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Abstract

Sea ice, as one important component of Earth system internal feedbacks, plays a crucial role in
climate change. Here we investigate the evolution of sea ice and its mechanism since the ear-
ly-Middle Holocene (last 7000 years) based on the climate transient simulation experiment
(TraCE21) and its single forcing experiments of CCSM3 for the past 21,000 years. Our results show
that Arctic sea ice area fluctuated with time without evident long-term trend, which might be a
consequence of combined effects of rising atmospheric CO; and decreasing summer solar radia-
tion. In the Southern Hemisphere, sea ice area declined abruptly around 5000 years ago as a result
of instantaneous stop of fresh water input in Weddell Sea and Ross Sea. No significant sea-ice
trend is detected before and after the abrupt change in the Southern Ocean, which might be re-
lated to atmospheric CO; and local spring solar radiation. With aid of single-forcing experiments, it
appears that Southern Ocean sea-ice sensitivity to Antarctic meltwater change depends on total
volume of sea-ice cover that is a consequence of the contemporary climate conditions, that is, sea
ice with a low total volume is more sensitive during warm climate than that during cold climate.
Since the single forcing experiments were all based on climate conditions of the Last Glacial Max-
imum (LGM), our results thus suggest that they cannot be simply used to assess roles of corres-
ponding single forcing in the Holocene climate evolution.
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1. 518

Tk Lk, T NS S B BHECE N 5 R A ERARIE 48 R A G [1]. AR 55
MUK AL S BRI N B3 ()32 00 . IR UK UL 45 R0 RCPs (Representative Concentration Path-
ways, ARERVEBRARME) T Silge Bor, S uT R PR AL [1] [2]. 1979 4EF] 2010 4 R i iRF UK
WL 5 S B A 5 DS GO a2y, (RS [R] X 4k 2 AN [ A 4 [3]. - 36 LB X e #se &Il (Coupled
Model Intercomparison Project Phase 5, CMIP5) K/ AR A B ADL 45 IR i 7= F AR UK g 9/ [4], - Errica 55\
(2017 )36 I AS AR AR 72 1 114 75 245 3 ) e A vt DK A 0 S5 R — 3 [5]

WUKIENSIER G P EE RG22 —, X TAERGEAEEZNR6]. b, JbliEkE S
R/ N T AR AT A PR B Pl R, RTEJRIIN T ARR . KRS E, FERRK T X
RZFATRGEMET]: B TEBK LSRN B RAL, J0PRIGKA S EOEERCE 2 RE,
— SRR UK R PR E G 2, X UK - OB IE SO N “ AU VKR ™ [8]. Bl
H AR SAE R PROEIERE , MUK IR R, g — 2D OK T SR AR BE[9] -
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FEIRIRTH A AT T A B 32 S0 [10], DA SRR b RS 208 Ak, 5 350 R AR A RS S B b S B ik i
UK ELHE D 1) FE ZE R 3R [11] . Polyakov %5 A (2012)IN K, KA #5874 R I AL OK b R 4% T
SR T L (A [12] o T 6 K R W UK AR AL R AR AU MR A7 AE W SR 22 5, X T A A2 IR A i I R o Dk 4
AR [13], VKEE R /K K KA 55 1 R R JZ IR K0 R 2 AL 72 N IR R S B R ERAE RS =T,
A AR DK PR e 97 22 S U5 B, e AR KA (S T B i 9 S i 5 B LS AR Ak, B 2 B R R UK
- VKA o

AR, PRI UKORT N A R 35 5 350 PR AR B P o 7 A =5 AT 9, TR 7 4 B ) RS
SRARFIREN) T G UK AR LR FEANTE M . At R BE B IR flr, A e S T & 1 7 SRR
I A R REAR SR S S IR, (ATE B AN RTERBI, AL B ARSI 5 R I K AR R
T ERARS . AT CCSM3 (Community Climate System Model version 3) 5B A IRES, 20 Hr 54
it (BE 449 7000 EHT, RI~7 kyr BP)LASK, HEUKO IR % UA(GHGs). VKiK. PUESHSE AR RE R
B IR — SR RN 2R 5 SR B ARFAE 5% T 12 S ABARADL 50 4 2 DA I ) RS Y UK AR (1 B Bl L
HH, O AR LT A BR AR R W B ) AL P P SRR S

2. BEREFE

AICik A CCSM3 i 2 21,000 4 )l A2 A A 4 56 (TraCE21), X 7 kyr BP SR AL BRifg vKAZ AL,
HBEAT 43T . TraCE21 5% T F ¥ CCSM3 A N A BRAR & (I - KR - 0K - MRS, FHRfE L
TN T 8h L ERE L (DGVM, dynamic global vegetation model). TraCE21 {56 (4 58i8) i 24 N &
P B S SR 5 R B 5, B AR EUE SHCR AL, KR S SR L, KR VK a8 DA Rl 93 N [14] [15].
AT TraCE2L RANAIEH, ILAHE T VYA R — g ia I BUS AL, 75 S BUR I iRIe . Bl R
R T BERT AR A2 A6, A1 A AR AN S5 50 TR -2 [ 78 7E AR YRS UK (19 ka BP)B A, DO~ — i
BRI 44 FR 7 5N TraCE-ORB, TraCE-CO,, TraCE-MWF, TraCE-ICE. TraCE-ORB {36 H % fE#iE H
HEIA2 4k ; TraCE-CO, ik 56 R 2% BRI FE BRI [R] )24k TraCE-MWE 058 R 25 fE vk 26 7 FELR 45 5
S K = BERT (B 1) A2 4k TraCE-ICE R B EIK S M B AR S BN AR . Fra A8 e
WTRTREAT 7 HAE T PR AR EE, DS H AR B RV B A B [ )RR P A AR AR AE o

3. BR5WiE
31 P—iaaReaEkEHEIER

N T ENEVHL 7 kyr BP LKA B AR5 IE SR VKA A I SE I, AR SCE Se 20T 1 % 5 — s ia i (1 45

1E CO, [ 5 —5R3E IR (CO) (K 1), 7 kyr BP LISK KR CO, ik BERESE ETH(A 1(a)) [14] [16]. &ERT
BRI IR (GMT) T2 0.6°C (141 1(b)) - P FERIF UK HIFRRREEFZAR, A7 kyr BP 21 Tl i B IR ZT 4% (1]
1(c)), FEIRE4RIEIEE(SHMT, 180°E~180°W, 60°S~90°S)EIl FFH#a%s, FH&E#) 0.4°C, HMMGFUKEIAR
LR RE(E 2(d))o AEEERIGUKEARERSRD, M 7 kyr BP B TV AT FFRL 2% (K 1(e)), Jbkakmsh
KIMEE(NHMT, 180°E~180°W, 60°N~90°N)tH 4 0.4°C, FIHEFUKIHIFAAL AR B (] 1(F)).

TEFUIE ZH R — 5iE iR 5 (TraCE-ORB) (] 2), M 7 kyr BP £ 4.5 kyr BP /47 5 - BRUG UK 280 |
SHMT #F4:Ft R, 4.5 kyr BP LREG PERIGUKFFEEN £ . SHMT REZEFEMK (1A 2(b), Kl 2(c)). 7 kyr BP % 5
kyr BP JbFERIGIK IR EEAR AL, 5 kyr BP 2 Tk i A6 BRIFUKIT 4638 G 22 . NHMT &8 B (15
3(e), [ 3(f). /i di KM, RGN TS 5 B2 2 SHMT SILTH = 5 BRI (1A 3(a)), 21
FEAGUKSEIRD FEIEN: Jb R E ZE KRR 0> 80 NHMT FRAR(1E 3(d)), @k 5 8t 2Rk
W [14] [17].
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Figure 1. Responses in CO, forcing experiment. (a) CO, concentration, (b) Global mean surface temperature, (c) SH sea ice area, (d)
SH mean surface temperature (180°E~180°W, 60°S~90°S), e) NH sea ice area, (f) NH mean surface temperature (180°E~180°W,

60°N~90°N)
1. CO, IBLMIRL . (a) CO, /RE M, (b) EERFIIRE SR, (¢) FFICEKER, (d) FFBkFRER(180°E~ 180°W,

60°S~90°S), (e) dbHHBKER, () JLFEkFIHFRE TIR(180°E~180°"W, 60°N~90°N)
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Figure 2. Responses in ORB forcing experiment. (a) SH spring solar radiation at 70°S, (b) SH sea
ice area, () SH mean surface temperature (180°E~180°"W, 60°S~90°S), (d) NH summer solar rad-
iation at 65°N, (e) NH sea ice area, (f) NH mean surface temperature (180°E~180°W, 60°N~90°N)
2. ORB IRIEMIRL . (a) FAFEKEZ 70°S KFRESTE, (b) FFBGKETR, (c) F¥Ik
FHRESIR(180°E-180°W, 60°S-90°S), (d) JLHIREE 65'N KPRIEH LT, (o) dLk
EkERR, () JEERFHRESIR(L80°E~180°"W, 60°N~90°N)

FE R K B — 5838 56 (TraCE-MWF) i1 (5] 3), B - BR7E B /KRN 2 g KRR /K AE 5 kyr BP % 115
Jb BRI IR b 7K E 6.85 kyr BP KR EER/D[14] (4 3(a)). KPGPERIFE IR (AMOC, Atlantic Meri-
dional Overturning Circulation)/F VR ERIVE I L 4%, HIR59 & S B BRI 2 b5k
Pk 18], BlERILEERIFER . FEERTHER, T RE S B0 db Bk ke B 1 S A4 [19] . dbEERIA 4l
PN IRk 7K T 253 30 AMOC S JH B 3 [20], B8 2 (1 KPE R E AR B 622K, 550 NHMT 7£ 6.5 kyr BP
TR AR UK PROER (K] 3(e), K1 3(F), LA SHMT &#iF#fk. ma 3k vk ARLE 5~7
kyr BP fIZ#8 (& 3(c), Kl 3(d)). EAERAIE, FEPERAK AR 2 i vk AR A R M A 55

3.2. £HiBREREKTEHRREAH
AR, WK I B EGEKIRAIFEREZ(H 4Kk), K 40), "TRES CO, Tt mid sk
AL 5 B 2K BH AR S T B 5] kS e K 22 3L (R4 F BTk
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Figure 3. Responses in MWF forcing experiment. (a) Meltwater fluxforcing, (b) AMOC variation, (c) SH sea ice area, (d) SH
mean surface air temperature (180°E~180°W, 60°S~90°S), (e) NH sea ice area, (f) NH mean surface temperature (180°E~180°W,

60°N~90°N)
3. MWF iR B R (a) RAZK5EIE, (b) AMOC ZEfL, (c) RIHEKEIKETR, (d) R PkFH*RE SIE(180°E~180°W, 60°S~90°S),

(e) dezkiErkmEER, (f) LBk FIHRMRIB(180°E~180°W, 60°N~90°N)
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Figure 4. Analysis of sea ice change in TraCE21 (all forcing). (a)~(f) are GHGs, melting ice water, summer solar radiation at 70°S,
sea ice area in the Southern Hemisphere, SST (180°E~180°W, 50°S~70°S) and subsurface (~2300 m) temperatures of the TraCE21,
respectively; (g)~(j) are the SH sea ice area, SST, vertical mixing layer depth (HMXL) and subsurface water temperature anomalies
in the southern Hemisphere after (4700 yr BP~4800 yr BP) and before sea ice mutation (5100 yr BP~5200 yr BP), respectively; (k)
NH sea ice area, (I) NH mean sea surface temperature (180°E~180"W, 60°N~90°N)

& 4. TraCE21 (£3&1B)iBKTEN S H. (2)~(F) HHH TraCE2L RIEHIBES . Bhvkok, 70°S EEXPAEST. BBkigk
. BIAE(180°'W~180°E, 50°S~70°S) SST FRFE(~2300 mSE; (9)~() 4338 7k5E2E 5 (4700 yr BP~4800 yr BP)FA
SREEHI(5100 yr BP~5200 yr BP)RIFEKEKEF . SST. BERABREHMXL), RRBKEEFHRRENLES; (K it

HpREKE, () JbETkF SST (180°E~180°W, 60°N~90°N)
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