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ACCESS-CM2 CSRIO-BOM(M K AFIE) 360%300x50
BCC-CSM2-MR BCC('H) 360x232x40
BCC-ESM1 BCC('H) 360x232x40
CAMS-CSM1-0 CAMS(HE) 360x200%50
CAS-ESM2-0 CAS(FH) 360x196x30
CanESM5 CCCMA(INEEK) 360%x291x45
CESM2 NCARCEH) 360x180%33
CESM2-WACCM NCARCEH) 360x180%33
CIESM THU(FE) 320x384x60
CNRM-CM6-1 CNRM-CERFACS(#: ) 362x294x75
CNRM-ESM2-1 CNRM-CERFACS(: ) 362x294x75
EC-Earth3 EC-Earth(Kk ) 362x292x75
EC-Earth3-Veg EC-Earth(E ) 362x292x75
FGOALS-f3-L CAS(PH) 360x218x30
FGOALS-g3 CAS(PH) 360x218x30
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MRI-ESM2-0 MRI(H7A%) 360x180x61
NESM3 NUIST(H) 362x292x46
TaiESM1 AS-RCEC(HH) 320x384x60
UKESM1-0-LL MOHC(K ) 360x330x75

T RO AR P ESE



38

MHEEdy 4345

22 MEETEFE

AR 3K H Lique A1 Steele!™ 25 H At 3135 A Ak 11
SR AT

HCUJJO=LpJ}PTL&%D—YQ]&, ¢D)
K, TRAGEAMRE; TS RE, W T, =
—0.27°C, —0.27°C & F) 1] PHC ¥4 358 15 21 1Y =
AV B s S AR, FRAT & BRI K B K L
HBUEH A AAE XA B2 AR/, DRI AR SCHR
K p=1 026 kg/m?, iF7K HLIAZE C,=4 000 J/(kg- C).
THR X3 60°~90°N, A 2BREJE, THH R 439 0
TFVE )2 500 m 4K IE

3 iR

3.1 AL KER S EKFE S HEFE
3.1 ORI A B B R

PR 1AL 2 43 5310 kg SO0 000 R T 9 ek A AT
¥ 1) 500 m Fl4 K BRI K43 A, B4 BT 9
FE 1T 5B 3 IO SR A ) B e 1992 4F 1 & 2015 4F

b. SODA

a. PHC

12 .

Hi AT LA Y, AN B2 BJZ 500 m b & 4K IE,
LI 0P A B A b DR S KT o3 A R R B
H A A W TR (U TR 2 06 S B 2 T K 5 Y AR R J T
AIGERR ) B e, 6 0 BT de e O AP AIE o IX 2 2R 32 3]
115 75 9O i 39 A 1 7 2y 1) 08 Jl v A W iz A Y
L AT U 1) o U B0 14 AR AR 2 22 T U A LM

75 _EJZ 500 my, LI 23 BT BORE B9 AL DK B
AR 3 A AR 2 B R o 7 A e 2 L UK P L B
W AR, i BRI 9 45 OF, 7 0 5 ORI 0 9 H
fiE o 32 PR Sy Bt DR VG 9 7K AN B 1) b oKk 1A 98 3 5
B2 AR W AR, B B W o X T Ak
TR, AL VKR A B 7 I Bl T o, A B 22T . RRIE
GEERY BN E A S o R/ | SR S R i 2
NG B AR AR, i 3 B P D i I 9 b
RV P 7 R 3 R R ST U 9 A AL B
BT EJZ 500 m, Jb7KAE 4K RIS 78 RO 16 7
HIE (R S (.

c. ECCO2 d. GECCO3

PAH/(10°J-m?)
Bl 1 19922015 47 3% F UL A1 -2 M 9860 L vk B K B ARE 38 12 )2 500 m #4 & 5 K F- 0 A

Fig. 1 Distribution of annual average upper 500 m heat content in the Arctic Ocean from 1992 to 2015 based on the observation

reanalysis data
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Fig.2 Distribution of annual average whole water heat content in the Arctic Ocean from 1992 to 2015 based on the

observation reanalysis data
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Fig. 3 The Arctic Ocean heat content of multi-model ensemble mean

10 12 14 16

3.1.2  CMIP6 UL, 5 M 2=

K3 45 1 7 CMIP6 Z B4R A1 4 45 R (MME)
W3R Er KO o0 A o A T 7R, MME 19 b oK 34 7
KP4 A 2% B R R0 I = )RR AR . MME 1
JZ 500 m #E i KT 43 A UL B A 3 s 7 0 i
Treren, B ol PR 0 2 A0 UKk PE P 2 WK . MME
SRR AR AL VK PE T LT A 1 38438 O 0F , TR) 0
DU R34 R 2230 K .

FH MME U 2= PHC F1 SODA, 15 %) 4 & & g 22 10
& 4 Ji 7R (i 10 % MME i %, 18 {648 % MME i
W), AL, 76 E)Z 500 m, MME #4455 4 76 4% bE
22V AR 25 A K, PRIV | AR S B RO 1 43 MR
%o W T A K IRIGE B, MME 78 JLF- B A i 3544
B2, [R1RE 70 A6 Bz > Vi 2 O 2 e K, SUHE B4 S0 4
T3 w2

o T WA R R 22 7 A SRR, RS 5 T

a. CMIP6-PHC (_|-/£500 m) b. CMIP6-SODA (_EJ2500 m)

W 180° E

4 -3 2 -10 1 2 3 4
P BME/(10°T-m?)

2 3 4

1
PER/(10°T-m?)

PHC. 73 Br %5 REFIl CMIP6 5 345 0 ) 2 1 3R )% 1)
T oINS R L, ASTHRL I T 0] T A 5 0
FEARL, #0228 20 AN, & 500 m TR B 22 47 R i
B f = (E, Bl L SR 2 R AR, 2 000 m DAVR S il 3 3
ARPRRFANAE o E AR A TR AR S A KA T
L FLF 3 A B RE, 24 0.8°C, PR MR SR A0 Y I R
500 m 142 7K TR AR B B E N 5 KU 2 I

TE BRI 73, A 40U AY B JZ 500 m B 3 BE R Y&, T
SR GRS B R BE o O I8 41 )2 500 mo IR 1 1
wE Sc . B AL, BB L2 500 m iR
J& A ) 5 PHC R 20 BT 90 RHAE HE A B K 22 5
PHC 53 H7 %8 FH il 3 B i {8 D BEAE 300 m K ¥ |
T, 2928 0.9°C, B R & # AR, 2 2 000 m KR I
T I5 B AR, fE—0.5~—1°C Z [a] . i 6% 2B 4 119
MME i J¥ f5 & {8 1 B AE K 3 800 m B 1, Z°h 1°C,
B % 0w % . 76 F 2 500 m, MME 5 J& i % T° PHC #1

¢. CMIP6-PHC (27K ) d. CMIP6-SODA (27K %)

-15 -10 05 0 05 10 15
WA EME/(10°Tm™)

& 4 Jb ki RS KP4 A i 22
Fig. 4 Deviation of the Arctic Ocean heat content with respect to PHC and SODA, respectively
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Fig. 5 Long-term annual mean vertical temperature profiles of the Arctic Ocean basins and Greenland Sea
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Fig. 6 Deviation of the upper 500 m Arctic Ocean heat content of Chinese models with respect to PHC
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Fig. 7 Deviation of the whole water column Arctic Ocean heat content of Chinese models with respect to PHC
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Table 2 Standard deviation, center root mean square difference and correlation of annual average heat content in history between
CMIP6 models and PHC observation data

FrifEdin 2 AR 2% HRFREL
L&Y

/2500 m AIKIR /2500 m AIKIR /2500 m AIKIR
PHC 1.000 0 1.000 0 0.000 0 0.000 0 1.000 0 1.000 0
ACCESS-CM2 1.163 6 15728 0.672 6 0.873 9 0.817 1 0.861 5
BCC-CSM2-MR 0.775 6 2.0127 13171 23618 0.0859 0.1310
BCC-ESM1 0.8339 22585 13579 2.591 1 0.089 1 0.1358
CAMS-CSM1-0 0.684 1 1.526 3 0.598 4 1.4210 0.8118 0.437 6
CAS-ESM2-0 12170 13245 0.791 7 0.993 4 0.761 8 0.667 2
CESM2 1.147 8 1.924 4 0.4100 1.8025 0.936 3 0.3379
CESM2-WACCM 1.1050 17145 0.3855 15425 0.9377 0.454 7
CIESM 13218 1.956 7 0.703 9 17354 0.8517 0.464 3
CNRM-CM6-1 0.854 4 0.968 9 0.543 0 0.5100 0.841 6 0.866 4
CNRM-ESM2-1 0.915 1 1.083 5 0.5249 0.5372 0.853 4 0.870 0
CanESM5 1.089 7 13625 0.661 2 0.7959 0.803 1 0.8158
EC-Earth3 0.929 0 12655 0.467 8 0.9125 0.8849 0.696 9
EC-Earth3-Veg 0.973 9 12679 0.474 6 0.856 5 0.884 7 0.739 0
FGOALS-f3-L 1.025 6 1.2989 0.573 2 0.793 2 0.840 1 0.792 2
FGOALS-g3 1.054 4 1.4259 0.684 0 0.8320 0.779 5 0.8209
FIO-ESM-2-0 1.101 8 12330 0.3890 0.938 5 0.936 0 0.664 9
GFDL-ESM4 1.1370 1.480 5 0.541 1 0.986 9 0.879 5 0.749 0
HadGEM3-GC31-LL 1.099 5 12235 0.558 9 0.581 1 0.862 4 0.882 4
INM-CM4-8 0.8810 12324 0.566 3 0.931 4 0.826 0 0.669 9
INM-CMS5-0 0.883 1 1344 6 0.484 1 0.8158 0.8750 0.665 4
IPSL-CM6A-LR 0.943 7 1.144 4 0.507 1 0.991 6 0.865 5 0.579 5
MIROC6 12128 1.654 6 0.546 0 12853 0.895 8 0.630 3
MIROC-ES2L 1.156 2 1.4250 0.620 4 0.773 9 0.844 1 0.853 3
MPI-ESM1-2-HR 1.143 0 1.4322 0.499 8 0.986 8 0.899 7 0.7252
MPI-ESM1-2-LR 1.171°8 1.626 8 0.547 4 1.346 4 0.884 7 0.563 5
MRI-ESM2-0 1.1153 23167 0.409 0 22336 0.9310 0.297 4
NESM3 0.744 1 1.097 6 1.286 5 1.5553 0.068 2 0.097 5
TaiESM1 1.2347 1.778 0 0.529 7 1.602 9 0.908 7 0.447 7
UKESM1-0-LL 1.076 7 12513 0.602 1 0.628 5 0.834 4 0.867 4

FLCMIPe B A AR L Jb ok S B R S [6], MME F1 K #4> CMIP6 #2500 m #4455 &
PHC #H A i Z= 5 A8 4k, (BRI i 22 AR 0 K XF AR AR, 1975 42 G B 2 B 1Y F T
FALKE RS BRI EFE, £ 1850-19754F  #, B T 2075-2100 4 [A] #4512 B8 02 7yl 20, FEAR
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Fig. 18 The annual mean heat content in the Arctic Ocean of CMIP6 Chinese models in 2020-2050 and 2060-2090

FIR I AR A R 3455, AR A v P i A 20 B B0 TR
AZBHEZ WA PG T, T — 25 TAE T LIS & e ok
2 THT A i R A R A K 2 BORHIR A 20 A b ok

SE

P R N R R I ARG B g S HE 2R R E
A S = O AU L 45 11 JBE X CMIPe AR it 47 1
— R PPAL

[1]  ScreenJ A, Simmonds I. The central role of diminishing sea ice in recent Arctic temperature amplification[J]. Nature, 2010, 464(7293):

1334-1337.


http://dx.doi.org/10.1038/nature09051

50 Ml 438

[2]  Comiso J C. A rapidly declining perennial sea ice cover in the Arctic[J]. Geophysical Research Letters, 2002, 29(20): 17.

[3] Meier W N, Stroeve J, Fetterer F. Whither Arctic sea ice? A clear signal of decline regionally, seasonally and extending beyond the satel-
lite record[J]. Annals of Glaciology, 2007, 46: 428—434.

[4]  Stroeve J, Holland M M, Meier W, et al. Arctic sea ice decline: Faster than forecast[J]. Geophysical Research Letters, 2007, 34(9):
L09501.

[5] Comiso J C, Parkinson C L, Gersten R, et al. Accelerated decline in the Arctic sea ice cover[J]. Geophysical Research Letters, 2008,
35(1): LO1703.

[6] Maslanik J A, Fowler C, Stroeve J, et al. A younger, thinner Arctic ice cover: Increased potential for rapid, extensive sea-ice loss[J]. Geo-
physical Research Letters, 2007, 34(24): L24501.

[7]  Kwok R, Cunningham G F, Wensnahan M, et al. Thinning and volume loss of the Arctic Ocean sea ice cover: 2003—2008[J]. Journal of
Geophysical Research: Oceans, 2009, 114(C7): C07005.

[8]  Meier W, Stroeve J, Fetterer F, et al. Reductions in Arctic sea ice cover no longer limited to summer[J]. Eos, Transactions American Geo-
physical Union, 2005, 86(36): 326.

[9] Holland M M, Bitz C M, Tremblay B. Future abrupt reductions in the summer Arctic sea ice[J]. Geophysical Research Letters, 2006,
33(23): L23503.

[10] Kumar A, Perlwitz J, Eischeid J, et al. Contribution of sea ice loss to Arctic amplification[J]. Geophysical Research Letters, 2010, 37(21):
L21701.

[11] Perovich D K, Light B, Eicken H, et al. Increasing solar heating of the Arctic Ocean and adjacent seas, 1979-2005: Attribution and role
in the ice-albedo feedback[J]. Geophysical Research Letters, 2007, 34(19): L19505.

[12] Serreze M C, Barrett A P, Slater A G, et al. The large-scale energy budget of the Arctic[J]. Journal of Geophysical Research: Atmo-
spheres, 2007, 112(D11): D11122.

[13] Timmermans M L, Toole J, Krishfield R. Warming of the interior Arctic Ocean linked to sea ice losses at the basin margins[J]. Science
Advances, 2018, 4(8): eaat6773.

[14] M. S. M, Thompson B. Decadal variability of the Arctic Ocean thermal structure[J]. Ocean Dynamics, 2011, 61(7): 873—880.

[15] Lique C, Steele M. Seasonal to decadal variability of Arctic Ocean heat content: A model-based analysis and implications for autonom-
ous observing systems[J]. Journal of Geophysical Research: Oceans, 2013, 118(4): 1673—1695.

[16] Polyakov IV, Bhatt U S, Walsh J E, et al. Recent oceanic changes in the Arctic in the context of long-term observations[J]. Ecological
Applications, 2013, 23(8): 1745-1764.

[17] ARBKEN, BT JCRIETRIZK B ITEE R (7], HhakEl ik, 2014, 29(1): 42-55.
Shao Qiuli, Zhao Jinping. On the deep water of the Nordic Seas[J]. Advances in Earth Science, 2014, 29(1): 42-55.

[18] Carmack E C, Macdonald R W, Perkin R G, et al. Evidence for warming of Atlantic water in the Southern Canadian Basin of the Arctic
Ocean: Results from the Larsen-93 Expedition[J]. Geophysical Research Letters, 1995, 22(9): 1061-1064.

[19] McLaughlin F, Carmack E, Macdonald R, et al. The Canada Basin, 1989—1995: Upstream events and far-field effects of the Barents
Sea[J]. Journal of Geophysical Research: Oceans, 2002, 107(C7): 19-1-19-20.

[20] Rudels B, Friedrich H J, Quadfasel D. The Arctic circumpolar boundary current[J]. Deep—Sea Research Part II: Topical Studies in Ocean-
ography, 1999, 46(6/7): 1023—1062.

[21] Pickard, George L. Descriptive physical oceanography: An introduction[J]. Deep Sea Research & Oceanographic Abstracts, 2005, 23(6):
557-557.

[22] Pnyushkov A V, Polyakov 1 V, Ivanov V 'V, et al. Structure and variability of the boundary current in the Eurasian Basin of the Arctic
Ocean[J]. Deep—Sea Research Part I: Oceanographic Research Papers, 2015, 101: 80—97.

[23] Dmitrenko I A, Rudels B, Kirillov S A, et al. Atlantic water flow into the Arctic Ocean through the St. Anna Trough in the northern Kara
Sea[J]. Journal of Geophysical Research: Oceans, 2015, 120(7): 5158-5178.

[24] Dmitrenko I A, Polyakov I V, Kirillov S A, et al. Toward a warmer Arctic Ocean: Spreading of the early 21st century Atlantic Water
warm anomaly along the Eurasian Basin margins[J]. Journal of Geophysical Research: Oceans, 2008, 113(C5): C05023.

[25] Polyakov I V, Pnyushkov A V, Alkire M B, et al. Greater role for Atlantic inflows on sea-ice loss in the Eurasian Basin of the Arctic
Ocean[J]. Science, 2017, 356(6335): 285-291.

[26] Carmack E, Polyakov I, Padman L, et al. Toward quantifying the increasing role of oceanic heat in sea ice loss in the new Arctic[J]. Bul-
letin of the American Meteorological Society, 2015, 96(12): 2079-2105.

[27] Polyakov I V, Timokhov L A, Alexeev V A, et al. Arctic Ocean warming contributes to reduced polar ice cap[J]. Journal of Physical
Oceanography, 2010, 40(12): 2743-2756.

(28] ZRJpiL, A HEF. LA UK HERE A AR O PRI R RS AT SRR BL A4 70T (0], R4l 2015, 37(11): 79-91.
Mu Longjiang, Zhao Jinping. Analysis on the response of an Arctic ice-ocean coupled model to two different atmospheric reanalysis data-
sets[J]. Haiyang Xuebao, 2015, 37(11): 79-91.

[29] #iEAe, XN, 5K 518, 5. LIRS KEBUE BUER 199 AL 0F —— B T K- R B B X MI T gem PO BE IR IR [J]. AR, 2011,

35(3): 473-482.


http://dx.doi.org/10.1029/2002GL015650
http://dx.doi.org/10.3189/172756407782871170
http://dx.doi.org/10.1029/2007GL032043
http://dx.doi.org/10.1029/2007GL032043
http://dx.doi.org/10.1029/2006GL028024
http://dx.doi.org/10.1029/2007GL031480
http://dx.doi.org/10.1029/2006JD008230
http://dx.doi.org/10.1029/2006JD008230
http://dx.doi.org/10.1029/2006JD008230
http://dx.doi.org/10.1126/sciadv.aat6773
http://dx.doi.org/10.1126/sciadv.aat6773
http://dx.doi.org/10.1007/s10236&#8722;011&#8722;0386&#8722;7
http://dx.doi.org/10.1002/jgrc.20127
http://dx.doi.org/10.1890/11&#8722;0902.1
http://dx.doi.org/10.1890/11&#8722;0902.1
http://dx.doi.org/10.11867/j.issn.1001&#8722;8166.2014.01&#8722;0042
http://dx.doi.org/10.11867/j.issn.1001&#8722;8166.2014.01&#8722;0042
http://dx.doi.org/10.11867/j.issn.1001&#8722;8166.2014.01&#8722;0042
http://dx.doi.org/10.1029/95GL00808
http://dx.doi.org/10.1016/j.dsr.2015.03.001
http://dx.doi.org/10.1002/2015JC010804
http://dx.doi.org/10.1126/science.aai8204
http://dx.doi.org/10.1175/BAMS&#8722;D&#8722;13&#8722;00177.1
http://dx.doi.org/10.1175/BAMS&#8722;D&#8722;13&#8722;00177.1
http://dx.doi.org/10.1175/2010JPO4339.1
http://dx.doi.org/10.1175/2010JPO4339.1
http://dx.doi.org/10.3878/j.issn.1006&#8722;9895.2011.03.08
http://dx.doi.org/10.3878/j.issn.1006&#8722;9895.2011.03.08

7 AR CMIP6 A5 3 S Ab ik I A A BN E 1A 51

Yang Qinghua, Liu Jiping, Zhang Zhanhai, et al. A preliminary study of the Arctic sea ice numerical forecasting: Coupled sea ice-ocean
modelling experiments based on MITgem[J]. Chinese Journal of Atmospheric Sciences, 2011, 35(3): 473—482.

[30] JARE, “Rr 4, BRibee. S5 EBRRR AR LRIl (CMIPO) IR [J]. UL fLITFEHEE, 2019, 15(5): 445-456.
Zhou Tianjun, Zou Liwei, Chen Xiaolong. Commentary on the Coupled Model Intercomparison Project Phase 6 (CMIP6)[J]. Climate
Change Research, 2019, 15(5): 445—456.

(311 ZEweses, ARuiihl, £, 5. W T EER PORMRI A (], #ET5UR, 2010, 27(5): 81-89.
Li Xiaoting, Zheng Peinan, Wang Jianfeng, et al. Introduction of the ocean data in common use[J]. Marine Forecasts, 2010, 27(5): 81—89.

[32] Marotzke J, Giering R, Zhang K Q, et al. Construction of the adjoint MIT ocean general circulation model and application to Atlantic heat
transport sensitivity[J]. Journal of Geophysical Research: Oceans, 1999, 104(C12): 29529-29547.

[33] SwiftJ H, Aagaard K. Seasonal transitions and water mass formation in the Iceland and Greenland seas[J]. Deep—Sea Research Part A.
Oceanographic Research Papers, 1981, 28(10): 1107—1129.

[34] Hansen B, @sterhus S. North Atlantic-Nordic Seas exchanges[J]. Progress in Oceanography, 2000, 45(2): 109-208.

[35] Rossby T, Prater M D, Seiland H. Pathways of inflow and dispersion of warm waters in the Nordic seas[J]. Journal of Geophysical Re-
search: Oceans, 2009, 114(C4): C04011.

(361 fu[3k, AP, JLRRIE A FE T /3 AT AR B =15 A D). kRl 2= 3R, 2011, 26(10): 1079-1091.
He Yan, Zhao Jinping. Distributions and seasonal variations of fronts in GIN seas[J]. Advances in Earth Science, 2011, 26(10):
1079—-1091.

Assessment of the ability of CMIP6 models to simulate the
heat content of the Arctic Ocean

Xie Long', Bai Xuezhi', Long Shangmin'

(1. College of Oceanography, Hohai University, Nanjing 210098, China)

Abstract: The PHC, ECCO2, SODA, GECCO3 and CMIP6 data were used to analyze the horizontal distribution
characteristics, seasonal variation and long-term trend of the Arctic Ocean heat content, and analyze the simulation
ability of the CMIP6 models in this paper. The results show that the heat content of the Arctic Ocean shows obvi-
ous seasonal change, with the lowest in April and the highest in September. Under historical circumstances
(1850—2014), compared with the observation and reanalysis data, the heat content of the upper 500 m of the CMIP6
models ensemble average (MME) is warmer in the Greenland Sea, colder in the Norwegian sea, Barents Sea and
Eurasian Basin, while the whole water column heat content of MME is warmer in almost all regions of the Arctic
Ocean, with the largest deviation in the Greenland Sea. CMIP6 models have a large deviation in the simulation of
Arctic Ocean temperature profile, and the average temperature of MME is higher than the observation and reanalys-
is data at the depth of more than 1 000 m. In the future case (2015-2100), the simulation of ocean heat content of
MME shows obvious Arctic Ocean warming, but most of the Chinese models show no obvious warming situation.
BCC-CSM2-MR and BCC-ESM1 are poor in simulating the annual mean heat content of the Arctic Ocean, CIESM
is poor in simulating the seasonal and interdecadal variations of ocean heat content, while FIO-ESM-2-0 is good in
simulating the annual heat content of the upper 500 m, the seasonal and interdecadal variations of heat content of

the Arctic Ocean.

Key words: Arctic Ocean heat content; spatial distribution; seasonal variation; CMIP6 models; model assessment
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