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Abstract Carbon dioxide removal (CDR) is crucial to achieving the temperature targets of the Paris Climate Agreement
by the end of this century. After CDR application, global surface temperatures are expected to peak in the subsequent
years. However, the limited number of models in the Coupled Model Intercomparison Project phase 6 (CMIP6) that
conducted CDR simulations hampers our understanding of when global surface temperature peaks under CDR scenarios.
Herein, a two-layer Energy Balance Model (EBM) based on the forced response framework is found to reasonably capture

the impact of changes in atmospheric CO, concentration on global surface temperatures and the timing of their peak
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following CDR application. This model can complement CMIP6 CDR simulations and serve as a tool to investigate the

factors influencing the timing of the temperature peaks. The EBM results suggest that in scenarios excluding the deep

ocean, the equilibrium climate sensitivity affects how soon after CDR initiation temperature peaks occur, with the Earth’s

surface heat capacity also playing a role. When the deep ocean is present, its heat capacity demonstrates the greatest

contribution, followed by equilibrium climate sensitivity and then Earth’s surface heat capacity. These factors primarily

affect the timing of global surface temperature peaks by altering the magnitude of the surface energy imbalance when

CDR starts. Compared to scenarios excluding deep ocean, incorporating it slightly advances the timing of temperature

peaks and reinforces the contribution of CO, forcing in reducing the magnitude of net energy flux at the Earth’s surface

when CDR starts.

Keywords Carbon dioxide removal, Temperature peak, Timing, Influencing factor

1 35

il

TR AR, (A SR AHESE A
29) 1 2015 FFIE T (ERSEEED Chttps:/
unfccc.int/files/essential background/convention/appli
cation/pdf/english_paris_agreement.pdf.[2024-05-
10D, i 7TWmT H bR AR AR THE
FEHIAE IS T DAL AT KA E 2°C BVEE N, I
B SR TR R 1 £E TAkAL B KFRLE 1.5°C 2
W7o BEJE, B FRIE 2T R % SR RO
FERIRCHERE JJEAT T A6 TE, WnRRAEA 2R S23 B
®HV, FEIFRmAR, B A
(CO,) WJE R (Sanderson et al., 2016, 2017; Xu
and Ramanathan, 2017; Rogelj et al., 2018).

FESARAA I Z T, B AR R
A (AT) e —NEETTH, W2 EZBLHE
LR IEAR (IPCC, 2021). BB ESFH— &
FIPHEE G R, WoKPEH . =, ST EE . EIK.
WP A RAEIRIESE (Wu et al,, 2010, 2015;
Cao et al., 2011; Boucher et al., 2012; Chadwick et al.,
2013; Ehlert and Zickfeld, 2018; Sun et al., 2021; Yeh
et al., 2021; Zhang et al., 2023). Kk, ATHZE
i (ERAURYED 72N UG BRAT B S0V E #
FHBR . BB TATH — N EERES, Ea
Pl ryaB ik MBRITRE, K COyKE
BANE T B, (HATHARS: B A — B (] 5 4 46
TF& (Caoetal.,2011; Boucher et al., 2012; Chadwick
et al., 2013; Wu et al., 2015; Jeltsch-Thommes et al.,
2020; Yeh et al., 2021; Kug et al., 2022). H #i ) #F
TN, BRFS BRI TR EE A )~ A e R i
VE 1R AR AT 52 e 313X IR e N (Cao et al.,
2011; Jeltsch-Thommes et al., 2020),
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AR, IR RGN, AR, FX
PR A E A AL fE, T R A
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RO T 32 E T 3 — B B (Cao et al,, 2011;
Boucher et al., 2012; Chadwick et al., 2013; Wu et al.,
2015; Jeltsch-Thommes et al., 2020), £ — & E
by M TS BR B T AT TR RN Lt
SAEIEVEARACEIA R B, S o G AR 5
TR ) 2 B0 AT BRI el 7 AR K T AR
#ro 2017 4, {EH CMIP6 [f) T it &, Keller et al.
(2018) K2 1 B #% Fx 45 20 B B it kil ( Carbon
Dioxide Removal Model Intercomparison Project,
CDRMIP), JfHA 8 MEIRBTT R T HRHS bR ik
PR, BT Z AT RAA IR KIS . (A
AfEEYE (BIREERN—SSH0 FEER, W
ST EEHERR A PR 7 1) R AT A A & A 1)
TR, XA REARAI IR S AT .

B pr AR L 1T & 2 (IPCC) PRAl ik &
H R iR X — N SRS T Dy b i ) R it
R . T FREM TN EEMFEAT, 1PCC 5
AN T iZBE=EHES (Gregory et al., 2004; Andrews et
al., 2012; IPCC, 2021), HJKiEN

AN = F — AAT, D

Hrp, AN RAZET PR AESEE, FNE
RS aRIE, NSRS R B CRALAT AR 1) 1)
R SRS R D . Dy T VAl BRSO R N
IPCC 3t — 2 5l N T — AN )2 1 g &~ i 15 1Y
( Geoffroy et al., 2013a, 2013b; Geoffroy and Saint-
Martin, 2020; IPCC, 2021), H % E A LAZ R “#
W5IE” war. HTHAEEDN, T RE—
A R DTk F I B AR TR S, B
— AN BEAR BT T A .


https://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
https://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
https://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf

3 JEARSE: BRFBIR N A BRI F AR KU R 09 FEEE M AR R PR A
No. 3 QU Xia et al. Factors Influencing the Timing of Global Temperature Peaks under Carbon Removal: ... 341

BRI, AR SCOM FH 22 58— S R B HE AT 2
MRe - THRAY, 254 CMIP6 Ui, e T ReE
ETRE S S . VA T RE T AR AR
T CO, HRIA N 42 BRF 15 4 2 A A2 4 1) 2 ) Ak
fiti b, PR TR R T AR A AU B, BT
T TR AAAE S AT BRI O, %
B % S HO AT VAR Y DU (8] A ok, IR iR T
FASRBLR A

2 HEEMTTE

2.1 CMIP6 iR H4E

RER TR S5 (L 2.2 7 RE & T g s AL A
RGN BIfhiTh, TFEET CMIP6 Bk
KA. ASCHHEI CMIP6 REA : 1) Tl
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Table 1 CMIP6 models and their parameters of Energy Balance Models (EBMs)
BRI 24
a4 Fu/Wm™  yWm’K' e ECSK COWam’K' C/Wam’K' yWm'K'
ACCESS-CM2 7.80 0.66 0.09 1.41 11.86 9.51 122.65 0.62
ACCESS-ESM1-5 6.46 0.72 0.19 1.64 9.01 8.79 86.13 0.58
AWI-CM-1-1-MR 8.71 1.24 0.09 1.28 7.01 7.91 72.94 0.53
BCC-CSM2-MR 5.91 1.10 0.09 1.26 5.40 8.76 43.37 0.62
BCC-ESM1 6.37 0.96 0.09 1.31 6.65 7.29 63.59 0.47
CAMS-CSM1-0 9.55 1.76 0.09 1.22 5.42 11.46 156.29 0.86
CAS-ESM2-0 7.08 0.96 0.09 1.41 7.40 9.23 72.87 0.51
CESM2 8.65 0.61 0.09 1.58 14.22 10.45 105.28 0.83
CESM2-FV2 7.98 0.50 0.09 1.65 15.91 8.58 121.78 0.88
CESM2-WACCM 7.85 0.69 0.24 1.54 11.32 9.09 92.64 0.76
CESM2-WACCM-FV2 6.75 0.58 0.20 1.43 11.64 8.04 113.48 0.76
CMCC-CM2-SR5 9.80 1.01 0.09 1.17 9.70 11.28 217.87 1.04
CMCC-ESM2 10.96 1.04 0.09 1.17 10.57 9.69 218.84 1.06
CNRM-ESM2-1 7.28 0.68 0.09 0.87 10.65 9.22 214.28 0.89
CanESM5 7.55 0.63 0.17 1.09 11.89 8.13 82.02 0.56
E3SM-1-0 7.38 0.62 0.05 1.38 11.84 8.22 44.01 0.36
EC-Earth3-Veg 7.59 0.84 0.10 1.37 9.08 8.25 42.44 0.46
FGOALS-f3-L 9.05 1.36 0.10 1.47 6.63 10.66 106.81 0.71
FGOALS-g3 12.98 1.21 0.09 1.12 10.76 13.28 701.53 2.03
FIO-ESM-2-0 10.22 0.84 0.09 1.20 12.22 10.56 213.86 1.20
GFDL-CM4 8.13 0.80 0.09 1.69 10.18 7.40 112.58 0.66
GFDL-ESM4 7.66 1.34 0.09 1.09 5.72 8.07 143.03 0.61
GISS-E2-1-G 8.35 1.45 0.16 1.06 5.76 6.23 151.35 0.84
GISS-E2-1-H 7.51 1.18 0.10 1.14 6.34 8.90 91.49 0.66
GISS-E2-2-G 7.44 1.76 0.07 0.52 422 8.08 280.39 0.43
GISS-E2-2-H 7.31 1.39 0.09 1.05 5.28 9.49 89.12 0.59
INM-CM4-8 10.21 1.37 0.09 1.17 7.44 14.30 561.06 1.82
INM-CMS5-0 8.20 1.49 0.09 1.24 5.51 10.75 260.96 0.99
IPSL-CM5A2-INCA 6.26 0.82 0.14 1.06 7.63 8.23 122.38 0.56
IPSL-CM6A-LR 8.42 0.75 0.09 1.27 11.26 7.87 101.16 0.52
KACE-1-0-G 8.15 0.70 0.09 1.25 11.64 4.26 161.51 1.41
KIOST-ESM 7.29 0.97 —0.56 1.31 7.54 6.27 104.56 0.77
MIROC-ES2L 9.27 1.63 0.09 0.84 5.68 11.42 358.99 0.86
MIROC6 8.73 1.42 0.09 1.09 6.13 10.13 377.21 0.97
MPI-ESM-1-2-HAM 9.14 1.33 0.09 1.34 6.85 9.83 151.69 0.72
MPI-ESM1-2-HR 8.62 1.29 0.12 1.40 6.70 8.60 108.59 0.69
MPI-ESM1-2-LR 9.34 1.39 0.09 1.27 6.72 9.83 151.15 0.74
MRI-ESM2-0 8.48 1.11 0.09 1.25 7.67 9.43 153.55 1.24
NESM3 7.48 0.82 0.09 1.00 9.12 5.44 86.45 0.45
NorCPM1 7.38 1.08 0.22 1.44 6.82 11.49 119.48 0.89
NorESM2-LM 9.02 1.55 0.29 1.79 5.81 6.05 119.48 0.94
NorESM2-MM 9.14 1.70 0.24 1.40 5.36 5.36 116.43 0.75
SAMO-UNICON 10.51 1.04 0.09 1.19 10.14 8.67 227.62 1.16
TaiESM1 8.42 0.88 0.06 1.27 9.60 8.72 102.71 0.65
UKESMI1-0-LL 7.70 0.67 —0.08 1.15 11.50 7.09 79.02 0.51
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Fig. 3 AT evolutions in the simulations conducted by EBM with the deep ocean processes absent (left column) and with the deep ocean processes
(right column). The evolutions are the results when (a, €) only F, % changes, (b, f) only f changes, (c, g) only ECS changes, (d, h) only C changes, (i)
only C, changes, (j) only y changes, and (k) only & changes, while other parameters held fixed. The colors of the curves from light to dark represent the

varied parameter from small to large.
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Fig. 6 Time serials of (a) AT, (b) ATy, (c) temperature difference between Earth’s surface and deep ocean, (d) F, (e) climate feedback (—AAT), (f)

energy loss from Earth’s surface to deep ocean [ — ey(AT—AT,)], and (g) energy gained by Earth’s surface [FF— AAT— ey(AT—AT,)] in single

parameter sensitive simulation when deep ocean is exist and only C, changes. The colors of the curves from light to dark represent C, from small to

large.
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Fig. 8 Same as Fig. 6, but for the results of single parameter sensitive simulations in which only the C changes.
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