CURRE R
2020 4£ 9 A

Ho B 2E R
ADVANCES IN EARTH SCIENCE

Vol.35 No.9
Sep. , 2020

Jo B8 XN HS/INEE A5 R PRI R AR AL o e [T ], bk Bl2¢ E €, 2020, 35(9) : 962-977.DOI: 10.11867/j.issn.1001-8166.2020.076.
[Long Shangmin, Liu Qinyu, Zheng Xiaotong, et al. Research progress of long-term ocean temperature changes in the southern ocean [J].
Advances in Earth Science,2020,35(9):962-977. DOI:10.11867/j.issn.1001-8166.2020.076. ]

FAAFTRRKPATUARER

-, G|
(L.mHEXRF, BR
pa il S =3 Y

£34 %I‘S/J

A R E B
TRIBEHFEREMMBEARAELEZRE,LH &R
210098;3. P EEF KR FHRGELLT HBESRAMEERSAELRT,

210098;2. FT il K 52, i E 515,

LA FH 2661004 FHEFHAFEFRRAXEBRLERE, LA FH 266100)

W EALTHFR,ARFAL

HRARREE AMATRENFER

A58 T AL A ALH] AR

BEABRELARRFHE, mtr%k«%ﬁmﬁ%%mﬁxwﬁm’m AR Lz‘;@fﬁﬁj“‘:é’}k#

s K A }E’TJC{]/JX}LJ/E'Ig F AR XA AR LR I
”%“Pﬁzlﬁz)ﬂ V/\B\ﬁ@:/‘f-%iﬁfx/Jvu\/ﬁ:/‘f-/l%ﬁi’ié];/ﬁ:/‘f‘V‘]%ﬁbi]&%iﬁ-f%
K iR 0GB AR, FHIR B AR 2T S 48 4 R 1h g b

FARARRFEHAKRFERE

BT AR TR KNG Kol HEBF ok

IR B R ROE vl X — R R A @ B R

KEFFHFBRGENMEFREIR, REEE BN LILRIRRE RN P AT T

Wit 2
x #

FESES: P728.1 XEkFRER: A
1 5 =

A Tl i ik, fbA BRORHE ) 0T 10 R Sk %
SRR IR AR BN WS B 2 0 5
) I 2 A5 A T MK 1) BT A il A 2
PR B AER BRI, X LAY
ot OB 909% 1Y B 53 2 45 T T R WAL RN A
B T o R R E BRI 70% H AT i
RS 1, R AT DA R Ml R 27 4 3R R THI iR
Ry ST s SN K7 K 7 R E 31N IR 1]
X 3 ] 4 BROT 8 AORG HASH T A R A A5
TR G LUN G 2019 4F 2 BRF- 2 TR (Global-
mean Surface Temperature, GMST ) A1 X} F Tk % iy
AIELZ BT T 1.1 °C, 52015 4RV 22 s ) il 72 119

s B #1:2020-07-16; 1€ [E B #7:2020-08-15.

, ARAME ) A AR AT = T A d KFE N SR va i ad A2 KR 69 AR Ae B A E AR 7 @ g

Al d K F AR TAL B w2 B AR TRk
XEHE:1001-8166(2020)09-0962-16

1.5 °CAIR3E R H AnAH L, B m BT F (4 38 i 25 1) 2 22
AR/IN T 2 R B B AR A A R R
T T 55 1 b T R B SR R A UL s e B
JUH LT AR ARG B2 , (B AL K VE 7 AR K
¥ (30°S LARS) IR R 2RI K 5ol &Y 38
flitt, T 4R 2 BRI VRIS N py A b, H i 50%
EE Y o C Ty N i AR

PR HA R T VE s I B (& 1),
EER P T SR B 4 1) 25 38 5 ) A9 3E 5 2 (Ekman) i
SEg e N 1 B 7 N1 9 i L W 2
TR)Z IV 7K RLH AT DA v 38 | DA T AR A b o3 P Vg
Z2 1M1 i & (Sea Surface Temperature, SST) . | ¥t
fii 125 ) R 1D 1Y) ¥ 7K ER 43 8% Ekman 3 i 2% 1w 46 JF
FEVE U AL (40°S BiFIE ) 8 G R U0, oA RIR BE AT

* AR A ARSI TFAERL S G000 [ AT EVEE 7 SST 4 BRZZ I A48 i 157 5 A2 (45 : 41706026) 5 [ 5 T A5 0T 3K
Tt H Ve — T VK S ORI ) B R 0 I 50 A AL S A0l (45 : 201 7YFA0604600) 75 1 .
VBT Jo A (1988-) , 55 WmE A I, 32 2 AR AL RN S ISR . E-mail : smlong@hhu.edu.cn



59 1

T 1A - ORI I S AR AR S o 963

%i%t«éﬁu % X @

% ¥ h4k %
A
K

1 000 “E;

Gt

B
2k
3 000 PSL \
4 000 ) ) - -
80° 70° 60° 50° 40° 30°S

B1 BAFKIRRERFHHALETEE(TESEH11]1EH)

Fig.1 Schematic diagram of the hydrological environment and dynamical processes in the Southern Ocean

(modified after reference [11])
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Table 1 CMIPS and CMIP6 models used in the model bias analyses

[ES s CMIP5 CMIP6 W5 CMIP5 CMIP6

1 ACCESS1-0 ACCESS-CM2 15 GISS-E2-H GISS-E2-1-H
2 ACCESS1-3 ACCESS-ESM1-5 16 GISS-E2-R GISS-E2-1-G
3 BCC-CSM1-1 BCC-CSM2-MR 17 HadGEM2-CC HadGEM3-GC31-LL
4 BCC-CSM1-1-m BCC-ESM1 18 HadGEM2-ES HadGEM3-GC31-MM
5 CanESM2 CanESM5 19 inmem4 INM-CM4-8
6 CCSM4 CESM2 20 IPSL-CM5A-LR IPSL-CM6A-LR
7 CESM1-CAM5 CESM2-WACCM 21 MIROCS5 MIROC6
8 CNRM-CM5 CNRM-CM6-1 22 MIROC-ESM MIROC-ES2L
9 EC-EARTH EC-Earth3 23 MPI-ESM-LR MPI-ESM1-2-LR
10 FGOALS-g2 FGOALS-g3 24 MPI-ESM-MR MPI-ESM1-2-HR
11 FGOALS-s2 FGOALS-f3-L 25 MRI-CGCM3 MRI-ESM2-0
12 FIO-ESM FIO-ESM-2-0 26 NorESM1-M NorESM2-LM
13 GFDL-CM3 GFDL-CM4 27 NorESM1-ME NorESM2-MM
14 GFDL-ESM2M GFDL-ESM4

a) CMIPSHR W2 b) CMIP6HEF A 2% .
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Fig.7 Model biases of Southern Ocean SST in CMIPS and CMIP6
() I S 1 (1979—2005 4F ) CMIPS AR A V-3 S (ERSST v5) Z 22 5 (b) CMIP6 Z B AT 1 (MME) 5N 2% ; (¢)CMIP6
L5 CMIP5 (1 MME 2 22 (R PIAR BB 22 1925 4k ) ; (d) CMIP6 ARXT T CMIPS B0 i 25 A8 ALY B 43 L (%) 5 IR 1 PR 0 5 E 2k
1 7a h CMIPS BL2X1Y SST AL 22 % T~ 0 (7 & ; CMIPS Rl CMIP6 L2014 274, H CMIP6 1 45 MR 2y
CMIP5 Hx AR TR A
Differences in annual-mean climatology (1979-2005 mean) SST between (a) CMIP5 MME and observation (ERSST v5); (b) CMIP6 MME
and observation and (¢) CMIP6 MME and CMIP5 MME; (d) The percentage change in the CMIP6 model bias relative to that from CMIP5;
Black contours in all panels are the zero contour in Figure 7a; The number of models for the MME is 27 for both CMIPS and CMIP6,
with each CMIP6 model being the updated version from its family predecessor in CMIPS
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Research Progress of Long-term Ocean Temperature Changes in
the Southern Ocean’

Long Shangmin'?, Liu Qinyu**, Zheng Xiaotong’*, Cheng Xuhua'?,

Bai Xuezhi'?, Gao Zhen’

(1.Key Laboratory of Marine Hazards Forecasting, Ministry of Natural Resources, Hohai University, Nanjing
210098, China;2.College of Oceanography, Hohai University, Nanjing 210098, China;3.Physical
Oceanography Laboratory of Ocean University of China,Ocean-Atmosphere Interaction and Climate
Laboratory, Qingdao 266100, China; 4. Qingdao National Laboratory for
Marine Science and Technology , Qingdao 266100, China )

Abstract: In the recent decades, a large amount of anthropogenic heat has been absorbed and stored in the
Southern Ocean. Results from observations and climate models' simulations both show that the Southern Ocean
displays large warming in the upper and subsurface ocean that maximizes at 45°~40°S. However, the underlying
mechanisms and evolution processes of the Southern Ocean temperature changes remain unclear, leaving the
Southern Ocean to be a hotspot of climate change studies in the recent years. The present study summarized the
current progress in the observations and numerical modeling of long-term temperature changes in the Southern
Ocean. The effects of changes in wind, surface heat flux, sea-ice and other factors on the ocean temperature
changes were presented, along with the introduction to the role of oceanic mean circulation and eddies. The
present study further proposed that a deepening of the understanding in the Southern Ocean temperature change
may be achieved by investigating the fast and slow responses of the Southern Ocean to external radiative forcing,
which are respectively associated with the fast adjustments of the ocean mixed-layer and the slow evolution of the
deep ocean. Specifically, the striking and fast mixed-layer ocean warming north of 50°S is tightly related to the
surface heat absorption over upwelling regions and wind-driven meridional heat transport, resulting in enhanced
warming around 45°S. While in the slow response of the Southern Ocean temperature, the enhanced ocean
warming shifts southward and downward, mainly associating with the heat transfer from oceanic eddies. The
Southern Ocean temperature has pronounced climatic effects on many aspects, such as global energy balance,
sea-level rise, ocean stratification changes, regional surface warming and atmospheric circulation changes.
However, large model biases/deficiencies in simulating the present-day climatology and essential ocean dynamic
processes last in generations of climate models, which are the main challenge in advancing our understanding in
the mechanisms for the Southern Ocean climate changes. Therefore, to achieve reliable future projections of the
Southern Ocean climate, substantial efforts will be needed to improve the model performances and physical
understanding in the relative role of various processes in ocean temperature changes at different time scales.

Key words: Southern Ocean; Climate change; Fast and slow responses; Upwelling; Eddies.
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