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Extremes become routine in an emerging
new Arctic
Laura Landrum

✉ and Marika M. Holland

The Arctic is rapidly warming and experiencing tremendous changes in sea ice, ocean and terrestrial regions. Lack of long-term
scientific observations makes it difficult to assess whether Arctic changes statistically represent a ‘new Arctic’ climate. Here
we use five Coupled Model Intercomparison Project 5 class Earth system model large ensembles to show how the Arctic is transitioning from a dominantly frozen state and to quantify the nature and timing of an emerging new Arctic climate in sea ice, air
temperatures and precipitation phase (rain versus snow). Our results suggest that Arctic climate has already emerged in sea
ice. Air temperatures will emerge under the representative concentration pathway 8.5 scenario in the early- to mid-twenty-first
century, followed by precipitation-phase changes. Despite differences in mean state and forced response, these models show
striking similarities in their anthropogenically forced emergence from internal variability in Arctic sea ice, surface temperatures
and precipitation-phase changes.

T

he Arctic is a region of extremes, and Arctic climate is changing at a much rapider pace than at lower latitudes1–4, with
changes occurring across atmosphere, ocean, sea-ice and
terrestrial systems. Northern Hemisphere (NH) minimum sea-ice
extents (SIEs) have been lower in each of the past 13 years than any
other years in the satellite era (1979–present; National Snow and
Ice Data Center (NSIDC) monthly sea-ice index5). Over the past
decade, there have been increasing numbers of extreme warm winter air temperature events linked to decreasing winter sea ice6–8
and early-season rain-on-snow events with dire ecological consequences9–12. While these changes appear extreme compared with the
recent past, are they climatic extremes in a statistical sense, or do
they represent expected events in a new Arctic climate?
Numerous observational and modelling studies investigate the
emergence of new climates, particularly for terrestrial systems and
subpolar latitudes (for examples, see refs. 13–18). While emergence of
a new Arctic open-water season has been explored19, and changes in
permafrost, land and sea ice generally synthesized20, to the best of
our knowledge there has not been work that quantifies the timing
and nature of the emergence of a new Arctic climate across both
ocean and land regions.
Characterizing climate in an era of rapid climate change is problematic for regions such as the Arctic where observational data are
relatively short, sparse and primarily from the modern satellite
era—a time of dramatic change. The Arctic experienced warming and sea-ice loss in the early twentieth century in magnitudes
similar to those of the 1980s21–23, and recent studies suggest that
Atlantic and Pacific multi-decadal variability may have played an
important role21,22. Characterizing this type of multi-decadal variability in the Arctic is challenging given the short observational
records. In addition, systematic biases and disagreement in variabilities in atmospheric data24,25 and relative sparseness of sea-ice
data23 make it difficult to establish the true temperature and
sea-ice variability. Quantifying the distribution of climate events is
important for understanding a particular climate state, determining when a statistically different and therefore ‘new’ climate has
emerged and giving insight into possible future extremes of societal and ecological importance. Climate model simulations with

large ensemble sets provide a means forward, enabling separation
of a forced response from internal variability. Here we use output
from the Coupled Model Intercomparison Project 5 (CMIP5) class
Multi-Model Large Ensemble (MMLE26) Archive to robustly characterize twentieth-century climate and to quantify the emergence of
a new Arctic climate in twentieth- and twenty-first-century simulations subject to historical and the ‘high warming’ representative
concentration pathway (RCP) 8.5 forcing scenario.
The Arctic is in part unique because of its frozen state. Thus, we
use three key variables that provide information on the transition of
the Arctic away from a dominantly frozen state: sea ice, surface air
temperature and precipitation phase (rain versus snow). These metrics provide information on both marine and terrestrial systems, are
important aspects of changing Arctic seasonality and are properties
of the climate relevant for society.

Sea ice

Arctic temperatures are rising much more rapidly than at lower
latitudes—a process termed Arctic amplification. Although the
relative contributions of different mechanisms to Arctic amplification is an area of active research, near-surface Arctic amplification
is strongly influenced by changes in both sea-ice concentrations
(SICs, an albedo feedback) and sea-ice thickness (SIT, an insulating feedback)3,4,27–38. We begin our investigation with sea ice, and
in particular with changes in the extremes of the annual sea-ice
cycle—the minimum and maximum SIEs—which currently occur
in mid-September and mid-March, respectively.
The observed decadal mean SIE minimum has decreased
by 2.4 million km2 (31%) from the beginning of the satellite era
(1979–1988) to present (2009–2018). Although the satellite record
is insufficient to determine whether this represents a change in climate outside the bounds of earlier twentieth-century variability,
the CMIP5-MMLE suggests that it may. The observational sea-ice
record—mean, variability and recent rate of decrease—lie well
within the range of these five ensembles (Fig. 1, Table 1, Extended
Data Figs. 1 and 2, Supplementary Fig. 1 and Supplementary
Discussion). Decadal means for both minimum and maximum
observed SIE also lie within internal variability of each individual
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Fig. 1 | Changes in means and distributions of annual minimum and maximum NH SIE. a,b, Decadal ensemble mean minimum (a) and maximum (b)
NH SIE anomalies for CMIP5-MMLE. Anomalies are computed by subtracting the 1950–1959 ensemble mean from each model. Lines are faded/bright
before/after ToE. c–h, Histograms of CESM1-CAM5 annual minimum (c–e) and maximum (f–h) NH SIE in the early twentieth century (1950–1959; blue)
and later decades (red): 2010–2019 (c,f); 2030–2039 (d,g); 2050–2059 (e,h). First (1979–1986) and most recent (2010–2019) decadal means from
the NSIDC monthly sea-ice index5 are shown in dashed/solid lines, respectively, with observed range shown in light grey for reference. i,j, CESM1-CAM5
SICs for smallest (2017) (i) and largest (2013) (j) NH SIE minimums during 2010–2019. The 15% contour is shown in white. Monthly SICs are used for all
calculations.
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Table 1 | CMIP5-MMLE characteristics, mean SIEs and changes in mean summer SIEs, and ToE for three metrics (SIEs, surface
temperatures and precipitation phase)
SIE

ToE

1950–1959
mean (s.d.)
(×106 km2)
Min

Max

First icefree (<1 × 106
km2) decadal
mean

(2009– SIE
2018) –
(1979–
1988)
Min
min

Reference
70°–90° N

Max

Surface
temperature

Rain days

Oct

First

Model

No. of
members

Feb

Last

Duration

CanESM2

50

5.12 (0.65)

15.78 (0.53) 2030

−2.56

1996

2000 2033

2049

2068

2048 2042

68

CESM1-CAM5 40

7.85 (0.46)

15.99 (0.53) 2042

−1.93

1995

2010

2027

2046

2071

2052 2047

69

2018

20

6.32 (0.66)

15.16 (0.43)

2023

−3.82

1995

1997

2032

70

GFDL-ESM2M 30

7.29 (0.65)

18.91 (0.42)

2079

−1.57

1995

2020 2044 2065

71

MPI-ESM

7.39 (0.46)

15.67 (0.54) 2052

−1.42

1992

1997

72

7.05

16.34

−2.40

GFDL-CM3

99

NSIDC sea-ice 1
index 1979–
1988 mean

ensemble, with the exception of the anaemic minimum SIE of the
CanESM and the excessive maximum SIE of the GFDL-ESM2M.
However, the most recent observed decadal mean minimum SIE
(4.7 million km2, 2009–2018) lies outside or nearly outside the
simulated (1980–1989) spread for all of the ensembles except the
CanESM, which has the lowest mean sea ice of the models. The current minimum SIE may indeed be statistically ‘new’ compared with
not only the mid-twentieth century but also the beginning of the
satellite era.
By the 2010s, the CMIP5-MMLE minimum SIE histograms
have noticeably shifted—showing both a lower mean and a larger
spread, with only a few of the largest minimum SIEs overlapping
with the smallest ones from the reference 1950 decade (Fig. 1 and
Supplementary Fig. 1). Variability in the minimum SIE increases in
the early twenty-first century and then decreases as more ensemble
members become ice free (<1 million km2) in each of the ensembles (and documented for individual models in previous work, for
example, refs. 39–41). Distributions in the minimum and maximum
SIEs continue to diverge from the reference period, with complete
separation of the distributions in both minimum and maximum
NH SIE in the first half of the twenty-first century in all ensembles
except the one that has the most extensive SIE (GFDL-ESM2M).
These results are similar to previous observational work indicating
that the Arctic ice regime became more seasonal in the 2010s15.
To give a sense for the tremendous regional variability that the
spread in minimum SIE implies, we show SICs from two representative ensemble members from one model (CESM1-CAM5) exhibiting the smallest and largest minimum SIEs during the 2010s (Fig. 1).
The enormous differences in geographical ranges of SIC foretell of
potentially large risk management challenges within the context of
navigation, habitat, coastal access and erosion, among others.
To address our question of when the Arctic climate becomes
significantly different from that of the mid-twentieth century, we
define a time of emergence (ToE) as the year when the decadal
mean from each ensemble exceeds the reference 1950 decade by 2
s.d. on the basis of the reference decade variability. With this definition, the annual minimum and annual maximum NH SIE emerge
across the different models in 1992–1996 and 1997–2020 (where
the year refers to the first year of the decadal mean), respectively
(Table 1). More specifically, while our ToE uses a reference 1950
climate, we find that the annual minimum (maximum) SIEs emerge
also from the 1980 climate within 15–24 (16–38) years across the
CMIP5-MMLE (not shown). ToE for maximum SIEs lag those for
the minimum SIEs in each model ensemble, yet still emerge by 2020,
before differences in RCP forcing scenarios are sizable42. These
Nature Climate Change | www.nature.com/natureclimatechange
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results are largely consistent with comparisons with the extended
sea-ice data, which begins in 1850 (ref. 23), although caution should
be used in comparing with this dataset due to large gaps in areal
coverage (Supplementary Information).
‘Ice-free’ Arctic is generally defined as when SIE falls below 1 million km2. At extents below this, the only remaining sea ice lies in the
Canadian Archipelago—a region of thick sea ice that is particularly
difficult to melt43. Under the RCP 8.5 scenario, CMIP5-MMLE simulated decadal mean minimum SIEs fall below the ice-free criteria
as early as 2023 and as late as 2079 (Table 1)—a much larger spread
than for the SIE ToEs, and related not only to different model physics but also to mean sea ice at the beginning of the twenty-first century (for example, refs. 44–46). By the end of the twenty-first century,
the NH monthly minimum SIE falls below the standard ice-free
definition for 3–10 months in all models except the GFDL-ESM2M.
In these four models, the mean decadal SIE is 0 with no ice left even
in the Canadian Archipelago from August to October or longer (see
also ref. 19). These extreme conditions are found under the RCP 8.5
scenario, and limiting future warming to 1.5 °C could have substantial impacts on September SIE, with notably more summer sea ice
present at the end of the twenty-first century47–49.

Surface air temperatures

Arctic sea-ice conditions in turn influence fall–winter atmospheric
conditions31,50–53. During the summer, sea ice reflects most incoming
solar radiation due to high albedos. Radiation not reflected from the
surface can contribute to melting ice and warming the ocean. With
reduced sea ice, albedo decreases and the surface ocean is warmed.
This heat is subsequently released back to the atmosphere in the fall,
delaying the onset of sea-ice growth. During the Arctic winter, sea
ice acts as an insulator between the relatively warm ocean and overlying cold atmosphere. There is no solar radiation during the polar
night; hence, albedos play no direct role in surface heat budgets.
Instead, winter temperatures at the air–sea ice interface are influenced by heat conduction through the sea ice, which is inversely
related to SIT54. It is important to note that the winter SIT is affected
by the summer sea-ice and ocean conditions and onset of ice growth
in the fall. In this way, changes in the summer, when maximum SIC
losses and albedo changes occur, can indirectly influence winter
surface air temperatures.
Currently, observed Arctic amplification is largest in autumn
and is related to diminishing summer sea ice4,27,36. Climate models
suggest that Arctic amplification will become as great, or greater, in
the winter months55–57. Because of this, we consider the emergence
of surface air temperatures by calculating ToE and changes in both
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Fig. 2 | Mean October and February surface temperatures and ToE. a–d, CMIP5-MMLE decadal ensemble monthly surface air temperature means (solid
lines, left axis) and standard deviations (dashed lines, right axis) for October (a,c) and February (b,d) for example ocean (Chukchi Sea, a,b) and land
(Fairbanks, Alaska, c,d) gridpoints. Mean lines are faded/bright before/after ToE. Black solid/dashed lines show the 1980–2009 ERA-I mean/standard
deviation58. e,f, ToE for CESM1-CAM5 surface air temperatures in October (e) and February (f). Chukchi Sea/Fairbanks, Alaska, locations are shown by
black/red dots.

mean and variability for monthly autumn (October) and winter
(February) surface temperatures, and we relate these to changes in
summer SIC and winter SIT.
October surface air temperatures in the CMIP5-MMLE emerge
earliest–in the first half of the twenty-first century—over the Arctic
Ocean (Fig. 2 and Extended Data Fig. 3). Winter Arctic Ocean temperatures lag those of fall, emerging in the mid-twenty-first century
(Table 1). The land/sea discrepancy in ToE occurs because Arctic
Ocean temperatures experience greater warming and have lower
variabilities than those of high-latitude land, a result that is also seen

in previous work13. This is illustrated by time series of mean and
standard deviations of October and February monthly temperatures
for representative land (Fairbanks, Alaska) and ocean (Chukchi Sea)
model gridpoints (Fig. 2). Mean land temperatures warm substantially by the end of the twenty-first century (5–12 °C), yet not nearly
as much as over the Arctic Ocean (12–28 °C; Extended Data Figs. 4
and 5). The CMIP5-MMLE temperatures compare reasonably well
to the ERA-Interim reanalysis data58 during the satellite era (Fig. 2).
Associated with polar amplification is a decrease in latitudinal
temperature gradient. By the end of the twenty-first century in
Nature Climate Change | www.nature.com/natureclimatechange
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polynomial fit (excluding ice-free data points). Map inset in b shows Arctic Ocean region. Arctic Ocean sea-ice region is the shaded area in the map inset;
high-latitude temperature region (70°–90° N) is indicated by the black circle on the map.

all of the CMIP5-MMLE, differences in monthly October mean
temperatures between the Chukchi Sea (75° N) and lower-latitude
Fairbanks (~65° N) have shrunk substantially (Fig. 2). Rapid warming rates over the Arctic Ocean in the fall precede those in the winter in all CMIP5-MMLE (Fig. 2 and Extended Data Figs. 4 and 5).
Furthermore, by the end of the twenty-first century, three out of five
of the ensembles simulate greater high-latitude (70°–90° N) winter
warming than fall (Supplementary Table 1). Monthly temperature
variability is non-stationary: standard deviations decrease dramatically over ice-free ocean areas (October) and near the sea-ice
edge (February), highlighting the role of the ocean (with large heat
capacity) in modulating surface temperatures. Variability over
high-latitude continental regions decreases as well—albeit less than
over oceanic regions—probably due to greater warming of cold than
warm days, decreasing temperature gradients and resulting changes
in meridional heat transport57,59. This suggests that changes in
extremes in fall–winter temperatures will be due primarily to shifts
in the mean with lower variability as the Arctic Ocean transitions
from sea-ice- to open-water-dominated summers and from relatively thick to relatively thin winter sea ice.
Late-summer SIEs in the Arctic Ocean influence both
high-latitude October surface temperature changes and winter SIT
as newly exposed and warmed ocean releases heat back to the atmosphere in fall (Fig. 3). February temperatures are closely related to
the winter SIT, particularly where the mean ice thickness falls below
2 m, in all CMIP5-MMLE. Winter SIE declines steadily (albeit more
slowly than summer SIE) throughout the twenty-first century.
The central Arctic basin is still ice covered by 2100 in four of the
CMIP5-MMLE (Extended Data Figs. 1 and 5), yet surface temperatures show marked winter warming even over the ice pack as
the ice thins. The CESM1-CAM5—which saves ice concentrations
by thickness category—gives an example of dramatic thickness
changes: in 1980, thin ice (less than 0.64 m thick) is largely confined
to the outer edges of the ice pack. By the end of the twenty-first
century under the RCP 8.5 scenario, the thin-ice concentration has
increased by over 40% in the central Arctic basin. Similarly, as the
ice pack thins, ice 0.64–1.39 m thick increases in the central Arctic
until mid-twenty-first century and then decreases as the thinnest
ice becomes dominant. These changes in ice thickness lead to large
changes in conductive heat flux from the underlying relatively
warmer ocean through the ice to the atmosphere and to strong relaNature Climate Change | www.nature.com/natureclimatechange

tionships between winter ice thickness and winter surface warming
in all of the CMIP5-MMLE.

Precipitation phase

Concurrent with surface temperature changes are changes in the
seasonal cycle of precipitation phase (rain versus snow; for example, refs. 60,61). Precipitation phase has enormous implications for
energy budgets, hydrological cycles and management, and ecology (for example, refs. 11,62–65 and references therein). We explore
changes in precipitation phase in the two CMIP5-MMLE models
(CESM1-CAM5 and CanESM2) that have daily solid and liquid
precipitation data available. This includes analysis of the timing of
the snow-to-rain transition and the duration of the rainy season.
Precipitation-phase changes in both models respond similarly,
simulating late twentieth-century first- and last-rain-day changes
within the range of observations66 and ocean areas with greater relative changes than land areas (Fig. 4 and Extended Data Figs. 6–8).
Consistent with October surface temperatures, Arctic ocean
areas show both larger changes and earlier ToEs in the last rain day
than do land areas (Fig. 4 and Extended Data Fig. 7). First-rain-day
changes resemble those of winter (February) temperature changes.
Changes to first and last rain days influence the rain-season length,
and although increases in the rain-season duration are most dramatic over the Arctic ocean, continental regions see increases by
20–60 days by the mid-twenty-first century, and by the end of the
twenty-first century, increases of 60–90+ days in rain-season length
occur nearly everywhere (except areas of Siberia with increases of
30–60 days; Extended Data Fig. 8). By the end of the twenty-first
century under the RCP 8.5 scenario, there are regions where rain
can occur any month of the year, with first and last days of rain
occurring within one standard deviation of each other (for example,
Fig. 4), with enormous consequences for ecosystems, water resource
management, flood planning and infrastructure67.

Conclusions

Has a new Arctic emerged? And if not, will it do so within this century? We have addressed these questions by assessing three different
metrics of the Arctic climate from five CMIP5-class multi-model
large ensembles subject to the RCP 8.5 forcing scenario. These metrics—sea ice, air temperature and precipitation phase—represent
different aspects of the frozen state of the Arctic. On the basis of
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Fig. 4 | Mean first- and last-rain-day changes and ToE of the rain-season duration. a–d, CMIP5-MMLE decadal ensemble mean (solid lines, left axis)
and standard deviations (dashed lines, right axis) for first rain day (a,c) and last rain day (b,d) for example ocean (Chukchi Sea, a,b) and land (Fairbanks,
Alaska, c,d) gridpoints. Mean lines are faded/bright before/after time of emergence. e,f, ToE for CanESM2 (e) and CESM1-CAM5 (f) rain-season length.
Chukchi Sea/Fairbanks, Alaska, locations are shown by black/red dots.

our definition of ToE, sea-ice climate emerges first in the late twentieth to early twenty-first century, surface air temperatures emerge
second in the early to mid-twenty-first century, and seasonal
precipitation-phase change emerges last in the mid-twenty-first
century. By 2100, a new Arctic has emerged in all of these properties. Despite differences in mean state and forced response, the
CMIP5-MMLE show striking similarities in their anthropogenically forced emergence from internal variability in Arctic sea ice,
surface temperatures and precipitation-phase changes.
These changes are interrelated. Rapid changes in SIC and SIT contribute to extreme changes in first fall (October) then winter (February)
surface air temperatures. Winter warming is greatest over the Arctic

Ocean in the last half of the twenty-first century when ensemble mean
February sea ice has thinned (four of the models) or become ice free
(one model). Surface temperatures in turn influence the phase of precipitation (rain versus snow), with fall temperatures and last rain days
emerging before winter temperatures and first rain days. The nearly
identical nature of SIE histograms (both minimum and maximum)
between 1950 and 1980 indicate that the rapid climatic change in all
of the CMIP5-MMLE begins at the end of the twentieth century, after
the beginning of the satellite era (1979)—suggesting that the satellite
record of sea ice occurs during a period of tremendous environmental
change and does not statistically represent a base ‘climate’ from which
the Arctic is changing.
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Taken together, this work suggests that the Arctic is already
transitioning from a cryosphere-dominated system. Changes in sea
ice at the end of the twentieth century are substantial, and if emissions follow an RCP 8.5-like path, this region is likely to experience
extremes in temperature, sea ice and precipitation phase far outside anything experienced in the past century and probably much
longer. All five CMIP5-MMLE simulate mean ice-free summer by
2100, and three of these ensemble projections (the three with the
closest ice extents to the observations during the satellite era) suggest that the Arctic will remain completely ice free for 3–4 months.
Not only will the warming exceed that of lower latitudes, but daily
fall–winter temperatures will increase by 16–28 °C for most of the
Arctic Ocean. Rainfall will replace snowfall, with an extension of
the rainy season by 2–4 months. These changes have extreme consequences for Arctic communities and local ecosystems. Notably,
reductions in GHGs can change this trajectory and may postpone or
even avoid the emergence of a new Arctic in many climate properties (for example, ref. 47).
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Methods

The CMIP5-MMLE. To statistically describe Arctic climate we use model output
for five CMIP5-class large ensemble datasets obtained through the MMLE Archive
(MMLEA)26. The initial years for the CMIP5-MMLE range from 1850 to 1950,
and therefore the earliest decade for which we had data from all models defines
our base climate (1950–1959). The CMIP5-MMLE are forced with historical
forcing until 2005 and then RCP 8.5 forcing from 2005 to 2100 (the no-mitigation
scenario with a top of the atmosphere radiative forcing of 8.5 W m–2 by 2100).
The CMIP5-MMLE simulations represent different realizations under identical
forcing with different models and allow us to assess both simulated internal climate
variability and differences due to different model structures. Whereas 30 years
is often used to characterize ‘climate’ (for example, ref. 73), with 20–99 ensemble
members, climate can be determined using much shorter periods. This allows for
statistical description of climate on decadal (or shorter) periods. Annual simulated
values, for example, will give 200–990 instances per decadal period.
SIC and SIT data. The MMLEA includes data from seven models—six of which
include monthly sea-ice data. We used the five models that meet one (CanESM2,
GFDL-CSM and GFDL-ESM2M) or both (CESM1-CAM5, MPI) of the criteria
of Wang and Overland46 for study of Arctic sea ice, namely, that the modelled
amplitude of the seasonal cycle and the monthly SIE fall within 20% of the
observations. We did not include CSIRO MMLE simulations in our analysis as this
model has anomalously high Arctic Sea, meets neither of the criteria of Wang and
Overland, and is a clear outlier among CMIP5 models44.
Annual values for minimum/maximum monthly SIE are calculated from
monthly SICs, with SIE defined as the areal extent of sea ice with concentrations
greater than 15%. We calculate SIEs for each simulation in each large ensemble
then compute the mean and variance across all of the members within each
ensemble.
SIT in three models (CanESM2, CESM1-CAM5 and MPI) was saved as a
grid-cell average thickness, whereas output from the two GFDL models is the
average thickness over the ice-covered area of the grid cell. Monthly averaged
ice-covered thickness from the GFDL models was multiplied by the monthly
average SIC of each cell to get grid-cell average SIT. Monthly average SIT computed
from ice-covered thickness may differ from the monthly average of daily grid-cell
average thickness, particularly when there is high variability in daily SICs. We
confined our analysis of relationships with monthly SIT (Fig. 3) to the Arctic
Ocean (68°–90° N from 100°–243° E, and 80°–90° N elsewhere—see inset in
Fig. 3) for three reasons: this region had the highest consistent correlations (for
example, for each ensemble) between changes in high-latitude February surface
temperatures and SIT, this region has the highest SICs in all models, which
therefore reduces possible discrepancies between SIT calculations as well as
reduced influence of differences in marginal seas (GFDL-CM3, for example, as
extraordinarily high SIT in a few grid cells in the Canadian Archipelago) (see also
ref. 74) and this region is completely ice covered in all models at the beginning of
the twenty-first century and experiences changes in thickness before changes in
concentration.
The CESM1-CAM5 sea-ice model has five sub-grid-scale SIT categories (lower
ice-thickness bounds of 0, 0.64, 1.39, 2.47 and 4.57 m thick, respectively) with
associated output that includes ice concentrations for each of the ice-thickness
categories. We are thus able to explore how SICs of different thickness categories
relate to winter surface air temperature changes in that model and report this
qualitatively. Other models in the MMLEA lacked this sub-grid-scale data, and so
we were not able to perform a similar analysis across the remaining models.
Mean high-latitude temperature calculation. High-latitude mean temperature
data for Fig. 3 and Supplementary Table 1 were computed by taking the
area-weighted average of all grid cells from 70° to 90° N.
Precipitation-phase change calculation. Climate models tend to simulate too
much precipitation in weaker events and too little precipitation in more-intense
events75–79, and thus estimating changes in precipitation frequency, duration and
intensity from future scenarios can be complicated and beyond the scope of this
paper. However, the form of precipitation—liquid or solid—is directly related to
temperature, and precipitation-phase changes can have enormous environmental and
societal implications (for example, refs. 60–62 and references therein). Two models in
the CMIP5-MMLE (CanESM2 and CESM1-CAM5) include separate liquid and solid
precipitation, enabling us to investigate changes in rain and snow seasons. We define
rain or snow days as days when the total precipitation is greater than 0.2 mm d–1 and
when 60% or more of the precipitation falls in liquid or solid form, respectively. Small
differences to these thresholds do not change our results. The minimum precipitation
criterion removes extremely low but non-zero precipitation events possible in
simulated climate that would not be detected or measurable in the real world. First
and last rain days at each grid cell are then the first and last days of the year (January
1—December 31) that qualify as rain days, respectively. The difference between the
first and last rain days is defined as the duration of the rainy season.
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Coding and visualization software. All analysis and figures were completed using
the NCAR Command Language80. The scripts used to perform the analysis and
generate the figures in this manuscript are available on GitHub (https://github/
llandrum/NatClimCh_EmergingNewArctic/releases/tag/v1.0) and archived in
Zenodo81.

Data availability

All data used in this study are publicly available. CMIP5-MMLE output are
available through the MMLEA (US CLIVAR Multi-Model LE Archive (NCAR);
http://www.cesm.ucar.edu/projects/community-projects/MMLEA/). The Walsh
extended and NSIDC SICs are available online (https://nsidc.org/).

Code availability

Code to produce all figures is available from the corresponding author.
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Extended Data Fig. 1 | CMIP5-MMLE NH SIE monthly climatology for 5 decades. Dashed/dotted lines indicate (1979–1988)/(2010-2019) monthly
decadal averages from the NSIDC ice index5. Solid grey line indicates the 1 million km2 ‘Ice Free’ definition.

Nature Climate Change | www.nature.com/natureclimatechange

NATurE CLIMATE CHAngE

Articles

Extended Data Fig. 2 | CMIP5-MMLE and observational based Arctic Sea Ice extents. Bold solid lines indicate ensemble mean, with opaque polygon
showing range of simulations for each ensemble. Extended Sea Ice dataset82 and NSIDC ice index5 are shown in solid dark and light grey, respectively.
Insets show PDFs for running 20 yr trends over the 20th Century for each model for both minimum and maximum SIEs.
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Extended Data Fig. 3 | CMIP5-MMLE Time of Emergence of monthly October and February surface air temperatures. October/February ToEs are shown
in the left/right panels.
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Extended Data Fig. 4 | CMIP5-MMLE mean October surface air temperature changes from (1950-1959) baseline. Results shown for early, middle and
late 21st century under RCP8.5 forcing scenario. Contours indicate September 15% sea ice concentration contours for base period (1950-1959; black) and
future decades (white).
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Extended Data Fig. 5 | CMIP5-MMLE mean February surface air temperature changes from (1950-1959) baseline. Results shown for early, middle and
late 21st century under RCP8.5 forcing scenario. Contours indicate February 15% and 85% sea ice concentration contours for base period (1950-1959; 15%
black) and future decades (15% white, 85% grey).
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Extended Data Fig. 6 | CMIP5-MMLE first rain day changes from (1950-1959) baseline. Results shown for early, middle and late 21st century under
RCP8.5 forcing scenario.
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Extended Data Fig. 7 | CMIP5-MMLE last rain day changes from (1950-1959) baseline. Results shown for early, middle and late 21st century under
RCP8.5 forcing scenario.
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Extended Data Fig. 8 | CMIP5-MMLE rain season duration from (1950-1959) baseline. Results shown for early, middle and late 21st century under RCP8.5
forcing scenario.
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