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1. Moisture budget analysis

Previous studies have used this method to investigate the drivers of regional or global precip-

itation change under global warming (e.g., Chou & Lan, 2012; Lan et al., 2016; Liang et al.,

2020). The moisture budget is formulated as

∆P = ∆(− < V⃗h · ∇q >) + ∆(− < ω∂pq >) + ∆SLHF +∆δ, (1)

where P denotes the total precipitation, V⃗h the horizontal wind field, q the specific humidity,

ω the vertical velocity in pressure coordinates, SLHF the surface latent heat flux, and δ the

residuals. <> indicates the mass integration from the surface to top of the model. The first term

on the right hand side (− < V⃗h · ∇q >) is the horizontal moisture advection, while the second

term (− < ω∂pq >) is the vertical moisture advection. ∆ represents the difference between each

30-year period and the reference period (1951-1980) for each month, and the units here are Wm−2

.

2. Energy budget analysis

To investigate the underlying mechanisms driving Arctic near-surface temperature change, we

analyze the top of atmosphere (TOA) energy budget. The budget is formulated as:

∆R +∆F −∆H = 0, (2)

where R is the net TOA radiation, F is the horizontal convergence of heat transport, and H is

the net heat uptake. The units of each term are Wm−2.

The change of heat transport, ∆F , is decomposed into atmospheric and oceanic components:

∆F = ∆AHT +∆OHT, (3)
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where ∆AHT and ∆OHT are the changes of atmospheric and oceanic heat flux convergence,

respectively. The change of heat uptake, ∆H, is estimated as the change of oceanic heat uptake

assuming negligible heat capacity of the atmosphere and land. ∆H, thus, is decomposed into:

∆H = ∆OHT −∆OHR, (4)

where ∆OHR is the change of oceanic heat release (positive into the atmosphere), and ∆OHT

is calculated as the residual term in Equation 4. ∆OHR is further decomposed into:

∆OHR = ∆THF +∆LW +∆SW, (5)

where ∆THF is the change of turbulent heat flux (latent heat plus sensible heat), and ∆LW and

∆SW represent the changes of net longwave and shortwave radiation at the surface, respectively.

For the change of net radiation at TOA (∆R), we use the radiative kernels (Soden et al., 2008;

Pendergrass et al., 2018) to decompose it into the change of radiative forcing of CO2 (∆Q) and

the sum of climate feedbacks (Σλi∆Ts):

∆R = ∆Q+ Σλi∆Ts, (6)

where ∆Ts is the change of Arctic near-surface air temperature, and λi represents for the radiative

feedback parameter of different components, including the surface albedo (ALB), the Planck

(PL), the lapse-rate (LR), the water vapor (WV), the shortwave cloud (SWC), and the longwave

cloud (LWC) feedbacks, respectively. Due to lack of data, the moisture and energy budget

analyses are only performed with CESM1-CAM5 SMILE.
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Table S1. List of CMIP5 global climate models and ensemble members used in this study.

Name Member

1. CanESM2 r1i1p1

2. CCSM4 r1i1p1

3. CESM1-CAM5 r1i1p1

4. CNRM-CM5 r1i1p1

5. CSIRO-Mk3.6.0 r1i1p1

6. FGOALS-g2 r1i1p1

7. GISS-E2-H r1i1p1

8. GISS-E2-R r1i1p1

9. HadGEM2-AO r1i1p1

10. HadGEM2-ES r1i1p1

11. MIROC-ESM r1i1p1

12. MIROC-ESM-CHEM r1i1p1

13. MIROC5 r1i1p1

14. MPI-ESM-LR r1i1p1

15. MPI-ESM-MR r1i1p1

16. MRI-CGCM3 r1i1p1

17. NorESM1-ME r1i1p1

18. NorESM1-M r1i1p1
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Figure S1. Standard deviation across models in the projection of Arctic precipitation response

using (a) SMILEs, (b) CMIP5 models under RCP2.6 scenario, (c) CMIP5 models under RCP4.5

scenario, and (d) CMIP5 models under RCP8.5 scenario. (e)-(h) As in (a)-(d), but for Arctic

surface air temperature response. (i)-(l) As in (a)-(d), but for the AAF. (m)-(p) As in (a)-(d),

but for Arctic SIA response. Years along the x-axis denote the centers of each 30-year period.

Grey dots denote the annual maximum values every 5 years. Values in parentheses in the titles

of (a)-(d) indicate the number of models for each dataset.
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Figure S2. The seasonal evolution the changes in precipitation (in Wm−2), and it components

from the moisture budget, over the Arctic domain for CESM1-CAM5. (a) The precipitation

change ∆P , (b) the horizontal moisture advection, (c) the vertical moisture advection, (d) the

surface latent heat flux, (e) the residual, and (f) the integrated specific humidity from bottom

to top of the atmosphere. All values are referenced to the 1951-1980 mean value. The solid

lines indicate ensemble mean, while color shading represents the range of one standard deviation

across the ensemble. Dots denote the maximum values within each period.
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Figure S3. The seasonal evolution of the changes in surface temperature (in K), and its

decomposition over the Arctic domain for CESM1-CAM5. (a) Arctic near-surface temperature

change, (b) oceanic heat release, (c) turbulent heat flux, (d) oceanic heat transport,(e) atmo-

spheric heat transport, (f) surface albedo feedback, (g) Planck feedback, (h) lapse-rate feedback,

and (i) water vapor feedback. All values are reference to the 1951-1980 mean value. The solid

lines indicate the ensemble mean, while the color shading represents the range of one standard

deviation across the ensemble. Dots denote the maximum values within each period.
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Figure S4. (a)-(d) Time series of annual (a) Arctic precipitation, (b) Arctic SAT, (c) AAF,

and (d) Arctic SIA, computed using 6 SMILEs and 3 CMIP5 scenarios. Values are changes

relative to mean of 1951-1980. The solid lines indicate the ensemble means, while the color

shading represents the range of one standard deviation across each ensemble, and the dashed lines

represent the multi-model mean for each scenario in CMIP5. (e)-(h) The fraction of uncertainty

for annual (e) Arctic precipitation, (f) Arctic SAT, (g) AAF, and (h) Arctic SIA. In each panel,

the blue shading represents the model structural uncertainty, the red shading the emissions

scenario uncertainty, and the yellow shading the internal variability uncertainty. The white solid

lines represent the margins of each decomposed uncertainty, and white shading indicates the

range of internal variability determined by the maximum and minimum values.
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Figure S5. (a) The fraction of uncertainty for annual Arctic surface air temperature (SAT)

response. (b) As in (a), but for global SAT response. In each panel, the blue shading represents

the model structural uncertainty, the red shading the emissions scenario uncertainty, and the

yellow shading the internal variability uncertainty. The white solid lines represent the margins

of each decomposed uncertainty, and white shading indicates the range of internal variability

determined by the maximum and minimum values. (c) Time series of ratio between the scenario

uncertainty in Arctic SAT responses and that in global SAT responses.
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Figure S6. Seasonal evolutions of (a)-(f) sea-ice thickness responses averaged over the Arctic

domain (70oN-90oN) for six SMILEs. Values in each panel are the ensemble mean during 30-year

periods relative to the 1951-1980 ensemble mean. Years along the x-axis denote the centers of

each 30-year period, and dots denote the annual maximum values every 5 years. The number of

ensemble members in each SMILE is indicated in parentheses.
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