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Observations1–3 and model simulations3,4 show enhanced 
warming in the Arctic under increasing greenhouse gases, a 
phenomenon known as the Arctic amplification (AA)5, that is 
likely caused by sea-ice loss1,3. AA reduces meridional tem-
perature gradients linked to circulation, thus mid-latitude 
weather and climate changes have been attributed to AA, 
often on the basis of regression analysis and atmospheric 
simulations6–19. However, other modelling studies20–22 show 
only a weak link. This inconsistency may result from deficien-
cies in separating the effects of AA from those of natural vari-
ability or background warming. Here, using coupled model 
simulations with and without AA, we show that cold-season 
precipitation, snowfall and circulation changes over northern 
mid-latitudes come mostly from background warming. AA and 
sea-ice loss increase precipitation and snowfall above ~60° N 
and reduce meridional temperature gradients above ~45° N in 
the lower–mid troposphere. However, minimal impact on the 
mean climate is seen below ~60° N, with weak reduction in 
zonal wind over 50°–70° N and 150–700 hPa, mainly over the 
North Atlantic and northern central Asia. These results sug-
gest that the climatic impacts of AA are probably small out-
side the high latitudes, thus caution is needed in attributing 
mid-latitude changes to AA and sea-ice loss on the basis of 
statistical analyses that cannot distinguish the impact of AA 
from other correlated changes.

Arctic sea-ice loss and the associated enhanced warming 
(known as the Arctic amplification or AA) are an integral part of 
the climate response to increased GHGs. However, due to their 
large local impacts and potential remote influences, many studies 
have attempted to quantify the climatic impacts from Arctic sea-ice 
loss and AA alone. This is often done by running atmospheric gen-
eral circulation models (AGCMs) forced with low and high sea-ice 
cover (SIC) and specified sea surface temperatures (SSTs)10,11,15,20–25, 
but lately coupled model simulations26–33 with altered SIC (often by 
applying an artificial energy flux or through an artificial change in 
ice albedo32) were also used. Besides the amplified warming over 
the Arctic, the coupled ensemble simulations also show a weak but 
robust warming over the tropics and an intensification of the winter 
Aleutian Low and the Siberian High in response to sea-ice loss32. 
However, these responses outside the northern high latitudes are 
small compared with the total response to GHG forcing26,27,33.

In contrast to these and other20–22 modelling studies, which 
showed weak impacts of Arctic sea-ice loss on Eurasian and North 
American winter climate, many studies6–19 have attributed the 
recent Eurasian winter cooling and cold events to Arctic sea-ice loss  
and AA, often on the basis of statistical relationships and AGCM 
simulations. As shown previously26,27,31, AGCM experiments and 
statistical relationships can produce misleading results because 

the SST/SIC forced AGCM experiments are suitable mostly for 
the tropics due to the importance of the two-way air–sea interac-
tions in the extratropics and the large damping effect from specified 
SSTs, and a statistical association usually does not imply a cause-
and-effect relationship. Further, it is difficult to isolate the real 
impact of sea-ice loss and the associated AA from that due to the 
GHG-induced global warming (without AA) by analysing observa-
tions or fully coupled model simulations that include both effects31, 
especially under large internal variability as seen in individual real-
izations such as the observations34. However, the coupled climate 
simulations26–33 contain a strong artificial intervention (for example, 
by adding a fake energy flux) to the Arctic energy balance whose 
potential impact is unknown32. As a result, the debate continues16,35.

Here, we explicitly quantify the impact of AA (and the associated 
sea-ice loss) on mid-latitude mean climate and circulation using 
novel coupled model simulations (Methods). In our FixedIce simu-
lation, AA is largely suppressed by using a fixed SIC in calculating 
surface fluxes only, which in turn greatly reduces sea-ice loss com-
pared with the standard 1% CO2 run (Extended Data Fig. 1). Thus, 
the FixedIce simulation represents primarily the response due to the 
background warming without AA, while the difference between the 
two represents the impact of AA alone. This allows us to quantify 
and compare the responses to AA and the background warming 
over the northern mid-latitudes (40°–60° N). Our FixedIce simula-
tion differs from previous coupled simulations26–33 in its approach 
to achieve a near-constant SIC and minimum AA (Methods); thus, 
it provides a cross-validation of the previous model results32. Here, 
we focus on AA’s impact on the mean climate during the cold sea-
son (October–March), when AA is largest (Extended Data Fig. 1), 
with its influences on transient weather patterns35,36 to be investi-
gated later. Results for October–November, December–January 
and February–March averages are similar, although the zonal wind 
(U) change becomes significant in December–January at 4 × CO2
around 50°–70° N and 700–200 hPa (Suplementary Fig. 1).

AA and the associated sea-ice loss cause surface air temperature 
(SAT) and precipitation to increase, mostly over the high latitudes 
(Fig. 1c), where these SAT and precipitation changes are compa-
rable to those from the GHG forcing alone (Fig. 1b). Northern 
North America and Northeast Asia also see substantial warming 
and precipitation increases from AA (Fig. 1c). However, AA does 
not cause winter cooling over central Asia, as suggested previously, 
mainly on the basis of regression analysis and AGCM results6,11. 
The AA-induced SAT and precipitation changes over most of 40°–
60° N are much smaller than those due to the CO2 forcing alone 
(Fig. 1b) and account for only a small fraction (<1/3) of the total 
response to the CO2 forcing (Fig. 1a). The warming induced by 
both the CO2 forcing and AA causes a reduction in snowfall over 
most of the mid-latitudes as the freezing line moves northward and 
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more precipitation occurs as rain (Fig. 1d–f). AA does increase 
snowfall over Greenland substantially and over northern coastal  
Russia slightly (Fig. 1f); however, the snowfall increase over the 
northern latitudes (Fig. 1d) comes primarily from the GHG forcing 
(Fig. 1e) rather than AA (Fig. 1f). Similar results are seen around 
the first and third CO2 doubling (Extended Data Figs. 2 and 3). 
These results contradict some previous studies6,11,16 that attributed 
the recent cold and snowy boreal winters mainly to Arctic sea-ice 
loss on the basis of regression analyses and AGCM results, which 
could be misleading27,31.

Increased CO2 reduces the sea-level pressure (SLP) over the 
Arctic but increases it over the North Pacific, North Atlantic and 
Europe (Fig. 2b,e,h) while AA decreases SLP over the North Pacific 
and northern North America but with small changes over the  
Arctic (Fig. 2c,f,i). The AA-induced small SLP increases over  
Eurasia vary with time and are mostly insignificant in our single 
realization. The total SLP response (Fig. 2a,d,g) is always domi-
nated by the CO2 forcing over the Arctic and most of the mid- 
latitudes, with AA’s influence becoming evident over northern 
North America, the North Pacific and Greenland only as CO2 
approaches doubling and quadrupling.

It is often hypothesized that AA could affect mid-latitude  
circulation by changing atmospheric meridional temperature  
gradients (dT/dy, where T is tropospheric temperature and y is the 

meridional distance), which affect U via the thermal wind relation, 
and U is linked to atmospheric zonal waves and blocking18,19. Indeed, 
AA induces large positive dT/dy changes in the lower–middle  
troposphere north of ~45° N (Fig. 3c), which reduce the climato-
logical negative dT/dy over this region. Outside this region, AA’s 
influence on dT/dy is small and the CO2 forcing (Fig. 3b) induces 
negative (positive) dT/dy changes over the subtropical–midlatitude 
mid–upper troposphere in the Northern (Southern) Hemisphere, 
both strengthening the climatological temperature gradients. These 
CO2-induced dT/dy changes increase U by 1–7 m s−1 (10–20%) over 
most of the extratropical upper troposphere and throughout the 
whole troposphere around 50°–80° N and 55°–70° S (Fig. 4b), while 
AA causes a small and insignificant U decrease in the mid–upper 
troposphere over 50°−70° N (Fig. 4c). The total U response (Fig. 4a)  
is dominated by the CO2-induced change. However, internal vari-
ability and time-dependent response may cause the AA’s influ-
ence estimated from a single realization to differ, as illustrated by 
the substantial differences in the dT/dy and U changes around the 
first, second and third CO2 doublings (Figs. 3 and 4 and Extended 
Data Figs. 4–7). This makes it difficult to isolate and attribute AA’s 
role in causing mid-latitude circulation changes using observations 
(which are from one realization). Nevertheless, the U decrease in 
the mid–upper troposphere over 50°–70° N seen around both the 
second and third CO2 doublings (Fig. 4c and Extended Data Fig. 7c)  

–100

a

d e f

b c

–70

6

6
6

4

4

42

8

2

4
210

6
64

22

0

10

8

8

10

10

8

8
6

6

4

0

0

00

0

0

0

0

0

0
0

16

1614

6 12

12

–40 –20 –10 –5 0

Precipitation (%)

5 10 20 40 70 100

Fig. 1 | Community Earth System Model version 1.2.1 (CESM1) simulated October–March mean changes over 40°–90° N around the time of the second 
CO2 doubling. a–c, Precipitation (colour shading, as the percentage of the control climatology) and SAT (contours, in K) changes from the 1% CO2 (a) and 
FixedIce (b) runs and their difference (a minus b) (c). d–f, Similar to a–c but for the change in snowfall, with the yellow and black lines showing the 0 °C 
contour line for the control and year 131–150 mean climate, respectively. Areas with less than 0.1 mm day−1 snowfall in the control climatology are masked 
out in d–f. All the changes are relative to the control climatology. Hatching in d–f indicates the change is statistically significant at the 5% level on the basis 
of a Student’s t-test. The temperature changes in a–c are all statistically significant, while the precipitation changes over about 20% or below −20% are 
statistically significant. Panels a and d represent the total response to the CO2 forcing; b and e represent the response to the CO2 forcing without the Arctic 
amplification; c and f represent the impact of the Arctic amplification. This interpretation also applies to other figures. Note the northern mid-latitudes 
(40°–60° N) are outside the first dashed circle.
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appears to be a robust response that is physically consistent with 
the weakened dT/dy over this region. However, this AA-induced U 
change would not become significant and detectable before the sec-
ond CO2 doubling (CO2 = 1,139 ppm) and would not be detectable 
at today’s CO2 level on the basis of these model results. Any forced 
U changes during the recent periods and the upcoming decades are 
almost certainly due to the GHG- and aerosol-induced changes, not 
due to AA. The small dU shown in Fig. 4c over the areas with large 
dT/dy in the lower–mid troposphere over the mid–high latitudes 
(Fig. 3c) probably results from the fact that near-surface U is heav-
ily influenced by friction and the thermal wind at a pressure level is 
proportional to the integral of dT/dy from the surface to that level.

The T and U changes over the northern latitudes (Fig. 5a) exhibit 
substantial temporal variations that are probably due to internal 

variability and/or time-dependent response since the external forc-
ing is constant in these simulations, and the dU difference between 
the 1% CO2 and FixedIce runs (that is, due to AA) becomes evident 
only after year 160, despite the large T difference since year 60, as 
shown by Fig. 5a. The AA-induced U decrease occurs mainly over 
the North Atlantic and northern central Asia, with small changes 
(mostly negative) over other parts within 40°–80° N (Fig. 5b).

The main changes in the meridional wind (V) climatological 
mean are caused by the CO2 forcing rather than AA. They include 
an upward shift of the maximum V in the upper tropical tropo-
sphere and a small but significant increase of ~0.2 m s−2 at 2 × CO2 
and ~0.4 m s−2 at 4 × CO2 in the lower troposphere over 50°–80° N 
(Extended Data Figs. 8b and 9b), while the AA-induced V changes 
are small, with small decreases of 0.1–0.2 m s−1 over 50°–85° N only 
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Fig. 2 | CESM1-simualted climatology and changes in October–March mean SLP over 20°–90° N. The SLP climatology (contours) and changes (colour 
shading, relative to the control run) are in hPa. a–c, Years 61–80 (first CO2 doubling); d–f, years 131–150 (second CO2 doubling); g–i, years 201–220 
(third CO2 doubling). a,d,g, The 1% CO2 run. b,e,h, The FixedIce run. c,f,i, 1% CO2 minus FixedIce difference. The 20-yr mean SLP (contours) is from the 
corresponding run in a,b,d,e,g and h and from the control climatology in c,f and i. The hatching indicates the SLP change is statistically significant at the 
5% level on the basis of a Student’s t-test.
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by the time of 8 × CO2 (Extended Data Fig. 9c). AA-induced V 
changes at many locations vary with time and do not always have 
the same sign as the current climatology (Supplementary Figs. 4  
and  5). Thus, the V changes do not always enhance current V. 
These results suggest that any forced V changes, including possible 
strengthening over 50°–80° N, in the recent and upcoming decades 

are probably caused by the GHG forcing rather than AA. In fact, the 
AA may weaken the V over the northern latitudes (Extended Data 
Fig. 9c), which is the opposite to the hypothesized strengthening of 
the meridional circulation due to AA17.

Our AA-induced SAT, SLP and U changes are broadly consis-
tent with those reported previously;26–33 however, because of the 
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improved design of the experiments, we were able to explicitly show 
that these changes are small compared with the total response to 
CO2 forcing, and they are mostly insignificant outside the high 
latitudes in individual realizations. Our modelling results suggest 
that any forced changes outside the northern high latitudes in the 
recent and upcoming decades are more likely due to GHG-induced 
climate change rather than a response to AA and the concurring 
sea-ice loss. They also suggest that statistical correlations with and 

regression-explained variance by sea-ice loss for both inter-annual 
variations and long-term trends may not imply that sea-ice loss is a 
cause. In fact, they are both probably caused by the same GHG forc-
ing or other short-term processes. The response to the amplified 
Arctic warming alone cannot be easily quantified from observations 
or model simulations that include both effects from GHG-induced 
global warming and AA, and responses simulated by AGCMs 
may be unrealistic. Thus, caution must be exercised in attributing 
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recent weather and climate changes over northern mid-latitudes to  
Arctic sea-ice loss and AA on the basis of statistical analyses of 
data. This is because such data include both effects from AA and 
the GHG-induced background warming, and these effects and that 
from internal variability cannot be easily separated in such analyses.

Here we examined only AA’s impact on the mean climate 
response to CO2 increases during the cold season from October 
to March. Further analyses are needed to quantify AA’s impacts on 
transient weather patterns such as the Ural blocking18,19 or climate 
variability over the northern mid-latitudes as many previous stud-
ies suggest that most Arctic–mid-latitude linkages are regional and 
episodic, with timescales of weeks to a few months35,36. Nevertheless, 
the results presented here suggest that these regional and episodic 
linkages are unable to produce significant impacts on the seasonal 
mean fields, such as the winter cooling over Eurasia seen in recent 
decades2. It is possible that the CESM1 model may have failed to 
simulate AA’s impact on transient weather. However, many previous 
studies were unable to separate AA’s impact from that resulting from 
natural variability or the background global warming and thus may 

have incorrectly attributed recent changes in transient weather pat-
terns to AA. We are currently analysing daily data from the CESM1 
simulations to address these issues.

Historical Arctic warming rates are correlated with the Atlantic 
Multi-decadal Oscillation (AMO)37, and the recent accelerated 
warming and sea-ice loss in the Barents-Kara Seas (BKS)1 are 
linked to increased intrusion of North Atlantic warm water38 associ-
ated with a warm AMO phase. Since the recent AMO cycles result 
from either natural variability or historical aerosol forcing39, a large 
part of the recent BKS warming and sea-ice loss and the associ-
ated impact on atmospheric circulation18,19 and the cooling effect 
over Eurasia40 may be unrelated to GHG-induced Arctic warming 
and sea-ice loss. This could help reconcile the modelling results of  
little influence from GHG-induced AA and sea-ice loss on the  
mid-latitudes and the previous analyses6–19 linking recent Eurasian 
cooling to BKS warming and sea-ice loss, as the latter may be mainly 
looking at AMO-induced BKS warming and sea-ice loss together 
with AMO-induced atmospheric circulation changes that likely  
differ from GHG-induced changes.
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Methods
CESM1 simulations. The model simulations used here were taken from Dai 
et al.3, who described and evaluated them in detail. Here we briefly describe them, 
using some text from ref. 3. We used the CESM141 from the National Center for 
Atmospheric Research with version 4 of the Community Atmosphere Model 
(CAM4) for its atmospheric component. The CESM1 was run with grid spacing of 
2.5° longitude × ~2.0° latitude for the atmospheric model, and ~1.0° longitude × 
~0.5° latitude for the sea-ice and ocean models. Previous studies3,26,42 have shown 
that the CESM1 simulates the Arctic mean climate fairly realistically, including the 
spatial and seasonal patterns of the sea ice and surface fluxes. We compared the 
standard deviations (s.d.) of the monthly fields examined here in CESM1 historical 
simulations with those from the European Centre for Medium-range Weather 
Forecasts (ECMWF) re-analysis (ERA-) Interim reanalysis during 1979–2016 and 
found that the CESM1 has generally realistic variability for the monthly fields 
examined here, although noticeable differences exist in the s.d. patterns for  
sea-level pressure and precipitation (Supplementary Figs. 2 and 3).

We made two multi-century simulations plus a 150-year pre-industrial control 
run (CTL, with CO2 fixed at 284.7 ppmv). The first multi-century simulation is a 
standard 1% yr–1 CO2 increase run (1% CO2) with fully coupled dynamic sea ice for 
235 years, until atmospheric CO2 reaches 10.36 times the pre-industrial CO2 level. 
The second run (referred to as FixedIce) is the same as the 1% CO2 run except that 
all the internally calculated ice–atmosphere, ice–ocean and ocean–atmosphere 
fluxes north of 30° N were applied to the fixed sea-ice fractional areas temporally 
interpolated from the monthly climatology of the CTL run. This differs from the 
standard 1% CO2 run in which these fluxes were applied only to the ice faction that 
existed at the time in the model (Extended Data Fig. 10). Over a small fraction of 
the Arctic sea-ice area north of 30° N (mainly along the sea-ice margins at lower 
latitudes, see supplementary figure S9 in ref. 3), sea ice melted away completely 
(mainly in the latter part of the simulation), and thus the ice model did not 
calculate these fluxes. For these small areas, we used the monthly climatology of 
these fluxes from the CTL run (after the temporal interpolation to the day within 
the month), except for surface-absorbed shortwave (SW) radiation, which was 
calculated using the CTL albedo values and model-internally calculated downward 
SW radiation. The CTL ice–atmosphere fluxes (including latent and sensible 
heat fluxes, evaporation, upward longwave radiation and surface stress) and 
ice–ocean fluxes (including heat, salt, freshwater, SW radiation and stress fluxes) 
did not account for long-term changes in surface temperatures and other fields; 
thus, they could potentially suppress long-term changes in the Arctic if applied 
widely. However, the CTL fluxes were used only over a very small fraction of the 
total sea-ice area along the initial ice margins where SIC was low at the start and 
melted away completely (see supplementary fig. S9 in ref. 3); thus, the effect of this 
deficiency is likely to be small.

In the FixedIce run, the coupler and the atmospheric and ocean components 
in the CESM1 saw only the fixed sea-ice cover interpolated from the CTL run 
north of 30° N; the sea-ice fraction inside the sea-ice model was allowed to evolve 
dynamically with the fluxes returned from the coupler. Thus, the preceding 
changes made in the FixedIce run would also affect the rate of sea-ice loss through 
the modification to the surface fluxes (Extended Data Fig. 10).

The difference between the standard 1% CO2 and FixedIce runs comes mainly 
from the application of the internally calculated fluxes over a sea-ice surface to 
different sea-ice fractions: in the 1% CO2 run, the fluxes were applied to the actual 
ice cover or the fraction existed in the model at the time; in the FixedIce run, they 
were applied to a fixed ice cover (with a fixed seasonal cycle) derived from the CTL 
run (Extended Data Fig. 10). This is equivalent to changing the ocean surface type 
(our main intervention) for the purpose of air–sea flux calculations from open 
water in the 1% CO2 run to sea-ice cover in the FixedIce run for many of the Arctic 
grid boxes. Clearly, this artificial surface-type change can lead to large changes 
in the calculated surface fluxes, but the basic energy and mass conservations are 
still preserved in the flux calculations. However, by applying the ice–atmosphere 
and ice–ocean energy and water fluxes from the actual ice fraction to the CTL 
fraction (Extended Data Fig. 10), we may have extended the small energy sink, 
and freshwater release occurred within the actual ice fraction to a larger area; this 
expanded energy sink and freshwater source are artificial and not accounted for 
in the FixedIce run. As shown by Extended Data Fig. 1 and supplementary fig. S9 
in ref. 3, however, the SIC difference between the internally calculated and CTL-
derived values is small in the FixedIce run for the years before the time of CO2 
quadrupling. Thus, the effect of this deficiency is also likely to be small, at least for 

the early part (<150 years) of the simulation. The initial SIC of the FixedIce run 
was taken from the same control run; thus, it remained similar to the CTL-derived 
values during the early part of the simulation because sea-ice melting was small as 
the altered surface fluxes suppressed AA and Arctic warming in the FixedIce run.

Our approach here focuses on the effects on the climate (including sea ice 
itself) of a fixed sea-ice cover through its impact on surface fluxes, and by doing 
so it also largely eliminates the Arctic amplification of warming (Extended Data 
Fig. 1). It differs from previous studies26–33 in the way to maintain a near-constant 
SIC. For example, Deser et al.26,27 used an artificial longwave forcing, McCusker 
et al.29 and Sun et al.33 added a ‘ghost energy flux’ to the ice model, Blackport and 
Kushner29 modified ice albedo, Oudar et al.30 applied a heat flux to the ocean model 
and Smith et al.31 essentially reset the SIC to a target value (which could lead to 
unlimited sea-ice melting and release of freshwater). By comparison, our approach, 
which is essentially a change of ocean surface type, has relatively low artificial 
intervention of the Arctic climate system. As Arctic warming under rising CO2 
is sensitive to how the coupled atmosphere–ocean–ice processes are simulated43, 
one could argue that it is better to achieve a near-constant sea-ice cover with as 
little artificial intervention as possible. We also focus on the transient response to 
a graduated CO2 increase in an individual realization, which resembles the real 
world. By contrast, most of the previous studies focused on the ensemble mean 
response, which contains reduced internal variability and thus is a more robust 
estimate of the response but is not comparable to observations.

Student’s t-tests and a 5% significance level were applied to test whether a 
change in the mean of a given climate variable is statistically significant throughout 
the study.

Data availability
The model data used in this study are available from the authors upon request.
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Extended Data Fig. 1 | CESM1-somulated Arctic sea-ice, temperature and flux changes. (a) Eleven-year-moving averaged time series of the changes 
(relative to the control-run climatology) in Arctic (67o–90oN, red) and global-mean (magenta) annual surface air temperature (Tas), Arctic-minus-global 
annual Tas difference (black), and Arctic annual sea-ice concentration (SIC, blue) from the 1% CO2 run (solid lines) and FixedIce run (dashed lines).  
(b, c) CESM1-simulated changes (relative to the control-run climatology) averaged over years 131–150 as a function of month in Arctic sea-ice 
concentration (SIC, in % area, gray bars) and surface net shortwave (SW) radiation (red), upward longwave (LW) radiation (magenta), and sensible plus 
latent heat fluxes (blue) from the (b) 1% CO2 run and (c) FixedIce run.
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Extended Data Fig. 2 | CESM1-simualted October-March mean changes over 40o–90oN around the time of the 1st CO2 doubling (that is, for years 
61–80). Same as Fig. 1 but at the time of the 1st CO2 doubling (that is, for year 61–80 mean).
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Extended Data Fig. 3 | CESM1-simualted October-March mean changes over 40o–90oN around the time of the 3rd CO2 doubling (that is, for years 
201–220). Same as Fig. 1 but around the 3rd CO2 doubling (that is, for year 201–220 mean).
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Extended Data Fig. 4 | CESM1-simualted changes in zonal-mean temperature around the time of the 1st CO2 doubling (that is, for years 61–80). Same as 
Fig. 3 but around the time of the 1st CO2 doubling (that is, for years 61–80).
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Extended Data Fig. 5 | CESM1-simualted changes in zonal-mean temperature around the time of the 3rd CO2 doubling (that is, for years 201–220). 
Same as Fig. 3 but around the time of the 3rd CO2 doubling (that is, for years 201–220).
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Extended Data Fig. 6 | CESM1-simulated climatology (contours) and changes (color) in October-March zonal-mean U wind around the 1st CO2 doubling 
(that is, for years 61–80). Same as Fig. 4 but around the time of the 1st CO2 doubling (that is, for years 61–80).
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Extended Data Fig. 7 | CESM1-simulated climatology (contours) and changes (color) in October-March zonal-mean U wind around the 3rd CO2 doubling 
(that is, for years 201–220). Same as Fig. 4 but around the time of the 3rd CO2 doubling (that is, for years 201–220).
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | CESM1-simulated climatology (contours) and changes (color) in October-March zonal-mean V wind around the 2nd CO2 
doubling (that is, for years 131–150). CESM1-simualted climatology (contours, in 0.1 m/s) and changes (color, in 0.1 m/s, relative the control-run 
climatology) averaged over years 131–150 of October-March zonal-mean meridional wind from the (a) 1% CO2 run and (b) FixedIce run. Panel c is the 
panel a minus b difference. Significant wind changes in (a, b) or differences in (c) at the 5% level are marked by the black dots. The contours in (c) are 
for the control-run climatology of the meridional wind. The changes around the 1st CO2 doubling (for years 61–80) have similar patterns with smaller 
magnitudes.
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Extended Data Fig. 9 | CESM1-simulated climatology (contours) and changes (color) in October-March zonal-mean V wind around the 3rd CO2 doubling 
(that is, for years 201–220). Same as Extended Data Fig. 8, but for changes around the time of the 3rd CO2 doubling (that is, for years 201–220).
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Extended Data Fig. 10 | Schematic diagram showing how the surface fluxes are applied in the standard 1%CO2 run (top) and the FixedIce run (bottom) 
over Arctic sea-ice covered areas. Schematic diagram showing how the surface fluxes are applied in the standard 1%CO2 run (top) and the FixedIce run 
(bottom) over Arctic sea-ice covered areas. In the FixedIce run (with the same 1%-per-year increase in atmospheric CO2), sea-ice loss (outlined by the 
dashed lines in the lower-right panel) is small, and the fluxes from the ice model are applied to the same ice fraction as in year 1 (that is, they are extended 
to the volume outlined by the dashed lines in the lower-right panel), and the atmosphere and ocean components only see a fixed ice cover (with seasonal 
cycle). However, the ice model still dynamically calculates the ice fraction and the fluxes over sea ice. The ice model does not see this artificial ice fraction 
change but it feels the changed surface fluxes and near-surface states resulting from this change, and this leads to much slower ice melting and greatly 
reduced Arctic amplification in the FixedIce run than in the standard 1%CO2 run. The main ice-atmosphere and water-atmosphere fluxes include sensible 
(SH) and latent (LH) heat fluxes, longwave (LW) and shortwave (not shown) radiative fluxes, and wind stress fluxes (not shown). The ice-ocean fluxes 
include heat (H), salt (S), freshwater (W), and wind stress (not shown) fluxes.
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Figure S1. Same as Fig. 4 but for December-January averages.   
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Figure S2. Standard deviations of the monthly sea-ice concentration (SIC, color shading, in %) 
and surface air temperature (red contours, in oC) from CESM1-BGC all-forcing historical (for 
1979-2005) and RCP8.5 (for 2006-2016) simulations (left column) and ERA-Interim  (right 
column) during 1979-2016 for October (top), December (middle) and February (bottom). 
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Figure S3. Standard deviations of the monthly precipitation (color shading, in 0.1mm/day) and 
sea-level pressure (contours, in hPa) from CESM1-BGC all-forcing historical (for 1979-2005) and 
RCP8.5 (for 2006-2016) simulations (left column) and ERA-Interim  (right column) during 1979-
2016 for October (top), December (middle) and February (bottom). 
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Figure S4. Spatial distribution of the 1% CO2 minus FixedIce difference (colour, in m s−1) in 
October–March mean V at a level around 266 hPa averaged over years (a) 61-80, (b) 131–150, 
and (c) 201-220. The contours are the mean V (in m s−1) from the control run.  
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Figure S5. Spatial distribution of the 1% CO2 minus FixedIce difference (colour, in m s−1) in 
October–March mean V at a level around 867 hPa averaged over years (a) 61-80, (b) 131–150, 
and (c) 201-220. The contours are the mean V (in m s−1) from the control run.  
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