.

Alpine hydropower potential. Glacier and snow cover are
important and potential resources for hydropower, which is
known to be a power source for economic development that is
characterized by low carbon emission, reliability, and cost-
effectiveness in the long term (See Supplementary Information).
At the same time, ice and snow-supplied hydropower have great
significance for preventing ice and snow meltwater floods and
optimizing water resource allocation.

Hydropower represents a significant source of revenue for
mountainous regions and comprises close to 100% of electricity
generation in many mountainous countries (Gaudard et al. 2016).
In some countries, more than 90% of the electricity comes from
hydropower, and glacier runoff is the main source of electricity
(Iceland: 91%, Norway: 15-20%). Notably, 70% of Austria’s
electricity comes from hydroelectricity, and many large facilities
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are supplied by glaciers. The Rhone River, which is fed by glaciers,
has 19 hydropower stations that supply 25% of France’s
hydropower. 51.8% of Argentina’s total hydroelectric generation
in 2003 was based on the rivers flowing from the north
Patagonian Andes (Farinotti et al. 2019). The Hindu Kush
Himalaya (HKH) glacier-fed basins have some of the world’s
largest hydropower potentials, but the current utilization of these
hydropower resources is still small.

The estimated results for roughly 185,000 glaciated sites
worldwide are as follows: a theoretical maximum total storage
of 875+260km> and a hydropower potential of 1,355+ 515
terawatt-hours per year (95% confidence interval) at present.
Roughly 40% of this potential may be suitable for realization.
Three quarters of the potential storage volume is expected to
become ice-free by 2050, and the storage volume would be
sufficient to retain about half of the annual runoff output of the
investigated sites. The hydroelectric potential of the glacial basins
in Nepal, Afghanistan, Bhutan, and Kyrgyzstan exceeds the
current electricity consumption; however, this is partially due to
the very low per capita demand. Other countries with high
potential include Tajikistan (82% of current consumption), Chile
(40%), Pakistan (35%), and Georgia (31%). These results also
indicate that deglacierizing basins could make important
contributions to the national energy supplies of several countries,
particularly in High Mountain Asia (Farinotti et al. 2016) (Fig. 3).

4

Irrigation water resource. Snow and ice meltwater is not only a
source of clean energy but is also important for agricultural
irrigation in glaciated arid areas globally. More than a billion
people depend on snow and ice meltwater and are affected by
snow and ice resources in mountainous areas (Millan et al. 2022),
most of which originate in the mountains in the Northern
Hemisphere (Lievens et al. 2019; Pritchard 2019). Snow and ice
meltwater has played an integral role in agriculture, drinking
water, and other economic activities in arid areas (Fig. 3). Glacier
and snow meltwater thereby modulates the seasonal patterns of
river flow and groundwater and provides water when rainfall is
scarce.

Asia’s shrinking glaciers protect large populations from
drought stress. About 800 million people partially depend on
meltwater from the thousands of glaciers in HMAs in Asia
(Pritchard 2019). In northern India, Butan, and Pakistan, most of
the agricultural water comes from upstream ice and snow
meltwater (Lutz et al. 2014). In the Indus, Amu Darya, and Syr
Darya basins, the combined contributions of snow and glacier
meltwater to annual streamflow are 69.1 + 1.7%, 84.5 + 1.3%, and
59.6 +2.2%, respectively (Armstrong et al. 2019). In Wyoming,
crop production to support the $800 million cattle industry is
dependent on glacial meltwater, which provides a stable source of
water during the growing season (Cheesbrough et al. 2009). In
Alberta, agriculture is also dependent on meltwater from the
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Fig. 3 Hydropower potential and reservoirs/dams affected by snow/ice meltwater. The countries are colored (green to light blue shading) according to
the nationally aggregated hydropower potential based on sites with high development potential that are glaciated at present as a percentage of the present-
day national electricity consumption. The pie charts show the maximum hydropower potential (pie slice size) (Data are from Farinotti et al. 2019). The
reservoirs and dams that are significantly affected by snow and ice meltwater were selected (Global Reservoir and Dam Dataset, http://sedac.ciesin.
columbia.edu/pfs/grand.html). The snow cover data for the Northern and Southern hemispheres were obtained from the IMS (Ice Mapping System) 4 km
resolution and MERRA2 products of NOAA, respectively, and the coverage was calculated based on 50% and 1% coverage days in January 2020.

Peyto Glacier and proximal glaciers in the Canadian Rockies,
which are predicted to lose 90% of their present volume by 2100
(Kehrl et al. 2014). In the Indus and Ganges basins, up to 60% of
the total irrigation water during the pre-monsoon season comes
from mountain snow and glacier meltwater, which contributes
11% to the total crop yield. Snow and glacier meltwater provides
enough water to grow food crops and sustain a balanced diet for
38 million people (Biemans et al. 2019). In Bolivia, 27% of La
Paz’s water consumption during the dry season is supplied by
glacial meltwater from the Cordillera Real; and 40% of the
discharge of the Rio Santa, which drains the Cordillera Blanca in
Peru, is from glacial runoff, providing extensive irrigated areas
along the dry Atacama coast as well as 5% of Peru’s electricity
(Bradley et al. 2006; Chevallier et al. 2011). In the Shule River
basin on northwestern China, a representative area of global
glacier-covered arid areas, the existence of glacial meltwater
reduced the basin water stress (freshwater withdrawal as a
proportion of available freshwater resources) by an average of
0.71 during 2000 and 2030 (Wang et al. 2021).

Ice and snow tourism. Ice and snow resources not only provide
essential resources/services in the form of water for human use
and climate regulation but also support the ice and snow-related
tourism industry and produce huge economic benefits (Schrot
et al. 2019). The rapid cryosphere changes have increased the
diversity of cryosphere landscapes, while the rapid decrease in sea
ice extent has increased the travel time and travel scope in the
Arctic. During 2000-2018, the number of skiers worldwide ran-
ged from 300 million to 360 million (Fig. 4), of 400 million when
indoor ski resorts are included (Vanat 2019) (See Supplementary
Information). In Europe, the growth of alpine skiing and winter
tourism after 1930 resulted in major economic growth and
transformed winter sports into a multi-billion USD industry
(Denning 2014). In the past few snow seasons (2000-2018), the
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La Plagne Ski Resort in southeastern France has been the ski
resort with the highest number of skiers in the world, with an
annual average of approximately 2.4 million skiers (Vanat 2019).
For glacier destination, at present, more than 100 well-known
mountain glacier resorts around the world serve as natural
attractions. Some of these glacier tourist sites are World Heritage
Sites or major attractions (See Supplementary Information).
During the tourism season in 2018-2019, a total of 55, 489 people
arrived in Antarctica. In China, glacier tourists in the Yulong and
Gongga Snow Mountains exceeded 5.56 million in 2017, which is
far greater than those of other glacial destinations (Wang et al.
2020a; Wang et al. 2020b).

With the improvement of infrastructure and the increase in
leisure time, glacier tourism destinations have extended to include
the Polar Regions. In recent years, the Arctic channel has opened
earlier and traffic conditions have greatly improved as a result of
global warming. In the next 30 years, it is likely for the Arctic to
have ice-free summers. The increase in the number of tourists will
greatly promote the economic benefits of the Arctic region,
promote the employment of surplus labor in local communities,
and have far-reaching significance for cultural dissemination and
exchange. In 2017, the number of inbound visitors in the noted
regions reached 66.37 million, of which Russia and Canada
accounted for a large share of tourists, accounting for 68% of the
total number of tourists visiting the Arctic (Wang et al. 2015). In
2017, the number of tourists in snow-covered Greenland,
Svalbard, and Iceland (only cruise passengers) reached 50,000,
102,000, and 402,834 (AMAP 2019) (Fig. 4).

Arctic economic trade. Sea ice not only provides an essential
habitat for polar species and supports the livelihoods of people in
the Arctic, but it also aids or hinders energy and mineral resource
development and international economic, trade, and tourism
exchanges in Pan-Arctic regions (Nilsson and Larsen 2020). The
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Development).

loss of sea ice means greater access to the Arctic for fishing,
resource extraction, and transport and the potential for trans-
Arctic trade (Bennett et al. 2020). Arctic sea ice likely reached its
minimum extent for the year (1.80 million square miles) on
September 18, 2022. The 2022 minimum was the 16th lowest in
the nearly 44-year satellite record. The average monthly Sep-
tember Arctic sea ice extent exhibited a decline of 2.5% per
decade during 1979-2022 relative to the 1981-2010 average
(https://Nsidc.org) (Fig. 5). Arctic shipping routes are fully
navigable by the end of summer (Smith and Stephenson 2013;
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Richter-Menge et al. 2019). Compared to the existing Suez Canal
Route, Arctic shipping routes would be economically attractive,
provide a viable opportunity for international trade in Western
Europe and East Asia, and shorten the shipping distance from
Asia to Europe by 40% (Lee and Kim 2015; Kim and Sur 2020), as
well as reducing the distance between the east and west coasts of
the United States. The increasing global demand for natural
resources and the potential for the exploitation of Arctic
resources have made Arctic shipping routes a focus of attention
(Melia et al. 2016; USGS 2008). The seasonal thin ice and ice-free
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conditions determine the feasibility of waterways and seasonal
roads (Mullan et al. 2017) as well as the timing of mineral and oil
and gas exploration (Schaeffer et al. 2012). During 2013-2019, the
Arctic shipping volume increased by 25%, and the total distance
traveled increased by 75% (Masiokas et al. 2006).

Compared with the decrease in the sea ice extent, exports from
Canada and Russia significantly increased during the same period
(September), with a significant negative correlation. In particular,
the correlation has become stronger since 2005 (Fig. 5). Over the
last decade, the gross tonnage transported using the Northern Sea
Route has increased by 79% (Babin et al. 2020), and ship traffic
along Arctic shipping routes has tripled (Dawson et al. 2018).
These trends are expected to continue as sea ice declines further,
and a transpolar route directly across the Arctic Basin may even
become a viable option by the middle of the century (Melia et al.
2016). For example, the relationship between the annual number
of voyages (of all vessel types) and the sea ice extent over the
northern routes in the Canadian Arctic region has a strong
negative correlation coefficient (r=—0.54, P=0.01). This
relationship supports the hypothesis that sea shipping traffic
has a negative effect on sea ice (Pizzolato et al. 2014; Hussain et al.
2021).

Threats posed by cryosphere changes to achieving SDGs
The greatest threats posed by cryosphere changes and their cas-
cading effects on the achievement of the 2030 SDGs include
livelihood, health and safety, cryosphere tourism and culture,
land infrastructure and transportation, land resources, habitat,
and homeland security.

Livelihood, health and safety. The indigenous peoples such as
the Inuit-Aleutian in Alaska, Canada, and Greenland; the Sami in
Northern Europe, the Nenets in Russia; and the Yakut, Chukchi,
Native Americans, and Tibetans are distributed in the Arctic and
HMAs (Larsen and Fondahl 2015). Their livelihoods, health, and
safety are highly dependent on the cryosphere and its environ-
ment. Sea hunting, transportation, reindeer husbandry, hunting,
fishing, gathering, and nomadism are their traditional means of
livelihood. Rapid cryosphere changes are harming their liveli-
hoods, drinking water, health and well-being, food security, and
the safety of their lives and property (Yoo et al. 2021).

Winter activities on ice are a defining component of winter
culture and identity in northern countries, contributing food
through ice fishing, winter transportation on ice roads, and
recreational activities, such as ice skating. However, poorer ice
conditions and a longer open water season increase the likelihood
of falling through the ice (Sharma et al. 2020), increase the risk of
hunting, shorten the hunting period, and impact fishing options
(Ford et al. 2019) and waterfowl hunting, resulting in a decline in
traditional foods and a change in traditional lifestyles. Sudden
reductions in food production and access, combined with reduced
dietary diversity, have led to increased malnutrition among
indigenous peoples (Masiokas et al. 2006). Melting ice, thawing
permafrost, and degrading ice/snow may accelerate or release
various pollutants and viruses such as persistent organic
pollutants  (POPs),  polychlorinated  biphenyls  (PCBs),
dichlorodiphenyl-trichloroethane (DDT), polycyclic aromatic
hydrocarbons, microplastics, mercury, radon, and heavy metals,
and even Mollivirus or Pithovirus sibericum (Van Oostdam et al.
2005; Ezhova et al. 2021), leading to safety issues regarding water
quality and increased risk of waterborne disease transmission
(Legendre et al. 2015; Schaefer et al. 2020; Bogdanova et al. 2021;
Wu et al. 2022; Zhang et al. 2022). Indigenous peoples in
cryosphere areas are facing dilemmas related to the risk of

poverty and coping with environmental change (Ford et al. 2020;
Huntington et al. 2021).

In particular, cryosphere disasters affect the lives, livelihood,
and property of indigenous peoples in the Arctic and local
peoples in HMAs at middle-low latitudes (Haeberli and
Whiteman 2021; Wang et al. 2022). In February 2012, Eurasia
experienced extreme cold and heavy snow, and the extreme
weather killed more than 300 people. On February 7, 2021, a
catastrophically large glacial and rock avalanche caused wide-
spread damage and severely damaging two hydropower projects,
over 200 people were killed or are missing in the Chamoli region
of Uttarakhand, India (Wang et al. 2022). Past glacial lake
outburst flood (GLOF) disasters have directly caused at least
seven deaths in Iceland, 393 deaths in the European Alps, 5745
deaths in South America, and 6300 deaths in Central Asia
(Carrivick and Tweed 2016). During 2012-2016, at least 350
people were killed by avalanches in Badakhshan Province in
northeastern Afghanistan. In late June 2013, heavy rains and the
rapid melting of alpine snow caused flooding in Alberta, Canada.
More than a dozen cities declared a state of emergency, more
than 100,000 residents were evacuated from their homes, five
people died, and the related economic losses amounted to $6
billion (Pomeroy et al. 2016). Future climate change could lead to
increased flooding in high mountains and the Arctic (IPCC
2019), which could put the livelihoods of about 10% of the
world’s population (living in the region) at great risk.

Cryosphere tourism and culture. Cryosphere is an important
resource for developing tourism, such as ice and snow landscapes
and their culture created by cold environment for a long time
(Wang and Qin 2015; Motschmann et al. 2020). Out of a total of
247 World Heritage natural sites recognized for their outstanding
universal value, 46 sites contain glaciers within their boundaries,
and the presence of glaciers is stated among the principal reason
(five sites) or secondary reason (28 sites) for World Heritage Site
designation (Bosson et al. 2019). Overall, the impact of climate
change on the cryosphere is much smaller than the benefits from
cryosphere tourism.

The most significant impact of ice and snow changes is the
decline in the landscape quality and even the disappearance of
these landscapes (Omoto and Ohmura 2015; Huss et al. 2021;
Salim et al. 2021; Vuille 2013; Falk 2016). In September 2018,
white sheets were installed at the lower glacier margin to protect
an ice tunnel for tourists (Huss et al. 2021). Several studies have
also taken glacier tourism as a symbol of last-chance tourism due
to glacier retreat worldwide (Salim et al. 2021). Bolivia’s
Chacaltaya Glacier, the world’s highest ski resort, has completely
disappeared, and its summer skiing function was lost in 2009
(Vuille 2013). Glacier recession, broken ice surfaces, insufficient
snow, snowstorms, and snow and ice avalanche hazards lead to a
decline in ice and snow tourism activities, changes of ice climbing
and ice hiking routes and can even cause disasters in ice and snow
tourist areas (Mourey et al. 2019). The skiing industry is highly
sensitive to weather and climate change, and rapid warming
directly affects the amount of snowfall, snow depth, artificial
snowmaking, and length of the ski season (Steiger et al. 2019).
During the 38 years from 1982 to 2020, the snow cover extent and
duration exhibited overall negative trends of —3.6% * 2.7% and
—15.1 days +11.6 days, respectively, in global mountainous areas
(Beaudin and Huang 2014). Some ski resorts have closed due to
unfavorable snow conditions brought about by climate change
and/or the associated need for large capital investments to
increase their snowmaking capacities (Francois et al. 2023). The
number of ski resorts in Norway (currently 110 alpine ski resorts)
would be cut almost in half in the 2030's, and the ski season is
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Fig. 6 Different types of infrastructure damages due to permafrost degradation. a Damaged army barracks on the Yenisei River, Russia (photo by Zhang
Ze), b damaged roads in northern Canada (photo by Zhang Ze), ¢ Trans-Alaska pipeline, Alaska, in the Arctic (photo by Kwaisi France), d the Qinghai-
Tibet Railway, e highway and other roads at risk of land subsidence (photo by Tai Bowen), f thaw slumping on the QTP (photo by Luo Jing).

expected to be significantly reduced. Substantial shortening of the
ski season (up to 40 days) would begin in the 2050 s under a high-
emission scenario (Scott et al. 2019). Without snowmaking, 53%
and 98% of the 2,234 ski resorts studied in 28 European countries
are projected to be at very high risk for snow supply under global
warming of 2 °C and 4 °C, respectively (Frangois et al. 2023).

Climate change has had dramatic impacts on cryosphere
cultures. There is high confidence that glacier retreat is negatively
affecting cultural beliefs and practices in HMAs (medium
evidence, high agreement) (Mukherji et al. 2019). In the Peruvian
Qullgipunqu Mountains, thousands of pilgrims gather to
celebrate the Snow Star Festival (World Intangible Cultural
Heritage) each summer and worship their sacred glaciers.
Permafrost degradation has led to shrub invasion on the tundra,
which has reduced the grassland suitable for reindeer grazing and
the reindeer population. This has affected the traditional food
structure and cultural and social relationships of indigenous
peoples (Bogdanova et al. 2021). Permafrost degradation and
coastal erosion have also endangered monuments and ruins. A
decline in snow and ice and an increase in intangible harm to
people from snow- and ice-related hazards has accelerated the
loss of cultural values in snow-covered mountainous regions
(medium confidence) (Allison 2015). Rapid changes in sea ice are
directly affecting the mental, cultural, and social well-being and
the values of Arctic Inuits, whose lifestyles (e.g. access to
culturally significant places) often rely on sea ice (Baztan et al.
2017; Rosales and Chapman 2015). Moreover, unsafe ice
conditions have a great impact on the eating habits, hunting
style, and social style of local residents. In order to fight for living
space and human rights, the Inuit people have urged the eight
Arctic countries on different occasions to actively promote
climate change mitigation actions to enhance climate resilience
(Watt-Cloutier 2005).

Land infrastructure and transportation. Cryosphere changes
often threaten land infrastructure (e.g., railways, highways, oil/gas
pipelines, power transmission, and transformation projects,
optical cables, ports, drilling platforms, buildings, ports, airports,
and ice load) and transportation safety on different temporal and
spatial scales (AMAP 2021; Melnikov et al. 2022). Glacier surging,
ice/snow avalanches, glacier floods, and GLOFs mainly affect
reservoirs, hydropower stations, and roads downstream.
Freeze-thaw events mostly affect the structure and stability of
aboveground structures in permafrost areas. Sea ice mainly affects
ports, ice engineering and offshore drilling platforms, farming
facilities, and wind power equipment (Jin et al. 2021).
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Snowstorms often affect air transport and safety (Coleman and
Schwartz 2017), and blowing snow affects land transportation
and safety. Freezing rain and snow mostly affect electric power
lines and transportation (Ohba and Sugimoto 2020). Among
these events, freeze-thaw events have the greatest and most
extensive impacts on infrastructure (Biskaborn et al. 2019).

Freezing and thawing events often damage roads, lines, and
pipeline network engineering, as well as buildings, in permafrost
areas, leading to cracks, deformation, and the collapse of
structures (Streletskiy et al. 2019). To date, Russia has built the
most basic buildings in the Arctic permafrost region, covering an
area of about 700 km?, followed by Canada and Alaska (Bartsch
et al. 2021), and approximately 70% of the infrastructure
(residential, transportation, and industrial infrastructure) sur-
rounding the Arctic is located in areas where the permafrost is
projected to thaw by 2050 under representative concentration
pathway (RCP) 4.5 (Hjort et al. 2018). In these areas, some
communities have already begun to report the deformation of
buildings and structures and the potential relocation of commu-
nities from these combined forces of erosion and permafrost
thawing (Kotov and Khilimonyuk 2021). By 2050, these high-risk
environments could encompass one-third of the existing Pan-
Arctic infrastructure. Onshore oil and gas extraction and
transportation in the Russian Arctic are at risk, and 45% of oil
and gas production in the Russian Arctic is located in the most
dangerous areas (Karjalainen et al. 2019). Even without further
expansion of Russia’s existing network, the total cost of road
infrastructure maintenance due to permafrost degradation is
expected to reach US $7 billion during 2020-2050 (Hjort et al.
2022). On the Qinghai-Tibetan Plateau (QTP), deformation or
damage has occurred to roads, power transmission infrastructure,
and oil pipelines in the permafrost region (Fig. 6).

There have been recent instances of severe reduction of the
period when ice roads can be built and utilized due to unusually
warm conditions in the early winter in northern Alaska and other
regions of the Arctic (Gadeke et al. 2021). In particular, the
degradation of permafrost has affected or threatened transporta-
tion accessibility in Russian Arctic settlements, and Building
relocation, repair work, strengthening foundations, and jacking
up of settled structures have to be conducted annually (Lytkin
et al. 2022).

Land resources, habitats, and homeland security. The most
serious impact of cryosphere changes is the loss of terrestrial
habitats and national security due to the loss of national territory.
Among them, the main dangerous factors causing the above two
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impacts are the erosion of coastal Arctic permafrost and SLR.
Coastal permafrost erosion directly affects terrestrial resources,
while SLR affects the national security of CLISs.

Arctic permafrost coasts account for 34% of Earth’s coasts
(Fritz et al. 2017). Rising temperatures thaw the permafrost, and
the lack of sea ice increases exposure to storm waves, leading to
rapid coastal erosion. The greatest impact of coastal erosion is the
loss of land resources, followed by habitat loss and the destruction
of communities and infrastructure, which eventually leads to the
relocation of coastal communities (Hamilton et al. 2018; Schadel
2022). The current coastal erosion rates in the Canadian Arctic
are six times greater than the average rate over the past 65 years,
with qikiqtaruk-Herschel Island in the Canadian Arctic being
eroded by waves at a rate of up to 1 m per day as a result of a
warming climate that has extended the duration of coastal sea-ice
free periods (Cunliffe et al. 2019). The mean erosion rate in the
Arctic could roughly double by 2100 and very likely exceed the
historical range of variability by the middle of the 21st century.
The coastal erosion rate could increase from 0.9 +0.4 m/year
during the historical period (1850-1950) to between 2.0 £ 0.7 and
2.6 £0.8m/year by the end of the 21st century (2081-2100)
(Nielsen et al. 2022).

Since the mid-19th century, the rate of SLR has been higher
than the average rate over the past two millennia. Moreover, since
2003, the amount of meltwater in the cryosphere may exceed the
thermal expansion of seawater and become the most important
contributor to SLR. SLR has become the biggest threat to CLISs
(Hallegatte et al. 2019). SLR preferentially affects the territorial
integrity and habitability of CLISs. In addition, SLR may also
cause storm surges to inundate the shore, affecting tourism
activities, freshwater resources, agricultural resources, aquacul-
ture, and residents’ lives in CLISs. Moreover, flood disasters may
increase, and events such as seawater intrusion are likely to occur.
Low elevation coastal zones are the most affected by SLR, with
more than 310 million people living in areas exposed to rising sea
levels and suffering tens of billions of dollars in damages each
year (Wahl et al. 2017). Roughly, 1.3% of the global population is
exposed to once-in-a-century floods (Muis et al. 2016). In
particular, SLR could also increase the risk of relocation for some

small island states. In 2001, the leader of the Pacific island
country Tuvalu issued a statement that failure in the fight against
SLR could lead to the relocation of the entire country to New
Zealand, and Tuvalu could become the first country to be
relocated due to SLR (Walsh et al. 2012). The Pacific island
countries of Kiribati, Tokelau, Anguilla, Nauru, Western Samoa,
the Turks and Caicos Islands, and other island countries face the
same fate.

Synergy and trade-off between cryosphere change and

the SDGs

The cryosphere provides great opportunities and services to
human society in terms of habitat, freshwater, renewable energy,
tourism, culture, and transportation for the human system;
however, widespread cryosphere-related events are endangering
human well-being and health in mid-to-high latitude and high
mountain regions (Wang et al. 2022). Culture, land transporta-
tion, and infrastructure are negatively affected by cryosphere
changes, while alpine water conservancy, hydropower, and irri-
gation water would benefit from cryosphere changes in the cur-
rent stage. Regarding tourism and livelihoods, cryosphere changes
present both benefits and risks. At spatial scales, the cryosphere
environments around the Arctic region in Russia, Canada,
Alaska, and Northern Europe are similar and have homogeneous
types of social impacts. Cryosphere changes seriously affect Arctic
indigenous peoples’ livelihood, land transportation, infra-
structure, land resources, habitats, traditional culture and socio-
economic structure (Nilsson and Larsen 2020; Larson and
Fondahl 2015), but they have increased the potential for alpine
hydropower, irrigation water, and sea transportation. In parti-
cular, regional inequality within Arctic countries also needs to be
improved. China, Central, and Southern Asia currently have a
high dividend of cryosphere changes, which needs to be opti-
mized to improve the economic and social benefits. The low
latitude area is mainly affected by SLR, and the impact is omni-
directional. Opportunities (positive impacts) and threats (nega-
tive impacts) are often mixed and the achievement of the SDGs
depend on future cryosphere change trend and our adaptive
capacity (Fig. 7).
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The benefits and risks of cryosphere changes to the achieve-
ment of the SDGs coexist, and there is a possibility of mutual
transformation. Cryosphere changes provide certain opportu-
nities in the short-term, such as providing clean energy in high
mountains, agricultural water resources in arid regions, and
tourism in cold regions. However, they could turn into threats in
the long term. Similarly, the threats (especially cryosphere dis-
asters) could become opportunities through reasonable early risk
warning, prevention, and control. Ice-snow meltwater is an
important water resource in arid areas and facilitates the water-
food-energy nexus. Enhanced meltwater can increase the supply
of irrigation water (SDG 6.4-5), increase the alpine hydropower
potential (SDG 7.1-2), largely offset hydrological drought-like
conditions, increase food production (SDGs 2.3-4), reduce fossil
fuel use, and improve human livelihood and welfare. However,
the increase in clean energy from meltwater could significantly
reduce the amount of agricultural irrigation water and could thus
affect food production. The decrease or disappearance of ice and
snow meltwater could have major consequences and even cas-
cading impacts on water availability for people and economies,
contributing to an increase in tension and even conflicts (SDG
6.5) over water resources, especially in seasonally dry regions and
international basins, such as the Andes, HKHs, and Central Asia,
where the flows of many dry-season rivers depend on ice-snow
meltwater (Rasul and Molden 2019; Haeberli and Weingartner
2020). Especially, the loss of Arctic sea ice has increased the
length and extent of navigation, while also increasing the global
geopolitical game around the Arctic.

In addition, permafrost degradation can affect people’s liveli-
hoods and health, infrastructure, transportation, cities and com-
munities, habitats, and cultural structures (SDGs 1-5, 9, 11,
14-15). By 2050, in almost half of the 1,162 existing settlements,
permafrost is likely to degenerate and then disappear altogether.
This would drastically change the lives of more than three million
people. Especially, more than half of the land on which oil and
gas production, mining and similar activities take place is also at
risk of permafrost degradation (GRID-Arendal 2023); meanwhile,
coastal erosion in ice-rich areas has caused some mammoth
fossils to be exposed, providing a business opportunity for local
residents to collect new fossils (Doloisio and Vanderlinden 2020).
Decreased snow cover reduces the probability of snow disasters
(SDG 13.1) and the pressure of disaster prevention and mitigation
(SDGs 9, 11). However, this increases the energy consumption
and cost of artificial snow production (SDG 12.2), increases the
pressure for climate action (SDG 13), and even affects cultural
structures associated with snow (SDG 11.4). The beneficial aspect
of sea ice reduction is that it increases access to food sources
(SDG 2) and reduces the risk of productive activities on the ice
(Huntington et al. 2021). However, the loss of sea ice has altered
indigenous hunting and fishing cultures and diets to some extent
(SDG 2).

Adaptation strategies

The changes in cryosphere may lead to both opportunities and
threats. Using of advantages and avoiding of disadvantages of
these changes are fundamental principles for adapting to the
impacts of cryospheric change and promoting sustainable
development in the future. In the scenario of current warming,
some opportunities from the cryosphere will decrease and even
turn into risks. Therefore, mitigating climate change is the only
strategy. Action to mitigate climate change, such as carbon
neutrality, is undoubtedly a long-term and effective response
measure to address the impacts of cryospheric change (Huang
and Zhai 2021). Of course, the following adaptive measures also
need to be supplemented.
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Enhance the applying value of alpine hydropower and irriga-
tion resources from ice and snow. Ice and snow resources are
important water sources for alpine hydropower and agricultural
irrigation, which have played a huge economic benefits in the
past. In the future, based on the changing trend of alpine ice and
snow runoff, we should vigorously develop the hydropower
resources of snow and ice, utilize the peak shaving and dry
replenishment functions of alpine reservoirs, and enhance the
hydropower value of alpine snow and ice.

Optimize the spatial layout of ice and snow tourism and
strengthen the inheritance of cryosphere culture. Ice and snow
tourism are mainly concentrated in the Alps, the Rocky Moun-
tains and Japan, whereas rich cryosphere culture is located in the
Northern Europe, the Russian and Canadian Arctic regions and
the Tibetan Plateau. On the spatial scale, ice and snow tourism
needs to be extended to more areas covered by cryosphere culture
and other ice and snow resources. The fragile cryosphere culture
needs to strengthen its cultural inheritance and development
through ethnic autonomy and national policies.

Improve the welfare and health level of the people lived in the
cryosphere area. Because industry in the cryosphere region is
single, and the ability of the public to cope with the impact of the
cryosphere changes is limited, increasing the welfare and health
levels of the people in the cryosphere region is an important
measure to enhance climate resilience, in which the poverty
eradication has the strongest synergy with the UN 2030 SDGs
goals (Bie et al. 2023).

Increase import and export trade in the Arctic Ocean and
ensure safe land transportation. The retreat of the cryosphere is
beneficial for Arctic maritime navigation, but unfavorable for
Arctic land transportation. For maritime shipping, Arctic and
non-Arctic countries need to reshape international economic and
trade relations, utilize advantage of the benefits of sea ice
decrease, and increase import and export trade. For land trans-
portation in the cryosphere area, the main approach is to improve
road levels through engineering measures for ensure safe
transportation.

Adopt multiple engineering measures to reduce the coastal
erosion rate of permafrost areas and the threat from sea
level rise. On the one hand, changes in the cryosphere cause
erosion of the permafrost coast around the Arctic, and on the
other hand, changes in the cryosphere and ocean thermal
expansion have led to sea level rise. Both will increase the
reduction of coastal habitats, building facilities, and land
resources. To reduce these threats, measures such as coastal
reinforcement mode, relocation mode, land reclamation, flood
protection and ecological restoration mode (coastal ecological
restoration) need to be implemented in the long term.

Conclusions

The cryosphere contributes the least to climate change, but the
cryosphere region is most severely affected by climate change.
Global emission reduction is undoubtedly the best way to miti-
gate the impacts of cryosphere changes. Sustainable development
paths in cryosphere regions need to be based on regional char-
acteristics. The countries around the Arctic are not only devel-
oped but also have problems regarding the livelihood and health
of the indigenous people. This development includes coordina-
tion of the imbalance in domestic and regional development
(SDG 10). Financial transfer payments, technology transfer, and
cooperation and exchange assistance are the main pathways for
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sustainable economic and social development in indigenous areas.
As a global public domain, the implementation of the permanent
validity of the Antarctic Treaty in future sustainable development
is the basis for the peaceful use of Antarctica. Thus, it is necessary
to strictly enforce Antarctic Treaty and Antarctic Environmental
Protection Protocol and strengthen international multilateral
cooperation for using peacefully and effectively Antarctic con-
tinent and the Southern Ocean (SDGs 16-17). The high moun-
tain areas at middle and low latitudes outside Polar regions have
fragile ecologies and singular industrial structures, cryosphere
change events are more frequent, and the ability to deal with these
changes is extremely limited. There is an urgent need to promote
ecological protection and improve the welfare, education level,
and health standards of local residents (SDGs 3, 4) through a
series of ecological protection policies (SDG 15). In addition, it is
necessary to strengthen disaster prevention and mitigation mea-
sures to mitigate global cryosphere disaster losses in high
mountain areas to improve the capacity of cities and communities
(SDGs 11, 13) to cope with disasters.

Currently, the melting of the cryosphere is significant, with
frequent occurrences of cryosphere events, and its negative effects
tend to intensify, seriously affecting the process of sustainable
development. The conclusion of the impact and irreversibility of
climate change and even cryosphere change is very clear. The most
urgent task is to implement the implementation of carbon neutral,
climate resilience and sustainable development policies and plans.
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Data will be provided by the authors upon request.

Received: 23 June 2023; Accepted: 14 December 2023;
Published online: 03 January 2024

References

Allison EA (2015) The spiritual significance of glaciers in an age of climate change.
WIREs Clim Change 6(5):493-508

AMAP (2019) Arctic Climate Change Update 2019-An Update to Key Findings of
Snow, Water, Ice and Permafrost in the Arctic (SWIPA) 2017. An Assess-
ment by the Arctic Monitoring and Assessment Program (AMAP), Oslo,
Norway

AMAP (2021) Arctic Climate Change Update 2021: Key Trends and Impacts.
Summary for Policy-makers. Arctic Monitoring and Assessment Programme
(AMAP), Tromse, Norway

Armstrong RL, Rittger K, Brodzik MJ et al. (2019) Runoff from glacier ice and
seasonal snow in High Asia: separating melt water sources in river flow. Reg
Environ Change 19:1249-1261

Armstrong McKay DI, Staal A, Abrams JJ et al. (2022) Exceeding 1.5°C global
warming could triggermultiple climate tipping points. Science 377:117.
https://doi.org/10.1126/science.abn795

Babin J, Lasserre F, Pic P (2020) Arctic Shipping and Polar Seaways. In: Ency-
clopedia of Water, Sciences, Technology and Society, ed. P. A. Maurice. New
York: Wiley

Bartsch A, Pointner G, Nitze I et al. (2021) Expanding infrastructure and growing
anthropogenic impacts along Arctic coasts. Environ Res Lett. 16:2021. https://
doi.org/10.1088/1748-9326/ac3176

Baztan ], Cordier M, Huctin JM et al. (2017) Life on thin ice: Insights from
Uummannaq, Greenland for connecting climate science with Arctic com-
munities. Polar Sci 13:100-108. https://doi.org/10.1016/j.polar.2017.05.002

Beaudin L, Huang JC (2014) Weather conditions and outdoor recreation: A study
of New England ski areas. Ecol Econ 106:56-68. https://doi.org/10.1016/j.
ecolecon.2014.07.011

Bennett MM Stephenson SR, Yang K et al. (2020) The opening of the Transpolar
Sea Route: Logistical, geopolitical, environmental, and socioeconomic
impacts. Marine Policy. https://doi.org/10.1016/j.marpol.2020.104178

Bie Q, Wang SJ, Qiang WL et al. (2023) Progress toward Sustainable Development
Goals and interlinkages between them in Arctic countries. Heliyon 9:e13306.
https://doi.org/10.1016/j.heliyon.2023.e13306

Biemans H, Siderius C, Lutz AF et al. (2019) Importance of snow and glacier
meltwater for agriculture on the Indo-Gangetic Plain. Nat Sustainability
2:594-601

Biskaborn BK, Smith SL, Noetzli J et al. (2019) Permafrost is warming at a global
scale. Nat Commun 10(1):264. https://doi.org/10.1038/s41467-018-08240-4

Bogdanova E Andronov S, Soromotin AV et al. (2021). The Impact of Climate
Change on the Food (In) security of the Siberian Indigenous Peoples in the
Arctic: Environmental and Health Risks. Sustainability, 13(5). https://doi.org/
10.3390/5u13052561

Bosson JB, Huss M, Osipova E (2019) Disappearing World Heritage Glaciers as a
Keystone of Nature Conservation in a Changing Climate. Earth’s Future
7(4):469-479. https://doi.org/10.1029/2018ef001139

Bradley RS, Vuille M, Diaz HF, Vergara W (2006) Threats to water supplies in the
tropical Andes. Science 312:1755-1756

Carrivick JL, Tweed FS (2016) A global assessment of the societal impacts of glacier
outburst floods. Glob Planet Chang 144:1-16

Cheesbrough K, Edmunds J, Tootie G et al. (2009) Estimated Wind River Range
(Wyoming, USA) glacier meltwater contributions to agriculture. Remote Sens
1:818-828

Chevallier P, Pouyaud B, Suarez W, Condom T (2011) Climate change threats to
environment in the tropical Andes: Glaciers and water resources. Reg
Environ Change 11:5179-S187

Coleman JSM, Schwartz RM (2017) An updated blizzard climatology of the con-
tiguous United States (1959-2014): an examination of spatiotemporal trends.
] Appl Meteorol Climatol 56(1):173-187

Cunliffe A, Tanski G, Radosavljevic R et al. (2019) Rapid retreat of permafrost
coastline observed with aerial drone photogrammetry. Cryosphere
13(5):1513-1528. https://doi.org/10.5194/tc-13-1513-2019

Dawson RJ, Thompson D, Johns D et al. (2018) A systems framework for national
assessment of climate risks to infrastructure. Philosophical Transactions of
the Royal Society A: Mathematical. Phys Eng Sci 376(2121):20170298

Denning A (2014) From Sublime Landscapes to “White Gold™: How Skiing
Transformed the Alps after 1930. Environ Hist 19(1):78-108. https://doi.org/
10.1093/envhis/emt105

Doloisio N, Vanderlinden JP (2020) The perception of permafrost thaw in the
Sakha Republic (Russia): Narratives, culture and risk in the face of climate
change. Polar. Science 26:100589. https://doi.org/10.1016/j.polar.2020.
100589

Ezhova E, Orlov D, Suhonen E (2021) Climatic Factors Influencing the Anthrax
Outbreak of 2016 in Siberia, Russia. EcoHealth 18:217-228. https://doi.org/
10.1007/s10393-021-01549-5

Fader M, Cranmer C, Lawford R et al. (2018) Toward an understanding of
synergies and trade-offs between water. energy, food SDG targets Front
Environ Sci 6:112

Falk M (2016) The stagnation of summer glacier skiing. Tour Anal 1:117-122

Farinotti D, Pistocchi A, Huss M (2016) From dwindling ice to headwater lakes:
could dams replace glaciers in the European Alps? Environ Res Lett
11:054022. https://doi.org/10.1088/1748-9326/11/5/054022

Farinotti D, Round V, Huss M et al. (2019) Large hydropower and water-storage
potential in future glacier-free basins. Nature 575:341-344. https://doi.org/10.
1038/541586-019-1740-z

Ford J, King N, Galappaththi EK, Pearce T, Harper SL (2020) The Resilience of
Indigenous Peoples to Environmental Change. One Earth 2(6):532-543.
https://doi.org/10.1016/j.oneear.2020.05.014

Ford JD, Clark D, Pearce T et al. (2019) Changing access to ice, land and water in
Arctic communities. Nat Clim Change 9(4):335-339. https://doi.org/10.1038/
541558-019-0435-7

Frangois H, Samacoits R, Bird DN et al. (2023) Climate change exacerbates snow-
water-energy challenges for European ski tourism. Nat Clim Chang
13:935-942. https://doi.org/10.1038/s41558-023-01759-5

Fritz M, Vonk JE, Lantuit H (2017) Collapsing Arctic coastlines. Nat Clim Change
5:6-7

Gadeke A, Langer M, Boike ] et al. (2021) Climate change reduces winter overland
travel across the Pan-Arctic even under low-end global warming scenarios.
Environ Res Lett 16(2):024049

Gaudard L, Gabbi J, Bauder A, Romerio F (2016) Long-term uncertainty of
hydropower revenue due to climate change and electricity prices. Water
Resour Manag 30:1325-1343

GRID-Arendal (2023). The Arctic in transition Innovative atlas reveals perilous
realities of permafrost thaw. https://news.grida.no/the-arctic-in-transition

Haeberli W, Weingartner R (2020) In full transition: Key impacts of vanishing
mountain ice on water-security at local to global scales. Water Security
11:100074. https://doi.org/10.1016/j.wasec.2020.100074

Haeberli W, Whiteman C (2021) Snow and Ice-Related Hazards, Risks, and Dis-
asters (Second Edition). Elsevier, Amsterdam

Hallegatte S, Rentschler J, Rozenberg J (2019) Lifelines: The Resilient Infrastructure
Opportunity: Sustainable Infrastructure Series. Available at: https://elibrary.
worldbank.org/doi/abs/10.1596/978-1-4648-1430-3

| (2024)11:44 | https://doi.org/10.1057/541599-023-02550-9 11


https://doi.org/10.1126/science.abn795
https://doi.org/10.1088/1748-9326/ac3176
https://doi.org/10.1088/1748-9326/ac3176
https://doi.org/10.1016/j.polar.2017.05.002
https://doi.org/10.1016/j.ecolecon.2014.07.011
https://doi.org/10.1016/j.ecolecon.2014.07.011
https://doi.org/10.1016/j.marpol.2020.104178
https://doi.org/10.1016/j.heliyon.2023.e13306
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.3390/su13052561
https://doi.org/10.3390/su13052561
https://doi.org/10.1029/2018ef001139
https://doi.org/10.5194/tc-13-1513-2019
https://doi.org/10.1093/envhis/emt105
https://doi.org/10.1093/envhis/emt105
https://doi.org/10.1016/j.polar.2020.100589
https://doi.org/10.1016/j.polar.2020.100589
https://doi.org/10.1007/s10393-021-01549-5
https://doi.org/10.1007/s10393-021-01549-5
https://doi.org/10.1088/1748-9326/11/5/054022
https://doi.org/10.1038/s41586-019-1740-z
https://doi.org/10.1038/s41586-019-1740-z
https://doi.org/10.1016/j.oneear.2020.05.014
https://doi.org/10.1038/s41558-019-0435-7
https://doi.org/10.1038/s41558-019-0435-7
https://doi.org/10.1038/s41558-023-01759-5
https://news.grida.no/the-arctic-in-transition
https://doi.org/10.1016/j.wasec.2020.100074
https://elibrary.worldbank.org/doi/abs/10.1596/978-1-4648-1430-3
https://elibrary.worldbank.org/doi/abs/10.1596/978-1-4648-1430-3

REVIEW ARTICLE

Hamilton LC, Wirsing J, Saito K (2018) Demographic variation and change in the
Inuit Arctic. Environ Res Lett, 13. https://doi.org/10.1088/1748-9326/aae7ef

Hjort J, Karjalainen O, Aalto J et al. (2018) Degrading permafrost puts Arctic
infrastructure at risk by mid-century. Nat Commun 9:5147. https://doi.org/
10.1038/s41467-018-07557-4

Hjort J, Streletskiy D, Doré G et al. (2022) Impacts of permafrost degradation on
infrastructure. Nat Rev Earth Environ 3:24-38. https://doi.org/10.1038/
543017-021-00247-8

Huang MT, Zhai PM (2021) Achieving Paris Agreement temperature goals
requires carbon neutrality by middle century with far-reaching transitions in
the whole society. Adv Clim Change Res 12(2):281-286. https://doi.org/10.
1016/j.accre.2021.03.004

Huntington HP, Zagorsky A, Kaltenborn BP et al. (2021) Societal implications of a
changing Arctic Ocean. Ambio. https://doi.org/10.1007/s13280-021-01601-2

Huss M, Schwyn U, Bauder A, Farinotti D (2021) Quantifying the overall effect of
artificial glacier melt reduction in Switzerland, 2005-2019. Cold Reg Sci
Technol 184:103237. https://doi.org/10.1016/j.coldregions.2021.103237

Hussain MS, Heo I, Im S, lee S (2021) Effect of shipping activity on warming trends
in the Canadian Arctic. ] Geogr Sci 31(3):369-388. https://doi.org/10.1007/
$11442-021-1848-6

IPCC (2019) Summary for Policymakers. In: IPCC Special Report on the Ocean
and Cryosphere in a Changing Climate. Pértner H-O, Roberts DC, Masson-
Delmotte V, Zhai P, Tignor M, Poloczanska E, Mintenbeck K, Alegria A,
Nicolai M, Okem A, Petzold J, Rama B, Weyer NM (eds). Cambridge Uni-
versity Press, Cambridge, UK and New York, NY, USA. https://doi.org/10.
1017/9781009157964.001

IPCC (2021) Summary for Policymakers. In: Climate Change 2021: The Physical
Science Basis. Contribution of Working Group Ito the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change. Masson-
Delmotte V, Zhai P, Pirani A, Connors SL, Péan C, Berger S, Caud N,
Chen Y, Goldfarb L, Gomis MI, Huang M, Leitzell K, Lonnoy E, Matthews
JBR, Maycock TK, Waterfield T, Yelek¢i O, Yu R, and Zhou B (eds). Cam-
bridge University Press, Cambridge, United Kingdom and New York, NY,
USA, pp. 3—32, https://doi.org/10.1017/9781009157896.001

IPCC (2022) Climate Change 2022: Impacts, Adaptation, and Vulnerability.
Contribution of Working Group II to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Portner H-O, Roberts DC,
Tignor M, Poloczanska ES, Mintenbeck K, Alegria A, Craig M, Langsdorf S,
Loschke S, Moller V, Okem A, Rama B (eds). Cambridge University Press.
Cambridge University Press, Cambridge, UK and New York, NY, USA, 3056
pp.» https://doi.org/10.1017/9781009325844

Jin HJ, Wu QB, Romanovsky V (2021) Degrading permafrost and its impacts. Adv
Clim Change Res 12(1):1-5

Karjalainen O, Aalto J, Luoto M et al. (2019) Circumpolar permafrost maps and
geohazard indices for near-future infrastructure risk assessments. Sci Data
6(1):190037. https://doi.org/10.1038/sdata.2019.37

Kehrl LM, Hawley RL, Osterberg EC et al. (2014) Volume loss from the Peyto
Glacier, Alberta, Canada between 1966 and 2010. J Glaciol 60:51-56

Kim DJ, Sur JM (2020) Multi criteria evaluation of beneficial effect of commer-
cializing Northern Sea Route on Europe and Asia countries. Asian J Shipping
Logist 36(4):193-201

Kotov PI, Khilimonyuk VZ (2021) Building stability on permafrost in Vorkuta,
Russia. Geography, Environment. Sustainability 4(14):6774. https://doi.org/
10.24057/2071-9388-2021-043

Larsen JN, Fondahl G (2015) Arctic human development report: Regional pro-
cesses and global linkages. Nordisk Ministerrdd, Copenhagen

Lee T, Kim HJ (2015) Barriers of voyaging on the Northern Sea Route: A per-
spective from shipping Companies. Mar Policy 62:264-270. https://doi.org/
10.1016/j.marpol.2015.09.006

Legendre M, Lartigue A, Bertaux L et al. (2015) In-depth study of Mollivirus
sibericum, a new 30,000-yold giant virus infecting Acanthamoeba. PNAS,
E5327-E5335. https://doi.org/10.1073/pnas.151079511

Lievens H, Demuzere M, Marshall HP et al. (2019). Snow depth variability in the
Northern Hemisphere Mountains observed from space. Nat Commun,
10.4629. https://doi.org/10.1038/s41467-019-12566-y

Lutz AF, Immerzeel WW, Shrestha AB, Bierkens MFP (2014) Consistent increase
in High Asia’s runoff due to increasing glacier melt and precipitation. Nat
Clim Change 4:587-592

Lytkin V, Suleymanov A, Vinokurova L et al. (2022) Influence of Permafrost
Landscapes Degradation on Livelihoods of Sakha Republic (Yakutia) Rural
Communities. Land 10:101. https://doi.org/10.3390/land10020101

Masiokas MH, Villalba R, Luckman BH et al. (2006) 20th-century glacier recession
and regional hydroclimatic changes in northwestern Patagonia. Glob Planet
Chang 60:85-100. https://doi.org/10.1016/j.gloplacha.2006.07.031

Melia N, Haines K, Hawkins E (2016) Sea ice decline and 21st century trans-Arctic
shipping routes. Geophys Res Lett 43:9720-9728. https://doi.org/10.1002/
2016GL069315

Melnikov VP, Osipov VI, Brouchkov AV et al. (2022) Climate warming and
permafrost thaw in the Russian Arctic: potential economic impacts on public
infrastructure by 2050. Nat Hazards. https://doi.org/10.1007/s11069-021-
05179-6

Millan R, Mouginot J, Rabatel A et al. (2022) Ice velocity and thickness of the
world’s glaciers. Nat Geosci 15:124-129. https://doi.org/10.1038/s41561-021-
00885-z

Motschmann A, Huggel C, Carey M et al. (2020) Losses and damages connected to
glacier retreat in the Cordillera Blanca, Peru. Climatic Change, 58. https://doi.
org/10.1007/s10584-020-02770-x

Mourey J, Marcuzzi M, Ravanel L, Pallandre F (2019) Effects of climate change on
high Alpine environments: the evolution of mountaineering routes in the
Mont Blanc massif (Western Alps) over half a century. Arct Antarct Alp Res
51(1):176-189. https://doi.org/10.1080/15230430.2019.1612216

Muis S, Verlaan M, Winsemius HC et al. (2016) A global reanalysis of storm surges
and extreme sea levels. Nat Commun 7:11969

Mukherji A, Sinisalo A, Nuesser M, Garrard R et al. (2019) Contributions of the
cryosphere to mountain communities in the Hindu Kush Himalaya: a review.
Reg Environ Change 42(2):228. https://doi.org/10.1007/s10113-019-01484-w

Mullan D, Swindles G, Patterson T et al. (2017) Climate change and the long-term
viability of the World’s busiest heavy haul ice road. Theor Appl Climatol
129(3):1089-1108. https://doi.org/10.1007/s00704-016-1830-x

Nielsen DM, Pieper P, Barkhordarian A et al. (2022) Increase in Arctic coastal
erosion and its sensitivity to warming in the twenty-first century. Nat Clim
Chang 12:263-270. https://doi.org/10.1038/s41558-022-01281-0

Nilsson AE, Larsen JN (2020) Making Regional Sense of Global Sustainable
Development Indicators for the Arctic. Sustainability 12(3):1027

Ohba M, Sugimoto S (2020) Impacts of climate change on heavy wet snowfall in
Japan. Clim Dyn 54(5):3151-3164. https://doi.org/10.1007/s00382-020-
05163-z

Omoto K, Ohmura A (2015) Pictorial 2: History of Retreat of the Rhone Glacier
Recorded Photographically. ] Geogr 124(1):127-135

Van Oostdam ], Donaldson SG, Feeley M et al. (2005) Human health implications
of environmental contaminants in Arctic Canada: A review. Sci Total
Environ 351:165-246. https://doi.org/10.1016/j.scitotenv.2005.03.034

Overland JE, Wang MY (2018) Resolving Future Arctic/Midlatitude Weather
Connections. Earth’s Future 6(8):1146-1152. https://doi.org/10.1029/
2018ef000901

Pizzolato L, Howell SE, Derksen C et al. (2014) Changing sea ice conditions and
marine transportation activity in Canadian Arctic waters between 1990 and
2012. Climatic Change 123(2):161-173

Pomeroy JW, Stewart RE, Whitfield PH (2016) The 2013 flood event in the South
Saskatchewan and Elk River basins: Causes, assessment and damages. Can
Water Resour ] 41(1-2):105-117

Pritchard HD (2019) Asia’s shrinking glaciers protect large populations from
drought stress. Nature 569:649-654. https://doi.org/10.1038/s41586-019-
1240-1

Qin DH, Ding Y], Xiao CD et al. (2018) Cryospheric science: research framework
and disciplinary system. Nat Sci Rev 5(2):255-268

Rasul G, Molden D (2019) The global social and economic consequences of
mountain cryopsheric change. Front. Environ. Sci., 7(91). https://doi.org/10.
3389/fenvs.2019.00091

Richter-Menge ], Druckenmiller ML, Jeffries M et al. (2019) Arctic report card
2019 [R]. Washington, D.C., NOAA

Rosales J, Chapman LJ (2015) Perceptions of obvious and disruptive climate
change: community-based risk assessment for two native villages in Alaska.
Climate 3(4):812-832. https://doi.org/10.3390/cli3040812

Salim E, Ravanel L, Bourdeau P, Deline P (2021) Glacier tourism and climate
change: Effects, adaptations, and perspectives in the Alps. Regional Environ
Change 21(4):120. https://doi.org/10.1007/s10113-021-01849-0

Schadel C (2022) Arctic coasts predicted to erode. Nat Clim Chang 12(3):1-2.
https://doi.org/10.1038/s41558-022-01286-9

Schaefer K, Elshorbany Y, Jafarov E et al. (2020) Potential impacts of mercury
released from thawing permafrost. Nat Commun 11(1):1-6. https://doi.org/
10.1038/s41467-020-18398-5

Schaeffer M, Hare W, Rahmstorf S, Vermeer M (2012) Long-term sea level rise
implied by 1.5 C and 2 °C warming levels. Nat Clim Change 2(12):867-870

Schrot QG, Christensen JH, Formayer H (2019) Greenland winter tourism in a
changing climate. ] Outdoor Recreat Tour 27:100224. https://doi.org/10.1016/
jjort.2019.100224

Scott D, Steiger R, Dannevig H et al. (2019) Climate change and the future of the
Norwegian alpine ski industry Climate change and the future of the Nor-
wegian alpine ski industry. Curr Issues Tour 23(19):2396-2409. https://doi.
org/10.1080/13683500.2019.1608919

Sharma S, Blagrave K, Watson SR et al. (2020) Increased winter drownings in ice-
covered regions with warmer winters. PLoS ONE 15(11):0241222. https://
doi.org/10.1371/journal.pone.0241222

| (2024)11:44 | https://doi.org/10.1057/541599-023-02550-9


https://doi.org/10.1088/1748-9326/aae7ef
https://doi.org/10.1038/s41467-018-07557-4
https://doi.org/10.1038/s41467-018-07557-4
https://doi.org/10.1038/s43017-021-00247-8
https://doi.org/10.1038/s43017-021-00247-8
https://doi.org/10.1016/j.accre.2021.03.004
https://doi.org/10.1016/j.accre.2021.03.004
https://doi.org/10.1007/s13280-021-01601-2
https://doi.org/10.1016/j.coldregions.2021.103237
https://doi.org/10.1007/s11442-021-1848-6
https://doi.org/10.1007/s11442-021-1848-6
https://doi.org/10.1017/9781009157964.001
https://doi.org/10.1017/9781009157964.001
https://doi.org/10.1017/9781009157896.001
https://doi.org/10.1017/9781009325844
https://doi.org/10.1038/sdata.2019.37
https://doi.org/10.24057/2071-9388-2021-043
https://doi.org/10.24057/2071-9388-2021-043
https://doi.org/10.1016/j.marpol.2015.09.006
https://doi.org/10.1016/j.marpol.2015.09.006
https://doi.org/10.1073/pnas.151079511
https://doi.org/10.1038/s41467-019-12566-y
https://doi.org/10.3390/land10020101
https://doi.org/10.1016/j.gloplacha.2006.07.031
https://doi.org/10.1002/2016GL069315
https://doi.org/10.1002/2016GL069315
https://doi.org/10.1007/s11069-021-05179-6
https://doi.org/10.1007/s11069-021-05179-6
https://doi.org/10.1038/s41561-021-00885-z
https://doi.org/10.1038/s41561-021-00885-z
https://doi.org/10.1007/s10584-020-02770-x
https://doi.org/10.1007/s10584-020-02770-x
https://doi.org/10.1080/15230430.2019.1612216
https://doi.org/10.1007/s10113-019-01484-w
https://doi.org/10.1007/s00704-016-1830-x
https://doi.org/10.1038/s41558-022-01281-0
https://doi.org/10.1007/s00382-020-05163-z
https://doi.org/10.1007/s00382-020-05163-z
https://doi.org/10.1016/j.scitotenv.2005.03.034
https://doi.org/10.1029/2018ef000901
https://doi.org/10.1029/2018ef000901
https://doi.org/10.1038/s41586-019-1240-1
https://doi.org/10.1038/s41586-019-1240-1
https://doi.org/10.3389/fenvs.2019.00091
https://doi.org/10.3389/fenvs.2019.00091
https://doi.org/10.3390/cli3040812
https://doi.org/10.1007/s10113-021-01849-0
https://doi.org/10.1038/s41558-022-01286-9
https://doi.org/10.1038/s41467-020-18398-5
https://doi.org/10.1038/s41467-020-18398-5
https://doi.org/10.1016/j.jort.2019.100224
https://doi.org/10.1016/j.jort.2019.100224
https://doi.org/10.1080/13683500.2019.1608919
https://doi.org/10.1080/13683500.2019.1608919
https://doi.org/10.1371/journal.pone.0241222
https://doi.org/10.1371/journal.pone.0241222

REVIEW ARTICLE

Smith LC, Stephenson SR (2013) New Trans-Arctic shipping routes navigable by
midcentury. PNAS 110:E1191. https://doi.org/10.1073/pnas.1214212110
Steiger R, Scott D, Abegg B et al. (2019) A critical review of climate change risk for
ski tourism. Curr Issues Tour 22(11):1343-1379. https://doi.org/10.1080/
13683500.2017.1410110

Streletskiy DA, Suter LJ, Shiklomanov NI et al. (2019) Assessment of climate
change impacts on buildings, structures and infrastructure in the Russian
regions on permafrost. Sci Tot Environ 14(2):025003. https://doi.org/10.1088/
1748-9326/aaf5e6

United Nations (2015) The 2030 Agenda for Sustainable Development, https://
sdgs.un.org/2030agenda

USGS (2008) Circum-Arctic resource appraisal: Estimates of undiscovered oil and
gas north of the Arctic circle. USGS Fact Sheet 2008-3049

Vanat L (2019) 2019 International report on snow & mountain tourism. https://
www.vanat.ch/RM-world-report-2019.pdf

Vuille M (2013) Climate Change and Water Resources in the Tropical Andes.
Inter-American Development Bank Environmental Safeguards Unit: Tech-
nical Note. https://doi.org/10.13140/2.1.3846.9124

Wahl T, Haigh ID, Nicholls R] et al. (2017) Understanding extreme sea levels for
broad-scale coastal impact and adaptation analysis. Nat Commun 8:16075.
https://doi.org/10.1038/ncomms16075

Walsh KJE, McInnes KL, McBride JL (2012) Climate change impacts on tropical
cyclones and extreme sea levels in the South Pacific-A regional assessment.
Glob Environ Change 80-81:149-164

Wang SJ, Mu YQ, Zhang XY, Xie J (2020b) Polar tourism and environment change:
opportunity, impact and adaptation. Polar Sci 25:100544

Wang SJ, Qin DH (2015) Mountain inhabitant’s perspectives on climate change,
and its impacts and adaptation based on temporal and spatial characteristics
analysis: A case study of Mt. Yulong Snow, Southeastern Tibetan Plateau.
Enivron Haz 14:122-136

Wang SJ, Xie ], Zhou LY (2020a) China’s Glacier Tourism: Potential Evaluation
and Spatial Planning. ] Destination Mark Manag 18:100506

Wang SJ, Yang YD, Che YJ (2022) Global ice and snow-related disaster risk: A review.
Nat. Hazards Rev. https://doi.org/10.1061/(ASCE)NH.1527-6996.0000584

Wang SJ, Zhao QD, Pu T (2021) Assessment of Water Stress Level about Global
Glacier-Covered Arid Areas: A Case Study in the Shule River Basin,
Northwestern China. ] Hydrol Reg Stud 37:100895. https://doi.org/10.1016/j.
¢jrh.2021.100895

Watt-Cloutier S (2005) Speech by 2005 Sophie Prize winner Sheila Watt-Cloutier.
www.sophieprize.org/Articles/23.html [Accessed 1 May 2007]

Wu RN, Trubl G, Tas N, Jansson JK (2022) Permafrost as a potential pathogen
reservoir. One Earth 5(4):351-360. https://doi.org/10.1016/j.oneear.2022.03.010

Yoo EH, Eum Y, Roberts JE et al. (2021) Association between extreme tempera-
tures and emergency room visits related to mental disorders: A multi-region
time-series study in New York. Usa Sci Tot Environ 792:148246. https://doi.
org/10.1016/j.scitotenv.2021.148246

Zhang YL, Gao TG, Kang SC et al. (2022) Current status and future perspectives of
microplastic pollution in typical cryospheric regions. Earth Sci Rev
226:103924. https://doi.org/10.1016/j.earscirev.2022.103924

Acknowledgements

This research was funded by the Gansu Provincial Science and Technology Program (No.
227ZD6FA005) and Key Technologies Research and Development Program
(2020YFA0608504).

Author contributions

Concept, resources and data preparation, visualization and plotting, writing—review and
editing, project administration, funding acquisition, SW. The author have read and
agreed to the published version of the manuscript.

Competing interests
The author declares no competing interests.

Ethical approval

Ethical approval was not required as the study did not involve human participants.

Informed consent
This article does not contain any studies with human participants performed by any of
the authors.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1057/s41599-023-02550-9.

Correspondence and requests for materials should be addressed to Shijin Wang.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

| (2024)11:44 | https://doi.org/10.1057/541599-023-02550-9 13


https://doi.org/10.1073/pnas.1214212110
https://doi.org/10.1080/13683500.2017.1410110
https://doi.org/10.1080/13683500.2017.1410110
https://doi.org/10.1088/1748-9326/aaf5e6
https://doi.org/10.1088/1748-9326/aaf5e6
https://sdgs.un.org/2030agenda
https://sdgs.un.org/2030agenda
https://www.vanat.ch/RM-world-report-2019.pdf
https://www.vanat.ch/RM-world-report-2019.pdf
https://doi.org/10.13140/2.1.3846.9124
https://doi.org/10.1038/ncomms16075
https://doi.org/10.1061/(ASCE)NH.1527-6996.0000584
https://doi.org/10.1016/j.ejrh.2021.100895
https://doi.org/10.1016/j.ejrh.2021.100895
http://www.sophieprize.org/Articles/23.html
https://doi.org/10.1016/j.oneear.2022.03.010
https://doi.org/10.1016/j.scitotenv.2021.148246
https://doi.org/10.1016/j.scitotenv.2021.148246
https://doi.org/10.1016/j.earscirev.2022.103924
https://doi.org/10.1057/s41599-023-02550-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Opportunities and threats of cryosphere change to the achievement of UN 2030�SDGs
	Introduction
	Linkages between cryosphere changes and�SDGs
	Cryosphere change-related opportunities to achieve�SDGs
	Alpine hydropower potential
	Irrigation water resource
	Ice and snow tourism
	Arctic economic�trade

	Threats posed by cryosphere changes to achieving�SDGs
	Livelihood, health and�safety
	Cryosphere tourism and culture
	Land infrastructure and transportation
	Land resources, habitats, and homeland security

	Synergy and trade-off between cryosphere change and the�SDGs
	Adaptation strategies
	Enhance the applying value of alpine hydropower and irrigation resources from ice and�snow
	Optimize the spatial layout of ice and snow tourism and strengthen the inheritance of cryosphere culture
	Improve the welfare and health level of the people lived in the cryosphere�area
	Increase import and export trade in the Arctic Ocean and ensure safe land transportation
	Adopt multiple engineering measures to reduce the coastal erosion rate of permafrost areas and the threat from sea level�rise

	Conclusions
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




