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Abstract With the rapid development since the Fifth Assessment Report (ARS), observational constraints have become an
important part of the lines of evidence used in the Sixth Assessment Report (AR6) of Intergovernmental Panel on Climate Change
(IPCC) Working Group I (WGI) to improve the constraints on projections of future climate change. For the first time in the history of
the IPCC, the WGI ARG report uses multiple lines of evidence, including observational constraints based on past simulated warming,
multi-model projections, as well as the updated climate sensitivity, to constrain the assessed future changes in global surface
temperature, which reduces the uncertainty of the multi-model estimation. This paper reviews and introduces several main
observational constraint methods and their applications involved in the WGI ARG report, including model weighting, attribution-
based constraint (ASK methods), and emergent constraint. No matter in AR6 or in many projection studies for different variables over
various regions, observational constraints have shown the potential to correct model bias and improve model projections. In
comparison, there are very few studies focusing on observational constrained projection in China. It is urgent to strengthen researches
on observational constraint methods and their application in the projections of regional climate change in China, to provide more
abundant climate information with narrowed uncertainty for policy formulation and adaptation planning in response to climate
change.

Key words Climate projection, Observational constraint, Model weighting, ASK method, Emergent constraint
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S A S e PEAG | 3 R DA R BSR4
7 LA AR I R ok A A2 AL TG {5 B (Brunner, et al,
2020a) o TN MBS A d LR Y O 2 LR AR B 2
AN AR B 5 R A T A T RE Y AR A SO
i %€ P (Brunner, et al, 2020a; Hegerl, et al, 2021),
151 4 fe BT 1) 5% 7 U G B2 L BT &) (CMTPe,
Eyring, et al, 2016) . #A1f, T AN F4E S 40 R
I HE R BB AR R R A 22 e AR A TE Y R
22 DA K N ¥ A A8 A5 R B S 1 1, A = T) Y 8 22
348 K (Weigel, et al, 2010; Knutti, et al, 2017) .
T AT U /N 2o B A A AN 8 S P Sy A A A F
FE AT 4R 1Y R )

R S A AR el LT DL 2 B 2 R TR 20
TR, B TR ADL 5 75 02 9/ A AN B o 1 ) BT
B, B A B X K R B0k AR X T AR 2 18
(Nijsse, et al, 2018) . VFZWF5E hAEE TR H 2
A E I8 B B T8 0 75 BN [ ok 5 A0 O A 2 MR 2
TR A AR R AR DG H AR o 33 S 45 R B8 3 3
FEOWL I ¢ et 5 28] 14 45 =X e e 8 3 300 DA 5 it e = A
S AR TR AR B 29 5, I LLE BR S WL 24 3R (observa-
tional constraint) ( Borodina, et al, 2017; Ribes, et
al, 2021; Hegerl, et al, 2021) . WLl £ o 3 T () 1
B s B BRE Al 45 2 r A U e SR B S
RARMAT HAFAE AT HEOC R o X A0 OC R AT LR

Acta Meteorologica Sinica K54  2021,79(6)

J3 s A A0, 26 BRL 1] R O TUA Y 4E ZE ( Brunner, et al,
2020a), AT LR Py 0 855 A A W 3ok A8 e 5
B 1Ak AR B 22 18] £ 7E 09 55 Fh 48 11 ¢ & (Rowell,
2019) o i & L4 A A AE D s B B i) 1 i B %
IR, 7 A5 R R 1% A B B O e A X, FRAE 2 A
= 0 A ( Knutti, et al, 2017; Lorenz, et al, 2018;
Brunner, et al, 2020b) ; A3 5 #2 45 159 5 43 7 45 2R
VT IE AL O AN [R] A0 5 38 A ey i R, B AR T I 1A
2t 8L B9 29 R ( Stott, et al, 2013; Shiogama, et al,
20165 Gillett, et al, 2021) . JF & X Fi A W I 25 4}
A 5 R IR S ST OC R A AN A& i A
XS Wi iR 2], R N 2 EAE S T WA ok,
Bt LLFRAF 8 BE 29 5 (emergent constraint) (Hall, et
al, 2019; Eyring, et al, 2019; Brient, 2020),
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F1LHH T A 10 A5 LI 24 B AL A — 2 A 3R 1 A
G o FE TN HE OGO 24 SR 52 04 25 5 VEA B (]
ARG ]2 B2 (IPCC) B — TAE4L(WGD) 4
AU S (AR6) BRI 8 i, 0 U 5 78 S il
At 75 T AR L DA RS B 3 2D AR AR X AR R R
AR 20 | ke J& IPCC IR TE PEA
RAFIH T HETIE S0 2R As L BT Dy s R
T v A UL P LN 24 R LA R B 1 S A A A AR

F AT 10 AL AT A — e AU AT ST

Table 1 List of several representative projection studies in the recent 10 years using observational constraint
SCHR LTy vk Yy G
Liang, et al, 2020; Brunner, et al, 2020b EZ1 it R E IR
Brunner, et al, 2020a ZR AL IR K
Lorenz, et al, 2018 EZiSavintid R i v
Knutti, et al, 2017 Z AL Jetsigk
Brunner, et al, 2020b ZR AL kAR S A 7
Shiogama, et al, 2016; Gillett, et al, 2021 FETF IR EE K 2R SERFRSIR
Brunner, et al, 2020a; Zhou, et al, 2021 BT AR R AR AL Bk
Sun, et al, 2014 BT IHN R 2R e
Li, etal, 2017 FET VAR R 2T TRBRL
Wang, et al, 2020 HTFIHELERALAHR B A VAT
DeAngelis, et al, 2015; Tokarska, et al, 2020b [ AERFRIK; kiR AR
O'Gorman, 2012; Borodina, et al, 2017; Freychet, et al, 2021 B LA R U REE 7K 5 A i o Tk
Chen, et al, 2020; Wenzel, et al, 2016 BFLAH VULl i o
Sherwood, et al, 2014 [EELESTS SPATAS R ARUE

Siler, et al, 2018
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2021; Lee, et al, 2021) o % T W00 24 5 75 1 A6 T4k
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O 38 A 5 AL AR, B X T . T 2R
JE E R e ) s RIS BE AR (8 T 245
FOAH 43 B i AR i 1 T8 ), 8 AR B A L
oCtmE 147 B C©) . #E58 R s 2 5
AT ELS & T ) Z BT ks, K ok [\ 45
RO (805 WA R R 45 . HETE A
AH DGR 8 UE 52 X 22 85 X AR G UE AT W] 45 A EE 43 i T
AN —E w1k #E (Eyring, et al, 2019) . J5£E A
FEBR T AR v e AR A X 3R B s L X A {5 R A0 3
i DT HR A TR O A A1, 1AV 2 B AR PR AR Y
LRI AEATACE B (A 1A T R ) o X
e Z2 B SN A A 58 AR A — b el 2 A s AR AL SR
R 48 b 25 45 X 20 B AR DAY/ R HE OIS &R
S FUAR 9 B 2% (Chen, et al, 2021) .
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(Herger, et al, 2018; Eyring, et al, 2019; Chen, et
al, 2021), fr I Z 6] I AN 58 A B ST . X A
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Fig. 1 The schematic diagram of model weighting (the bars represent multi-model ensemble, which is illustrated by 5 models here,

model A, B, C, D, E, heights of these bars indicate the weighting; the left part shows that all models in the ensemble have equal weighting,

while the right part shows the model weightings are specified based on model performance and independence)
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£ W} 5% (Knutti, et al, 2017; Lorenz, et al, 2018) %
FHAE AR G B 0 3R B Y 22 S e SOAR =X il S
PR SRR Ao SORE AR & . WL R s 4 | A5 M RE
TR bR o BB DL R DX 3R A 3 B AR AR UG (Herger, et
al, 2018) . 5 H — ¥ B 5% ( Sunyer, et al, 2014;
Annan, et al, 2017) i H U1 i 8y J7 ok 25 A
ST PEECHE T ST TR AR bR Z A | Seit
W) AT AR Sr PR S R BT IR B 2 R
PEACEE H 32k B 005 Tr) R, — o 5 3k S o O 3000 25 4
L5y R BF B AT N R NG, o5 —Fiop 249 7
B — R 58 1Y, SRS I e 38 ik
Jo A K A 58 R I AR R — A B B A
REE R, KA T AT AR iz AT
1E, W5 I R D ASE =X A 5030 >Fe e TF A o )
JE S, A R B ) 2R S
AR IR RN AR 2 A0 00 B s 3517 D0
T B B 1 B0 IR A — AL, B AT L2 4 X B
AR i E S AR PR R AR S B e LA E R
XoF 1 4 7 £ A K 53] iy A = 78 48 Fn & FH (Eyring,
et al, 2019; Chen, et al, 2021) .

S H AT — 2 2 SO A Ty 2k 1 0 H RO
T HE TR TN A B 8CR, B T aE A L R Y
J5 ok % 22 8 AR A S HEAT AL, BT L IPCC 4
AN UVEAL 5 7 2 1 5 G Al th T SR U 26
PPl e i s, B 2 AR G i i &
A SR . R G Y 5% —95% & 24 i [
I8 78 WA 0] BE B9 AN B E 1 5 L (Chen, et al, 2021;
Lee, et al, 2021),
22 EFHEESERNWARGE

FEA DA PR 43 B v iz 8 S0k AT DA RO [R]
SiE 3E MR OE AU A 8 31 ¢ & (Hasselmann, 1993,
1997; Allen, et al, 1999), Allen Z:(2000) . Stott &5
(2002) il Kettleborough %5 (2007 ) $3X Fh 4t 11 5 &
iz FH 3 IS AN B o M Ak, ok AE O B2
BRIV U DA 45 SR B 29 D5 ik, W] Allen Stott
Kettleborough 77 i (M #K ASK J%) . f8 80k H
J7SCER M IRl A SR S B, BV 2 1) S AR AR AL Y B
P A6 58 30 09 e A 5 XORT B B AR PN S AR R
u (NS
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A, a=la,, a,, a,,....a,] =REHRTF K&, FAKH
HE AN [] e iz A A A b Bl S R O — 3,
REHNFE—-EEFEETWERFLUEYERT
0 B, T R iz RUEE DR A X 1 1 70350 5 38 45 5 & T
a0 e, L RUBE DR 7 B 8 1 DG ZR AE Jg s s 44
Py X e I N2 S R s U e R el W O 2 DG VA i
Z2 58 AT 2y 5t 3 e o, 5 ORI AR — 3, M REEA
F RG22 T ONT) 1, IR A ALY
5 30 M N7 R S LN AR AT BT RAY Gl ) o R
PR e fat LB i L X B 1 48 3 O 2 7R Ak B B
588 850, W% RUBE IR AT AAE Ay 9] 35 455 X 421 g
25 00 B o X R T AN [ A ) R B
L T B A 5 30 A RS =LA IR n, BV AT A5 )
2 o1 AT R HAH I AN B o R L (Stott, et al,
2007) . UAh, WA S (Gillett, 2015; Tokarska, et
al, 2020a) F| FH H 12 RUBE PRl 3 ask 19 X6 2 5 3 1)
M 1 TP Ak 5 455 30T 12 A1 8 3 i 1 1R B 4801k g, AT
AT A X 228 B T A, PR O R BOMANUS
A A N B AL TR B2 Al

BT 5 PR 25 S 1 24 5 vk e A A TUA 4 A
Bk TRe B AR Eg R LR E RN R a, B
Fh 5 38 K Bl 1Y 15 5 e A5 2E 00 DU s AR ft b Az )
2o A7 By AT A DU M 32 XA G i B R L R D 4R
P () m] A () an s (1< ) DA B s ) RUBE 46 R R
# W (Brunner, et al, 2020a) . % ER|FM: L, BT
VA R 45 R 1 24 5 1 2 A A sk S RN R Y iR
JE (A 935 1 i ¥R B ) Ay b i FH 4% 22 (L, et all,
2017; Wang, et al, 2020; Gillett, et al, 2021) ., Z[R
T W L AT ok i RUBE DR - B IR R i 1, 17 Tk
A H Al AB i R DX sl RUBE Ak e g R R A X A
(Jones, et al, 2016) . IPCC %5 — TAEZH %6 /S IR PFAh
i 45 7 B A7 B[R] 9 Rl Y R RUBE A rp ¥ T i
LI 24 B T 7 A 1) Y TUA 25 R, D0 L2 Ak il 3R
B Hifili (Lee, et al, 2021) o X 38 ROBE [ 1 — 26 bt
5, QX RICHH Z2 A~ DX 3l 1) 3 32 ek 7K A% Ak 24 B T Al
WY, H T IH RS R0 29 0 7 T AN RETE BT A X 4k
FE sk /N FAL B9 AS B8 E PE ( Brunner, et al, 2020a;
Hegerl, et al, 2021) .
2.3 EIRYR

1 I 24 ot 4 22 AR 5 b i B A A ok A
AN 2 0 — O T S SRR R G — A W Ay
fiE ) 2 3% C 28 (Chen, et al, 2021) . BB 15 %G
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BAE 2B AR G B b 4 B AR R Y g sl B A AT
LI 7% i 5 A WAL AR A SR OC &R, R A UL 24
BRIy S AR i A 2w AR AR X R, I AR S
KR YA 1 A AR i TUAk 25 L, 3k 2k
JNTIAR A 2 2 B ) (Eyring, et al, 2019; Brient,
2020; FKAE4E, 2021) . AN 2 TR, AR & XFT Y 43
R 2o 158 XA A 78 D 50 B BRI > T4k B B ) 7
N, EAERENRME R R
R AR B X0 UL IR Y T (2 60 B 52 ) X0 A S ASE 41
W2y SR ) AR i Y, BP AT A5 B R E AR & Y )
HAHH R E AR . ARG YT
i AN 2 3 B LG D A 22 885X 4R AR 1 AS 1 2
FEL B SR 8/ )N o 29SS AR B Y IS 1 PR 3 O
TR XOUL I B AN B 1 DA R B B T Oe R AN
LiheR c P = D UN R4 SR E NP S W S VL
e — S I 2 G o R ST O AR W B A T
AR TR PR AR . S R R A —E & 2
PR AR OC &, 0 PT R H M A 22 590 ¢ R B &
RIGTRR

P B 24 B T vk ) R B R e B, O R A AR
W IR RRAE DA Y R L A R R L K
SRR WAL A5 %% YD AH OC I S R 40 728 5t ) 08I K
AN 8 PR B T o 1% 07 B i SEBR . L AE 7R L
J7 AR 2 (1) XoF 22 4 32 A A 50 A i e 1) 2
BAZHE T e S A5 2R 0 S A X R R BUR R
ft 18 X oK >k FUAG (%) B 8 29 3K ( Chen, et al, 2021);

[ ]
°
2 .| (& A
£ o=| |E . e
| #f |&= v
?ﬂ’f = Eﬁ - .
= E‘ ¢ o © L4
%ﬁ\ N cee, ®
= o« o LHIH
. URIDE S Gtz
i G Bl
W7 X
XAEL R AE A i

B2 WA R

Fig.2 The schematic diagram of emergent constraint
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(2) YA XS N TR A TE Y R G D 22 %] 5] B 2y
WG ZR A 5 ) 5 A = Ta) A Y a7 Ak 7 2 B0k
ANREAR AR A0 FR G N AR Bl el FR I, 1S 9
ML R EA BT ) WHIHAR T EAEH TR
I i s Y A 1 e 0 AR ROk 2 R AR Al i 22
12 S iRl B, DR R 2212 1 R Al A o) AR R
Wi o] ZL % AN 3T (Eyring, et al, 2019) . Ak b JE AR Y
BB RO AR B, 5 2R ATy 2k 1Y Y1 - 4k
ZARL, T DL A A 5 A T B 29 OC R AR AR B
I 53 Ah— BB 43 A X I 20 R OC R AT IR, iE
IV U 28 TR I T G B0 ) B A R RN B8 R )
Wi B2 3 % 2 (Chen, et al, 2021; Hall, et al, 2019) .
E—EZHRRES PO L@ IR R K
FHREERTEHT — R AR G P 75 B E Rl

X S A SRR, SR T I A R Ik
ZEG T BT R TR AR A | A5 00 ROk Kt SR A
B, IPCC 2 — T AR 55 /X I PP Al e 45 45 21 19 A 1
SE TEVE ] (2.5—4°C) /N T 58 T UOT Al i 4 (1.5—
4.5C) o XF T RS A B MR N, B T TR i R
UNNPRSE LN ORI W= VA € SE R S R
eS| N N S RN A TR A G U R S A N
ZS U PFAT i 45 X8 A AN [] g st e 38 2 4 i il
ORI AR R (AN £ A3k 4k KRB 19 A8 IR 5 =
SR DG 19 A% 5 A5 ) T R i B0 2 A5 B 1) P SR
A B0 P8 R i 72 A A i) iy 1) TR 5 SR R AT T R4
XF ELAPEAL, 35 B T AN [F] 5 19445 (Forster, et al,
2021) o BN URVEAR i 4 78 B 0 A AH OC i T4k
PEAG T R 55 T PP A 45 LU A Hh B 0 i B2y
WA AR T . BB, W 2 oA A i O L A
RE7K . BRI R G S AU i oK A Al T 2 A Tz
(Hall, et al, 2019; Brient, 2020; £ 1) .

3 B AJERE

SCHVEL R T T R A Y TPCC 5 — T AR SR N
URVTA 2 45 45 S B4 22 b 000 249 53144 7 9 ( 2 A8 5K
TR 35 3 A PR 45 5 14 20 5 75 B ASK Ty &
B A Ty 3k ), IR 2 B T 3k 28 07 2% 1 1 )
oL, MECTT S, 28 Ay 2 v H s T, 5
FHNHEH G E R A E N T R AR — ¥k
i (Knutti, et al, 2017) o F&FIHRZ5 L0 2550107
0 22 o FH A M L v AR S (R A o, A LM RS
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KAG AR 1 AT B S N O A 2 M (Hegerl, et al,
2021) o BB Ty 2 WAL AE 2 B4 by B i
o g i B L AT R 1 80 OC &R B (Hall, et
al, 2019) . AR Lk 3 LN 24 3R WA Jr i 56 F 1
i 25 1 . TR A B0 FH Y B Y AR [, H AR Jo
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FEAE o Al BOAAT, 20 78 T4 e 8 g 17 RUBE L
LY PR 7 B R X 5 R Al AR A R R
A FF B ECITAL , R A B A SE T 5C R 2 AR il
ftiZ5 & (Chen, et al, 2021) ,

ML 24 37 1 06 A Ry BRF DA B 3 F, R A7 i n
VL A 1 T A T 0 Nl = S N S i /I e 2
( Brunner, et al, 2020a) . X &£ W I 24 o J7 ¥4 7E
IPCC % — T AR5 7S IR PTAl e & 2 AR 7] e 2 1 T2
B 7 FH A — o R R AR B S M 2 A S A, Y
71 F1 75 ¥ (Hegerl, et al, 2021; IPCC, 2021) ., i1 T
07 T R AN TEARR AL 25 i i AN 1k A
AF 0 T {82 T P SO 000 3 8 g 2 J31), X6 ] — DX I A [] 25
i1z FHAS (] 08 08I0 24 o7 125 45 3] 114 24 T T4t 45 2R
S H — &€ 25 (Brunner, et al, 2020a; Hegerl,
et al, 2021) . X T UM LR-G Z R/ )5 44 BB A —
R L H Al 45 R, TPCC 55 — TAE A 56 /S UOEAG
e A 4Bk Hh R R 1 AN R SO SR AN
[F) 249 o T4k 7 -4 . BIVTE 25 6 29 T Tl 45
Wik, #5448 Liang 55(2020) . Tokarska %£(2020b)
il Ribes 45 (202 1) B 19 3 Fh 2 BT J5 1245 3 1)
A BR MR BE %) TRUAG 25 R A A N 0 E o 6 AT T
-1 (Lee, et al, 2021) . M4k, Hall % (2019) Fil
Brunner 5% (2020a) $2 i T — 267 ik | 276 M
I FH 29 SR T4 45 SR R, ik 45 SR — 3
J7 % 5% HE T — B0 H 5 TTAL 48 bR B 29 R Al
e, BUTEHEAT 2 SR WA K T 2 SR BUAR Y G B
ISNQ UKV SR AN S w S A R E S s w it
SV TSRS

L 24 SRS AN 8 0C  HL Ty i, S/ SRR T A
TERAR FE—— UL o UL Bt 7 25 X, Bsf ] B
Qe 5 g R 2 X0 SO0 24 B v g A XA 7 AR S ) (A
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B A AR 22 A BELAG, R R T PP AL A D s e B AR
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AL B AN E RN AR AR B .

Sk

ke, EAE, 4. 2021, BRI P A S HR SR BE BT k. o
[ Bl 2. #o Bk, https:/doi.org/10.1360/SSTe-2021-0052. Zhang H,
Wang F, Wang F, et al. 2021. Research progress of cloud radiation
feedback in global climate change. Scientia Sinica Terrae, https://doi.org/
10.1360/SSTe-2021-0052 (in Chinese)

Allen M R, Tett S F B. 1999. Checking for model consistency in optimal
fingerprinting. Climate Dyn, 15(6): 419-434

Allen M R, Stott P A, Mitchell J F B, et al. 2000. Quantifying the uncertainty
in forecasts of anthropogenic climate change. Nature, 407(6804): 617-
620

Annan J D, Hargreaves J C. 2017. On the meaning of independence in climate
science. Earth Syst Dyn, 8(1):211-224

Borodina A, Fischer E M, Knutti R. 2017. Potential to constrain projections of
hot temperature extremes. J Climate, 30(24): 9949-9964

Brient F. 2020. Reducing uncertainties in climate projections with emergent
constraints: Concepts, examples and prospects. Adv Atmos Sci, 37(1): 1-
15

Brunner L, McSweeney C, Ballinger A P, et al. 2020a. Comparing methods to
constrain future european climate projections using a consistent
framework. J Climate, 33(20): 8671-8692

Brunner L, Pendergrass A G, Lehner F, et al. 2020b. Reduced global warming
from CMIP6 projections when weighting models by performance and

independence. Earth Syst Dyn, 11(4): 995-1012


https://doi.org/10.1007/s003820050291
https://doi.org/10.1038/35036559
https://doi.org/10.5194/esd-8-211-2017
https://doi.org/10.1175/JCLI-D-16-0848.1
https://doi.org/10.1007/s00376-019-9140-8
https://doi.org/10.1175/JCLI-D-19-0953.1
https://doi.org/10.5194/esd-11-995-2020
https://doi.org/10.1007/s003820050291
https://doi.org/10.1038/35036559
https://doi.org/10.5194/esd-8-211-2017
https://doi.org/10.1175/JCLI-D-16-0848.1
https://doi.org/10.1007/s00376-019-9140-8
https://doi.org/10.1175/JCLI-D-19-0953.1
https://doi.org/10.5194/esd-11-995-2020
https://doi.org/10.1007/s003820050291
https://doi.org/10.1038/35036559
https://doi.org/10.5194/esd-8-211-2017
https://doi.org/10.1175/JCLI-D-16-0848.1
https://doi.org/10.1007/s00376-019-9140-8
https://doi.org/10.1175/JCLI-D-19-0953.1
https://doi.org/10.5194/esd-11-995-2020
https://doi.org/10.1007/s003820050291
https://doi.org/10.1038/35036559
https://doi.org/10.5194/esd-8-211-2017
https://doi.org/10.1175/JCLI-D-16-0848.1
https://doi.org/10.1007/s00376-019-9140-8
https://doi.org/10.1175/JCLI-D-19-0953.1
https://doi.org/10.5194/esd-11-995-2020

JEAEEEAE . IPCC 3578 YO AL AL PRAl P AR A 24 R T D7 35

Chen D L, Rojas M, Samset B H, et al. 2021. Framing, context, and
methods//IPCC. Climate Change 2021: The Physical Science Basis.
Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge: Cambridge
University Press

Chen X L, Zhou T J, Wu P L, et al. 2020. Emergent constraints on future
projections of the western North Pacific Subtropical High. Nat Commun,
11(1): 2802

DeAngelis A M, Qu X, Zelinka M D, et al. 2015. An observational radiative
constraint on hydrologic cycle intensification. Nature, 528(7581): 249-
253

Eyring V, Bony S, Meehl G A, et al. 2016. Overview of the Coupled Model
Intercomparison Project Phase 6 (CMIP6) experimental design and orga-
nization. Geosci Model Dev, 9(5): 1937-1958

Eyring V, Cox P M, Flato G M, et al. 2019. Taking climate model evaluation
to the next level. Nat Climate Change, 9(2): 102-110

Forster P, Storelvmo T, Armour K, et al. 2021. The Earth's energy budget,
climate feedbacks, and climate sensitivity /IPCC. Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I to the
Sixth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge: Cambridge University Press

Freychet N, Hegerl G, Mitchell D, et al. 2021. Future changes in the frequency
of temperature extremes may be underestimated in tropical and
subtropical regions. Commun Earth Environ, 2(1): 28

Gillett N P. 2015. Weighting climate model projections using observational
constraints. Philos Trans Roy Soc A Math, Phys Eng Sci, 373(2054) :
20140425

Gillett N P, Kirchmeier-Young M, Ribes A, et al. 2021. Constraining human
contributions to observed warming since the pre-industrial period. Nat
Climate Change, 11(3):207-212

Hall A, Cox P, Huntingford C, et al. 2019. Progressing emergent constraints
on future climate change. Nat Climate Change, 9(4): 269-278

Hasselmann K. 1993. Optimal fingerprints for the detection of time-dependent
climate change. J Climate, 6(10): 1957-1971

Hasselmann K. 1997. Multi-pattern fingerprint method for detection and
attribution of climate change. Climate Dyn, 13(9): 601-611

Hegerl G C, Ballinger A P, Booth B B B, et al. 2021. Toward consistent
observational constraints in climate predictions and projections. Front
Clim, 3: 678109

Herger N, Abramowitz G, Knutti R, et al. 2018. Selecting a climate model
subset to optimise key ensemble properties. Earth Syst Dyn, 9(1): 135-
151

IPCC. 2021. Summary for policymakers/TPCC. Climate Change 2021: The
Physical Science Basis. Contribution of Working Group I to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge: Cambridge University Press

Jones G S, Stott P A, Mitchell J F B. 2016. Uncertainties in the attribution of

1069

greenhouse gas warming and implications for climate prediction. J
Geophys Res, 121(12): 6969-6992

Kettleborough J A, Booth B B B, Stott P A, et al. 2007. Estimates of
uncertainty in predictions of global mean surface temperature. J Climate,
20(5): 843-855

Knutti R, Sedlacek J, Sanderson B M, et al. 2017. A climate model projection
weighting scheme accounting for performance and interdependence.
Geophys Res Lett, 44(4): 1909-1918

Lee J Y, Marotzke J, Bala G, et al. 2021. Future global climate: Scenario-
based projections and near-term information//TPCC. Climate Change
2021: The Physical Science Basis. Contribution of Working Group 1 to
the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge: Cambridge University Press

Li C, Zhang X B, Zwiers F, et al. 2017. Recent very hot summers in northern
hemispheric land areas measured by wet bulb globe temperature will be
the norm within 20 years. Earth's Future, 5(12): 1203-1216

Liang Y X, Gillett N P, Monahan A H. 2020. Climate model projections of
21st century global warming constrained using the observed warming
trend. Geophys Res Lett, 47(12): e2019GL086757

Lorenz R, Herger N, Sedlacek J, et al. 2018. Prospects and caveats of
weighting climate models for summer maximum temperature projections
over North America. J Geophys Res, 123(9): 4509-4526

Nijsse F J M M, Dijkstra H A. 2018. A mathematical approach to understan-
ding emergent constraints. Earth Syst Dyn, 9(3): 999-1012

O'Gorman P A. 2012. Sensitivity of tropical precipitation extremes to climate
change. Nat Geosci, 5(10): 697-700

Ribes A, Qasmi S, Gillett N P. 2021. Making climate projections conditional
on historical observations. Sci Adv, 7(4): eabc0671

Rowell D P. 2019. An observational constraint on CMIP5 projections of the
East African long rains and southern indian ocean warming. Geophys Res
Lett, 46(11): 6050-6058

Sherwood S C, Bony S, Dufresne J L. 2014. Spread in model climate
sensitivity traced to atmospheric convective mixing. Nature, 505(7481):
37-42

Shiogama H, Stone D, Emori S, et al. 2016. Predicting future uncertainty
constraints on global warming projections. Sci Rep, 6(1): 18903

Siler N, Po-Chedley S, Bretherton C S. 2018. Variability in modeled cloud
feedback tied to differences in the climatological spatial pattern of clouds.
Climate Dyn, 50(3): 1209-1220

Stott P, Good P, Jones G, et al. 2013. The upper end of climate model
temperature projections is inconsistent with past warming. Environ Res
Lett, 8(1): 014024

Stott P A, Kettleborough J A. 2002. Origins and estimates of uncertainty in
predictions of twenty-first century temperature rise. Nature, 416(6882):
723-726

Stott P A, Forest C E. 2007. Ensemble climate predictions using climate

models and observational constraints. Philos Trans Roy Soc A Math,


https://doi.org/10.1038/s41467-020-16631-9
https://doi.org/10.1038/nature15770
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1038/s41558-018-0355-y
https://doi.org/10.1038/s43247-021-00094-x
https://doi.org/10.1038/s41558-020-00965-9
https://doi.org/10.1038/s41558-020-00965-9
https://doi.org/10.1038/s41558-019-0436-6
https://doi.org/10.1175/1520-0442(1993)006&lt;1957:OFFTDO&gt;2.0.CO;2
https://doi.org/10.1007/s003820050185
https://doi.org/10.3389/fclim.2021.678109
https://doi.org/10.3389/fclim.2021.678109
https://doi.org/10.5194/esd-9-135-2018
https://doi.org/10.1002/2015JD024337
https://doi.org/10.1002/2015JD024337
https://doi.org/10.1175/JCLI4012.1
https://doi.org/10.1002/2017EF000639
https://doi.org/10.1029/2017JD027992
https://doi.org/10.5194/esd-9-999-2018
https://doi.org/10.1038/ngeo1568
https://doi.org/10.1126/sciadv.abc0671
https://doi.org/10.1029/2019GL082847
https://doi.org/10.1029/2019GL082847
https://doi.org/10.1038/nature12829
https://doi.org/10.1038/srep18903
https://doi.org/10.1088/1748-9326/8/1/014024
https://doi.org/10.1088/1748-9326/8/1/014024
https://doi.org/10.1038/416723a
https://doi.org/10.1038/s41467-020-16631-9
https://doi.org/10.1038/nature15770
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1038/s41558-018-0355-y
https://doi.org/10.1038/s43247-021-00094-x
https://doi.org/10.1038/s41558-020-00965-9
https://doi.org/10.1038/s41558-020-00965-9
https://doi.org/10.1038/s41558-019-0436-6
https://doi.org/10.1175/1520-0442(1993)006&lt;1957:OFFTDO&gt;2.0.CO;2
https://doi.org/10.1007/s003820050185
https://doi.org/10.3389/fclim.2021.678109
https://doi.org/10.3389/fclim.2021.678109
https://doi.org/10.5194/esd-9-135-2018
https://doi.org/10.1002/2015JD024337
https://doi.org/10.1002/2015JD024337
https://doi.org/10.1175/JCLI4012.1
https://doi.org/10.1002/2017EF000639
https://doi.org/10.1029/2017JD027992
https://doi.org/10.5194/esd-9-999-2018
https://doi.org/10.1038/ngeo1568
https://doi.org/10.1126/sciadv.abc0671
https://doi.org/10.1029/2019GL082847
https://doi.org/10.1029/2019GL082847
https://doi.org/10.1038/nature12829
https://doi.org/10.1038/srep18903
https://doi.org/10.1088/1748-9326/8/1/014024
https://doi.org/10.1088/1748-9326/8/1/014024
https://doi.org/10.1038/416723a
https://doi.org/10.1038/s41467-020-16631-9
https://doi.org/10.1038/nature15770
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1038/s41558-018-0355-y
https://doi.org/10.1038/s43247-021-00094-x
https://doi.org/10.1038/s41558-020-00965-9
https://doi.org/10.1038/s41558-020-00965-9
https://doi.org/10.1038/s41558-019-0436-6
https://doi.org/10.1175/1520-0442(1993)006&lt;1957:OFFTDO&gt;2.0.CO;2
https://doi.org/10.1007/s003820050185
https://doi.org/10.3389/fclim.2021.678109
https://doi.org/10.3389/fclim.2021.678109
https://doi.org/10.5194/esd-9-135-2018
https://doi.org/10.1002/2015JD024337
https://doi.org/10.1002/2015JD024337
https://doi.org/10.1175/JCLI4012.1
https://doi.org/10.1002/2017EF000639
https://doi.org/10.1029/2017JD027992
https://doi.org/10.5194/esd-9-999-2018
https://doi.org/10.1038/ngeo1568
https://doi.org/10.1126/sciadv.abc0671
https://doi.org/10.1029/2019GL082847
https://doi.org/10.1029/2019GL082847
https://doi.org/10.1038/nature12829
https://doi.org/10.1038/srep18903
https://doi.org/10.1088/1748-9326/8/1/014024
https://doi.org/10.1088/1748-9326/8/1/014024
https://doi.org/10.1038/416723a
https://doi.org/10.1038/s41467-020-16631-9
https://doi.org/10.1038/nature15770
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1038/s41558-018-0355-y
https://doi.org/10.1038/s43247-021-00094-x
https://doi.org/10.1038/s41558-020-00965-9
https://doi.org/10.1038/s41558-020-00965-9
https://doi.org/10.1038/s41558-019-0436-6
https://doi.org/10.1175/1520-0442(1993)006&lt;1957:OFFTDO&gt;2.0.CO;2
https://doi.org/10.1007/s003820050185
https://doi.org/10.3389/fclim.2021.678109
https://doi.org/10.3389/fclim.2021.678109
https://doi.org/10.5194/esd-9-135-2018
https://doi.org/10.1002/2015JD024337
https://doi.org/10.1002/2015JD024337
https://doi.org/10.1175/JCLI4012.1
https://doi.org/10.1002/2017EF000639
https://doi.org/10.1029/2017JD027992
https://doi.org/10.5194/esd-9-999-2018
https://doi.org/10.1038/ngeo1568
https://doi.org/10.1126/sciadv.abc0671
https://doi.org/10.1029/2019GL082847
https://doi.org/10.1029/2019GL082847
https://doi.org/10.1038/nature12829
https://doi.org/10.1038/srep18903
https://doi.org/10.1088/1748-9326/8/1/014024
https://doi.org/10.1088/1748-9326/8/1/014024
https://doi.org/10.1038/416723a

1070

Phys Eng Sci, 365(1857): 2029-2052

Sun Y, Zhang X B, Zwiers F W, et al. 2014. Rapid increase in the risk of
extreme summer heat in Eastern China. Nat Climate Change, 4(12):
1082-1085

Sunyer M A, Madsen H, Rosbjerg D, et al. 2014. A Bayesian approach for
uncertainty quantification of extreme precipitation projections including
climate model interdependency and nonstationary bias. J Climate,
27(18): 7113-7132

Tokarska K B, Hegerl G C, Schurer A P, et al. 2020a. Observational
constraints on the effective climate sensitivity from the historical period.
Environ Res Lett, 15(3): 034043

Tokarska K B, Stolpe M B, Sippel S, et al. 2020b. Past warming trend

Acta Meteorologica Sinica K54  2021,79(6)

constrains future warming in CMIP6 models. Sci Adv, 6(12): eaaz9549

Wang J, Chen Y, Tett S F B, et al. 2020. Anthropogenically-driven increases
in the risks of summertime compound hot extremes. Nat Commun,
11(1): 528

Weigel A P, Knutti R, Liniger M A, et al. 2010. Risks of model weighting in
multimodel climate projections. J Climate, 23(15): 4175-4191

Wenzel S, Eyring V, Gerber E P, et al. 2016. Constraining future summer
austral jet stream positions in the CMIPS ensemble by process-oriented
multiple diagnostic regression. J Climate, 29(2): 673-687

Zhou T J, Zhang W X. 2021. Anthropogenic warming of Tibetan Plateau and

constrained future projection. Environ Res Lett, 16(4): 044039


https://doi.org/10.1038/nclimate2410
https://doi.org/10.1175/JCLI-D-13-00589.1
https://doi.org/10.1088/1748-9326/ab738f
https://doi.org/10.1126/sciadv.aaz9549
https://doi.org/10.1038/s41467-019-14233-8
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1175/JCLI-D-15-0412.1
https://doi.org/10.1088/1748-9326/abede8
https://doi.org/10.1038/nclimate2410
https://doi.org/10.1175/JCLI-D-13-00589.1
https://doi.org/10.1088/1748-9326/ab738f
https://doi.org/10.1126/sciadv.aaz9549
https://doi.org/10.1038/s41467-019-14233-8
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1175/JCLI-D-15-0412.1
https://doi.org/10.1088/1748-9326/abede8
https://doi.org/10.1038/nclimate2410
https://doi.org/10.1175/JCLI-D-13-00589.1
https://doi.org/10.1088/1748-9326/ab738f
https://doi.org/10.1038/nclimate2410
https://doi.org/10.1175/JCLI-D-13-00589.1
https://doi.org/10.1088/1748-9326/ab738f
https://doi.org/10.1126/sciadv.aaz9549
https://doi.org/10.1038/s41467-019-14233-8
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1175/JCLI-D-15-0412.1
https://doi.org/10.1088/1748-9326/abede8
https://doi.org/10.1126/sciadv.aaz9549
https://doi.org/10.1038/s41467-019-14233-8
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1175/JCLI-D-15-0412.1
https://doi.org/10.1088/1748-9326/abede8
https://doi.org/10.1038/nclimate2410
https://doi.org/10.1175/JCLI-D-13-00589.1
https://doi.org/10.1088/1748-9326/ab738f
https://doi.org/10.1126/sciadv.aaz9549
https://doi.org/10.1038/s41467-019-14233-8
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1175/JCLI-D-15-0412.1
https://doi.org/10.1088/1748-9326/abede8
https://doi.org/10.1038/nclimate2410
https://doi.org/10.1175/JCLI-D-13-00589.1
https://doi.org/10.1088/1748-9326/ab738f
https://doi.org/10.1126/sciadv.aaz9549
https://doi.org/10.1038/s41467-019-14233-8
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1175/JCLI-D-15-0412.1
https://doi.org/10.1088/1748-9326/abede8
https://doi.org/10.1038/nclimate2410
https://doi.org/10.1175/JCLI-D-13-00589.1
https://doi.org/10.1088/1748-9326/ab738f
https://doi.org/10.1038/nclimate2410
https://doi.org/10.1175/JCLI-D-13-00589.1
https://doi.org/10.1088/1748-9326/ab738f
https://doi.org/10.1126/sciadv.aaz9549
https://doi.org/10.1038/s41467-019-14233-8
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1175/JCLI-D-15-0412.1
https://doi.org/10.1088/1748-9326/abede8
https://doi.org/10.1126/sciadv.aaz9549
https://doi.org/10.1038/s41467-019-14233-8
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1175/JCLI-D-15-0412.1
https://doi.org/10.1088/1748-9326/abede8

	1 引　言
	2 约束预估方法
	2.1 多模式加权
	2.2 基于归因结果的约束方法
	2.3 萌现约束

	3 总结及展望

