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1. Figures and tables
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Figure S1. Mean differences in permafrost-relevant climate characteristics between the
mid-Pliocene warm period (mPWP) and preindustrial period (PT) (mPWP-PI) averaged
over the present-day permafrost region for each PlioMIP2 model and their ensemble
(ENS). (A) Mean annual surface air temperature (°C), (B) mean temperature of the
warmest month (°C), (C) mean temperature of the coldest month (°C), and (D) mean
winter snow depth (cm). The error bar on the ENS bar indicates one standard deviation

across the 17 climate models.

2/30



24
25

26

27

28

] Standard deviation: 4.2 X 108 km?

(U _____________________________________________________
o 16 4
o 4 ]
B E 12 -
S 1
g: 8 H HHH
F ]
o
0 (W rj Fj rw — rw [ FW . . . . .
SR T R IR IR A SR SR S SR
OO@@%O@%&\@W,@ L0059
OQ%Q/% OQ/ OOQ? & Q\Qg\’%\, O®®Goeé@o&
S ¥ VTR SN
< 7 N

Figure S2. Simulated near-surface permafrost area (x10° km?) during the mid-Pliocene
warm period (mPWP) for each model and the ensemble mean (ENS). The dashed
horizontal line represents the permafrost area during the preindustrial period (PI). The

error bar on the ENS bar indicates one standard deviation across the 17 climate models.
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Figure S3. Relationship of simulated difference in near-surface permafrost area
between the mid-Pliocene warm period (mPWP) and preindustrial period (PI) (%,
(mPWP-PI)/PIx100) with (A) difference in mean annual surface air temperature
(mPWP-PI, °C), (B) difference in mean temperature of the warmest month (mPWP—
PI, °C), (C) difference in mean temperature of the coldest month (mPWP-PI, °C), (D)
difference in mean winter snow depth (mPWP-PI, cm), and (E) equilibrium climate
sensitivity (ECS, °C) across the climate models. (F) Relationship of the difference in
mean annual surface air temperature between the mPWP and PI (mPWP-PI, °C) with
the ECS (°C) across the climate models. All climate variables with respect to
temperature and snow are averaged over the present-day permafrost region. The
correlation coefficient (R) is given in the top right corner of each panel, with labels “**”

(“*”) denoting significance at P<0.001 (P<0.05).
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Figure S4. Relationship of mean bias (MB) in simulated and proxy-based temperature
anomalies, mid-Pliocene warm period (mPWP) versus preindustrial period (PI)
(mPWP-PI, °C) with spatial correlation coefficient in simulated and proxy-based
temperature anomalies (mPWP-PI) across the 17 climate models. The correlation

coefficient (R) and p value (P) are given in the top left corner of the panel.
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Figure S5. Difference in the model ensemble mean (A) mean annual surface air

temperature (°C), (B) mean temperature of the warmest month (°C), (C) mean

temperature of the coldest month (°C), and (D) mean winter snow depth (cm) between

the mid-Pliocene warm period (mPWP) and preindustrial period (PI) (mPWP—-PI) based

on the five climate models of model group 1 (-3 °C<MB<O0 °C). The area-average over

the present-day permafrost region and its standard deviation across the 5 climate models

are given in the bottom right of each panel.
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Figure S6. Model ensemble mean (ENS)-corrected annual surface air temperature (°C)
during the mid-Pliocene warm period (mPWP) (A) and preindustrial period (PI) (B)
based on the five climate models of model group 1 (-3 °C<MB<O0 °C). Areas outlined
in black refer to the ENS near-surface permafrost extent during the mPWP based on the

corrected climate data from model group 1.

7/30



62
63

64

65

66

67

68

69

70

71

72

73

74

75

1.2

o 1A [l -0.3°C<MB<0.3°C
= 06
2 o) ]
s o1l _ . =0 ml_
g0 H [T e I
G -0.6 -
[0}
E 4
'12 L} T L} L}
o ON DO O D& v
N @x((?éoo S 0o N N WP o N
F WD LR LPE Y KOO P N
s I VSISO IS INES S
& N A Of</ O N3 ®%v &
= J Y A o I I O v s

? {1 ENS area difference: -77%

Standard deviation: 1.1 °C . | Standard deviation: 6%

C T T T e 1 7 7 [ T T
5 66 7 8 9 10°C 1 2 3 4 5 6 7 8 9 10

3 o
; : %
B -
4 ¥
.

Area-average: 7.5 °C

Figure S7. Projected difference in near-surface permafrost extent between 2080-2099
and 1995-2014 under the SSP5-8.5 scenario. (A) Mean bias (MB) of the model-
simulated surface air temperature difference between 1901-1930 and 1995-2014
averaged over the present-day permafrost region against CRU observations (simulation
minus observation). Green bars represent the 10 preferred models with small MB (-
0.3 °C<MB<0.3 °C). (B) Simulated difference in ensemble mean (ENS) surface air
temperature from the 10 models with —0.3 °C<MB<0.3 °C between 2080-2099 and
1995-2014 (2080-2099 minus 1995-2014) under the SSP5-8.5 scenario. (C) Simulated
difference in ENS near-surface permafrost extent from the 10 models with —
0.3 °C<MB<0.3 °C between 2080-2099 (red) and 1995-2014 (black) under the SSP5-
8.5 scenario. Shading denotes the differentiation of near-surface permafrost extents
during 2080-2099 from the models with —0.3 °C<MB<0.3 °C. The color bar identifies

the total number of models that captured near-surface permafrost at a specific location.
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ENS area difference is the percentage difference in ENS permafrost area during the
period of 2080-2099 relative to 1995-2014. The standard deviation of the difference in
the area-averaged surface air temperature and percentage difference in the permafrost

areais calculated across the models with —0.3 °C<MB<0.3 °C.

9/30



80
81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

L
AN

ENS area difference without adjusted topo.: -93%
ENS area difference with adjusted topo.: -94%

| [ I I I [ I I |
-100 0 100 200 300 m 1 2 3 4 5

I Area-average: 118 m

Figure S8. Difference in simulated mid-Pliocene warm period (mPWP) near-surface
permafrost extent caused by topographic differences. (A) Difference in PRISM4
topography (m) between mPWP and preindustrial period (PI) (mPWP-PI), with the
area-average given in the bottom right of the panel. Positive values indicate higher
elevation during the mPWP. (B) Difference in model ensemble mean (ENS) mPWP
near-surface permafrost extent based on the 5 climate models of group 1 (-
3 °C<MB<0 °C), without adjusted topography (using raw simulated mPWP climate,
black) and with adjusted topography (using mPWP climate adjusted to PI topography
with the assumed mean atmospheric lapse rate (—0.65 °C/100 m) except for modern ice
sheet regions, green). ENS near-surface permafrost extent during the PI is outlined in
gray. Shading denotes the differentiation of mPWP near-surface permafrost extent
between the 5 models, with adjusted topography. The color bar identifies the total
number of models that captured near-surface permafrost in that area. ENS area
difference without/with adjusted topography is the percentage difference in ENS near-

surface permafrost area during the mPWP relative to the PI.
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Figure S9. Comparison of simulated preindustrial (PI) near-surface permafrost extent
using the raw soil temperature (ST) diagnostic method based on soil temperature at 0—
3.5 m depth (green) to the IPA map (areas outlined in blue). (A) CESM2 ST, (B)
CESM1.2 ST, (C) CESM1.0.5 ST, (D) CCSM4 ST, (E) CCSM-UoT ST, (F)
IPSLCM6A-LR ST. The absolute bias between the simulated area and the IPA map is

given in the bottom right corner of each panel.
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Figure S10. Differences in near-surface permafrost extent between the mid-Pliocene
warm period (mPWP) and preindustrial period (PI) diagnosed using soil temperature at
0-3.5 mdepth (A) and 0—15 m depth (B) from four climate models (CESM2, CESM1.2,
CESM1.0.5, CCSM-UoT) in group 1. (C) Difference in ensemble mean (ENS) soil
temperature profile (soil depth-month) (°C) between the mPWP and PI (mPWP-PI)
based on the four climate models. In panels (A) and (B), areas outlined in red are the
ENS permafrost extent during the mPWP, while areas outlined in black are the
respective near-surface permafrost extent during the PI. Shading denotes the
differentiation of mPWP permafrost extents from the four models. The unit of each
color bar is the total number of models that captured permafrost at that location. The
difference in area in panels (A) and (B) is the range of the percentage difference in

permafrost area during the mPWP relative to the PI across the four models.
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Figure S11. Comparison of different methods of computing the simulated preindustrial
(PI) near-surface permafrost extent (green) to the IPA map (areas outlined in blue). (A)
raw CESM2 soil temperature (ST) diagnostic method, (B) CESM2 temperature and
snow data model SFI method, (C) CESM2 temperature and precipitation (used to
calculate snow depth) model SFI method, and (D) coarse resolution CRU temperature
and precipitation (used to calculate snow depth) (resampled to CESM grid cells, 0.9° x
1.25°) model SFI method. The resolution of the four simulations is 0.9° x 1.25°. The
absolute bias between the simulated area and the IPA map is given in the bottom right

corner of each panel.
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Figure S12. Comparison of simulated preindustrial (PI) near-surface permafrost extent
(green) based on high resolution (0.5° x 0.5°) CRU temperature and precipitation (used
to calculate snow depth) model SFI method to the IPA map (areas outlined in blue). The
resolution of the simulation is 0.5° % 0.5°. The absolute bias between the simulated area

and the IPA map is given in the bottom right corner of the panel.
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133

134  Figure S13. Same as in Figure 3 of the main manuscript, but for results based on raw

135  climate simulation data (i.e., without correction of systematic biases).

15/30



-18

136

137 Figure S14. Model ensemble mean raw (without correction of systematic biases)
138  annual surface air temperature (°C) during the mid-Pliocene warm period (mPWP) (A)
139  and preindustrial period (PI) (B) based on the five climate models of model group 1 (—
140 3 °C<MB<0 °C).
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Table S1 Details of the 16 PlioMIP2 coupled atmosphere ocean climate models and one atmosphere model, employed for mid-Pliocene warm

period (mPWP) permafrost modeling, and basic model-derived statistics.

Mean annual Winter snow depth _ Mean bias (MB) in Spatial co_rrelgtlon Equl}lbrlum P_hoMIPZ.
temperature . . Change in . coefficient in Climate experiment E0i400
Atmosphere : . difference in simulated and proxy- . e
. difference in permafrost area simulated and proxy- Sensitivity (boundary
Model name resolution present-day based temperature o .
o o present-day . from PI to . based temperature (ECS, °C) conditions and
(°lon x °lat) . permafrost region anomalies (mPWP— . .
permafrost region (mPWP—PI, cm) mPWP (%) PI, °C) anomalies (mPWP— (Haywood et al., experiment
(mPWP-PI, °C) ’ ’ PI) 2020) citation)
CAM4 0.23 x0.31 5.0 32 =35 -5.9 0.52 Enhanced, 1
CCSM4 0.9 x1.25 6.7 0.6 74 —4.3 0.68 32 Enhanced, 2
CCSM-UoT 0.9x1.25 8.8 -2.8 -90 -2.6 0.59 32 Enhanced, 3-5
CESM1.0.5 25x19 9.7 6.9 -92 23 0.76 32 Enhanced, 6
CESM1.2 0.9 x 1.25 8.9 7.0 -87 -2.5 0.68 4.1 Enhanced, 2
CESM2 0.9 x 1.25 10.2 7.7 -96 —-1.1 0.73 53 Enhanced, 2
COSMOS  3.75x3.75 6.9 13.1 -8l 33 0.61 4.7 Enhanced (dynamic
vegetation), 7
EC‘E?{HM' 1.125 x 1.125 10.4 9.3 -89 0.9 0.70 43 Enhanced, 8
GISS&IE2-1- 2.0x25 2.7 7.3 -15 6.6 0.43 3.3 Enhanced, 6
HadCM3 3.75x2.5 5.0 4.0 =75 -3.7 0.33 3.5 Enhanced, 9
IPSLCM5A 1.9 x3.75 4.0 4.5 =50 4.4 0.15 4.1 Enhanced, 10
IPSLCMS5A2 1.9 x3.75 3.7 4.5 —49 -5.0 0.23 3.6 Enhanced, 10
IPSLSQMA_ 2.5%x1.26 6.3 6.7 =71 -3.5 0.63 4.8 Enhanced, 11
MIROC4m 2.8%x2.8 6.9 6.7 —67 -3.4 0.76 3.9 Enhanced, 12
MRI-
CGCM2.3 2.8x238 6.7 12.9 =37 -39 0.50 2.8 Standard, 13
NorESMI-F 1.9%2.5 5.0 2.4 48 5.6 0.51 23 Enhanced (modern
soils), 14
NorESM-L  3.75 x 3.75 4.4 0.2 -36 5.7 0.34 3.1 Enhanced (modern
soils) , 14
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146 Table S2 List of proxy sites and their data characteristics during the late Pliocene (modified from Salzmann et al. (2013) (15)).

. . Latitud Longitud  Altitude ) Mean annual  Bioclimatic Terpp (.)r.al Confide MAT Refere
Location® Continent e () ¢ () (masl)® Age (Ma) Method© temperature range variability nce® anomaly nce
: (MATin°C)  (°Q)® (°C)© (°C)®
Beaver P O?S‘f/ Ellesmere  \iorth America  78.4 278 350 38-34  Multi-Proxies -14 +4.0 n/a Elegri 18.9 16-17
Lena River Asia 72.20 125.97 5 3.2-2.6 QualEst 1.5 +1.0 n/a low 18.8 18
Ocean Point North America 70 207 308 2.7-2.6 QualEst 1.5 n/a n/a medium 11.9 19
Circle, Alaska North America  65.5 215.92 325 3.6-3.0 QualEst 3.0 n/a n/a medium 8.5 20
Blizkiy Asia 64 162 400 3.6-1.8 CA 53 +5.8 n/a medium 17.3 21
Nenana Valley, Alaska  North America 64.53 210.92 295 3.6-2.8 QualEst 3.0 n/a n/a medium 5.8 20
Lost Chicken Mine North America 64.06 218.05 325 3.3-2.5 QualEst 2.5 n/a n/a medium 9.9 20
Delyankir Asia 63 133 600 33-1.8 CA 7.4 +0.5 n/a medium 20.3 21
Magadan District Asia 59.98 150.65 97 3.2-2.6 QualEst 2.0 n/a n/a low 7.1 18
West Siberia Asia 56.03 70.32 25 3.2-2.6 QualEst 13.5 +1.5 n/a low 13.0 22
Merkutlinskiy Asia 56 72 50 3.3-1.8 CA 11.8 +4.5 n/a medium 114 21
Kabinet/42 km Asia 55 80 50 3.3-1.8 CA 8.9 +23 n/a medium 8.7 21
Mirny Asia 55 82 50 3.3-1.8 CA 11.2 +1.3 n/a medium 10.8 21
Maly-shik/Logovskoy Asia 54 81 50 3.3-1.8 CA 8.5 +4.1 n/a medium 7.8 21
Walton-on-the-Naze** Europe 51.84 1.27 25 3-2.6 cA? 12.8 +1.3 n/a high 2.9 23
Willershausen Europe 51.77 10.10 212 3.2-2.6 CLAMP, CA 13.9 +2.7 n/a high 6.2 24
Berga/Thuringia Europe 51.53 11.02 212 2.65-2.6 CA 13.5 +0.5 n/a medium 53 24-25
Pula Maar Europe 4705 1738 200 3.0-2.98 CA 12.8 +12 n/a K:’;}YI 2.9 26
Oak Grove Forest North America  45.8 238.4 212 3.05-2.95 CLAMP 11.9 +1.0 n/a medium 4.2 27-28
Stirone Europe 446 10.15 779 2.8-2.6 CAM 15 £2.0 +3.0 ng 3.7 29
Pavlovskaya Depression Asia 44.09 132.09 200 3.2-2.6 CA 5.9 +1.5 n/a medium 1.6 30
Garraf, Catalonia Europe 41.17 2.02 62 3.6-3.2 QualEst 19 n/a n/a high 4.1 31-32
Kura Depression Europe 40.53 49.69 226 3.2-2.6 QualEst 21 n/a n/a low 6.9 33
California/Sonoma-Napa North America  38.3 237.55 313 3.45-3.35 CLAMP 17.6 +2.0 n/a medium 3.9 28,34
Central Kyushu* Asia 33.10 131.5 149 2.9-2.8 QuantEst 18.0 n/a +1.0 high 3.6 35
Chara Basin, Siberia Asia 56.97 118.31 700 3.3-3.0 QualEst 12.8 n/a +1.8 high 22.0 36
Lake Baikal Asia 5569 10837 450 3.3-3.0 CA* 7.0 £2.5 +3.0 ng 13.3 37
James Bay Lowland ~ North America 52.83  276.12 50 33-3.0 QualEst 6.0 +2.0 +4.0 Klegryh 8.8 38
Lower Rhine Basin Europe 51.03 6.53 135 3.6-2.6 CLAMP, CA 14.1 +0.2 +0.3 very 4.0 39
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147

148

149

150

151

152

153

154

155

156

157

158

high

Sessenheim-Auenheim Europe 48.82 8.01 297 3.6-2.6 CA 14.6 +0.7 +0.5 high 54 40

Alpes-Maritimes Europe 43.82 7.19 193 3.3-3.2 CAM 17.5 +2.0 +0.5 high 5.0 32

Rio Maior Europe 3935 351.07 42 3.6-3.0 CAM 16.0 +2.0 +£2.0 Kgﬁ 0.5 32

Yorktown, Virginia ~ North America 36.59 283.62 57 3.5-2.9 QualEst 17.5 n/a +0.3 high 2.4 41
Habibas Africa 35.73 358.88 325 3.6-3.2 CAM 21.0 +1.0 +3.0 high 32 32,42

Nador Africa 35.18 357.07 206 3.6-2.6 CAM 21.5 +1.0 +3.0 Ei(;}; 4.4 31

(a) *represents corrected SAT at sea level after Iwauchi (1994) (35); **represents the land surface SAT of the potential nearest terrestrial source
area.

(b) Paleoaltitude in units of meters above sea level (masl.), after Sohl et al. (2009) (43) (modern altitude for Delyankir and Chara Basin).

(c) QualEst: qualitative estimates using modern analogs; CLAMP: climate leaf analysis multivariate programme; CAM: climate amplitude
method; QuantEst: quantitative estimates using pollen indices; CA: coexistence approach; CA*: estimated from Paleoflora Database (44).

(d) Bioclimatic range, in which all taxa of the reconstructed paleovegetation can coexist.

(e) Temporal variability, which indicates the variability in the reconstructed temperature over the time period covered by the fossil record (e.g.,
orbitally controlled cold and warm cycles).

(d) and (e) n/a represents no range, or climate variability not identified.

(f) For assessing details of confidence, see Salzmann et al. (2013) (15).

(g) The mean annual temperature anomaly is calculated as the individual site mean annual temperature record minus the nearest grid cell-mean

CRU temperature during 1901-1930.
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159  Table S3 Details of the 22 Climate Model Intercomparison Project phase 6 climate models, employed for present day and future permafrost
160  modelling, and basic model-derived statistics. The models are divided into two groups: (1) -3 °C<MB<3 °C and (2) MB<-3 °C or MB> 3 °C. In

161  addition to the results from individual models, we provide the ensemble mean of each group.

Mean bias (MB) in simulated and CRU temperature Mean annual temperature difference in Change in permafrost area

Model name g}fjglfﬁllgg anomalies in present-day permafrost region (1995— present-day permafrost region (2080— from 1995-2014 to 2080— riigie
2014 minus 1901-1930, °C) 2099 minus 1995-2014, °C, SSP5-8.5) 2099 (%, SSP5-8.5)

Model group 1:

ACCESS-CM2 1.25%x1.88 0.07 8.9 —86 45
BCC-CSM2-MR 1.13x 1.13 —-0.08 7.3 —82 47
GISS-E2-1-G 2.0x25 —0.20 7.3 —86 54
MIROC6 1.41 x 1.41 0.07 8.3 —82 58
MPI-ESM1-2-HR 0.96 x 0.96 -0.22 6.4 —69 59
MPI-ESM1-2-LR 1.88 x 1.88 0.28 6.5 =71 60
MRI-ESM2-0 1.13x1.13 0.0 6.7 —80 61
NESM3 1.88 x 1.88 0.21 9.6 —93 62
NorESM2-LM 1.88 x2.5 0.25 6.7 —81 63
NorESM2-MM 0.94 x 1.25 —0.15 7.0 =77 63
Ensemble mean 0.02+0.17 7.5¢1.1 —T77+6

Model group 2:

ACCESS-ESM1-5 1.24 x 1.88 0.36 7.4 =79 46
CAMS-CSM1-0 1.13 x1.13 -0.71 43 —47 48
CanESMS5 2.81 x2.81 0.52 11.8 -96 49
CESM2-WACCM 0.94 x 1.25 0.57 8.9 -90 50
EC-Earth3 0.70 x 0.70 0.96 9.6 -89 51
EC-Earth3-Veg 0.70 x 0.70 1.14 9.4 —85 51
FGOALS-g3 2.25%2.0 0.59 6.0 —62 52
GFDL-ESM4 1.0 x 1.25 -1.13 6.0 —69 53
INM-CM4-8 1.5%x2.0 —0.46 5.1 —62 55
INM-CM5-0 1.5x2.0 —0.36 54 —61 56
IPSL-CM6A-LR 1.26 x 2.5 0.80 10.9 -95 57
UKESM1-0-LL 1.25x1.88 -0.37 13.3 -97 64
Ensemble mean 0.16+0.70 8.2+2.8 —85+16

162
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164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

2. Equation set for the SFI model (65)

For the surface without snow:

T=(Tn +T)/2 (1)
A= (T,—T)/2 (2)
B =cos™'(-T/A) (3)
T,=T + A(sinB/B) 4)
Tw=T—Alsing/(n— p)] (5)
Ly = 365(8/m) (6)
L, = 365 —Lg (7
DDT = T, x L (8)
DDF = —T,, X L, (9)
SFI =% (10)

where T is the mean annual air temperature (°C), A is the annual temperature
amplitude (°C), T, and T, are the mean temperatures (°C) of the warmest and coldest
months, respectively, [ is the “frost angle”, that is the point along the time axis where
the temperature curve crosses a threshold of 0 °C, T, and T,, are the mean summer
and winter temperatures (°C), respectively, L; and L, are the length of summer and
winter (days), respectively, DDT is the sum of thawing degree days, and DDF is the
sum of freezing degree days.

For the surface with snow:

T=(T, +T.)/2 (11)

A= (T, —T)/2 (12)



185 S =cos }(-T/A) (13)

186 T,= T + A(sinB/p) (14)
187 T, = T—A(sinB/(m—p)) (15)
188 L, = 365(8/m) (16)
189 L, = 365 — L (17)
190 DDT = T, x L, (18)
191

192 Z,s = (xz P/ m)Y/? (19)
193 o, = A /(c; X ps) (20)
194 A, =21 x 1072 + 4.2 x107%p, + 2.2 x 10%p,3 1)
195 ¢, =779 x T, + 2115 (22)
196

197 A, = A exp(~Zs/Z.s) (23)
198 T, =T — A, (sinB/(m - pB)) (24)
199 DDF*= -T,. x L, (25)
200 SFI = % (26)

201  where Z,¢ is the damping depth (m) in the snow, P is the length of the annual
202 temperature cycle (s), & is the thermal diffusivity of snow (m? s '), A is the thermal
203 conductivity of snow (W m'°C™), p, is the density of snow (kg m™), ¢, is the
204  specific heat capacity of snow (J kg™! °C™"), A, is the temperature amplitude at the
205  surface with snow (°C), Z, is the mean winter snow depth (m), T, is the mean
206  winter temperature (°C) incorporating snow effects, and DDF” is the sum of freezing
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