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Table 1 The CMIP6 models and their parameters of Energy-Balance Models (EBM:s )

B2 R F,/(Wm*)  J[(W/(m*K)] f & ECSK  C/L(W-a/(m>K)] Cy[(W-a/(m>K)] »/[(W/(m*K)]
ACCESS-CM2 7.80 0.66 0.09 1.4l 5.93 9.51 122.65 0.62
ACCESS-ESM1-5 6.46 0.72 0.19 164 4.51 8.79 86.13 0.58
AWI-CM-1-1-MR 8.71 1.24 0.09 128 3.51 7.91 72.94 0.53
BCC-CSM2-MR 5.91 1.10 009 126 2.70 8.76 4337 0.62
BCC-ESM1 6.37 0.96 0.09 131 3.33 7.29 63.59 0.47
CAMS-CSM1-0 9.55 1.76 009 122 2.71 11.46 156.29 0.86
CAS-ESM2-0 7.08 0.96 0.09 1.41 3.70 9.23 72.87 0.51
CESM2 8.65 0.61 0.09 1.8 7.11 10.45 105.28 0.83
CESM2-FV2 7.98 0.50 0.09  1.65 7.96 8.58 121.78 0.88
CESM2-WACCM 7.85 0.69 024  1.54 5.66 9.09 92.64 0.76
CESM2-WACCM-FV2 6.75 0.58 020 1.43 5.82 8.04 113.48 0.76
CMCC-CM2-SR5 9.80 1.01 0.09 117 485 11.28 217.87 1.04
CMCC-ESM2 10.96 1.04 0.09 117 5.79 9.69 218.84 1.06
CNRM-ESM2-1 7.28 0.68 0.09 087 5.33 9.22 214.28 0.89
CanESMS5 7.55 0.63 0.17  1.09 5.95 8.13 82.02 0.56
E3SM-1-0 7.38 0.62 0.05 138 5.92 8.22 44.01 0.36
EC-Earth3-Veg 7.59 0.84 0.10 137 4.54 8.25 42.44 0.46
FGOALS-f3-L 9.05 1.36 0.10 147 3.32 10.66 106.81 0.71
FGOALS-g3 12.98 1.21 009 112 5.38 13.28 701.53 2.03
FIO-ESM-2-0 10.22 0.84 0.09 120 6.11 10.56 213.86 1.20
GFDL-CM4 8.13 0.80 0.09 1.69 5.09 7.40 112.58 0.66
GFDL-ESM4 7.66 1.34 0.09 1.09 2.86 8.07 143.03 0.61
GISS-E2-1-G 8.35 1.45 0.16 1.06 2.88 6.23 151.35 0.84
GISS-E2-1-H 7.51 1.18 0.10 1.14 3.17 8.90 91.49 0.66
GISS-E2-2-G 7.44 1.76 0.07 052 2.11 8.08 280.39 0.43
GISS-E2-2-H 731 1.39 0.09  1.05 2.64 9.49 89.12 0.59
INM-CM4-8 10.21 137 0.09 1.17 3.72 14.30 561.06 1.82
INM-CM5-0 8.20 1.49 0.09 124 2.76 10.75 260.96 0.99
IPSL-CM5A2-INCA 6.26 0.82 0.14  1.06 3.82 8.23 122.38 0.56
IPSL-CM6A-LR 8.42 0.75 0.09 127 5.63 7.87 101.16 0.52
KACE-1-0-G 8.15 0.70 0.09 125 5.82 426 161.51 1.41
KIOST-ESM 7.29 0.97 -0.56 131 3.77 6.27 104.56 0.77
MIROC-ES2L 9.27 1.63 0.09 084 2.84 11.42 358.99 0.86
MIROC6 8.73 1.42 0.09  1.09 3.07 10.13 377.21 0.97
MPI-ESM-1-2-HAM 9.14 1.33 0.09 134 3.43 9.83 151.69 0.72
MPI-ESM1-2-HR 8.62 1.29 0.12  1.40 3.35 8.60 108.59 0.69
MPI-ESM1-2-LR 9.34 1.39 0.09 127 3.36 9.83 151.15 0.74
MRI-ESM2-0 8.48 1.11 0.09 125 3.84 9.43 153.55 1.24
NESM3 7.48 0.82 0.09  1.00 4.56 5.44 86.45 0.45
NorCPM1 7.38 1.08 022  1.44 3.41 11.49 119.48 0.89
NorESM2-LM 9.02 1.55 029 1.79 2.91 6.05 119.48 0.94
NorESM2-MM 9.14 1.70 024  1.40 2.68 5.36 116.43 0.75
SAMO0-UNICON 10.51 1.04 0.09 1.19 5.07 8.67 227.62 1.16
TaiESM1 8.42 0.88 0.06 127 4.80 8.72 102.71 0.65
UKESM1-0-LL 7.70 0.67 -0.08 1.15 5.75 7.09 79.02 0.51
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Fig. 1 The time serials of CO, concentration (a) and AT of reconstructed simulations (b)

and single parameter sensitive simulations (c¢)~(i)
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The curves in (b) denotes outputs of reconstructed simulations in the 45 models; The colors of the curves in (¢)~(i) from light to

dark represent the sensitive parameters from small to large
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Fig.2 The evolution of AT in CMIP6 models and Energy-Balance Models (EBMs)
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The evolutions are the AT results in abrupt-4xCO, simulations. The black curves are results of CMIP6 models and the red ones are the results of the

surrogated EBMs. The changes are the anomalies relative to the end of pre-industrial simulation. The CMIP6 mode name is above each figure
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Fig.3 The scatterplot of the AT and asymmetry in Energy-Balance Models (EBMs) and corresponding CMIP6 models
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removal simulation, the outputs of other models during year 141~280 is unavailable. The CMIP6 mode name is above each figure
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(a) Global mean surface air temperature change (A7) ; (b) Temperature change in the deep ocean (AT,); (c) Changes in temperature differences
); (d) Effective radiative forcing (F); (e) Climate feedback (-JAT); (f) Energy

between the Earth’s surface and the deep ocean (AT-AT,

loss of the Earth’s surface to the deep ocean (-¢H); (g) Net energy gained by the Earth’s surface [ Cd(AT)/dt], respectively;
The colors of the curves from light to dark represent C, from small to large; The results are the output of the single

parameter sensitive simulations in which C; was varied and the other parameters were fixed
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Fig.9 The time serials of global mean temperature and energy fluxes in Energy-Balance Models (EBMs)

when the coefficient of vertical heat exchange in the ocean (y) varies
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(a) Global mean surface air temperature change (A7) ; (b) Temperature change in the deep ocean (A7) ; (c) Changes in temperature differences

between the Earth’s surface and the deep ocean (AT-AT,); (d) Effective radiative forcing (F); (e) Climate feedback (-1AT); (f) Energy

loss of the Earth’s surface to the deep ocean (—eH) ; (g) Net energy gained by the Earth’s surface [ Cd(AT)/d¢], respectively.

The colors of the curves from light to dark represent y from small to large. The results are the output of the single

parameter sensitive simulations in which y was varied and the other parameters were fixed
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Fig. 11  The time serials in Energy-Balance Models (EBMs) of global mean temperature and energy fluxes

when the Equilibrium Climate Sensitivity (ECS) varies
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(a) Global mean surface air temperature change (A7) ; (b) Temperature change in the deep ocean (A7) ; (¢) Changes in temperature differences

between the Earth’s surface and the deep ocean (AT-AT,); (d) Effective radiative forcing (F); (e) Climate feedback (-AAT); (f) Energy

loss of the Earth’s surface to the deep ocean (—¢H); (g) Net energy gained by the Earth’s surface [ Cd(AT)/dt], respectively.

The colors of the curves from light to dark represent ECS from small to large; The results are the output of the single

parameter sensitive simulations in which ECS was varied and the other parameters were fixed
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Asymmetric Response of Global Temperature to Changes in
CO, Concentration: Energy Balance Models Study’

QU Xia"?, HUANG Gang’
(1. Center for Monsoon System Research, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing
100029, China; 2. State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid
Dynamics, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China)

Abstract: Climate system properties influence asymmetry in global surface air temperature evolution under
changes in carbon dioxide (CO,) concentration; however, it remains unclear which properties contribute more
significantly. Owing to the insufficient number of samples from the Coupled Model Intercomparison Project
Phase 6 (CMIP6) experiments, this study utilized the output of 45 CMIP6 models and constructed 391 sets of
experiments using a two-layer energy balance model that was both rapid and reproducible. The experimental
results demonstrate that the Equilibrium Climate Sensitivity (ECS), ocean heat capacity, and coefficient of
vertical heat exchange in the ocean play primary roles in the asymmetry of the Global Surface Air Temperature
(GSAT) evolution under a fixed CO, concentration rise and fall. This was achieved by altering the cooling rate
after the GSAT peak during the CO, concentration decline period. Therefore, a deeper understanding of the ECS,
ocean heat capacity, and the coefficient of vertical heat exchange in the ocean may facilitate a more scientifically
realistic achievement of the goals of the Paris Agreement.
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