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Abstract

The Pacific-North American (PNA) teleconnection pattern is one of the most important low-frequency
variability modes of boreal winter atmospheric circulation, and its anomalous changes exert pro-
found influences on temperature, precipitation, and extreme weather events across North America
and the mid-to-high latitudes of the Northern Hemisphere as a whole. This study uses reanalysis da-
tasets NOAA-CIRES and NCEP-NCAR Reanalysis 1 as the reference set and 33 CMIP6 models as the ex-
perimental set to evaluate and analyze the model results. During the evaluation process, a two-step
screening procedure was applied through the Temporal Multi-Model Ensemble (TMME) and the Spa-
tial Multi-Model Ensemble (SMME) to construct a model selection framework that accounts for both
temporal and spatial simulation capabilities, thereby forming the Temporal-Spatial Multi-Model En-
semble (TSMME). This ensemble represents a subset of models selected from the 33 CMIP6 models
participating in the evaluation. Evaluation results demonstrate that TSMME outperforms or is compa-
rable to another two ensemble methods in terms of the temporal correlation of PNA indices, the re-
production of interannual oscillation periods, and the accuracy of spatial pattern simulation, effec-
tively overcoming the limitations of traditional ensemble averaging caused by uneven model quality,
and providing a reliable model foundation for subsequent research.
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1. 5]

KAFEA R IRIFE AR AT A B UL BRI RE R Z A B3 St AR [ 1] [2]. 1981
4, Wallace 1 Gutzler FJFH # s S E R G M T A6 BR42 500 hPa A7 34 = B EE V37, B IdER T
FubhEERA O, AHE A - ALSER(PNA). PERPEFERI(WA). RRPEFERL(EA). FOEAY(EU)FI T
ICFHERI(WP) [2]0 Hodt, PNA bRk rbis 46 BRI i i 3 (PR 2 2 —, XA SRHLIX )
RAGAFEEARITEE M. PNA K25 BRI ZEHFIRIIE - £ - 1 - s, 2060 T
SRR ST BT R S DARE . JLSE VR RS E AR EE [ 2]-[4]. PNA HATIE. BRI IELIAR
NN (A S B | o S 05 7 © ks I oo K ] PO AR VA £ 2 e BV 8 & = S I B 82 LR
EER[4] [5], EACEERAZTE(2 BB 2 ) ECAIER3] [6].

FI R A SR PP AR MRS N RIS MARL, 2 Ml SRR 7 1 R R,
FIH B HT ) CMIP6 S AR AT A AT 10 IR T B, 5 B a0t A0 B3] 75 38 AR {1 T 465 SR [ 7]
[8]. &4t % 14 & (Multi-Model Ensemble, MME) /5 18 i % 22 AN Ak w0 H 25 R T S8 A E AP
Y, BIEAIEE A BEHLIRZ . BRARAHEVE[9] [10]. RT, MME Z#1 T & BB vERE I 2 5, 1
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PR S ARSI N 3 22, FRAREE S 45 RIKS B S 3 — B [9] [11]. vk EIRRIR, %
4 % 11 5 & (Conditional Multi-Model Ensemble, CMME) /7 ¥2:7E 2018 “E4# HH JF7E 2024 FE R —20
R, A RS S HON KM TR IE, CMME AMURTE T Giit k5 g, B89 17440 )
ML FELRE JI[12]-[14],

Z= )l (Taylor Diagram)s & —Mf )12 R A BB AIS W T R[15], it 78 [F] — R AL b Bl v ] ) Je
AN I F 23 AT TRk T SR HA IR A ABE S 2 B PR 2 TRI A DG SR A A 22 DA B RO 38 5 iR 22 = T4t
THERR, BEW B, & EHLEE A PR AR O AU AR &2 A 45 M RS RE 7 o A 7048l CMME Al 228 1]
PP, g aE I 2 T (R AR g A 2 22 45 5 85 A (Temporal Spatial Multi-Model Ensemble, TSMME)
o, TSMME [5] IS Re IR (] AF 91 A0 23 [ AR AR Dy 6 S5 A1, DARIIAE R SR Pl o 45 3] ) 23 9 48 J52 25 B m
SEMIBADEE IR, Oy BT 5T S 4t B S p) A

2. BIRERZE
2.1. BuE

2.1.1. BoHAEY

{3 % 1 ¥ (Geopotential Height, GPH, H.47: m)H 38R MR B ]: 1900.1~1947.12)K H 3£ H
FHFPER KT - RIEREMERE 7T (NOAA-CIRES) — 20 B0 B 4 2¢ Ji(20th Century Rea-
nalysis (V2c¢), 20CRV2¢) [16], ¥ 2° x 2% JE-BL(I ] 1948.1~2024.12)K H 3 [ [E KA B 1 -0
- S [ [ KRS HO(NCEP-NCAR) F 3 T 845 55 1 (Reanalysis 1) [17], 730885 2.5 x 2.5 HT A
IR 2 PR AT TR E, BT BE & HAEE N 10 x PR YER, DUERS LR b b i
#l NOAA-CIRES 20CRV2c, NCEP-NCAR Reanalysis 1 ] N & /LG R

https://psl.noaa.gov/data/gridded/data.20thC_ReanV2¢.html

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html

2.1.2. CMIP6 ZEX #h

AT T B 56 7S VR A 4 LL e TRl (Coupled Model Intercomparison Project Phase 6, CMIP6){E AR
TR 18] CMIP6 152 xCFORE AL 5 A [|] I 18] Be AN [F) 1 5%, e, [ se i Be i) FH I 3¢ Historical o

AL I 1900 45 1 H % 2014 45 12 H 1 Historical R 1E A RIGLH, ¢ 5] B B 1 7 437 2
BHE XTI, BEATHITEA, JLiE M 33 MO A BEEdE, BINAHR. WU ETAR. B8 i X DL
SIHERIE 1 R, 5 E T SRR X B

T AR AT 3 B A AR, G s i s 1 28 < 1 4B HF R 1 M % LA
{H J5 B ELE A3 H . CMIP6 BRI R # Mk 9:  https://esgf-node.llnl.gov/projects/cmip6/ -

Table 1. Details of the 33 CMIP6 models used in this paper
F 1. AXEMAR 33 4 CMIP6 IERIEMIER

DHR(GSE x )

5 A4 R WU TETFR B2 F a8 Hh X
Pl HaRES
1 ACCESS-CM2 CSIRO-ARCCSS, #KF|I 192 x 144 360 x 300
2 ACCESS-ESM1-5 CSIRO, K FIIF 192 x 144 360 x 300
3 AWI-CM-1-1-MR AWI, [ 384 x 192 830,305 N AEL AL M H% 5
4 BCC-CSM2-MR BCC, 320 x 160 360 x 232
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5 CAMS-CSM1-0 CAMS, 320 x 160 360 x 200
6 CanESMS5 CCCma, HNEX 128 x 64 361 x 290
7 CAS-ESM2-0 CAS, HH 256 x 128 362 x 196
8 CESM2-WACCM NCAR, [ 288 x 192 320 x 384
9 CIESM THU, 288 x 192 320 x 384
10 CMCC-CM2-SR5 CMCC, = KRH] 288 x 192 362 x 292
11 CMCC-ESM2 CMCC, =KH] 288 x 192 362 x 292
12 EC-Earth3 EC-Earth-Consortium, W% 512 x 256 362 x 292
13 EC-Earth3-CC EC-Earth consortium, W% 512 x 256 362 x 292
14 EC-Earth3-Veg EC-Earth consortium, Kk 512 x 256 362 x 292
15 EC-Earth3-Veg-LR EC-Earth consortium, W% 320 x 160 362 x 292
16 FGOALS-f3-L CAS, *f 288 x 180 360 x 218
17 FGOALS-g3 CAS, #HH 180 x 80 360 x 218
18 FIO-ESM-2-0 FIO-QLNM, #HH 288 x 192 320 x 384
19 GFDL-ESM4 NOAA-GFDL, [ 288 x 180 720 x 576
20 [ITM-ESM CCCR-IITM, EIjF 192 x 94 360 x 200
21 INM-CM4-8 INM, &% Hr 180 x 120 360 x 318
22 INM-CM35-0 INM, % Hr 180 x 120 720 x 720
23 IPSL-CM6A-LR IPSL, #:[H 144 x 143 362 x 332
24 KACE-1-0-G NIMS-KMA, #[H 192 x 144 360 x 200
25 KIOST-ESM KIOST, #fH 192 x 96 360 x 200
26 MIROC6 MIROC, H#& 256 x 128 360 x 256
27 MPI-ESM1-2-HR MPI-M, f&H 384 x 192 802 x 404
28 MPI-ESM1-2-LR MPI-M, {E[H 192 x 96 256 x 220
29 MRI-ESM2-0 MRI, H#A& 320 x 160 360 x 364
30 NESM3 NUIST, [ 192 x 96 362 x 292
31 NorESM2-LM NCC, #k 144 x 96 360 x 384
32 NorESM2-MM NCC, #h 288 x 192 360 x 384
33 TaiESM1 AS-RCEC, 1[H 288 x 192 320 x 384
22. FiE

2.2.1. PNA & FF[E)ES KT8 BR R i

SoF T M B S AR R A 35 5 1 (GPH) $dl , 2413 EX 500 hPa 24%, #RELH 120°E~60°W, 10~80°N

IR G, BB AES G IR 12 AR 1. 2 H(DIF)IEEE 4 A& Z= AL 3w B
S (GPHa)y, AT 4 FEINBUG AT 256 15 R AU(BOF) 70, RS BRI S — FE M PCL brifEAL 5 U
9 PNA #5830, PP DJF GPHa 7[R9 %] PNA fa4i b, nIA3 2RI PNA 2 AIBESCRAL: m).

2.2.2. FHZRAEKEE(CMME)
1441 2 13085 & (Multi-Model Ensemble, MME)ilid i} B G 8 AT H AP 5155], BT MME #¢

DOI: 10.12677/ccrl.2026.154075 709 SR TR


https://doi.org/10.12677/ccrl.2026.154075

F2W, PR

5 H Bk S A A DU 22 P A BERILAE 7, L4 RUEH L T R ZHORMREA[19]0 #5360 n MR, R
WHN M, (i=1,2,--,n), MEEAESHTIHEN:
M, (i=1,2,--,n) (M

Yu & ANTESLIEA B4R T & 2 04 & 7774 14] (Conditional Multi-Model Ensemble, CMME), 1%
JiEGI NBA I 5 AT C XA AT 08 #30H o M, oAl R R A s AN, M2
BEEE A 1 I E N

CMME =125[M,. )
S

i=1

s,
5 {1, BoRiRAFC o (3)

o - , §=) 0.
0, A %1 C Z‘

2.2.3. FEE (Taylor Diagram)

AR ZR [ 15 o S A5 AT AV AL o 280 I e 0% (5] IR and 7 23 17 SR SR H 1 2 TR A2 O
MBS AH) LA R 5 15 S A (R U UME) bR #E % o (Standard Deviation) X 5%( R (Correlation
Coefficient). F.0MEIITHRIZZ E (Centered Root Mean Square Difference/Error)5E 1 B /R 7E [F] — K M) AL Az
B b, DU B 25 A5 XN 2 ARS8 PR ABE 0L R

TEEZREE AT, WIS A bR 22 . AR 3 07 AR 15 22 38 75 B — A AL 38 (G0 — B DAL (1) A
EZE). EE, bRtz R A 7 B B SRR R, 28 [A)AH 50 2R 25 B A =X 5 W) 22 1) A7 284 () A UL RS
FE, A3 77 iR 22 IR B I AR 4 R 2 B ) 25 [l 22 o B, RS 228 Rl (I PR B, Ui
B A RE Bk .

2.2.4. REIBBETES (Taylor Skill Score)

ZR¥NHREVE /> (Taylor Skill Score)s2 Taylor £ Hi 11 57 — R A AL BE J1 (4845 [15], AT

4(1+R)*
s = ( + 2) (4)
(6,+1/6,) (1+R,)

EAR@)F, R B EWN 2 AR REL, R, &5 1 s KA 8 R BRI AL BN 1),
&, R PNA BASHIbRHEI R HEZE , BB AARHEZ (o, ) S PNA ARifEZE (o, )HIELE . BT
ReBlE S BIIGINmAEE, S HIVEE M 0 F 1.

2.2.5. ThERE ST

JE WP B A 5 R A mT e A S B B R R A A, B R S A 1~ 5 BT HE R ) 0 R A 1%
HE S “DhEk 7, DI RIR TAE 5 D2 H B AR AR K R [20]. WFFT PNA D23 8 R,
AR SR B & A TORITT PNA FREA I 8] Fp S 3047 1 Th3il o b, AT XS S B U4l PNA. I [R]4RFAE
RESTHEATVPAL . B AT R BAR VR T

(1) KT W00 R A R, B2t e a3 M £ SRS A 2 5 I 4 4E1E 4 GPHa (=478 &)
B3 PNA Z AR b, HIE PNA ¥ & 2 8(Expansion coefficient, EC)I [A] 541 [21 ] — 14 %6 % GPHa
DA E R MG E S I — 53 % GPHa ¥, JHK PNA (973 AR A (428 &) FH [kt
(5 By —4E, T —4E GPHa 37145 A—4E PNA/WP B4, BISE1ZAE 19 JE I 18] 751 ECpna (—4E
) (2) B B A EDRN) ECona RN ZHZRIE AT B s 0, 15 30 % BT Dy AR (3)
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SR e A5 2GRk 1 D) 22 (PR AL AL R — 0 & A B T 2 B LR T2, 15 BITh 2 4y b (b AL D) ),
i K 90% B 57K F R 5[22].

3. ZRENH

3.1. RHELTE 5RE XK S (TMME)

BT 1900~2014 42311 500 hPa A3 fE R, I 2.2.1 H 7 VAL 3 AR &% 40 # 5%
EHOBS)H] PNA $8%(. K &30 PNA 18405 OBS RAHE, 133 33 MHEK RE(LRHETE 0 F1 0.216 2
[f])e WEAHRXREFEMN 0 2] 0.21, HEARBE T TMME G2 %4 RS A-F1)5 OBS IAHK
RE(E 1Ay ) DL I A B R AR B R (1A y ). H4BI{EZE T 0.05 i, TMME 5 OBS I
KRABUE R KA 0.446, BEEBFGIN 19 MERX, 725, BEMS KB BER D, HRREN .

Condition Selection for TMME
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Figure 1. The correlation coefficients between the PNA indices of TMME and OBS (see left y-axis) cor-
responding to different thresholds set for the correlation coefficients between the PNA indices of each mode
and OBS (see x-axis), along with the number of models in TMME at that condition (see right y-axis)

B 1. 2T &EHX5 OBS B PNA EHHIBX AR ENTRBIER x )X XA TMME 5 OBS

B PNA 18 BIAHE X R B A y ) AR AT TMME FEiR B E(0A y i)
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Figure 2. Correlation coefficients between the PNA indices of the OBS and the individual models of MME, as well as their
ensemble means, and between the PNA indices of the OBS and the individual models of TMME, as well as their ensemble
means (All 33 models belong to MME, with the values of each model and the ensemble mean represented by black hollow
dots and dashed lines respectively. Among them, 19 models also belong to TMME, with the values of each model and the
ensemble mean represented by red solid dots and dashed lines respectively, and names of models are also marked in red)
E 2. MME &EXRHEES TS OBS B PNA HERZ ERMHEXARAK TMME SRR HEE TS OBS
PNA 582 BHIHEX R EG3 MEXMET MME, ERAEMESFHESIAECTLSMELER R, HbH
19 MEXERET TMME, SRNEMESFEHESFNRALETOSFMEZ, RABRBRILALE)
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2 b T &AL 25) & MME. TMME (JLEE28) 5 OBS HIAHI< &2 5. 44 MME (FTf %
BCF34)5 OBS A2 2 %08-0.026, TMME (19 ME, “FHIRTR S8 28 B0 A 5 OBS 1IEMI 5
HHRE REN 0.446, LR INAIF IR ACCESS-CM2 (0.216)HEHI T 1 5%, X EHIET I ML
PRI %8 25 T T 2 AR a0 PNA I TR AE R BE /T .

3.2. BEHESZEZRNAEKEE(SMME)

TEARTT, MR 3.1 FTHR B BRI 2H BOR(A) 3.1 75, LR iR OBS) & %45 1 PNA1900/1901
£ DJF & 2013/2014 4 DIF iX 114 EAZ P PNA Z A& 2 )5, i 788 RBHT 2 RS, 8K
Wik 3 frs

3 IR BRI B RS S o A e T A SR TR 2 % (. REF) R & 155 REF
MR R A H— AR EZ(BLU R AR “ArdEZ2” YRL R H— 10, O3 Rz Z (LR AR “ 35 75 MR iR
ZVOVBE SR . T R bR 2= AR O B T IR ZE 88— Ll OBS HIbsitEZE . 1EiZ K
W, B REF ST, &6 = M S M RIRIRL, KEHMBS o mES . MhriE
PEERE, 2EFEHAFEZENT 0.8 £ 1.2 208, Hi8] CMIP6 Bt PNA FEZS (1 R R A4 AR
A, BTG RGEM S S, WIS DEEA (W 20 5 ITM-ESM)FREZ = E W g 1.0, %
B PNA JRIE K TR AE 118255 . ZIRA R (4)~(6), 5L RE R AT RIR 2 E fe iR B H 245 20f1 OBS
Z AR &, BT LA X 2 teHR, 4 R>0.8 Fl E <0.5 B8 A2 0 PRAl 45 1 BT kRuE, R 2
SRR IL 20 A, 75 K AFRIE ] 3 Fbric iR X 20 /N7 () R I i 4 A U2 & il SMME,
M F a8 4t

Taylor diagram in CMIP6 models R —
- ACCESS-ESM1-5
- AWI-CM-1-1-MR
- BCC-CSM2-MR
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- CanESM5
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o o o o - =
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Figure 3. Normalized Taylor diagram of PNA spatial patterns simulated by CMIP6 models (Blue dotted line represents
correlation coefficient R, black dotted line represents standard deviation o, green solid line represents root mean
square error E ; REF represents the spatial pattern obtained from the OBS data, the numbers labeled in the upper-left
corner of the data for entries 1~30 correspond to the legend on the right, they represent the spatial patterns simulated
by models; the model numbers and names included in the SMME set are highlighted in blue)

B 3. CMIP6 ZHER XS PNA ZEIESIEMERMIVENRPBE(EE SRERRBXRR R, BBELRR
EE o, FEIERFHMIRE £; REF RRBOMBERABZEES, 1-30 SBIBE LARENF
S5EAMEGIHENE, ENKRERARMBNZERT; EN SMME FERERFSRARRICAESR)
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3.3. EZERAES(TSMME)

3.3.1. TRELE

I 2 2 B AR G (TSMME)ZE O AN 20 B8 1 Ja 28l I () 1A, 75 2 I R R BB O, B 3.1
TP, HE, 3.0 TS TMME AN 3.2 7, TR 22 8] P4l 7 2k ikt i 1A) R B 4T A 5C
Hrp, A RRBUFRIIRE Sy, HFdr 4408 TSMME. S8R5 1%, P aCre i [a) A 23 () 4 52 1 #RE
B B 4 AL e

B 4 AT AR IR I T R B, 23T 19 4 TMME F il 5 2 xRz, 1
W5 R AARRE R, A, XEATEA 3.2 TP AR EREAT 2 1Pl FPo MR S g 12 4
BAGEE T ZARdE, TR B 2 RS TSMME, X E 075 R A2 PR TR AR LD (i iy 8
INEE O bRIC AT T K e PP 20 5452 38 i 185 K 22 BT AR B, BB AR FRD I () 4 FE AU BE %2
of s eI VPG, (A FEIRE /1 22, SSHENERMRREOON 0.1, 3w 2 AN EE DAY,
AR RSB, il IR I 2 A AR S TSMME 06 2 .

Taylor diagram for models selected by TMME

01 - ACCESS-CM2
03 - AWI-CM-1-1-MR
05 - CAMS-CSM1-0
06 - CanESM5

08 - CESM2-WACCM
12 - EC-Earth3

13 - EC-Earth3-CC
15 - EC-Earth3-Veg-LR
18 - FIO-ESM-2-0

19 - GFDL-ESM4

20 - lITM-ESM

21 - INM-CM4-8

23 - IPSL-CM6A-LR
25 - KIOST-ESM

28 - MPI-ESM1-2-LR
29 - MRI-ESM2-0

30 - NESM3

31 - NorESM2-LM

33 - TailESM1

Nog}malized standard deviation
3 N = 9
(4] - (4] [$,] (9]

o
o
T

o
N
o

(9] o (9]
Normalized Centered root-mean-square difference

Figure 4. Normalized Taylor diagram of PNA spatial patterns simulated by 19 models in TMME
(In the legend on the right, models with numbers and names in purple are included in the TSMME
set, while the rest are not included in TSMME, and see more in Figure 3)

& 4. 19 4 TMME FEER ST PNA T ERSIRMGE RO EX RMBIENE SIS, F5
REZMALERERIEN TSMME £4, FTHREN TSMM, FEZIHEALE 3)

3.3.2. TSMME BB [E1 5= I

NA R TSMME [ [ER I, JekH S5 MME, TMME, SMME #E475%f b, MR8l X Fp4E &7
VRAES AV AERE RO, P53 ) 3 i 86 A B A B B AR IS TR] R 3

Kl 5 IR 1900~2014 F42F OBS K IUMESTFHIMbRHEL PNA 18507 %], TMME #1 TSMME 5
OBS A R %0515 0.45 A1 0.31, it T MME (—0.03)A1 SMME (0.04), H11t7] i, TMME 1 TSMME
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Figure 5. Normalized PNA index time series of OBS, MME, TMME, SMME and TSMME in winters of 1900~2014 (In
the legend, r denotes the correlation coefficient between standardized PNA indices of each ensemble mean and OBS;
values marked with * have passed a Student’s t-test at the 95% confidence level)
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Figure 6. ECpna-normalized power spectra of OBS, MME, TMME, and SMME from 1900 to 2014 (The red
dotted line represents the F-test line at the 90% confidence level. The values of the black curve above the red
dotted line have passed the test.)
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Figure 7. ECpna-normalized power spectra of OBS, TSMME and each of the 12 models in this ensemble from
1900 to 2014 (The normalized variance corresponding to the colored area have passed the F-test at the 90%
confidence level, the legend is shown on the right color bar, and values in the blank areas didn’t pass the test)
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Figure 8. Standardized PNA spatial patterns of OBS, MME, TMME, SMME and TSMME in winters from 1900 to 2014
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Figure 9. Standardized PNA spatial patterns of OBS, TSMME and each of the 12 models in this ensemble in winters from
1900 to 2014
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