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S1 Comparison to observations (MPI-ESM)

Var.
REF

Bias (RMSE)
WET

Bias (RMSE)
DRY

Bias (RMSE)
W2D

Bias (RMSE)
Source Unit Period Fig.

Temp2m 0.62 (3.16) -0.85 (3.11) 1.94 (3.67) 0.04 (2.78) GSWP3 [K] 1990 - 2014 SF1
MAGT -1.95 (3.9) -2.49 (3.8) -0.17 (2.77) -1.70 (3.44) GTNP [K] 2000 - 2010 SF2
Thawmax 2.00 (2.30) 0.08 (1.09) 1.39 (1.85) 0.27 (1.11) CALM [m] 1990 - 2019 SF3
Precip 8.42 (23.75) 7.24 (23.61) 4.59 (21.34) 6.87 (22.97) GSWP3 [mm mon−1] 1990 - 2014 SF4
Snow -16.46 (66.36) -12.67 (66.00) -17.53 (66.78) -15.18 (66.06) CMC [mm] 1998 - 2012 SF8
Discharge 295 275 234 279 GRDC [km3 yr−1] 1980 - 1995 SF9
cfTree -4.3 (22.98) -13.40 (24.38) -1.05 (25.95) -12.22 (23.74) ESACCI [%] 1992 - 2020 SF6
cfGrass 24.48 (33.62) 25.42 (34.72) 20.23 (27.96) 25.48 (33.60) ESACCI [%] 1992 - 2020 SF7
cfShrub -5.58 (12.05) -5.44 (10.14) -7.01 (13.63) -4.71 (10.43) ESACCI [%] 1992 - 2020 SF8

Supplementary Table ST1. Overview over simulation biases in the northern permafrost regions for the different model
setups, namely the reference model (REF), the WET setup, the DRY setup and the W2D setup. Given are the biases and root
mean square errors for seasonally averaged 2m temperature relative to data from the Global Soil Wetness Project (GSWP3)1, 2,
mean annual ground temperature (MAGT) relative to data from the Global Terrestrial Network for Permafrost (GTNP)3–5,
maximum annual thaw depths relative to data from Circumpolar Active Layer Monitoring (CALM)6, mean seasonal
precipitation relative to GSWP3 data, annual mean snow water equivalent relative to data from the Northern Hemisphere subset
of the Canadian Meteorological Centre (CMC) operational global daily snow depth analysis7, annual river discharge of the 5
largest Arctic rivers relative to data from the Global Runoff Data Centre (GRDC)8 and tree-, grass- and shrub cover fractions
relative to ESA Climate Change Initiative (ESACCI) data9. Bold numbers indicate the simulation exhibiting the smallest bias.



Var.
REF

Bias (RMSE)
WET

Bias (RMSE)
DRY

Bias (RMSE)
W2D

Bias (RMSE)
Source Unit Period Fig.

Temp2m -0.60 (2.85) -0.90 (2.93) -0.16 (2.68) -0.65 (2.94) GSWP3 [K] 1990 - 2014 SF1
Precip -1.39 (40.59) -1.65 (40.18) -1.49 (40.89) -1.59 (39.54) GSWP3 [mm mon−1] 1990 - 2014 SF4
cfTree 4.73 (22.21) 1.97 (22.71) 5.23 (23.29) 2.06 (22.36) ESACCI [%] 1992 - 2020 SF6
cfGrass 17.55 (27.1) 17.56 (27.34) 17.03 (25.60) 17.97 (27.18) ESACCI [%] 1992 - 2020 SF7
cfShrub -8.78 (15.28) -8.74 (14.83) -9.15 (15.74) -8.46 (14.90) ESACCI [%] 1992 - 2020 SF8

Supplementary Table ST2. Overview over simulation biases across all continental areas for the different model setups,
namely the reference model (REF), the WET setup, the DRY setup and the W2D setup. Given are the biases and root mean
square errors for seasonally averaged 2m temperature relative to data from the Global Soil Wetness Project (GSWP3)1, 2, mean
seasonal precipitation relative to GSWP3 data and tree-, grass- and shrub cover fractions relative to ESA Climate Change
Initiative (ESACCI) data9. Bold numbers indicate the simulation exhibiting the smallest bias.
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Supplementary Figure SF1. 2m temperature
Comparison of simulated and observation based (Global Soil Wetness Project (GSWP3)1, 2) seasonally averaged 2m
temperature for: a) MPI-ESM1.2 reference version (black), b) WET setup (blue), c) DRY setup (red) and d) W2D setup
(yellow). The data is averaged over the period 1990 - 2014. In the main panel each dot represents one season and one grid-box,
with the colored dots referring to the northern permafrost regions, while grey dots refer to all continental areas. The same
color-coding is valid in the histogram on the bottom right.
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Supplementary Figure SF2. Mean annual ground temperature
Comparison of simulated and observed (Global Terrestrial Network for Permafrost (GTNP)3–5) mean annual ground
temperatures (MAGT) in the northern permafrost regions for: a) MPI-ESM1.2 reference version (black), b) WET setup (blue),
c) DRY setup (red) and d) W2D setup (yellow). For each site, the data is averaged over the period with available data between
the years 2000 - 2010.
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Supplementary Figure SF3. Maximum annual thaw depth
Comparison of simulated maximum annual thaw depths and observed end-of-season thaw depths (Circumpolar Active Layer
Monitoring (CALM)6) in the northern permafrost regions for: a) MPI-ESM1.2 reference version (black), b) WET setup (blue),
c) DRY setup (red) and d) W2D setup (yellow). For each site, the data is averaged over the period with available data between
the years 1990 - 2019.
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Supplementary Figure SF4. Precipitation
Comparison of simulated and observation based (Global Soil Wetness Project (GSWP3)1, 2) seasonally averaged precipitation
for: a) MPI-ESM1.2 reference version (black), b) WET setup (blue), c) DRY setup (red) and d) W2D setup (yellow). The data
is averaged over the period 1990 - 2014.
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Supplementary Figure SF5. Snow water equivalent
Comparison of simulated and observed (Northern Hemisphere subset of the Canadian Meteorological Centre (CMC)
operational global daily snow depth analysis7) annual average snow water equivalent in the northern permafrost regions for: a)
MPI-ESM1.2 reference version (black), b) WET setup (blue), c) DRY setup (red) and d) W2D setup (yellow). The data is
averaged over the period 1998 - 2012.
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Supplementary Figure SF6. Tree cover fraction
Comparison of simulated and observed (ESA Climate Change Initiative (ESACCI)9) average tree cover for: a) MPI-ESM1.2
reference version (black), b) WET setup (blue), c) DRY setup (red) and d) W2D setup (yellow). The data is averaged over the
period 1992 - 2020.

S8/S15



Supplementary Figure SF7. Grass cover fraction
Comparison of simulated and observed (ESA Climate Change Initiative (ESACCI)9) average grass cover for: a) MPI-ESM1.2
reference version (black), b) WET setup (blue), c) DRY setup (red) and d) W2D setup (yellow). The data is averaged over the
period 1992 - 2020.
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Supplementary Figure SF8. Shrub cover fraction
Comparison of simulated and observed (ESA Climate Change Initiative (ESACCI)9) average shrub cover for: a) MPI-ESM1.2
reference version (black), b) WET setup (blue), c) DRY setup (red) and d) W2D setup (yellow). The data is averaged over the
period 1992 - 2020.
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Supplementary Figure SF9. Discharge
Observed (white; Global Runoff Data Centre (GRDC)8) and simulated ( MPI-ESM1.2 reference version [black], WET setup
[blue], DRY setup [red] and W2D setup [yellow]) annual river discharge of: a) the 5 largest Arctic rivers, b) Yenisey, c) Lena d)
Ob, e) Mackenzie and f) Yukon. Values in brackets give the relative difference between the simulated and the observed
discharge. For each river, the data is averaged over the period with available data between the years 1980 - 1995.
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S2 ICON-ESM

Supplementary Figure SF10. Arctic futures in ICON-ESM
a) 21st century precipitation trend simulated with the DRY ICON-L setup. b) Same as a) but for evapotranspiration. c) Same as
a) but for the total soil water (liquid soil moisture and ice) content. d,e,f) Same as a,b,c) but for the WET ICON-L setup.
Non-permafrost and glacier grid cells are shaded in grey.

Despite including neither the dynamic vegetation module nor the WEED module and despite being run at a lower resolution,
the trends in precipitation and evapotranspiration compare well with the MPI-ESM simulations. However, in contrast to the
latter, there are no clear general trends in the total soil water content, either in the DRY or in the WET ICON-L setups. While
there are regions that exhibit notable in- and decreases in the total soil water in both simulations, these cancel out on the
pan-Arctic scale.
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Supplementary Figure SF11. Effects of soil hydrological conditions on near-surface climate:
a) Latent heat flux in the northern permafrost regions in WET (blue) and DRY (red) ICON-ESM simulations for SSP5-8.5.
Thin lines show the annual mean, averaged over the northern permafrost regions (note that that grid cells covered by glaciers
were excluded), while thick lines give the 10-year running mean. b) Same as a) but showing the Bowen ratio, c) precipitation,
d) surface runoff and drainage, e) accumulated cloud cover, f) solar radiation absorbed at the surface, g) surface temperatures,
h) near-surface (top 3 m of the soil) permafrost volume and i) liquid soil water content.

The ICON-ESM produces a dryer climate than the MPI-ESM, with a lower cloud cover, less precipitation and, consequently,
less evapotraspition, runoff and drainage. Due to the lower cloud cover, the surface shortwave net radiation is also higher,
resulting in a higher sensible heat flux and consequently a much higher Bowen ratio. However, despite these differences in
climate, the differences between the DRY and WET ICON-L setups generally agree well with those between the WET and
DRY MPI-ESM runs.
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Supplementary Figure SF12. Comparison to CMIP6 ensemble:
a) Differences in evapotranspiration between the WET and the DRY ICON-L setup in permafrost regions (∆evap

|DRY−WET |). Black

line gives the interquartile range (IQRevap) — that is the difference between the 75th and the 25th percentile — of the CMIP6
ensemble, while the dotted area provides 2 × the ensemble standard deviation (2σ evap). b) same as a but for precipitation
(∆pr
|DRY−WET |, IQRpr, 2σ pr), c) surface temperatures in permafrost grid cells (∆ts

|DRY−WET |, IQRts, 2σ ts) and d) surface

temperatures (land and ocean) north of 50◦N (∆ts;+50N
|DRY−WET |, IQRts;+50N , 2σ ts;+50N).

In general, the ICON-ESM simulations agree well with those using the MPI-ESM. However, the differences in the simulated
temperatures between the DRY and the WET setups are substantially smaller in the northern permafrost regions (about 0.8◦C,
which corresponds to about 30 % of the temperature differences in the MPI-ESM simulations) and also those averaged across
the latitudes 50◦N to 90◦N (about 0.6◦C, also 30 % of the temperature differences in the MPI-ESM simulations).
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