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Abstract

Weather and climate extremes are increasingly occurring in the Arctic. In this Review, we evaluate historical
and projected changes in rare Arctic extremes across the atmosphere, cryosphere and ocean, and elucidate
their driving mechanisms. Comparison of probability density functions pre- and post-2000 highlights clear
shifts in the mean and extreme distributions. Indeed, the frequency and amplitude of extremes consistently
increased since the turn of the 21* century, with probability increase by 20.0% for atmospehric heatwaves;
76.7% for Atlantic layer warm events; 83.5% for sea ice extent loss; and 62.9% for Greenland Ice Sheet melt
extent. These changes can be explained using a ‘pushing and triggering’ concept, representing interplay
between external forcing and internal variability: long-term warming destabilizes the climate system and
‘pushes’ it to a new state, allowing subsequent variability associated with large-scale atmosphere-ocean-ice
interactions and synoptic systems to ‘trigger’ extreme events over different timescales. The apparent increase
in extremes ~2000. Ongoing anthropogenic warming is expected to further increase the frequency and
magnitude of extremes, such that probability increases by 72.6% for atmospehric heatwaves; 68,7% for
Atlantic layer warm events; and 93.3% for Greenland Ice Sheet melt rate at the end of this century. A summer
ice-free would occur in the mid century. Future research should prioritize the development of physically-
based metrics, enhance high-resolution observation and modeling capabilities, and improve understanding of
multiscale Arctic climate drivers.

[H1] Introduction

The Arctic climate is rapidly changing along with the increasing greenhouse gases forcing. These changes are
typified by Arctic amplification, describing an annual mean Arctic warming rate that is more than 3x that of
the global average from 1979-2023 (0.68 °C dec™ vs. 0.20 °C dec'; north of 60°N)' . In conjunction with the
amplified long-term, quasi-linear warming trend, Arctic climate changes also exhibit a highly non-linear
trajectory due to its nonlinear interactions with the occurrence of weather and climate extremes. Extreme
events, including record-breaking extemes, have consistently occurred across all components of the Arctic
climate system with an increased frequency since the turn of the 21* century, sheding light on a shift of the
Arctic climate system into a new state. These events include: atmospheric and marine heat waves® ', rapid
sea ice loss™!'*?, heavy precipitation'*"¢, rain-on-snow events'’ 2, strong winds*'*, pulses of the Atlantic
and Pacific warm water anomalies®* ¥, and Greenland Ice Sheet (GrIS) melt**!, amongst others (Fig. 1). In
2012, for instance, the surface air temperature anomalies exceeded 10.0°C in February over much of the
Arctic, the GrIS melt at or near the surface unprecendently occurred across 98.6 % of the ice sheet in
summer, and sea ice retreated to about 50.0 % of it’s climatological position in September.

These extremes have substantial impacts across the coupled Earth system. For example, winter heatwave and
summer sea ice loss events, like those occurring in 2012, can considerably change the habitat of marine life,
influencing the distribution of species, biodiversity, and food web. The significant loss of sea ice exposes
coastline to storm surge, causing coastal flooding, exacerbating coastal erosion, and finally endangering
coastal communities and infrustructures. The extreme GrIS melt in summer 2012 also resulted in an intense
runoff, destroying bridges and other infrustructures across and adjacent to the Watson River near
Kangerlugssuaq. Moreover, such extreme events could strengthen climate feedback processes between the
atmosphere, ocean and cryosphere, specifically albedo feedback, water vapor feedback, and cloud feedback.
These feedback processes could, in turn, accelerate Arctic climate change and reduce resilience of the Arctic



climate system due to their roles in enhancing greenhouse gases forced changes. Yet, the effects of Arctic
extremes (and corresponding contributions to longer-term changes) are not locally constrained—what
happens in the Arctic doesn’t stay in the Arctic. They contribute to global-mean warming', and remotely
force midlatitude weather and climate extremes via Arctic amplification forced changes in the atmospheric
circulation dynamics, such as a phase transition or a spatial shift of the dominant circulation pattern,
amplified jet streams, and weakened stratospheric polar vortex'=23*,

Despite their local and global importance, understanding of Arctic extremes and their dramatic increase in the
frequency and intensity since the beginning of the century is less established. Knowledge in the Arctic is
strongly influenced by paucity of data, due to its harsh environment and limited accessibility. The short
records of observations with sparse coverage, therefore, prevent from realistically capturing complete
temporal and spatial strucutres of climate system state and extreme events. All of these also raises a grand
challenge for accurately describing and representing the associated physical processes, especially at high
resolutions, in Earth system models. Moreover, unique and complicated dynamics and thermodynamics, as
well as their incomplete representation in Earth system models, have translated into inconsistencies and
discrepancies in understanding and simulating their underlying physical mechanisms'>!**5_ Yet, knowledge
of the observed and projected changes in Arctic extremes, as well as their driving mechanimss, are vital to
enhancing the capabilities for predicting Arctic weather and climate extrems and facilitating mitigation and
adaptation planning and decision-making for building a climate-ready society and economy.

In this Review, we synthesize the state-of-knowledge of Arctic weather and climate extremes. We begin by
summarizing observed Arctic extremes that have systematically and consistently occurred across the
atmosphere, ocean and cryosphere. Next, we discuss how multiscale drivers and associated interactive
processes work together to produce systematic increases in the frequency and intensity of Arctic extremes.
Consideration then turns to future projections of extremes under anthropogenic warming, before identifying
and making recommendations to advance the field. Throughout, focus is placed on rare extreme events**—
those that exceed the range of normal interannual variability or historical records, in this case by 1.5 or 1.0
standard deviations depending on the nature of the climate components. These rare extreme events are
selected over the more typical local- and timescale-specific extremes. (for example, daily and monthly
temperautre and preciptiaion extremes owing to their exceedance over the criterion and higher frequency of
variability; monthly, seasonal or annual ocean and cryosphere extremes considering their longer memory and
limited high temporal resolution data avaiablility). These rare events coherently occur across and then
enhance interactions between the components of the Arctic climate system, amplifying systematic changes
and having high environmental and socio-econimic impacts. Consideration is also only given to ocean-, sea
ice- and ice sheet -dominated areas, excluding complex terrestrial regions which are closely connected to and
governed by midlatitude dynamics and processes.

[H1] Observed Arctic weather and climate extremes

Weather and climate extremes have been been observed across all components of the Arctic climate system,
with increasing frequency and intensity since the beginning of the 21% century®®''~'**°_ Here, observed
Arctic atmosphere (heat, precipitation and wind), ocean (heat transport and temperautre at different key
depths) and cryosphere (sea ice retreat and GrlIS melt) extremes are examined. Discussion is focused on
specific rare events, changes in their probability pre-2000 and post-2000, and their trends (Fig. 2).

[H2] Atmosphere
[H3] Temperature

Substantial changes have been observed in Arctic winter surface air temperature (SAT). Indeed, the
probability density function (PDF) distributions comparing 1979/80-1999/2000 and 2000/01-2023/24 indicate
a clear shift toward warmer daily SAT in the North Atlantic Arctic (Fig. 2a, left), where the highest
frequency of rare extreme winter heatwave events have occurred. This shift includes both the mean climate
state and the extreme end of the distributions, suggesting an increase in the maximum probability of rare



daily extreme events from 8.2% to 28.2% using the +1.5 standard devation for 1979/80-1999/2000 as the
threshold (Table 1). A striking, landmark rare extreme heatwave occurred in winter 2005/06°. Since then,
rare extreme winter heatwaves have consecutively occurred with an increased frequency and intensity’ >’
During one of these events occurring in 2015/16, SAT at the north pole increased 26°C (from -26.8°C to -
0.8°C) from the 29-30 December as revealed by drifting buoy observations’*’. In the same event, two-
dimensional reanalysis datasets also shows a large magnitude of SAT increase on 1- 2 January 2016, reaching
anomalies of 7-8°C >65°N?#!*2_ Although rare daily warm extremes are most prominent in the Atlantic
Arctic (in many cases reaching melting point), they have also occurred in the Pacific Arctic, albeit at a much
lower intensity (typically remaining below -15°C) with much weaker impacts on the climate system.

Due to relatively slower variability in the Arctic atmospheric circulation and especially when stationay
circulation pattern occurs, rare extremes can last long beyond daily scale, leading to an occurrence of rare
monthly extremes. Thus, an increase in the frequency of daily SAT (Fig. 2a, left) is often coupled with a
long-term increase in monthly SAT (Fig 2a, right) and midwinter SAT’. Pre-2000, events exceeding +1.0
and +1.5 standard deviations only occurred twice and once, respectively (Fig. 2a, right). However, a rare
warm event centered over the North Atlantic Arctic in winter 2005/06 (when temperature anomalies of 12°C
were observed in Longyearbyen, Svalbard®; Supplementary Fig. 1a; a regional average SAT increase
reached 7.7°C in Janauary 2006 from the winter (December-Feburary) seasonal mean climatology of -16.3°C
to -8.6°C) seems to mark a transition of the climate state. Indeed, post-2000, 24 events and 10 events
exceeded +1.0 and +1.5 standard deviations, respectively (Fig. 2a, right). The latter include events in:
February 2012, showing a North Atlantic Arctic regional average SAT increase of 7.4°C from the seasonal
climatology to -8.9°C; January 2016, an increase of 6.9°C to -9.4°C. This event is also recorded as the
warmest winter for the pan-Arctic since observations began***, featuring regional anomalies >4.0°C®; and
February 2024, an increase of 5.3°C to -10.1°C.

With a substantial increase in daily and monthly rare warm events, there has come a corresponding decrease
in rare cold events. For example, the maximum probability of rare cold daily SAT extremes decreases since
the turn of the 21* century from 6.7% to 1.0% when using the -1.5 statendand deviation for 1979-1999 as the
threshold (Fig. 2a, left). Likewise, the monthly cold events have also decreased in frequency and amplitude.
Pre-2000, 23 and 5 events occurred <-1.0 and <-1.5 standard deviations, respectively, but post-2000, these
reduced to 5 and 0 events (Fig. 2a, right).

[H3] Precipitation

Changes in rare precipitation extremes have also been observed over the North Atlantic Arctic. Any such
precipitation changes are closely connected to rising temperatures through atmospheric moisture content, as
dictated by the Clausius-Clapeyron relation and revealed by observations'***’—the maximum amount of
water vapor the air can hold as a function of temperature. Thus, like SAT, the PDF of daily precipitation has
shifted to higher magnitudes between 1980-2000 and 2000-2024 (Fig. 2b, left). Specifically, the maximum
probability of rare heavy events increases from 7.4% to 11.1% using the +1.5 standard deviation as the
threshold (Table 1). Two rare heavy precipitation events occurred in Ny-Alesund, Svalbard in winter 2012
(Supplementary Fig. 1b), with 98.0 mm falling on 30 January (25% of annual mean precipitation) and 272.0
mm from 26 January - 9 February (70% of annual mean precipitation)'®. Similar to the extreme warm events,
extreme precipitation events over the North Pacific Arctic have occurred at a much weaker intensity than
observed in the North Atlantic Arctic owing to a predomiant influence of the climatological Beautfort High in
this area*®*, where cyclone activity, a major precipitation driver, is much lower than that over the North
Atlantic Arctic*.

Daily events also translate into rare monthly totals. Monthly precipitation exhibits a statistically significant
positive long-term trend, reaching 0.08 mm day™ dec™ (Fig. 2b, right). Likewise, an increasing number of
climatologically rare events is apparent pre- and post-2000 (Fig. 2b, right); events >1.0 and >1.5 standard



deviations were observed 4 and 1 times pre-2000, and 16 and 10 times post-2000. Consistent with the rare
extreme warm event, a rare heavy precipitation also occurred in Januanry 2006 with an increase of 0.53 mm
day™ from the winter (December-Feburary) seasonal mean climatology of 1.20 mm day™ to 1.74 mm day™.
The first two strongest events occurred in January 2017 and December 2018, showing an increase in
preciptiaion of 1.04 mm day' and 0.80 mm/day™' to 2.24 mm day™ and 2.00 mm day', respectively. Note that
the relatively smaller magnitude in precipitation increase than SAT can be attributable to two factors: 1. The
statistics includes all days, while precipitation does not occur every day; and 2. rare extremes always occur
for a few hours, which can be masked by the daily average.

In addition to the amount of precipitation, extreme changes are apparent in its phase. Warming is associated
with extreme rain-on-snow events. For example, summer rainfall was observed for the first time in the
modern record on 14 August 2021 at Summit (at an elevation of 3200 m) on the top of the GrIS'”. Rare rain-
on-snow events are also increasing in Svalbard'®*’, mainly showing a step change around 2000, consistent
with the rate warm and heavy precipitation events. However, the findings are uncertain due to a lack of
sufficient in-situ observations'.

[H3] Wind

Rare extreme winds have similarly been observed and appear to follow an increasing trajectory. Quantifying
such changes is generally challenged by a lack of in-situ observations, especially at high temporal and spatial
resolutions. Nevertheless, analyses suggest the frequency and magnitude of monthly extreme winds (defined
as daily windspeed greater than the 95" percentile in each month) has increased in the North Pacific Arctic
throughout the year (at the maximum rate of 2.6% dec™ in October) and from July-November (at the
maximum rate of 1.13 m s™ dec™ in October), respectively®'. Anecdotal evidence of individual events also
hints at more rare wind extremes post-2000 compared to pre-2000. Indeed, pre-2000, an extreme windspeed
of 32.6 m/s was measured on 12 January 1993 at Bear Island, Svalbard’ ! but other examples are limited.
Post-2000, however, suggests more extreme winds occurred, including: windspeeds exceeding 25 m/s
between 21 and 26 February 2018 in northeast Greenland®, the highest windspeed at this station since 1961;
a strong wind event exceeding 20 m/s in the Beaufort Sea around 9 March 2013%; and a record high wind
speed reaching 28 m/s over the Barents Sea over the Barents Sea on 24 Januanry 20222, Of course, such
anecdotal evidence will be heavily biased by limited observations and a systematic evaluation and so should
not be taken as evidence of robust increases.

[H2] Ocean.

[H3] Poleward ocean heat transport

One of the most pronounced rare extreme oceanic events are pulses of intense poleward North Atlantic heat
transport into the Arctic. While transport of Atlantic water through the Fram Strait and the Barents Sea into
the Arctic is a climatological feature, the magnitude of this inflow is increasing, reflecting more frequent and
intense pulses. Comparing 1993-2000 and 2000-2017 (the time periods selected on the basis of data
availability indicates marked shifts in both the mean state and extremes between the two periods (Fig. 2c,
left). The extreme end of the distribution during the latter period is outside the range of the earlier period,
suggesting an increased likelihood of extreme heat transport events after 2000/01. Indeed, the maximum
probability of rare extreme transport events increases from 6.7% to 16.1% when using the +1.5 standard
deviation as the threshold (Table 1).

A time series of heat transport provides additional evidence of these changes. A statistically significant
increasing trend is obvious from 1993-2016, reaching 0.60 TW dec™ (Fig. 2¢, right). Clearly evident,
however, are strong pulses of intense poleard transport. Post-2000, there are 6 instances of events >1.5
standard deviations (Oct 2005, Nov 2011 and Dec 2015), as well as 11 further events >1.0 standard
deviations (Fig. 2¢, right). Pre-2000, only 1 event >1.0 standard deviation occurred. The first event in winter



2005/06 witnessed unprecedented extreme heat transport, reaching 379.7 TW (about 67.0 TW above the
climatological mean of 312.7 TW) and exceeding +2.0 standard deviations of its variability®**>*, Following
this event, several instances of similarly anomalously large heat transport occurred in the following years®.
Indeed, the extreme transport reached to 381.3 TW in winter 2011/12 and 378.2 TW in winter 2015,
respectively.

Although weaker than the Atlantic, poleward North Pacific Ocean heat transport through the Bering Strait has
also increased, including three extremely high pulses in 2007, 2017 and 2018, reaching about 19 TW in
annual mean and almost doubling the mean value during the prior years®’.

[H3] Atlantic layer temperature

Accompanying increased heat transport into the Arctic are temperature anomalies and shoaling of the
Atlantic water layer™. Like other variables, a distinct shift is evident in the distribution of winter Atlantic
water layer temperatures (at 200 - 600 m depth). The mean climate state during 2000-2023 becomes much
warmer, reaching the extreme end of the distribution seen during 1980-2000 (Fig. 2d, left). The extreme tail
of the latter period also exceeds the range of variability of the earlier period, highlighting increased probably
of extremes (Fig. 2d, left). For example, between 1980-2000 and 2000-2023, the maximum probability of
extreme occurrence increases from 6.7% to 83.3% when using the +1.5 standard deviation as the threshold
(Table 1). This suggests that low probability, rare exteme events identified during the earlier period become
more frequently occurred during the latter period.

Various high magnitude warming events are also observed, corresponding to the shift in PDF. Post-2000, 1
event and 9 events >1.5 and >1.0 standard deviations occurred, respectively, whereas no such exceedances
occurred pre-2000 (Fig. 2d, right). Of these occurrences, the extreme event in 2006/07 shows an increase of
temperautre by 1.5°C from the seasonal mean climatology of 8.6°C to 10.1°C. The time of this event is highly
consistent with that for SAT, precipitation, and the poleward North Atlantic warm water transport. Following
this event, similar magnitude of events consecutively occurred in 2015/16, 2016/17, and 2018/19 with a
temperautre increase to 10.0°C, 10.6°C, and 10.3°C, respectively. Accordingly, Atlantic layer temperature in
the Arctic exhibits a positive trend of 0.49°C dec™' (Fig. 2d, right).

[H3] Mixed layer and sea surface temperature

In addition to lateral heat transport and associated warm events, rare extremes have been observed in mixed
layer temperature. In the Central Arctic, mixed layer temperature distributions have shifted substantially to
the right, such that the dominant part of the distribution in 2000-2023 is largely outside the range observed
during 1979-1999 (Supplementary Fig. 2a). As with other variables, this shift indicates a much-warmed
climate mean state and an increased probability of extreme events. Specifically, the maximum probability of
rare event identified using the +1.5 standard deviation for 1979-1999 increases from 6.7% to 81.5% (Table
1). The same as the Atlantic layer temperautre, this suggests that rare event in the former period is no longer
rare and further indicates a shift of the climate into a new state.

As a manifestation of this change, rare extreme warm mixed layer temperature events have occurred. From
1979-1999, there was no any events above the climatological mean from 1979-2023, but during 2000-2023,
all events are in the positive range of variability above the climatology, including 4 and 7 that are >1.5 and
>1.0 standard deviations (Supplementary Fig. 2b). The first substantial event occurred in summer 2007
when temperature increases by 4.0°C from the summer seasonal climatological mean of 1.0°C to 5.0°C. This
event was intermittently followed by the same or more intense events in later years, notably in 2015, 2016
and 2023, with an increase of temperautre to 5.3°C, 6.9°C, and 7.3°C, respectively. Accordingly, the trend in
summer mixed layer temperature reaches 0.53°C dec™, statistically significant at the 99.9% level of
confidence based on a t-test (Supplementary Fig. 2b).

The distribution of SST anomalies in the summer open water and marginal ice zone areas also demonstrates
the same shift as mixed layer temperature. Correspondingly, a series of unprecedented marine heat waves



have been observed at the surface, ascribed to extreme and earlier summer sea ice decrease events that
increase ocean absorption of downward atmospheric and radiative energy with enhanced albedo feedbac
For instance, the maximum probability of rare marine heatwave events detected with the threshold of +1.5
standard deviation during 1982-1999 increases from 6.7% to 66.8% during 2000-2023 (Supplementary Fig.
2¢; Table 1). The first of these extreme marine heatwave events occurred in August 2007, when SST
increases to 10.2°C from nearly 0°C of summer (July-September) seasonal climatological mean. Other
extreme marine heatwaves continuely occurred in September 2012, August 2019, and August 2023, with a
SST anomaly increasing to 4.6°C, 8.9°C, and 7.2°C, respectively. Thus, monthly maximum Arctic open water
sea surface temperature has witnessed a statistically significant increase of 2.52°C dec™ (Supplementary Fig.
2d), consistent with other evidence of increasing intensity (maximum and mean SST anomaly), frequency,
duration and areal coverage of marine heat waves since the mid/late 2000s>. These surface warm events can
also translate to the deeper ocean, as evidenced by a near doubling of heat content of the Beaufort Gyre
halocline based on the data analysis from 1987-2017°¢,

k10,54

[H2] Cryosphere.
[H3] Sea ice extent

Arctic sea ice change is characterized by rapid and exteme reductions in sea ice extent””. The PDF of
September sea ice extent loss relative to the climatological sea ice extent maximum for 2000-2023 is largely
outside the range observed for 1979-1999, indicating increased probability of rare extreme ice loss during the
latter period (Fig. 2e, left). In particular, when using -1.5 standard deviation as the threshold, the maximum
probability of extreme sea ice extent loss event identified during 1979-1999 increases from 6.7% to 90.2%
during 2000-2023. This suggests that the extreme low sea ice extent events below -1.5 standard deviation of
the sea ice extent variability and changes during the former period become more frequent. September ice
extent loss, in turn, exhibits a statistically significant negative trend, reaching -0.88 x 10° km” dec™' (Fig. 2e,
right). The largest decreases mainly occurred in the Pacific Arctic and Eurasian sector.

These changes are further evidenced by specific extreme ice loss events. 12 Septembers experienced extreme
ice loss <-1.0 standard deviation relative to the climatological mean sea ice extent loss of 1.9 x 10° km* from
2000-2023, including 4 months <-1.5 standard deviations; by comparison, 11 Septembers were <-1.0 standard
deviations in 1979-1999 (Fig. 2e, right). The strongest loss events occurred in 2007, 2012, 2020 and 2023
comapred to the climatological maximum of sea ice extent of 8.26 x 10° km?, accordingly leading to
minimum ice extent in these years®'"'**">% In 2007, sea ice extent loss was 3.76 x 10° km”. Following this
event, a number of rare sea ice extent loss events continually occurred, including: 2012, 2020, and 2023,
showing a sea ice extent loss of 4.52 x 10° km?, 4.14 x 10° km?, and 3.72 x 10° km?, respectively.

While summertime ice loss dominates, rare extreme sea ice loss events have also occurred in winter.
Corresponding to the areas of extreme atmospheric warm events, these wintertime sea ice loss events largely
occur in the Barents Sea™ where there is a sea ice extent delicing trend of -0.78 x 10°> km*dec™'. Preceding
the rare extreme event in September 2007, a rare extreme sea ice extent loss of 0.58 x 10° km? (relative to the
climatological maximum of 0.88 x 10° km?) occurred in March 2007. Afterwards, rare extreme loss of 0.64 x
10° km*and 0.68 x 10° km? continully occurred in the Marches of 2012 and 2016. In addition, an extreme sea
ice thinning event was observed in Fram Strait 2007, being consistent with a reduction of basin-wide
multiyear ice fractions®', triggering a step change from a thicker and deformed sea ice regime to a thinner and
more uniform sea ice regime®?, and resulting in a decreased ice export with a record minimum in 2018%.

Extreme ice loss has also occurred at daily timescales, often associated with intense weather systems such as
cyclones, anticyclones and atmospheric rivers. Once such rapid ice loss event occurred in August 2012 where



a super Arctic cyclone decrease ice extent by ~0.9 million km?* over 7 days®. Likewise, a cyclone in August
2016 resulted in ~0.26 million km? of ice loss within the northern Chukchi and Beaufort seas alone over a 9-
day period, a loss rate six times the climatological mean'’. During 1989-2019 winters, ~25 extreme sea ice
loss events (using a criterion of consecutive 5-day sea ice concentration anomalies below -1.0 standard
deviation) occurred in the Barents and Kara seas®. Another manifestation of extreme daily scale sea ice
extent loss event is the occurrence of large winter polynya in climatologically old and thick icepack. For
example, an unprecedented large winter polynya with an area more than 60000 km? occurred off the north
coast of Greenland from 14 February - 8 March 2018%%°*67; and a similar polynya event with an area
exceeding 3000 km? was observed on 13-28 May 2020%. Although theses winter events favors increasing sea
ice mass, they suggest a substantially thinning of the sea ice thickness in this area, increasing vulnerablity and
mobility of the perennial sea ice in response to atmospheric forcing.

[H3] Greenland Ice Sheet melt

The GrlIS has also experienced negative mass balance trends over the satellite era’”", part of which can be

attributed to surface melt events. Marked shifts are evident in the distribution of summer GrIS melt extent
between 1979-1999 and 2000-2024, with an increase in maximum probability of rare extreme melt events
from 6.7% to 69.6%, when using the +1.5 standard deviation from 1979-1999 (Fig. 2f, left). Like sea ice, the
distributions of summer seasonal maximum GrIS melt extent during the latter period is, thus, largely outside
the range observed during the earlier period. Accordingly, all summers witnessed melt extent <0.5 standard
deviations or below the climatological mean over 1979-1999, respectively, whereas 3 and 6 summers
experienced melt extent >1.5 standard deviation and >1.0 standard deviations, respectively (Fig. 2f, right).
Accompanying the PDF shift is a corresponding increasing trend in melt extent of 0.08 x 10° km* dec™ (Fig.
2f, right).

Several notable extreme summer monthly maximum GrIS melt events have contributed to these changing
characteristics™"”*. An extremely large melt event occurred in July 2005, which shows an increase of the melt
extent by 0.19 x 10° km? from the summer climatological mean of 0.29 x 10° km? to 0.48 x 10° km?. July
2012 was also characterized by record high and widespread melt*"’*, consistent with record high SAT at
Summit”. In this month, the melt extent increased to 0.72 x 10° km?. Melt occurred across 96% of the GrIS
on 12 July 2012, including the dry snow facies around Summit Station where melt previously occurred in
18897, In July 2023, the melt extent reached to 0.6 x 10° km?, which is the second record high since 1979.

GrIS melt extent shows large variability temporally and spatially, leading to different form of extremes. The
summation of daily melt extent anomalies over the extire summer from June-August 2007 was extremely
higher than previous years®, the magnitude of which was about 80 x 10°> km? abve the mean value from
1973-2008, ~60% larger than the notable event of 1998. An extremely long melt duration occurred in summer
2019, about 40 days above the 1981-2010 climatolgical mean’®. Coincident with the first-observed rainfall at
Summit on 14 August 2021, extreme surface ablation caused the bare-ice area to reach a near-record-high
value, with the snowline moving up by 788+98 meters'’. In addition, an unprecedentedly late September
melt event occurred in 2022, which affected 36% of the ice-sheet surface and represents an extension of the
Greenland melt season under a warming climate’’.

[H1] Driving mechanisms of Arctic extremes

A unifying aspect of observational changes in Arctic rare extremes is a systematic increase in their frequency
and intensity starting from the turn of the 21* century, marked by a consistent occurence of striking extreme
events ~2005-2008 across the atmosphere, ocean and cryosphere. This consistent step change supports the
idea of a transition of the Arctic climate system into a new (mean) state®®7®. The driving processes of these
extremes and their changes are now discussed (Fig. 3), framing around a ‘pushing and triggering’
mechanism: anthropogenic warming destabilizes the climate system and ‘pushes’ it to a more susceptible



state, in turn, facilitating the occurrence of extreme events through subsequent ‘triggers’ (including large-
scale and synoptic scale atmosphere-ocean-ice processes). Nonlinear interactive processes involved in the
‘pushing and triggering’ mechanism would create a strengthened impetus to drive the Arctic climate system
to cross a threshold or a tipping point to the new state” ™.

[H2] Pushing mechanisms

Destabilization of the Arctic climate system driven by anthropogenic warming acts as the ‘pushing’
mechanism. In the Arctic (>60°N), annual mean SAT shows an increasing trend of 0.63°C dec™ from 1979-
2023, a rate 3.5 times the global mean*>** (Supplementary Fig. 3). Accompanying this long-term trend, a
step change is also evident before and after the turn of the 21* century, indicating an elevation of
climatological mean SAT by 1.48 £0.09°C in 2000-2023 relative to 1979-1999. Winter warming trend is
even more pronounced at 0.68°C dec™ (4.2x the global mean), while summer warming trend is slightly lower
at 0.37°C dec™' (1.8x the global mean). Associated with these trends, the climatological mean SAT was also
elevated by 1.70 £0.16°C and 0.87 £0.08°C for 2000-2023 from 1979-1999, respectively. This large
temperature change compared to the rest of the globe describes Arctic Amplification, largely driven by
complex feedback processes, including ice/snow-albedo, lapse rate, Planck, and water vapor and cloud
feedbacks that exacerbate temperature responses®**>%,

Long-term, amplified warming increases the sensitivity and reduces the resilience of the Arctic climate
system. As a consequence, “the ‘pushing’ mechanism preconditions the occurrence of extreme. For example,
the elevated baseline SATs and SSTs increase probability of SAT and SST to exceed their long-term
variability range, causing an extreme event, even if the specific driver were the same as during the pre-AA
era. Similarly, sea ice and ice sheet temperatures become closer to their melting points, allowing easier melt
under the same amount of heat energy input; thinner ice also becomes more vulnerable to energy budget
perturbations than in the previous climate state. Accordingly, accelerated sea ice loss (54,30042,700 km? yr!
in annual mean from 1979-20217°) and GrIS mass loss (169 Gt yr'' from 1992-2020°) have been observed,
including marked extremes (Fig. 2).

[H2] Triggering mechanisms

While Arctic warmig pushes the system to a state in which extremes are more likely, multiscale climate
system variability due to non-linear atmospheric-ocean-sea ice interactions ‘triggers’ the extreme events
themselves and the state shift’". These multi-scale triggers include large scale atmosphere-ocean-ice
variability (such as modes of atmospheric variability), as well as synoptic or mesocale dynamics (such as
cyclones). These aspects are now discussed.

[H2] Large-scale coupled variability

Large-scale variability can both drive the occurrence of seasonal scale extremes and precondition the genesis
or development of synoptic or mesoscale systems to cause daily scale extremes’. Modes of coupled
atmospheric variability are one such contributor, providing favorable dynamic settings for rare extremes and
causing energy imbalances through modified poleward heat and moisture transport in the atmosphere and
heat transport in the ocean. The Arctic Oscillation (AQO) and the Arctic Rapid change Pattern (ARP) are two
such fundamental and important modes.

The AO (or the North Atlantic counterpart, the North Atlantic Oscillation, NAO) is an important driver and
preconditioner of Arctic extremes. The AO is the leading mode of winter atmospheric circulation variability
in the Northern Hemisphere®**, describing the coordinated temporal variability of the Icelandic Low, Azores
High and Aleutian Low from their long-term climatology (Supplementary Fig. 4). Thus, fluctuations of the
AO/NAO modulate large-scale wind patterns and, accordingly, heat and moisture transport and extreme event



occurrence. For example, a positive NAO regime is associated with higher-than-normal probability of
extreme warm days over the Norwegian Sea and Scandinavia, while a negative NAO regime is associated
with higher-than-normal probability of extreme warm days over Baffin Bay and large parts of the Canadian
Archipelago®*". The positive AO regime from the 1980s to the mid 1990s would have therefore contributed
toward increased Arctic winter SAT and decreased sea ice extent’®®, but the AO is generally neutrual or in
negative AO regime thereafter®'?"!°! suggests a minimal direct triggering role of Arctic extremes post-2000.
Indeed, post-2000 extreme warm events were observed over the Atlantic Arctic®** (Fig. 2b;
Supplementary Fig. 1a), a region without statistically significant SAT-AO relationships (Supplementary
Fig. 4a). Nevertheless, the positive AO from the 1980s to 1990s caused notablely larger warming and sea ice
decrease than before, which increased vulnerability of the Arctic climate system and could have
preconditioned the increased extremes post-2000.

While the AO is not directly connected to the post-2000 increase in Arctic extremes, the same cannot be said
for the Arctic Rapid change Pattern (ARP)®. The ARP is expressed as a monthly sea level pressure seesaw
between the Siberian high and the Aleutian low (Supplementary Fig. 4). The negative ARP is characterized
by a strengthened and northwestward-expanded Siberian High, an intensified Aleutian Low and a weakened
Beaufort High (Supplementary Fig. 3e). This pattern causes meridionally aligned wind blowing from the
North Atlantic or the North Pacific to the central Arctic that strongly influences SAT in the Atlantic Arctic
(Supplementary Fig. 4d) via steering atmospheric heat and moisture transport and oceanic heat transport™'*
(Supplementary Fig. 5); warm and moist airmass increases downward turbulent heat fluxes, cloud formation
and downward longwave radiation'**'*, contributing to SAT, precipitation and sea ice extremes. These ARP-
extreme connections are strengthened after winter 2001/2002, with the three record-breaking North Atlantic
Arctic winter extreme warm events (January 2006, Juanary-Feburary 2012 and January 2016) and the pan-
Arctic record-breaking sea ice minimum event (September 2007) coinciding with ARP index values that
exceed -/+1.5 standard deviations. A substantial shift toward extreme negative ARP post-2000
(Supplementary Fig. 4d)° could therefore have caused increased occurrence of warm SAT (and related)
extremes in the North Atlantic Arctic. The ARP itself is thought to be a consequence of the interplay between
anthropogenic forcing and internal variability from changing sea ice** (as well as amplified jet streams
through enhanced land-ocean thermal contrasts’”'%!), suggesting the importance of anthropogenically
intensified interactions between the climate system components. Anthropogenically changed sea ice, ocean,
and land conditions cause a formation of ARP and, in turn, the ARP feeds back to amplify the changes in the
underlying sea ice, ocean, and land to trigger extreme events.

Other modes of variability might also come into play. These include the Barents Sea Oscillation and Arctic
Dipole pattern'®'%, and teleconnections associated with the El Nino-Southern Oscillation'”"'°, Pacific
Decadal Oscillation''*!"" and Atlantic Multidecadal Oscillation''>™"*, The contributions of these modes to the
increased frequency of the rare extreme warm events are not as prominent as the ARP. The Barents Sea
Oscillation and Arctic Dipole pattern, for example, do not exhibit extreme values during extreme warm
events in the North Atlantic Arctic (Supplementary Table 1) as neither support enhanced atmospheric heat
and moisture transport and oceanic heat transport'"> from the North Atlantic or the North Pacific into the
Arctic. Tropical and extratropical teleconnections also cause the largest SAT anomalies over the sub-Arctic
and midlatitudes, but with limited atmospheric and oceanic heat transport directly affecting SAT in the
central Arctic, especially the observed extreme warm events in the North Atlantic Arctic, and poleward ocean
heat transport (Supplementary Figs. 6-8).

Troposphere-stratosphere interactions are a further driving force for atmospheric circulation anomalies and
and extreme events. Sea ice retreat and ocean warming can trigger upward planetary Rossby wave activity
flux that decelerates the polar jet stream and disrupts the stratospheric polar vortex''®. These processes can
cause Sudden Stratospheric Warming events and, in turn, weaken the stratospheric polar vortex’™. A
weakening trend of the stratospheric polar vortex has shown to be linked to an increased occurrence of
sudden stratospheric warming events from 1980-2016''7'*¥, The signals of the weakened stratospheric polar
vortex propagate downward to influence tropospheric and surface circulations, manifesting as the regime
transition of the AO and ARP from positive to negative®*>'". The changed circulations are linked to the
occurrence of blocking circulation patterns that drive Arctic heat waves, cold spells, extreme winds and



unprecedented polynyas. For exmaple, a rare extreme warm event in January-Feburary 2016 occurred when a
split stratospheric polar vortex occurred®; an unprecedented large polyanya in climatologically thick ice off
the north coast of Greenland from 14 Feburary-8 March 2018 due to anomalously warm southerly winds
associated with a sudden stratospheric warming event®’; an unprecendented winter anticyclonic winds driving
sea ice from the central Arctic to the warmer Beaufort Sea follwoing a sudden stratospheric warming event
beginning on 5 January 2021%*; and a cold extreme over Scandinavia after a sudden stratospheric warming
event in Feburary 2018'"?. Also, a shift of the stratospheric polar vortex to Greenland due to its weakening
since 1985/86 steers strong cyclones to propagate into the Arctic™, which is one of critical drivers triggering
Arctic extremes. Considering that the stratosphere evolves more slowly than the troposphere, the disturbed
stratospheric polar vortex can act as a source of predictability for major weather and climate events at lead
times longer than two weeks'?*'*!. In addition to the importance of stratosphere-troposhere interactions for
triggering individule Arctic extremes, an increase in the frequency of sudden stratospheric warming events
(Fig. 1 in ref''”) might augment evidence supporting the Arctic climate system state shift since the beginning
of the century.

While the modes of climate variability and stratosphere-troposphere interactions are key triggers of Arctic
extremes via modulating heat and moisture transport, large-scale ocean circulation variability could also be
important for driving poleward ocean heat transport. In the North Atlantic Arctic, heat transport can be linked
with the Atlantic Meridional Overturning Circulation (AMOC). Here, AMOC-related anomalies in ocean
temperature have been tracked all the way from the subpolar North Atlantic into the Barents Sea®*'?%!%,
However, observed enhanced ocean heat transport into the Arctic disagrees with an apparent weakening of
the AMOC'**!#* complicating understanding of AMOC connections to Arctic extremes. Nevertheless, the
coincidence of extreme ocean heat transport events with extreme SAT events [at 1-3 months lead; Fig. 2a
(right) vs. ¢ (right)] does demonstrate their importance in general.

These large-scale drivers are naturally coupled and act to precondition chain reaction of extremes occurrence
across the Arctic climate system through feedback processes once an extreme event occurs in one system
component. For example, atmospheric circulation changes cause enhanced wind stress from the North
Atlantic or North Pacific toward the central Arctic Ocean®*"3, dynamically forcing a increase in poleward
ocean currents, heat transport (Supplementary Figs. 9a, b)***?*"_ deeper layer warming®® and ocean mixing
increase®, leading to extreme ocean events. These processes, in turn, contribute to ocean feedbacks to the
overlying sea ice and atmosphere, preconditioning the occurrence and intensification of rapid sea ice loss or
extreme atmospheric warm events through increased upward heat flux. Similarly, large-scale sea ice loss also
initiates various feedbacks processes that drive sea ice, SAT or ocean extremes>* %127, For instance,
decreased ice cover and thickness reduces insulation effects, exposes more open water to direct atmospheric
and radiative forcing'?*'?, strengthens albedo feedbacks'®’, increases free ice drift'*!, and therefore enhances
atmosphere-ocean-sea ice interactions, all of which would then impact fall freeze-up®®'*, preconditioning
winter extremes to occur. Due to the chain reaction and strengthened feedbacks, the frequence of extremes
consistently occur and increase across the Arctic climate system components, resulting in a step change for
the system into a new state. These large-scale, systematic changes make the system more sensitive and
susceptible to external forcing and internal dynamic disturbances, preconditioning more extreme occurrences
subject to synoptic and mesoscale dynamic triggers.

[H3] Synoptic and mesoscale dynamics.

Synoptic and mesoscale weather systems can also trigger daily-scale extreme events. These systems include
cyclones, blocking highs, polar lows and atmospheric rivers. The occurrence and intensity of these systems is
predominantly preconditioned and driven by aforementioned large-scale atmosphere-ocean-sea ice system
processes. The shift of the large-scale baseline climate state can also systematically increase the frequence of
intense synoptic and mesoscale systems, contributing to increased likelihood of Arctic extremes.



Through their (thermos)dynamic processes'***” and related feedbacks with the underlying sea ice and

ocean'*"¥%13% cyclones are a dominant driver of Arctic extremes. Many such examples exist: in 2012, record
low summer sea ice extent'""'*’ is linked to a super cyclone in August; in 2016, extreme winter warm events
are linked to a cyclone in January’, and low summer sea ice extent to an intense cyclone in August
(Supplementary Fig. 10a, b)"*; in 2018, the unprecedented winter North Greenland polynya is linked to a
strong cyclone in late February and early March*’'**; and in 2022, weekly record sea ice loss in the Barents-
Kara Seas to a cyclone in January®?. Such strong summer cyclones are initially generated and intensified by
baroclinic instability, and then intenfied and maintained by the downward intrusion of the summer lower
Stratospheric Arctic Vortex'**!*>"14 (or the Tropopause Polar Vortex when presented at the tropopause'*®)
(Supplementary Fig. 10¢). An observed intensification of the Arctic lower tropospheric baroclinicity and the
strengthened summer lower stratospheric Arctic vortex®” have contributed to the long-term intensification of
Arctic cyclones*~*'*, Winter Arctic cyclones have also intensified, which are predominantly driven by
lower troposperhic baroclinic instability and a sourthward shifted winter planetary stratospheric polar vortex
to Greenland due to a weakening of the stratospheric polar vortex™.

Blocking highs can also tigger extreme events, describing stationary or slow-moving high pressure weather
systems. Owing to their stationary or slow-moving nature, blocking highs favor persistent gain or loss of heat
energy through radiative and meridional airmass transport processes. Winter Scandinavia/Ural blockings
increase poleward atmospheric heat transport, leading to extreme warm days in the North Atlantic Arctic
(Supplementary Fig. 10d)’>*’. Summer Greenland blockings, for instance, transport relatively warm air to
the western flank of the GrIS and form a heat dome over Greenland, causing extreme ice sheet surface
melt”*”*. Such processes are responsible for extreme GrIS melt events in summer 2012"° (Fig. 2f). Moreover,
an unusually persistent blocking high in summer 2019 caused exceptional peak warmth and melt at an
unusually late time in the melt season’®*'¥’. The frequency of summer Greenland blocking highs at the surface
and mid-troposphere has increased over time, suggesting an increased occurrence of extreme warm events
and resultant ice sheet surface melt that can accelerate the GrIS mass loss.

Synoptic scale cyclones or blocking highs (or their co-occurrence) can further enhance poleward moisture
transport, forming Arctic atmospheric rivers. Atmospheric rivers represent extremes in synoptic scale
atmospheric moisture transport. Accordingly, they dramatically increase atmospheric water content and
cloudiness, thereby initiating interactive processes—and extreme events—across the atmosphere, ocean and
sea ice” !4 148149:150 Atmospheric rivers have, thus, been implicated in several Arctic extremes, including: an
entire GrIS surface melt for the first time over a century in July 2012 (Supplementary Figs. 10e)"'; an
extreme sea ice extent loss events in August 2012 and July 2020"*?; an extreme winter warm event in
December 2015'%; and unprecedented rainfall at the GrIS Summit on 14 August 2021'". Physical processes
associated with atmosheric rivers include enhanced water vapor greenhose effect, cloud-forced downward
longwave radiation, and turbulent heat fluxes®**'>*. The frequency of winter atmospheric rivers into the
Barents-Kara Seas increased from 1979-2021 (Supplementary Figs. 10f)*>'>* perhaps contributing to the
increased probability of extremes in this area.

Intense mesoscale cyclones, polar lows, could also be linked to Arctic extremes. Polar lows occur in maritime
cold air outbreaks in higher latitudes, their lifetime typically ranging from a few hours to a couple of days'®’.
As their tracks are seldom poleward, their role in generating Arctic extremes is not comparable to synoptic-
scale weather systems. However, owing to their rapid intensification and large evaporation, polar lows

commonly bring gale force winds and extreme snowfall'>.

Like large-scale variability, these synoptic processes will also excite feedback processes that intensify
extreme events and precondition the system for further events. For instance, strong winds driven by the co-



occurrence of a cyclone and a blocking high can blow surface snow to the atmosphere, increasing floating
snow sublimation, atmospheric water vapor and low level clouds'*!. Furthemore, sea salt aerosols from
blowing snow increase longwave emissivity of clouds, enhancing downward longwave radiation to intensify
extreme warm events'>’. When this snow-blowing process is combined with a polynya, an increased thermal
contrast across the edge of the polynya, in turn, accentuates surface winds, enlarging the polynya or
maintaining it for a longer'*'. In addition to its enhancement to sea ice-albedo feedback, intense cyclones can
also intensify atmosphere-ocean-sea ice interactions through increasing upper ocean mixing, deeper layer
warm water upwelling, and, in turn, upperward oceanic heat flux. All of these changes decreases sea ice and
adds more heat energy to the atmosphere, fueling cyclone intensification'*'**. Further, cyclone-induced
increase in water vapor and atmosperhic rivers enhance water vapor-radaition and cloud-radiation feedbacks
initiated by large-scale processes.

Intense synoptic and mesoscale weather systems represent extremely intensified atmosperhic circulation
perturbation, adding additional strength to the dynamics trigger to initiate extreme events under and following
large-scale preconditioning effects. They substantially strengthen interactions and feedbacks between the
atmosphere, ocean, and sea ice. They strengthen atmospheric moisture transport, cloud-forcing feedback and
downward longwave radaiton, and increase ocean mixing, deeper ocean heat release, and turbulent heat
fluxes between the atmosphere, ocean, and sea ice. All of these works together to drive development and
sustaintance of extreme events.

Anthropogenic warming, large-scale coupled dynamics, and synoptic-mesoscale weather system synergically
form the ‘pushing and triggering’ mechanism. The long-term anthropogenc forcing destbilishes the Arctic
climate system to push it to become vulnerable. Radical changes in the large-scale atmospehric circualtion
and its interaction with the underlying ocean and sea ice triggered a mean climate state shift ~2000 and
increased occurrence of extreme clusters ~2005-2008 due to chain reaction and cascading effects across the
system components. The fommer two drivers also precondition increased frequency and intensity of synoptic
and mesoscale weather systems to trigger more extremes to occur.

[H1] Projections of Arctic extremes

Ongoing anthropogenic warming is expected in the future'**'>’. The baselines of Arctic Earth System
components are, therefore, set to be pushed even further beyond their natural limits'** %%, In such cases, a
new climate state emerges, triggering extreme events more easily under the ‘pushing’ effect (Fig. 3b). These
new climate states can be assessed using the Time of Emergence'®® (ToE)—the year when the decadal mean
of a selected climate variable or indicator exceeds its value in the reference decade by 2.0 standard
deviations.

Corresponding changes to extreme event drivers themselves also facilitate extremes. These include: a more
frequent occurrence of positive winter AO (or NAO)'®, favoring pan-Arctic warming’®®’; a more frequent
occurrence of the ARP and, in turn, extreme warm events in the North Atlantic Arctic atmosphere and
Atlantic water layer due to enhanced poleward heat and moisture transport’?; suspected increases in the
frequency, intensity and longevity of cyclones, albeit with uncertainty and regional dependence'*>"'%;
strengthened intensity of Arctic atmospheric rivers, especially in the summer'”; and a northward shift in
polar lows'”""'*, Like in observations, shifts in the likelihood of extremes can also be assessed by comparing
PDFs in historical and future climate model simulations.

Ongoing changes in Arctic extremes are now discussed, examining the ToE (Fig. 4) and extreme event
occurrence (Fig. 5) for SAT, precipitation, ocean temperure, sea ice extent and GrIS melt. Simulations and
projections with the Community Earth System Model (CESM) Large Ensemble Project (LENS)'”>, CMIP6'7®
and a coupled atmosphere-ocean-ice-sheet model'”’ are used. CESM-LENS is forced with RCP8.5 scenario



and all other models with SSP5-8.5 scenario to clearly identify and elucidate the effects of the projected
future greenhouse gas emissions forcing.

[H2] Atmosphere
[H3] Temperature

Large changes in Arctic SAT have already occurred and are expected to continue in the future. Indeed,
February SAT is already throught to be outside the range of historical variability across a large area of the
Arctic spanning the Canadian Archipelago to the East Siberian Sea, as suggested by a ToE of ~2025 (Fig. 4a,
left). Elsewhere, ToE occurs ~2040-2075 depending on the location (Fig. 4a, left). North of Svalbard, for
example, ToE is ~2070 (Fig. 4a, right), the delayed occurrence linked to high SAT variability related to the
sea ice edge. These patterns are pretty consistent across other winter months, although the ToE is later than
suggested by observations®’*%,

These shifts in the base variability of SAT make the system more susceptible to extreme events. The CMIP6
multi-model ensemble individates clear shifts in the probability distribution of winter SAT over the course of
the 21* century in the North Atlantic Arctic (Fig. 5a, left), where the frequency of observed extremes
significantly increased (Fig. 2). In particular, the mean state from 2069/70 -'2098/99 falls into the extreme
end of the distribution during 2014/15 - 2044/45, substantially increasing the probability of extreme warm
events. Indeed, when using the +1.5 standard devidation from 1984/85-2013/14 as the threshold for
identifying rare extreme warm events, the maximum probability of extreme occurrence considerably
increases from 6.7% during 1984/85-2013/14 to 23.55% in 2014/15-2044/45 and 79.3% in 2069/70-2098/99,
respectively (Fig. Sa, left; Table 1). The occurrence of individual rare extreme events (SAT anomaly >+2.0
standard deviation) in each of the models with a moving 20-year time window, therefore, intensifies with the
projected increase in global mean winter SAT, rising 3.07 °C °C"! (Fig. 5a, right). These reported increases
are consistent with other estimates, including suggestions that a 50-year return daily maximum warm event
during 2071 - 2100 is about 5.7°C (3.2 - 9.2°C) warmer than during 1985-2014 and a 50-year return daily
minimum cold event is 13.3°C warmer (9.6 - 17°C) under SSP5-8.5 (ref'”).

[H3] Precipitation

As in observations, changes in temperature are closely accompanied by changes in precipitation, both in
regards to the phase and the magnitude. For instance, warming causes seasonal phase changes from snow to
rain, with rain becoming the dominant precipitation type in the future Arctic'”'*, likely mainly driven by
intensified local evaporation from sea ice loss'®'. Such phase shifts reduce the length of the snow season.
Changes above natural variability emerge earliest in the central Arctic in ~2030 (Fig. 4b, left), associated
with a combination of a shortened snow season and extended rain season. ToE occurs later elsewhere in the
Arctic (~2030-2070) owing to the high SAT variability (Fig. 4a, left) that influences cloud phase
composition. Indeed, ToE of the first rain day in Svalbard is 2070 (Fig. 4b, right), consistent with the time
when SAT signals emerge (Fig. 4a, right). Rain-on-snow events, as observed on the GrIS and in
Svalbard'”", would thus be expected to increase in the future warming climate.

Accompanying new Arctic precipitation baselines are corresponding changes to the frequency and magnitude
of extremes. In the North Atlantic Arctic, the mean climate states shift towards greater variability and
increased precipitation (Fig. Sb, left), as also projected for seasonal-mean and annual-mean Arctic
precipitation'®"'®2, Specifically, the maximum probability of rare events identified during 1984/85-2013/14
using +1.5 standard deviation as the threshold increases from 6.7% to 17.3% during 2014/15-2044/45 and
55.8% during 2069/70-2098/99, recpectively (Table 1). The stronger the warming, the stronger precipitation
anomalies will be, increasing 0.18 mm d™' °C™' with the projected global mean winter SAT for extreme (>2
standard deviation) monthly precipitation anomalies (Fig. Sb, right). Likewise, annual maximum one-day



precipitation and 5 consecutive precipitation is projected to be 39.5% (26.9 -54.6%) and 36.6% (22.3-57.8%)
more intense in the future, respectively'’®.

[H3] Wind

Arctic extreme surface winds are also projected to increase in the future. Any such changes are related to
reduced surface roughness from sea ice loss, lower tropospheric stability from enhanced surface warming,
and intensified cyclone activity'**'®*, Extreme 6-hourly surface winds (>95™ percentile) could increase up to
100%, by 2071-2100 relative to 1971-2100 under RCP8.5 scenario'®*. The largest increases occur in autumn
and winter over open water areas. Increased wind speeds over open water (in conjunction with sea ice loss),
would consequently enhance ocean wave extremes. Indeed, in response to autumn cyclones, offshore annual
maximum significant wave height increases up to 6 meters in 2081-2100 relative to 1975-2005 under
RCP8.5, representing wave heights that are 2-3 times those of the base period'®*'*¢. The maximum increases
occur in the open ocean, including northern portions of the Chukchi and Beaufort seas.

[H2] Ocean

Anthropogenic signals in Arctic summer SST occur much earlier than SAT and precipitation. A new decadal
mean climate state emerged as early as the 1990s over the Eurasian Arctic Ocean as indicated by ToE (Fig.
4c, left), but slightly later (~2012) north of Svalbard because of the large fluctuations of thicker sea ice
outflow through Fram Strait (Fig. 4¢, right). In the rest of the central Arctic, ToE appears ~2050 except the
perennial sea ice covered area (white color shadding), but all more southerly locations, including the Nordic
Seas and Barents Sea, are expected to have shifted to a new state by ~2030 (Fig. 4c, left). In relation to other
variables, these signals emerge earlier because of substantial sea ice retreat and resultant enhancement of
albedo feedback, consistent with the larger changes of SST in the observations from 1982-2023
(Supplementary Fig. 2¢,d). Because changesin SST is critically influenced by sea ice and there is a lack of
albedo feedback during winter months, the state change of winter SST would be much later than summer.

As for other variables, new emergent ocean states translate to marked shifts in the PDF. Consistent with the
much earlier occurrence of summer SST ToE, the upper ocean mixed layer temperautre shows pronounced
shifts of its mean state, indicating an increase in the probability of rare extreme events (Supplementary Fig.
11a). With the same threshold of +1.5 standard deviation based on 1985-2014, the maximum probability of
rare extreme occurrence increases from 6.7% to 28.5% for 2015-2044 and 83.2% for 2070-2099, respectively
(Table 1). The temperautre anomaly of summer extreme events (>+1.5 standard deviation) increases with the
projected global mean summer SAT anomaly at a rate of 0.98 °C °C”'(Supplementary Fig. 11b). At the end
of the 21* century, the temperautre anomaly relative to the climatological baseline likely increased ~4.5°C.
This is comparable with the an estimate of ~3°C for the entire Arctic Ocean and ~4°C for the Barents Sea
using SST'¥,

For winter Atlantic layer temperature, for example, substantial changes are also evident (Fig. Sc, left),
although the changes in this deeper layer is predominantly driven by the North Atlantic water inflow. The
PDF distribution clearly shifts toward a higher temperautre with time. In particular, the mean state in the later
period falls into the extreme end of preceding period, suggesting a siginicant increase in the likelihood of rare
exteme event occurrence. Another interesting feature of the PDF shift is a really narrow distribution during
2014/15-2044/45 and a considerable broadening of the distribution with time in the future periods. This
indicates small variability of and high consistence across the simulated Atlantic layer temperautres for the
historical time. However, the variability and model uncertainties dramatically increase in the future
projections. This dramatic increases might suggest that the Atlantic layer becomes unstable in a warming
climate and the Arctic ocean circualtion is a grand challenge in model simulations. According to the PDFs



and following the same threshold of +1.5 standard deviation, the maximum probability of extremes increases
from 6.7% to 18.3% during 2014/15-2044/45 and 75.4% during 2069/70-2098/99, respectively (Table 1).
The temperautre anomaly of extreme warm events increases with the projected future gloable warming at
0.63°C °C’! (Fig. 5¢, right), suggesting an intensification of the extremes with the temperature anomaly
reaching ~3.0°C at the end of the 21* century.

[H2] Cryosphere
[H3] Sea ice extent

New decadal mean climate states have also consistently emerged for September sea ice concentration.
September sea ice exhibits ToE spanning 1990-2010, with the earliest emergence occurring in the Eurasian
Arctic (Fig. 4d, left). The much earlier occurrence of the sea ice ToE than SAT can be ascribed to enahnced
albedo feedback along with the anthprogenically thinned ice. Like SST (Fig. 4¢), the slightly later ToE north
of Svalbard (~2015) occurs because of variability in ice transport through Fram Strait.

The existing transition into a new sea ice state increases the likelihood of future rapid sea ice loss events or
extremes. One such change is an ice-free Arctic, considered an unprecedented extreme climate event
completely out of the range of the historical records. In September, an ice-free Arctic could occur as early as
the mid 21% century under all emissions scenarios'®"'>!%8-1% Therefore, the PDF analysis only covers 1985-
2014 and 2015-2044. The same as SAT and ocean temeprautres, the mean state of sea ice extent loss during
the latter period falls into the extreme end of the former period (Fig. 5d, left), indicating a considerable
increase in the likelihood of rare extreme event occurrence. Speciffically, the maximum probability with the
threshold of -1.5 standard deviation for the earlier period increases from 6.7% to 50.7% for the latter period
(Table 1). The extreme sea ice extent loss events (<-1.5 standard deviation) intensify with the projected
global mean summer SAT at a rate of -2.26 x 10° km?* °C™" (Fig. 5d, right), so that the extremely low sea ice
extent from its historical maximum ( ~10.6 x 10° km* from multimodel mean) reaches -10.0 x 10° km? in the
mid century, indicating an ice-free Arctic at this time. This time is consistent with the projections results of
mean sea ice extent changes other studies'®"'>"¥%!%0 Winter ice-free conditions are likely to appear by the
late 21* century under the highest emissions scenarios'”"'%2.

[H3] Greenland Ice Sheet melt

Consistent with other variables across the Arctic climate system, annual GrIS melt rate anomaly also shows a
climate state shift. The PDF distributions move toward a larger melt rarte with time (Fig. Se, left). One
pronounced change is that the distribution during 2070-2099 is almost completely out of the range of the
distribution during 1985-2014 and 2015-2044. This indicates that all rare extreme GrIS melt events before the
mid century will likely become normal at the end of the century. Specifically, the maximum probability of
rare melt events identified using the threshold of +1.5 standard deviation based on 1985-2014 increases from
6.7% to 57.2% during 2015-2044 and 100% during 2070-2099 (Table 1). All individual extreme melt events
((>+1.5 standard deviation) intensifies with the projected increase of global mean SAT (Fig. Se, right). The
average melt rate anomaly of extreme events increases at a rate of 0.19 m year™ °C”, leading to a melt rate
anomaly of 1.75 m year™ at the end of the century.

[H1] Summary and future perspectives

Weather and climate extremes have systematically occurred across the Arctic climate system. Since ~2000,
these events are occurring more frequently with increased amplitude. Indeed, the mean of Arctic SAT,
precipitation, poleward ocean heat transport, ocean teamperature, sea ice extent and GrIS melt have all
exhibited substantial shifts pre- and post-2000, with a corresponding change in the probability of rare



extremes. For instance, when using the +/-1.5 standard deviation based on the the period pre-2000 as the
threshod to identify rare extreme events, the maximum probability of extreme variables across the Arctic
climate system (including SAT, precipitation, Atlantic ocean heat transport, Atlantic layer temperature, upper
ocean mixed layer temperautre, SST, sea ice extent loss from historical maximum, and GrIS melt extent)
increase from ~6.7% pre-2000 to ~11.0% - 90.2% post-2000. This suggests that rare, low probability extreme
events in some climate system components became high probability events post-2000. The occurrence of
these Arctic extremes (and their step change ~2000) is related to pushing and triggering effects from
multiscale and interactive processes. Long-term Arctic Amplification (and related thermodynamic effects)
increase the vulnerability of the Arctic climate system to external forcing and internal perturbation, ‘pushing’
the system to approach a threshold or a tipping point®’®*!**_ Under the more vulnerable climate state,
internal variability or externally-modulated internal variability can act as dynamical drivers to ‘trigger” step
changes of the climate to a new state with substantially increased frequency and intensity of extremes. Such
pushing and triggering will continue into future with ongoing warming, and as such, Arctic extremes are set
to further increase in frequency and amplitude. For instance, following the defined threshold of the +/-1.5
standard deviation from historical simulations, the maximum probability of projected extreme variables
(including SAT, precipitation, Atlantic layer temperautre, upper ocean mixed layer temperautre, sea ice
extent loss, and GrlS melt rate) increases from ~6.7% to ~17.3% - 57.2% in the mid century and to ~44.2% -
100.0% at the end of the century. Historically rare extreme events will likely be no longer rare.

Although progress has been made in understanding the characteristics and driving mechanisms of Arctic
weather and climate extremes, research on this topic is in its infancy. Part of the challenge in synthesizing
understanding of Arctic extremes is linked to different selection criteria used across research, for example
thresholds of a certain magnitude or percentiles'**'** or metrics of extreme intensity, duration or frequency.
Therefore, an urgent priority should be to develop physically-based metrics that objectively and consistently
define extremes'*®, focusing on four groups: mean climate state shift; unprecedented events; rare low
probability events; and unusually high impact events. Categorizing extremes into the four groups facilitate
standardizing metrics for consistently identifying extreme events in each group considering the differences of
temporal and spatial scales and driving mechanimes across the groups. For exmaple, mean climate state shift
is a large scale event and can occur abruptly, which is well grounded on nonlinear dynamical systems’'.
Although several studies have postulated Arctic tipping elements and a possible shift of the Arctic climate to
a new state®’38193197 ‘these studies have also raised questions about difficulties to objectively and accurately
identify the tipping point and to define time scales of reversibility. These require innovative statistical or
physical approaches to resolve based on improved understanding about nonlinear system. Similarly, other
three groups of extremes also have distinct statistical and physical characteristics, respectively. With such
consistent and physically-based metrics, systematic analayis of Arctic extremes can be achieved to identify
common and essential climate features and driving mechanisms specific for each group alongside the typical
case study approach utilized now.

The common challenge in furthering understanding across all four of these groups is the short and spatially
sparse observational record. These limited observations offer limited case studies of extreme events and
hinder establishing accurate and solid baseline climatology, which provides critical references for defining
extreme events. Accordingly, it is crucial to develop a sustainable, high-resolution observational network as a
basis for building a long-time database. Considering the harsh environment and limited accessibility in the
Arctic, coordinated and systematic field observations (for example, carefully designed observational network
through coordinating multi-country research vessels for capturing 3-dimensional picutre of the climate state
from the deep ocean to the stratosphere) and new technologies (for example, improving satellite sensors to
have high-resolution vertical profiles of atmospehric strucutre; improving data assimilation methods for
effectively exploiting all possible observations from different sources) would be useful in this regard, with
the latter specifically focused on fully coupled processes (for example, stratosphere impacts on cyclone
genesis and development; deeper ocean heat release to sea ice and the atmosphere). Use of novel machine



learning and artificial intelligence methodologies also hold promise. These could be used to construct a
database of Arctic extremes with increased spatio-temporal resolution, perhaps including reconstructed Arctic
daily SATs and year-round sea ice thickness*'*®. New reanalysis datasets, for example the Copernicus Arctic
Regional Reanalysis at 2.5 km resolution'?**” should also be assessed. While observations are integral for
improved understanding, continually increasing high-resolution capability of Earth system models to
realistically simulate multiscale Arctic processes is also necessary. Key priorities should be improving
representation of stratospheric dynamics and high resolution ocean processes to realistically capture winter
stratospheric polar vortex/summer lower stratospheric Arctic vortex, synergetic or competing effects between
Arctic and lower latitude forcings, Atlantic and Pacific warm water inflow, ocean mixing and turbulent
oceanic heat flux, AMOC and subpolar ocean gyres.

In addition to metric and data challenges, unanswered questions, uncertainties, debates and knowledge gaps
persist. Many of these scientific unknowns relate to multiscale dynamic triggering processes in the context of
long-term warming. For instance, although there is a clear association between Arctic extremes and SSWs’*,
it is unknown whether the increasing trend of SSWs during 1980-2016 resulted from greenhouse gas forcing
or natural Variabilityzm. Hence, it is unknown how these connections will evolve in the future, as evidenced
by widely diverging SSW projections related to model errors*. An going effort to employ improved
representation of the stratosphere in the Earth system models (for exmaple, the Whole Atmosphere
Community Climate Model at NCAR**®) to conduct large emsemble simulations and projections would be a
way forward for reducing the uncertainties. In addition, the disagreement between the observed
intensification of North Atlantic Ocean heat transport into the Arctic and the observed and projected
weakening of AMOC raises challenging questions about what ocean processes drive the North Atlantic ocean
heat transport into the Arctic?®'*+!2>2 The pulses of intense heat transport itself and resultant Atlantic layer
temperautre anomalies can be extreme events, which might also precondition extreme sea ice loss and
atmosphere and marine heatwave events. Therefore, a sustained, high resolution observations on vertical
structures of ocean properties in the North Atlantic and Nordics Seas would facilitate solving the problem.

Problems also exist in detecting and understanding synoptic and mesoscale drivers and processes. Cyclones
are a key synoptic drivers of Arctic extremes, yet their long-term changes with warming are uncertain owing
to sensitivities to cyclone identification and tracking algorithms, analysis metrics characterizing cyclone
activity, datasets, models and time periods'®>'¢"?92"7  Another emerging question is why anomalously
intense and long-lasting cyclones have occurred more frequently during summer since the beginning of this
century'* 4142714 Although S-SAV/TPV intensifies and increases the persistence of summer cyclones'** %,
the generation of S-SAV and its coupling with cyclones are not well understood. Increase in model
resolutions helps better capture finer-scale processes, but seems not able to completely solve the problems®*.
Optimization of cyclone tracking algorithms through intercomaprisons, development of intergrative cyclone
activity metrics, temporally and spatially well covered vertical structure observations of the whole
atmosphere, and improved stratosphere representation in models would help reduce uncertainties and enhance
a robust understanding of cyclone changes.

Inconsistencies and debate have also arisen about cyclone impacts on sea ice and the ocean, as well as their
feedbacks. Composite or regional aggregation analyses, for instance, raise debate about relative roles of
cyclone-driven dynamic and thermodynamic effects on sea ice changes and the dependence of these effects
on regions and seasons®**"?%2!! ‘because of highly seasonally and regionally-dependent radiation and ocean
conditions in response to cyclones. Long-term changes in sea ice and ocean might also have altered large-
scale driving mechanisms of cyclones to intensify cyclone activity'**'*2'3, while cyclones might also
feedback to further the changes in the sea ice and ocean'**'*, yet these feedback processes are not well
understood. To solve these problems, comprehensive observations from the Atlantic and Pacific warm water
layers of the ocean to sea ice and atmosphere during cyclone processes in different season and region are an
imperative need. Improvement of model physics for realistically solving high-resolution coupling processes,
including ocean mixing and turbulent fluxes across atmosphere, ocean, and sea ice interfaces, are critical.

The long-term warming has gradually changed characteristics of Arctic earth system and influence human
activities. However, it is the weather and climate extremes that exert immediate and strong impacts, either



hazardous or beneficial, on daily life, societies, economics, and ecosystems?'>*'° >/’ These impacts can be
amplified in the new Arctic climate state. Accordingly, there is a need to evaluate and quantify the social,
economic and ecosystem impacts of extremes through engagement of social science community, policy-
decision makers, and the the general public and intergaration of social impact module with the natural
compoennts of Earth system models. Relatedly, prediction and predictability assessments for improving
prediction skills, especially at subseasonal-to-seasonal scales, have arguably been the weakest element of the
Arctic extremes research®'®. Thus, it would be a critical step forward to identify long-leading precursors and
preconditioners through improved understanding of the multiscale, interactive “pushing and triggering”
mechanisms by solving the problems discussed in this review.
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Figure 1. Weather and climate extremes in the Arctic. Select examples of extreme events in the Arctic
climate system, including their drivers and impacts. Increased extreme events have been observed across the
Arctic region in the atmosphere, ocean and cryosphere since ~2000, with impacts that extend across physical,
ecological and social systems.

Figure 2. Observed changes in Arctic extreme events. a, The probability density function (PDF)
distributions of winter (December - February) daily surface air temperature®'’ (SAT) over the North Atlantic
Arctic (75°N - 90°N, 0 - 90°E) in 1979/80 - 1999/2000 and 2000/01 - 2023/24 (left). The corresponding
timeseries of winter SAT (right), including specific extreme events (labelled circles) and the linear trend
(dashed line), as quantified in the box. Lighter and darker colors highlight the periods before and after the
turn of the 21* century, respectively. The three layers of shading represent +£0.5, +1.0 and +1.5 standard
deviations. b, as in a but for winter precipitation?"” in the North Atlantic Arctic (75°N = 90°N, 0 - 90°E). ¢, As
in panel a, but for winter (October - March) poleward North Atlantic oceanic heat transport*®into the Arctic
Ocean and Nordic Seas, with PDFs comparing 1993/94 - 1999/2000 and 2000/01 - 2016/17. d, as in panel a
but for winter (October - March) Atlantic water layer temperature?® within the central Arctic, with PDFs
comparing 1979/80 - 1999/2000 and 2000/21 - 2022/23. Atlantic water layer temperature is calculated as the
thickness-weighted vertical average between 200 - 600 m) north of 70°N. e, As in panel a, but for September
sea ice extent relative to its maximum®, with the PDFs comparing 1979 - 1999 and 2000 - 2023. Sea ice
extent relative to its maximum is chosen to indicate maximum sea ice extent loss, with the maximum value is
identified over 1979 - 1999. f, As in panel a, but for summer maximum Greenland Ice Sheet melt extent®*!,
with the PDFs comparing 1979 - 1999 and 2000 - 2023. An increase in the frequency of Arctic weather and
climate extremes exceeding +1.0 o of their historical variability have coherently occurred across the Arctic
climate system.

Figure 3. The ‘pushing and triggering’ mechanisms. a, Schematic representation of the mechanisms
driving extreme Arctic events in the present day, including the mean climate state shift ~2000. Pushing
mechanisms describe anthropogenic warming effects destabilizing the Arctic climate system to become more
vulnerable (bold face text), and triggering mechanisms indicate the role of multi-scale atmosphere, ocean, and
sea ice dynamics in initating and driving extreme events (normal text); see also Supplementary Figure 12. b,
as in panel a but for the projected future. Anthropogenic warming and nonlinear atmosphere, ocean and sea
ice dynamics have ‘pushing and triggering’ roles that increase the frequency of Arctic weather and climate
extremes.

Figure 4. Projected Time of Emergence in the Arctic. a, Time of Emergence (ToE) for February surface
air temperature (left), and at a selected point north of Svalbard (right; black dot on the left map). ToE is
defined as the year when the model ensemble mean (blue solid line) crosses the +2.0 standard deviation (red
solid line) from the baseline climate state in 1920-1929. Data are from the Community Earth System Model
version 1 Large Ensemble (CESM-LE)'”, under RCP8.5 scenario. b, As in panel a, but for the length of
annual snow season (left), and the first day of annual rain season north of Svalbard (right). ¢, As in panel a,
but for August sea surface temperature. d, As in panel a, but for September sea ice concentration. Extreme
shifts have occurred, or can soon expect to occur, in the state of the Arctic climate system largely beyond
what the baseline climate variability explains.

Figure 5. Projected future changes in Arctic extremes. a, Simulated probability density function (PDF)
distributions of winter (December - February) daily surface air temperature (SAT) anomaly over the North
Atlantic Arctic (75°N - 90°N; 0 - 90°E) in 1984/85 - 2013/14, 2014/15 - 2044/45 and 2069/70 - 2098/99
(left). Changes in North Atlantic Arctic extreme warm events (SAT anomaly exceeding a threshold of +2.0
standard deviation) with global mean SAT increase. Data are from CMIP6 multi-model projections' "™



(Supplementary Table 2), with only one ensemble member chosen from each model to reduce
interconnections between model projections. b, As in panel a, but for winter precipitation over the North
Atlantic Arctic (left), and changes in extreme precipitation events (precipitation anomaly exceeding a
threshold of +2.0 standard deviation) with the global mean SAT increase (right). ¢, As in panel a, but for
winter (October — March) Atlantic water layer ocean temperature in the central Arctic (70°N — 90°N; left),
and changes in winter Atlantic water layer extreme warm events (ocean temperature anomaly exceeding a
threshold of +1.5 standard deviation) with global mean SAT increase (right). Atlantic water layer temperature
is calculated as thickness-weighted anomalies between 200 — 600 m. d, As in panel a, but for September
monthly sea ice extent relative to the 1985-2014 maximum (left), and changes in extreme September sea ice
extent loss (anomalies exceeding a threshold of +1.5 standard deviation) with global mean SAT increase
(right). Given a projected ice-free Arctic Ocean after the mid 21* century, the PDF analysis does not cover
the time period from 2070 — 2099. e, As in panel a, but for annual Greenland Ice Sheet surface melt rate
anomaly'”’, with PDFs calculated over 1985 — 2014, 2015 — 2045 and 2070 — 2099 (left); and changes in
extreme Greenland Ice Sheet surface melt rate events'’’ (surface melt rate anomaly exceeding a threshold of
+1.5 standard deviation) with global mean SAT increase (right). The extreme events are identified using a
moving 20-year time window with an interval of 5-year between two windows. Arctic weather and climate
extremes are projected to occur more frequently and with greater magnitude in the future.

Box 1 | Antarctic weather and climate extremes
At the circumpolar scale, the Antarctic climate system has experience less dramatic changes compared to the

Arctic. However, regional weather and climate extremes have been prominent in the Antarctic**.

The record-lowest 2-m air temperature observed in the Antarctic dates back to 21 July 1983, when -89.2°C
was observed at the Vostok station in East Antarctica. Due to the sparsity of observations, it does not
necessarily represent the coldest weather event in Antarctica. Satellite thermal infrared mapping has revealed
snow surface temperatures of approximately -98°C in several small topographic basins in high-elevation East
Antarctica during winters of 2004-2016%*. These were estimated to correspond to 2-m air temperatures of
approximately -94°C. The warmest 2-m air temperature ever observed in the Antarctic continent, 18.3°C,
occurred at the Argentinian Esperanza station on the northern tip of the Antarctic Peninsula on 6 February
2020. The event was associated with anticyclonic circulation bringing a warm, moist air mass from the
Pacific Ocean to the Antarctic Peninsula, and a strong Foehn downslope of the Peninsula mountains made the
downslope flow record warm®*, An extreme heatwave occurred over East Antarctica on 15-19 March 2022.
Widespread warm anomalies reached 30-45°C, driven by an extremely intense atmospheric river*>2%, It
transported heat and moisture from the sea south of Australia far to the high plateau of East Antarctica. In
addition to extreme temperatures, atmospheric rivers are often responsible for extreme precipitation events in

coastal regions of Antarctica’?’. Such events have become more common and more intense?**.

A prominent climate extreme was the sudden decline of Antarctic sea-ice extent in late 2016, after three
decades of increase. The decline was preconditioned by warming of surface waters and thinning of sea ice in
the Southern Ocean, and occurred due to extreme atmosphere-ocean anomalies in the eastern tropical Indian
and far-western Pacific Oceans®’. These anomalies triggered atmospheric planetary wave trains that
propagated to the Antarctic, generated wind anomalies, changed the sea-ice patterns, and reversed the
hemispheric sea-ice extent trend. A related climate extreme was the return of the Weddell Polynya in 2016
and 2017%°. Later, in February 2022, the sea ice extent dropped to lowest ever observed during the satellite-

era since 1978. Negative sea ice anomalies occurred in all sectors of the Southern Ocean®'.

Perhaps the most dramatic Antarctic climate extremes have been the collapses of the Larsen A, Larsen B, and
Wilkins ice shelves in the Antarctic Peninsula®***, Collapses of ice shelves have often accelerated the
downslope flow of the upstream glaciers>®, contributing to the global sea level rise.
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Nov 2018

Drivers: An increased poleward North Pacific
Ocean heat transport driven by southerly winds.
Impacts: Delayed sea ice formation, northward
migration of fish species, and shifts in primary
production patterns from ice-associated to open-

Septs of 2007, 2012, 2016, 2020

Drivers: Enhanced large-scale poleward
atmospheric heat transport, and increased
ocean-to-ice heat flux due to intense cyclones.

Impacts: Loss of habitat for ice-dependent
species, and increased vulnerability of coastal
line to erosion by ocean waves.

Winters of 2006, 2008, 2009

Drivers: Enhanced poleward Atlantic warm
water inflow.

Impacts: Biodiversity shifts due to migration of
boreal species into the Arctic, fish community
changes due to warmer waters, and potential

sea phytoplankton blooms. further effects on the Arctic marine food web.

Feb 2018

Drivers: Strong winds and an enhanced heat
transport associated with a co-occurrence of an
intense cyclone and an intense anticyclone.
Impacts: Enhanced air-sea heat fluxes due to
open water, and potential increase in food source
for polar bears in the region.

Jan 2006, Feb 2012, Dec 2015-Jan 2016

Drivers: Enhanced poleward atmospheric heat
and moisture transport and intense cyclones.
Impacts: Suppressed sea ice production leading
to faster sea ice loss in the following summers,
and northward migration of fish and plankton
species with an impacts on marine food web.

Arctic N .
Ocean & Russia

Atlantic
Ocean

Summers of 2007, 2012, 2019, 2022
Drivers: Enhanced large-scale poleward heat
transport, blocking high, intense cyclones, and
resulting atmospheric rivers.

Impacts: Increased lubrication of basal ice to
accelerate ice motion towards terminus, and
increased runoff and mass loss from the GrlS.

Jan 2012, Jan 2018

Drivers: Enhanced poleward atmospheric
moisture transport and intense cyclones.
Impacts: Increase in stresses on local
ecosystems including mortality due to reduction
in insulative nature of fur, and impacts on local
permafrost and infrastructure.

Oct 2005, Nov 2011, Dec 2018

Drivers: Enhanced wind stress associated with a
meridionally-transformed atmospheric circulation.

Impacts: Biodiversity shifts due to migration of
boreal species into the Arctic, fish community
changes due to warmer waters; and potential
further effects on the Arctic marine food web.

Figure 1. Summary of selected striking Arctic rare weather and climate extremes and impacts. Striking
rare weather and climate extreme events have consistently and systematically occurred across the Arctic
climate system from the atmosphere to the ocean and cryosphere since the beginning of the 21* century.
Their occurrence spans the whole Arctic region from the North Atlantic Arctic to the North Pacific Arctic and
Greenland. Impacts are not only limited within one climate system component in which extreme events
occur, but also on other components and Arctic ecosystem, permafrost, and infrastructures, which have
significant implications for economy and society. [Striking and highly impactful rare weather and climate
extremes have been observed in the Arctic climate system].
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Figure 2. Observed changes in rare extreme events across the Arctic climate system components. a | The
probability density function (PDF) distributions of winter (December - February) daily surface air
temperature (SAT) over the North Atlantic Arctic (75°N - 90°N, 0 - 90°E) for the time periods of 1979/80 -
1999/2000 and 2000/01 - 2023/24. b | The time series of the winter (December - February) monthly mean
SAT from 1979/80 - 2023/24. ¢ | The same as a, but for precipitation. d | The same as b, but for precipitation.
The North Atlantic Arctic is chosen in panels a - d because rare extreme warm and heavy precipitation events
have more frequently occurred in this area from the observations. Datasets employed in the analysis shown
by a - d are from the fifth generation of the European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis (ERAS5)**. e | The PDF distributions of winter (October - March)
poleward North Atlantic oceanic heat transport into the Arctic Ocean and Nordic Seas for the time periods of
1993/94 - 1999/2000 and 2000/01 - 2016/17. f| The time series of winter poleward North Atlantic oceanic
heat transport into the Arctic Ocean and Nordic Seas from 1993/94 - 2016/17. The data used in e and f are
from ref 53. g | The PDF distributions of winter (October - March) Atlantic water layer temperature
(thickness-weighted vertical average between 200 - 600 m) within the central Arctic (north of 70°N) for the
time periods of 1979/80 - 1999/2000 and 2000/21 - 2022/23. h | The time series of winter Atlantic water layer
temperature form 1979/80 - 2022/23. i | The same as g, but for summer (July - September) upper ocean mixed
layer temperature (thickness-weighted vertical average between 0 - 50 m) for the time periods of 1979 - 1999
and 2000 - 2023. j | The same as h, but for the summer upper ocean mixed layer temperature from 1979 -
2023. Three-dimensional ocean temperature data are from ref 57. k | The PDF distributions of summer (July -
September) area-weighted sea surface temperature (SST) in the summer open water and marginal ice zone
area (70°N - 90°N) for the time periods of 1982 - 1999 and 2000 - 2023. 1 | The time series of summer area-
weighted SST in the summer open water and marginal ice zone area from 1982 - 2023. The SST data in k and
1 are from https://www.ncei.noaa.gov/products/optimum-interpolation-sst***. m | The PDF distributions of
September sea ice extent relative to its maximum for the time periods of 1979 - 1999 and 2000 - 2023. n |
The time series of September sea ice extent relative to its maximum from 1979 - 2023. The sea ice extent
relative to its maximum is chosen to clearly delineate sea ice extent loss. The maximum value is identified
from the data during 1979 - 1999. The sea ice extent in m and n is derived from the sea ice concentration (>
15%) dataset’™. o | The PDF distributions of the summer (May - October) seasonal maximum of monthly
Greenland Icesheet melt extent for the time periods of 1979 - 1999 and 2000 - 2023. p | The time series of the
summer seasonal maximum of monthly Greenland Icesheet melt extent form 1979 - 2023. Data analyzed in o
and p are from the National Snow & Ice Data Center (https://nsidc.org/greenland-today/greenland-surface-
melt-extent-interactive-chart/; reproduced from ref >*°). In the time series panels, the straight dashed lines
indicate linear trends. The three layers of shading represent the ranges of climate fluctuation from +1.0 to
+1.5 o throughout the analysis periods. The threshold of 1.0 ¢ is highlighted by horizontal dashed lines. A
number of months or years are marked showing the times when selected striking rare extreme events occur in
each panel of time series. Light colors and deep colors are used in the lines of time series to highlight the
periods before and after the turn of the 21* century, respectively. A coherent increase in the frequency and
intensity of extreme events since the beginning of the 21* century can be clearly seen across the time series
panels. [An increase in the frequency of Arctic weather and climate extremes that exceed at least +1.0 o of
their historical variability have coherently occurred across the Arctic climate system components since the
turn of the 21% century].
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Figure 3. Schematics showing multiscale “pushing and triggering” mechanisms driving the occurrence
of extremes across the Arctic climate system. a | For present-day: The increased greenhouse gas emissions
forcing plays a “pushing” role in elevating the baselines of the Arctic climate system, characterized by an
increase in atmosphere, ocean, sea ice, and Greenland ice sheet temperatures, which correspondingly result in



a shrunken sea ice extent, thinned sea ice thickness, and reduced Greenland ice sheet mass (denoted by bold
fonts). Meanwhile, key large-scale and synoptic-/meso-scale atmospheric, ocean, and sea ice dynamic and
thermodynamic processes play a “triggering” role in driving the occurrence of Arctic extremes. These
processes not only take effect within each component of the Arctic climate system and across the Arctic
atmosphere-ocean-sea ice interfaces, but also link the Arctic to the lower-latitudes. Specially, the
stratospheric polar vortex weakens and shifts southward, the jet stream waves are amplified, and the large-
scale atmospheric circulation is meridionally transformed, enhancing poleward heat and moisture transport
into the Arctic; cyclone and blocking high activity intensifies, increasing the occurrence of atmospheric
rivers; cloud-forced downward longwave radiation increases due to an enhanced poleward moisture transport
and increased atmospheric rivers; poleward North Atlantic and North Pacific warm water inflows intensify by
the meridionally-aligned atmospheric circulation; ocean mixing in the upper ocean mixed layer and Ekman
upwelling of deeper layer warm water increase due to intensified cyclone activity; and sea ice-albedo
feedback is enhanced as a consequence of declining sea ice. A more complete, interpretative diagram can be
found in Supplementary Fig. S10, delineating how the multiscale atmosphere, ocean, sea ice processes and
their interactive and feedback processes work together to synergistically drive the occurrence of Arctic
extremes. b | The same as a, but for the projected future: The projected greenhouse gas emissions forcing is
increased to a higher level than present-day, which “pushes” the Arctic climate system to a further warmed
state and strengthens the “triggering” roles of the changed atmosphere, ocean, and sea ice processes and
feedbacks in the occurrence of Arctic extremes. [Global warming and nonlinear atmosphere, ocean, and sea
ice dynamics play “pushing and triggering” roles in driving the increased frequency of occurrence of Arctic
weather and climate extremes].
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Figure 4. Projected Time of Emergence in the Arctic. a | Time of Emergence (ToE) for February SAT
over the Arctic (left) and at a selected point north of Svalbard (right; black dot on the left map). b | The same
as a, but for the length of annual snow season (left) and the first day of annual rain season (right). ¢ | The
same as a, but for August sea surface temperature (SST). d | The same as a, but for September sea ice
concentration. The ToE is defined as the year when the model ensemble mean (blue solid line) crosses the
+2.0 standard deviation (red solid lines) from the baseline climate state. The baseline climate state is the
mean climate state during 1920 - 1929. The year of ToE for all variables is shown by the dashed back line in
the time series panels on the right. All data are from the Community Earth System Model version 1 Large
Ensemble (CESM-LE)*”. The projected ToE represents an extreme change of a projected climate state
surpassing the 2.0 standard deviation range of the baseline climate variability. [An extreme shift can occur
in the state of the Arctic climate system largely beyond what the baseline climate variability explains].
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Figure 5. Projected future changes in Arctic extremes. a | The probability density function (PDF)
distributions of winter (December - February) daily surface air temperature (SAT) anomaly over the North
Atlantic Arctic (75°N - 90°N; 0 - 90°E) for the three 30-year time periods of 1984/85 - 2013/14, 2014/15 -
2044/45, and 2069/70 - 2098/99. b | Changes of extreme warm events (SAT anomaly exceeding a threshold
of +2.0 standard deviation) with the global mean SAT increase. ¢ | The same as a, but for precipitation. d |
The same as b, but for precipitation. e | The PDF distributions of summer (July - September) monthly upper
ocean mixed layer temperature (thickness-weighted between 0 - 50 m) anomaly in the central Arctic (70°N —
90°N) for the three 30-year time periods of 1985 - 2014, 2015 - 2045, and 2070 - 2099. f | Changes of
summer upper ocean mixed layer extreme warm events (ocean temperature anomaly exceeding a threshold of
+1.5 standard deviation) with the global mean SAT increase. g | The same as e, but for winter (October —
March) Atlantic water layer ocean temperature (thickness-weighted between 200 — 600 m) for the three 30-
year time periods of 1984/85 - 2013/14, 2014/15 - 2044/45, and 2069/70 - 2098/99. h | The same as f, but for
winter North Atlantic water layer extreme warm events. i | The PDF distributions of September monthly sea
ice extent relative to the maximum during 1985-2014 for the two 30-year time periods of 1985 — 2014 and
2015 - 2045. Considering the projected ice-free Arctic Ocean after the mid 21* century, the PDF analysis
does not cover the time period from 2070 - 2099. j | Changes of extreme September sea ice extent loss events
(sea ice extent anomaly exceeding a threshold of +1.5 standard deviation) with the global mean SAT
increase. k | The PDF distributions of annual Greenland Ice Sheet surface melt rate anomaly for the three 30-
year time periods of 1985 — 2014, 2015 — 2045, and 2070 - 2099. 1 | Changes of extreme Greenland Ice Sheet
surface melt rate events (surface melt rate anomaly exceeding a threshold of +1.5 standard deviation) with the
global mean SAT increase. All data used in panels a - j are from the CMIP6 multi-model projections®®. The
employed models are listed in Supplementary Table S2. To reduce interconnections between model
projections, only one ensemble member was chosen from each model. The data in panels k and 1 are from ref
99 The extreme events are identified using a moving 20-year time window with an interval of 5-year
between two windows. The statistical distributions show a continuing, coherent shift of the Arctic climate
system to a further warmed states, increasing the likelihood of the occurrence of extremes. The scatter plots
suggest intensification of extreme events across the Arctic climate system. [Arctic weather and climate
extremes are projected to more frequently occur and to be exacerbated in the future].

Box 1 | Antarctic weather and climate extremes
In the circumpolar scale, recent evolution of the Antarctic climate system has been characterized as having less
dramatic changes than those occurring in the Arctic. However, regional weather and climate extremes have

been prominent in the Antarctic**.

The record-lowest 2-m air temperature observed in the Antarctic dates back to 21 July 1983, when -89.2°C
was observed at the Vostok station in East Antarctica. Due to the sparsity of observations, it does not
necessarily represent the coldest weather event in Antarctica. Satellite thermal infrared mapping has revealed
snow surface temperatures of approximately -98°C in several small topographic basins in high-elevation East
Antarctica during winters of 2004-2016%*". These were estimated to correspond to 2-m air temperatures of
approximately -94°C. The warmest 2-m air temperature ever observed in the Antarctic continent, 18.3°C,
occurred at the Argentinian Esperanza station on the northern tip of the Antarctic Peninsula on 6 February
2020. The event was associated with anticyclonic circulation bringing a warm, moist air mass from the
Pacific Ocean to the Antarctic Peninsula, and a strong Foehn downslope of the Peninsula mountains made the
downslope flow record warm®*®, An extreme heatwave occurred over East Antarctica on 15-19 March 2022.
Widespread warm anomalies reached 30-45°C, driven by an extremely intense atmospheric river***2>, It
transported heat and moisture from the sea south of Australia far to the high plateau of East Antarctica. In
addition to extreme temperatures, atmospheric rivers are often responsible for extreme precipitation events in

coastal regions of Antarctica®'. Such events have become more common and more intense**.

A prominent climate extreme was the sudden decline of Antarctic sea-ice extent in late 2016, after three
decades of increase. The decline was preconditioned by warming of surface waters and thinning of sea ice in
the Southern Ocean, and occurred due to extreme atmosphere-ocean anomalies in the eastern tropical Indian



and far-western Pacific Oceans®’. These anomalies triggered atmospheric planetary wave trains that

propagated to the Antarctic, generated wind anomalies, changed the sea-ice patterns, and reversed the
hemispheric sea-ice extent trend. A related climate extreme was the return of the Weddell Polynya in 2016
and 2017%*. Later, in February 2022, the sea ice extent dropped to lowest ever observed during the satellite-

era since 1978. Negative sea ice anomalies occurred in all sectors of the Southern Ocean®”.

Perhaps the most dramatic Antarctic climate extremes have been the collapses of the Larsen A, Larsen B, and
Wilkins ice shelves in the Antarctic Peninsula®**2*®, Collapses of ice shelves have often accelerated the
downslope flow of the upstream glaciers®’, contributing to the global sea level rise.



