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Abstract: Vertical mixing parameterization is a major source of uncertainty in ocean circulation models. In recent years, deep learning has
been increasingly applied to improve traditional parameterization schemes due to its ability to capture complex nonlinear processes. This
study integrates the deep learning-based vertical mixing parameterization (DLVMP) proposed by Fang et al. (2025) into the Climate system
ocean model (LICOM) developed by the Institute of Atmospheric Physics with the aid of the hybrid programming technology. Three long-
term climate simulations were conducted: a control experiment (CNTR, using the Canuto2001 scheme), a K-Profile-Parameterization (KPP)
experiment, and a DLVMP sensitivity experiment. Results show that DLVMP inherits the biases of KPP but exhibits improvements in
simulating equatorial subsurface temperature climatology due to the inclusion of observations over the equator subsurface. Compared with
the Canuto2001 scheme, both DLVMP and KPP underestimate surface mixing and overestimate subsurface mixing in the equatorial Pacific,
leading to significant differences in temperature, salinity, mixed-layer depth, Atlantic Meridional Overturning Circulation (AMOC), and
subtropical cell (STC) among the experiments. Additionally, the underestimated surface vertical mixing weakens the mid-latitude ventilation
process, resulting in an upward shift and intensification of the STC in the DLVMP experiment, along with a significant cold temperature bias
near the thermocline. This study highlights the dual challenges of training dataset size and quality for deep learning-based parameterizations,
providing key insights for future improvements.
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FEAH EAE I AR, b At e 1 o K RS Al A AT A8 B e 41 il R SRk /s ROBE S AR X R R BRI By s, B i
WG RESHA TR, REETFHBEEE RV S SHE . BT RMNESEN T RERITEREFERA T
ANFEFEE R MR, BA— R W, AT ECEE S A e M) 3 BoRYE 2 — (Large et al,,
1994; Fox-Kemper et al., 2008) .

LB IR MR S B 77 A R BB 22 £ Bk B REEANE A R AR . Wi . P DL A it
AR, H, W . WS AR R ERS, Rl R R AR B EIR A B
FERL, BTS2 KR B EM R BIEAR, X RER E IR R 2 45 1) UL S ORFEIR 2K A2 KT B A A B
o BAEWFIEREIE AR FEMIX AR A S50 ENSO FIAHZS R (Warner and Moum, 2019) , £
AR E R G = A R0 (Sasaki et al., 2013)

FREAR IR FIR A AR R M 22, T TR RESEW TR, FEAFE MG, =
Mria MG =3k, K, —M G EEBENRRS I TEEAM T I ST Z 5 N shge
T2, MEEEAEXTEEY B CRURE) REGHATHE SR E BT, =W &L BT it —2 5] Nimiish = #k
JIA R R AE,  DARE AR S WU D ERRRE . IR T R T A 50 o SR A A ) T AR I AT
fig, Ft— P EEIRGEE. A, HSUEFTREERSIBROS ERNAELEMEER, FHEEA
ATEANF] X I8 13&E AR 0 % 2 5% (Large and Gent, 1999) . SEFR.b, A 1@ BAS A X 38k Bodr @ P #E ik
2, HAEFRERAANFNSENE A KIS 588 (Chen et al., 1994; Reichl and Hallberg, 2018) . [Kit, {ffk
AR R 2256 0N TXOE DA 4 THT R A % s i 1 ELVR S i AR I 2 e S AR LR E A

b5 N TR AE (Artificial Intelligence, [&IFK AD J7VELEHUBRABL 7 i B FBROR 2, HAERIEE R AE4
PR T T LR R 8 IR G SH T R RS TR a g . IR, R 2 (i T 2l IR B )
SN TEBETIESERER ST UM TFEEEFE. #IW1, Zhu et al. (2022) FFH 7x18E Hi X 35 B IR A W 7
BIZR T — AT IREEMAE ML ) EEIRAG ZE TS, Bl B G B3 FRIK T /RIE R EEHLIX SST
IR 22 ; Liangetal. (2022) Jiish 5 18 B AT AR R ) R A S SR I 2R 4E, 15 3 I VR & 7 AR
TG T R AAMNH; Saneetal. (2023) NI B A, &5 ZFr A6 77 9 TE R3S TR BE AR 22
WS, GRERHTRECE TSI IR G ZIR N 2 R R A5 ik — D,
Fangetal. (2025) 7t Zhuetal. (2022) &AL 5] AT KPP (K-profile parameterization, Large et al., 1994) J5 %8
YERERZIH, ARl 7R 254 FF PRI T AR R 22

ZRb, UREES IR I ELVR S 5 B A 8 A 32 A R TN SR8k e 4 () ) s DA RGOS 2R 8 ) A e 1 24
B, SRR VR R CBRINNZR” Rng, RIMST TR Ok 5E S BB FI 2k, BARE IS A B ik e
H45 2% R ] USRS R AF BT g, (i TRASHM T £ 53 JIHELE 2 [BfFE S AR A AR, IF
ASBEPRIEE IR AN 20 BE A PR 2 . AR, kG T2 uloR A “ RIS Seng,
¥ BN BAR G W T RER A S S, SEHL G S HU B A S B R b S A5 U 22 1 R AL
XTI CAEA R SR IS W) R (Sirignano et al., 2020; Um et al., 2021; Frezat et al., 2022; Kochkov et al.,
2024) , NIRFEZEIASENWITIEERE RGN = RO AR HE 7B,

LASG/IAP S Mk R Geigvital (fAiFK LICOM) & i LASG W& AR, 2 H A~ 2B REH
ZAMEA (LICOM3, iK%, 2018; Linetal, 2020) . £ 20 RENIKE, LICOM 7E & B K
JBEIRAFIE S AR 2 DL R SO EAE I R ST A sk A 7 235328 (Liu et al., 2012; Huang et al.,
2014; Lin et al., 20200 . FfiE N T8 Be R RLEM AR IR A H a4, e AL 53 14 & iR G 8UE
B (RN LICOM 45638 TR B2 ) ik PR MAS S HUE T %) BN ASK LICOM Wil B 2 5 1Al 2 —

REEFRFLIS R BEES AR PR, IR EFERE, BERNEFERR S ER AR IR e sy, M
BHIRA ISR R E iR 37 Mm% I G A R R ARG, R AR 2 R AR AR MR AN, TR R IR B 2 )
BB R EEIRG T RAERAR FEA T, AT Fang etal. (2025) $#2H1) Al EEHREGSH TR

(fii#k DLVMP) , ¥I*P4RZER LICOM MR % I S8 T R EME . B9, A0 4 DLVMP AL,
W) R L 5P e B AR E T B SE R 77k B, 8 —4 il KA EE IR ) OMIP2 GRS LRI SE
“ BB, Griffiesetal., 2016) ZUEBALALE, % LLIFASE DLVMP /5 % KPP J7 2 A1 LICOM3 2Rl /7 % (HJ Canuto
etal. (2001) 7%, TEFK Canuto2001) {EREIILE R L ZESR, a8 =4k 2 1l s EE LS, NHEANT
B HE 5 W B R B Rl B AR A
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2.1. DLVMP FRIELRLEN
ALK T Fangetal. (2025) KEMME N4 TEERAEA, WAL ELE Zhuetal. (2022) %4,
AN KPP 77 AL, Il TR G54, R4S 2R sR HdE— 2Dk, F IR R I A X — A5
YNEPEELE 2005 2 2017 5F HFIJI ] Bt Tropical Atmospheric Ocean (TAO) F1 Tropical Atlantic Pilot
Research Mooring Array (PIRATA) £ (0°N, 140°W) A1 (0°N, 23°W) fi B HFHEEEL (EEZE0H
29, 39, 49, 59, 69. 89, 119 K3 7)) , AREAIHFE T. #E S, AFMAEFEE (us v) « LLHFES]
FEET  pod 133 W84 11 545 2 (1) #43E HVE & 22U Kt (Moum and Nash, 2009) . Fangetal. (2025) ffifix
SR (T Sy ous v) TR/ AL Rhoy % E 245 N2, AR U, #UEES P ARE R, ¥
I 5 MR EAE B AN | HE BELIR S R A K MR SRR 2 S B AR I SR VA A it 42
IR S S, TR AN R AR & I E N IIZREE . Ssh, e sU i EDRGPE R 8 Ky i B b i
HiRE RN A REIL[E Y E (Pacanowski and Philander, 1981) :

Kv = Kt x min(1 + 5Ri, 10) (D

PRARIEAHEZAN K] 1a o, BIANREN 5 MRFIEAR R, n NRIAFEARNEG MECT Zhuetal. (2022) K
JERRE I 2 R, AR 2 A B E M AERAEEL (IR AFCM,  Beit a5t anld 1b frm) 4
il R R — RN T 2 KPP WIE 2 AL 5 RN, KPP fEIRRIZ N Ri [FRRHL:

v9+107°%Ri <0
Kt =<{v°[1 —(Ri/Ri,)?]® +107%,0 < Ri <RI, (2)
107%,Ri, < Ri

Hordr, vOFIRi, 4 AN TEEH IR A R B Ri MG FHE, —FHEREHX 5 5BCNS5 x 1073510.8 (Large and Gent,
1999) o ZyWsEBlr AoV AE E N 5 KPP S AR, B

log(Ktou) = Fe(X,) + log(Kpp(RD)) 3

HA, log(Ktyy,) WA, C2id L 10 AR EEE e, Fe N4i%EH:)Z (Fully connected layer) , X, N7E
L-1 ETHEA R R EEEH; X KPP B4 R E T L 10 AR I B4, I LA 1% % (Mean Squared Error,
MSE) {E AR MBI S5, i R AR R -

MSE = 257, (10g (Ktou): — 10g (Ktops) ) @

HAlog(Ktoye) i F1 log(Ktops); 73 il AR T AR AN A4 -

EREH T 24~ AFCM 0, $IongEmE 1b Fios, 25T = HaE B ZEH, S6MmA
BARAF R 4 X5 BIFERE, S8 Ja AT B ARAL 3, 15 215 i N0 4 52 A [R] o far HR 20, A LG T Zhu et al. (2022)
LNEHRIEEREZEM, AFCM ST T 5% Z2 W 26 o 1) 5k 2 45 A6 St o 58 /R il 3 R M T i s, iz o
TN R AN GREE AT G, 8T 75 S5 BRI 25 A 3 n 22 VR A 45 450 an A [R] 0 U 45040 AR IR AR L 45 2 . AFCM
FICAE B 1a 7R EE B 22 OR R st I s A AL R AE RS R, Fang et al. (2025) MK 4 24 T 7E
TIAAFECE ) AFCM 3o I ZRas SRR, 2 RER K E 4 > AFCM B 0 REAE ARAIE 5 2% B8 B /N [ e
PTHTFROR

K 1c JE7R T KPP 4% (KPP-on) MIJC KPP ZJH (KPP-off) {EXIESEFILER, [ LLESE], KPP-on fl
KPP-off BARHF R T % I AE A2 1) B AF & RS, KPP-on AT HRZE (0.627) FIAHSE 2% (0.786) WAL T
KPP-off (¥ /7RI % (0.634) FIAHICREL (0.781) , BHHMA T2 (3) AP EL L) A G MY AE 05 (R FF R UT I
WETERE, RME— A LR T3 — 8tk XFPREEXT ESE7E LICOM R A i B F U N G, el 2&
TERJZ AR Z PR R 2] 7 A 2 B R S, UM E 7 B Z SRR IR, V& T 29-119 K
WREHIE. Kk, ASCKE LICOM # A fd Fin N KPP Z13R 7% (RI_E3R DLVMP %) FExt HARERL
FHAT Vb .
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Fig.1 (a) The basic framework of DLVMP scheme, (b) the architecture of Adaptive Fully Connected Modules (AFCM). Figures (a) and
(b) are taken from Fang et al. (2025). (c) The results on the validation set for schemes with and without KPP constraint.

2.2. DLVMP &5 LICOM KI7ELES

1% DLVMP #28i i F 1#) 72 3£ T Python JF & [f] PyTorch A% % (Paszke, et al., 2019) , [ LICOM i
B Fortran i 5 40’5 , % DLVMP #8445k A\ 2] LICOM H (1) 15 22 [ {2 e[ 7 Fortran F2 7 H = 20 A Python
T2/, J@HEAA LR JUR o k] (ki
1E Fortran "I i Python i 5 9a 5 B R4
4 Python 1 5 181 A 8] £ 24U 5 N Fortran 155, MM AEWSHE Fortran EL3ZH H 5
AT ILE NS, [FIRFIZAT Fortran A1 Python F2/%, #H B AL P/ ME BT 75 S48
VIR 2 SRRSOl Fortran RS, PRAVRE 22 SIS TE AT kUl & AERRHE R, 7w LLEEAE Fortran
PR, R SR IS

5. {E C++Hi A Libtorch ZEFF A NIRE S S R, 8518 1T Fortran #5155 A CHeR %%

R AN T I A] LS K DLVMP B NS LICOM 1, AN[E] 5 v S B A HE 55 R R A A K He i N 5
HERBE P IBIT R B mSEA A AR ZI SRS EHMEIA R T G R R AR, AT
IEFE T 5 5 AN T7 1 ——RIR % B A= R S B2 R 70 B ) Forch 53R (Atkinson etal., 2025) SR5E
Pl —idFE, HAEHLR BREE A C++i ] Libtorch & SCHY BRI FE 3 e, FIH Fortran #8515 & 1 A SLAER, #)
IR )%, BT LICOM [ Fortran 455, PR DAE#AE LICOM ForHi ke 4, Jfilid CPU kit
B, ARSI GPU SR IR B 25 ST AT 5. LICOM #E6F— 5 R4 th Bl 4 1 IR B2 2 ) R BT N8 &
AR, HRE pRE 45 Fok B a0 0 1R ELVR A R EC R BRI R B, Ak N5
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97 HE DLVMP 77 %A1 Canuto2001 77 S80I R SZ I I 22 7, ASCHE T # G U L -l A i -l
—— PR LR R (OMIP) SR THRSE, OMIP S X eI KRR & B U A 5, BERFAER—K
SRS N, AR ARG RS M Z (Griffies etal., 2016; TFH%%E, 20200 . iX36{H A JRA-
55 KA N EE (1958 £-2018 ££) EysRia g ol re-i ok &, I KRR ONIK. 10 KX
Yo 10 KR BE . KEEARG . iR, IERAUESE.

KT HEPE-HF VKRR A BRI A, PR LICOM3.0 (FiT7k 5855, 2018; Linetal., 2020) , #UKEIH
F[H Los Alamos [ 58 556 = W il ()i R VKB XEE DU Ak (CICE4, Hunke and Lipscomb, 2008) , i 4 CPL7 1k
TR G RIS AT G . I AEIL 61 Mo BRI RN T, FER 6 MEF——5 1 366 FHIFAS;, I
AR 30 4 O6F R 51837 (IR (R BEA 1981 4F-2010 4F) AE AT B . SHALE CFAR: CNTR 36 A
RS CFRR: DLVMP R%) 4 7{# A Canuto2001 Al DLVMP 5 Z{E AR EIR S SEUL T R, Wifhr £ e
THRHE B BRSO T REOKE S BLR G 1 FE0 R R MR AIFEN . v 1 EEA DLVMP 75 KPP TR
EZES, AXNIsIT T —HLL KPP (il (2) Frn) AREIRE T RHE-KE ARG CFFR: KPP 5 .

oAb, N T TR SO RIS R S 2 2 R, ASCEH T Simple Ocean Data Assimilation
version 3.15.2 (f&]#Ky SODA, Carton and Giese, 2008) 7 F 73 B s 45 11733 37 1 World Ocean Atlas 2023 (&
A WOA23, Reagan, et al., 2024; Locarnini, et al., 2024) 43087 %R 637 SIS RXTLL, IR #FRA
H, I EFEEE 1981-2010 46T 30 4 [FI, ASCHAA] 7 F 7 555 H 2 2005-2010 ) RAPID F£511%
#i (Smeedetal.,,2019) SRXF LT A LU IL K R PH 22 B R A0 (AMOC) ISR AE . Z55 7% WOA23 iy
PR ROR LA LICOM B B 70 #F 4, A EEREET BJZE 1200 KRB0 A AR S D .

3. &R5ie
3.1. EIRGFEYRNEENEE

Kl 2a JE7R T CNTR 56X 26 [m) P30 iR SRS MR 22, MECT WOA23 FEr#T %KL, CNTR 5 1k
Ze ST IR A B IR 2 I X 3R R = 4 B TR A JZ X 3. AEARAE (30°S-30°N) , 150-700 KIREAFLE)
PRI M2, R KAEEIES] 1.2°C; HEE (30-60°N/S) [XIk, 150-1200 i B i 77 78 e B 5T 28 IR
Z, WIAEBRImZ A Y, H&OARA 1.2°C, (EACEBRIE MM Z () MV E R, ERgEX, mESm 20
BB AN BRI 2 BRIR A 22 - EAE AR AE 50-150 SKIRFE, BRIk 1.6°C, JbFERMIGEH EHIRZE, HAmE
18 2.0°C. A, FEAGEIRAENAAE—ERERRRE, 2515-0.4°C (FFER) Al-1.0°C (B¥E . 257
I, CNTR EGAE 0-1200 KRN IR SES T 2R MR ZE; B MRZENERT 10-100 K, JEHE558E
PN TR 25 o

KPP (P 2¢) il DLVMP 1056 (K 2e) 7 AL 28 [0 2 50 A » AT CNTR AR5, 35 7E 40°S-40°N.
150-700 KGN 2 IARZE, B JEFERHILE 20°S. 300 KA1 30°N. 500 KiEFMRMEMAE, 18 N-2.0°C;
DLVMP {56 )74 25 T KPP 156 ([XEFE: KPP 4-0.56°C, DLVMP 4-0.70°C) . It4h, fEEZEEHIX
50-150 KiR4h, WM Z ST CNTR, &R ZEE 2°C,

Kl 2b /R T CNTR R M ERES LR E AR, FPEK 60°. FREHIX 1 50-150 KyG ALk
£ 30-60°1 50-300 KYGHI 2ILH B2, A7 TJEFEEK 60°N. 150 KA B FIH B 7Tk 0.4 psus LA, FEFEK
30-60° )R JZ AL ET 10-200 KYGH EBL AW Z, A7 F I 150 KRR RAE ATIE-0.8 psu. KPP 36 (&
2d) F1 DLVMP {5 (B 20 ZIHARBIR 2 AR ZE A6, BRACIHLIX 22 e Noh, B AE R s A i X 1l 22
Byran. JEEER 30-60° X 35k i R B 7 2 PRI AL PR I T TSR R AT B T OCEER, AR AR IIREKRZ R EM
B R L3 B IR BN (Wangand Yu, 2024) , [, KPP Al CNTR 56 oz X e 58 B (25 (8 5, Wl SR
HX AMOC HIREHLRE 1, AR HTIEAE 3.3 W iE—2b T

254 Lk A, KPP Al DLVMP AR50 S5 R B AR s AR, 22 DLVMP 77 RAEW T 52 3|
KPP 77 ML (B 1a) o BTN IREF A RIE T, DLVMP J5 A5 7R 1E DL X 1) 2 BLJR AR AIE 32 22
k7K H KPP 7, M-S 80 35 76 R o b X B EE ol T2, ASCKAE 3.4 50 3 78 R T8 Hu [X (R,
R — oM.

M2, KPP 1 DLVMP {568 AE AL LR SRS EL B SRS TH 5 CNTR RIGAHIT, 2822 RO vy Ik
R HEEAAAL R P A R R 2RISR AR, X—Z R AR TR EER ST EAM, RIEEY B
CRETE) BB Z . 4h, DLVMP RIS LE TR E (40°S-40°N) . 150-700 K0 [F] 22 T HY 0 S 0 25 S 5 A
%y 3.2 R X — 2 I RA
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Fig. 2 Latitude-depth cross-section of the global climatology of ocean temperature during 1981-2010 (unit: °C): the bias of (a) CNTR,
(c) KPP and (e) DLVMP relative to WOA23. And latitude-depth cross-section of the climate state of ocean salinity during 1981-2010
(unit: psu): the bias of (b) CNTR, (d) KPP and (f) DLVMP relative to WOA23.

K 3 BoR T IR BEY MRS SES AN o AARE. HAE 3a £7x CNTR I HE B SR ESHE
) 3 A, HAE 10-100 KVE N B SOR, TR PR D92 XU /) R ) siie 8 ot BVR A i 7Edb4h 60 2. |k
JZ 1000 KYGEHEI A, HEIEASREAA 107 mYs, XK@ TERGHEE GIEFEHRNT) FZEK SR B
s SURE AT E AR, RERRERKATLARJLA RS ETK, 15RESHRERKYERE;
FHEC R, AR P DX 22 BLVR A i B 55, IX — R AR -5 W) = SR Ath o A X X A0, 25 SR B A — B (Turner,
1979; Chen et al., 1994; Large et al., 1999) .

T LY R B 2 it i R R R RN B AR = . 1 3b Al 3¢ 433l KPP A1 DLVMP {56 ) 3 B9k
REHECT CNTR I 250, Z 3 1R A Z Y B R B A . £3R)Z 10-100 KYEH N, DLVMP 15 1)
FRGIRZEL CNTR X555 fEr RPEFIbARBE PE, HEET HREVDN TRE—MUER, XHISS T RIEH
A ER S E AR T, S FH MR LR 7EE] 2¢ A1 2f (PR HLIX, DLVMP 056 i B AN 3 )
HREGIN, o TR A R NG ) ERA L, DTS b s B2 o thAh, IREE 100 KEAR, DLVMP 7£
Ko HX T B A9 T CNTR, WRELEFIERES 60 FE. 1000 KikAL, X LJEHRE R M e, (R
RKIETE, BRI RESEINIF ORI, e uahhe, SEUREEEIAAL, B 2e H 1000-1200 KFE FEIR B T Bk
DLVMP 77 & FEHEER G HmEZN . KPP I hE R G REERZILT CNTR 5, EXREEmT
CNTR X%, X—4%HiES5 DLVMP FfL, (HEf4 s DLVMP, iXiET DLVMP J5 %&1E KPP J7 REIZHR T,
TN T #AFIRRZR T EIR S RHE, ST IRRZIREG S THAEHIX, PR A #2200 5 KPP
TR FERE RIS -

M2, HECT Canuto2001 /7%, DLVMP J7 ZEMHIRERG R AR/, KBRS REBUWK, FEFERZ
DLVMP 75 %K H ) KPP #3245 % e R Z e mhid fE = E S HR A . HhAh, KPP 7EICGR 2 Rk Xt
ZHR I FHEEUR: B30 2 RS R E B RS RS SR FHE R (VORNIR,) AR, 2 Hhiln A )ik
PR B X AR IR GRS, oV AR 7R TE A X R = )3 EVR A #E (Large and Gent, 1999; Large et
al., 1994) .
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Fig. 3 Latitude—depth cross-section of the global climatology of vertical diffusivity coefficient Kt during 1981-2010 (logl0-
transformed): (a) CNTR, the difference between (b) KPP, (c¢) DLVMP and CNTR, respectively.

3.2. KFPESHFHREBRSESENRE

T ARGRMEET BARL Kt SESHERSAEARREH M ER G, AWEHE—Do0H ks
JE (40°S-40°N) | JEEKJZMEIEIRE 150-700 K5 ] N ¥R A W Z 38 I EE . B 4b Al 4c RoRB W ZE R EEKR
SRR E, OKEBIE-4.0°C, KT CNTR 5w ZE (-1.0°C) « DLVMP 5675 KV JEHAT 60°N 3%
R IR R .

B 5 AL X 3 IR A R 5Kt A F 20 A FIE . M1 T CNTR 3%, DLVMP RGN 1) % )2 3 BLR
EES; AN DLVMP £ F1 45 B 40°S-40°N . VAE 150-700 K30 H A B3 IR & B A m 55, iR AR A X388
ZEUHRKAR L, B EIRA AR DL B RER R 22 3 58 . ARIG AR T 6 NRIafER. 755
—AMEIARF T 30 4F G 1981-2010 4D , DLVMP 158 7E 1% X 331~ F IR FE R CNTR KT 0.42°C (] 4d),
XU mA IS AE R B I B L. DLVMP R56H, XICPIRE R — MESR B KR, R R
G TV thsh, CNTR R B RN MEI B2 708 0.09°C, Al Ui E RS — MER i
ETr. ik, RERPEERAS REAMERER, BEKNEER SRS, BT RSAEREMT
BISMEER G, SRR E X FE KA IAAAE 2, DLVMP R R ZA R R, SEARER K.

K 5¢ 1 DLVMP 7E 40°S-40°N. 150-700 K3 Rl N ¥4 22 3G I e e 7 1% — X IR A IR 2R A AT CNTR o
AL, P 6°C SHRELIRE ZRAEEIAE] 200 Ko 17345 B ISR A0 B WREE SRS I A AR E (]
5d) , CNTR RIGFEFNT 1026.5 kg/m? SEELE M ILLE 30-60°[X 5 H % )2 27K )22tk DLVMP iR HIR . AR
HXRERE RS (Luytenetal., 1983) , RS % BRI AR5 46 BRI DTS FE A 0. AT s R & g
FEHgRAY, FERSFE @S FEER T, IBEESEE MR E 2K ARKZETES, e fRiE &SR
1] A E R TIRERE K AR, BIRTIE IR EE X (Ventilation) , JINHE & E UMK AT DL E 63 NIRERZ
AR B ONTEDT (Subduction) « VEUTAIRERZE WHEIKHE, SRS BEEEM 5, RE4ME
SN, KIS ORI BT TR 6 B RN 35t P SRR IEANAR, 38 AATTFR 2 WIRZS 7K (mode water) (Hanawa
and Talley, 2001) . AR E KRR E AL % B KA SER bk 7 RS K TR B FE AR A, e XS RIE A
IR R K.
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Fig. 4 Latitude-depth cross-section of the climatology of ocean temperature in the Pacific region during 1981-2010 (unit: °C): Bias of
(a) CNTR, (b) KPP and (c) DLVMP relative to the WOA23; and (d) Time series of regionally averaged ocean temperature (Pacific
interior: 40°S—40°N, 130°E-70°W, 150-700 m) from the CNTR and DLVMP experiments during the 1st and 6th cycles.
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Fig. 5 Latitude—depth cross-section of the climatology of vertical diffusivity coefficient Kt (log10-transformed) in the Pacific during
1981-2010: (a) CNTR,; (b) difference between DLVMP and CNTR. Also shown are the climatological latitude—depth cross-sections in
the DLVMP experiment for (c) ocean temperature and (d) potential density (unit: kg/m?) during 1981-2010, with red dashed contours
(black dashed contours) indicating the climatology from the CNTR experiment for temperature (potential density) over the same period.

33. BEBNAEEZBERMERR (AMOC) KIBIRHME

REER R GEFEIITY R i) 0, R E SRR EEFENSERNREEE L, HIRES
TERE TR (Kl 6a 1 6b Fram) , 1RAEIRE MBI 2% 6 IR A s, HAEZ ) LB
2 ARG IR (subtropical cell, STC) R (subductionrate) , BEMFZIMAAGEE (Xiaetal., 2021) ;
A L IX IR A B IR 1B R, BT s R E IR AR B A s R, SRR G R
WAL 2 52 A0 R U IR 2 /KT A e & B B R (AMOC) T R



ASAF RS EIRE R E XON: 5RIZDIZ R Z 0.125 kg/m® HIVAE (Monterey and Levitus, 1997) . WOA23
ZRIER & EIRE B B ETAAEE (K 6a Al 6b) : XZREEREAXTHEZE, HIFHXIESEHF
ENTEA X . dhah, JEEERA BB GE R, JERFAFELZIE 300 KU L, BRNHERNL 15 K;
SRR TR MR, FRERE N S A ARG ERE AN, Eﬁ&%i& 20 K; HERE
Ky BIRAEHEIAE] 500 Ko ZETARARRAE I M H R VF 000 Sk S R E R A TS FE A5

K 6¢c F1 6d 7R T CNTR RIS IL VR A JZ IR FE AR WOA23 BRI ZE 53, EARE BEHLIX 30°S-30°N LAWY,
TRE ZIRERI R fERAL a4 B HLIX 30°-60°3E Y, TRE ZUREB IR, X —FH R TG
B (IPCC,2021) 5 bRk 4 BEh X f7R & 2 IR BEAMIR R 22 B K AL BN AL R P v ) 6ER, mlak
300 K TITERRFET, BRI, SRIRZELRN 160 K.

KPP A1 DLVMP 5 [ £ BE 8 R VR A Z IR BE 2T LA A A B 281k . 1] 6e-6g FIIE] 6f-6h 7351 f#
N T ARG ERES CNTR R ZE T« AMRIEIRE & 23R E /N T CNTR 58 (Bl 6c) , TEHSE
X (REALEZR 30°-60°7E [ PN, P9 AL RTE G 2 VR FE AR IR R A Btk e e KRB I 100 oK 7R RSP
A E X, VA ERERE R, X5 KPP Al DLVMP RGN 1) 2% 2 T BV & SR 99 (04— 3, k1 ey
RS KAE R R E A L, SEURCEFERBIXAE (40°S-40°N, 150-700 K Y6 Fl P4 KR FE AT (&) 4b A1 4e)
BIANAE FG 3R, DLVMP REHEIL KRS ZIR R CNTR 567 60 K, 20°S. 300 KR4 KA 22 i Kk 5)-
4°C; TALFEER WV 30 KE AT, 30°N. 400 KEFEAL A 2 5 ik £-2°C. DLVMP 3R_56 7E 55— AMER R T 46 %
i (E 4d Fis) , @ KR EERIREIRE (WE 4b, de Fn) o AL, 7RG RSP R BBy K
7, KPP iRE Al DLVMP 56 VR & 2 IR FEAE(E 2 % . DLVMP iR 56 IR & 2 IR 2 KT KPP i3, iX 5 DLVMP
WE XS E b N By NITRE SN EA € (SN NIEE S SR

Zi b, KPP {51 DLVMP RS AL AL K PG EEA LB TR A 2R KT CNTR R, B T EEEIE R T
DUCHERE (WK 7d) , BT ER —PRAEA RRG S EE T 4 AMOC 53520 .
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Fig. 6 The spatial distribution of winter and summer mixed-layer depth (based on density threshold, unit: m) over the global ocean.
Here, the winter column shows December-January-February (DJF) in the Northern Hemisphere and June-July-August (JJA) in the
Southern Hemisphere; the summer column shows JJA in the Northern Hemisphere and DJF in the Southern Hemisphere. Figure (a) and
(b) shows the mixed-layer depth of winter and summer obtained from WOA23; subfigures c, e, g (subfigures d, f, h) show the bias of
CNTR, KPP, DLVMP relative to WOA23 in winter (summer), respectively.
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FEEARES,  LICOM R AL KT R ZE R IR E K, b RPEFERIZ/K (NADW) i Kk
FUE O T (35°N, 1000 KD 4b, HOKREALIAE] 23 Sv (1Sv=10m’/s) ; BIMRJEZ /KB RARFR R A OV
F (25°N, 4000 K) A, fAFEWEIEFI-6 Sv. Danabasoglu 25 A (2014) K Hl OMIP2 iR AL NADW
B RARFUEE ) FOALT 30°N 22 45°N, FUOIREEE AT 1000 K, O RARFRENE AL 8-28Sv 2 [H]; Tk
LR ERE B AABW B KMk B ALAE 24 Sv. B2, LICOM HERAILH NADW 5k Z ¥ e —
e, T H T W ESE (i RAPID FEFIINER T 4400 KiRZLL L) . HAETEHE LICOM £ W I
B CELRE LICOMD i PAZIiE AABW 145 R FI58E  (Danabasoglu, etal., 2014) , [RIHEA SN FE IS AN AR
5% AABW R {LRE
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[X 60-90°N i [l 4, DLVMP 1540 ) Il A5t 25 P PR s ek 55, k55 1 K40 0.8 Sv, 1X 5 DLVMP 1056 7E m Al 3
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KUAF 2R AR R (B 7d) , = ZHEE R D AL EiR S IR R 2 B AT A S0
ORI ZE AR T OE IR S, ARV FE R 2978 3000 K, ez & T W £ ds 15 21 (1 4500 KR, X
— R G M 22 M A AE TR VKRR S R % T (Danabasoglu et al., 2014, 2016) o KA L = 2056 45 5
ALK I, KPP {38 DLVMP REQEHLL & AR g s e 1 A A 4 AHJEHE N KT CNTR 504
1.2 Sv, H DLVMP i fEiX —yu W 45 R 5 KPP X% ki /N29-0.4 Sv.
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Fig. 7 The climatology of meridional stream function of Atlantic Meridional Overturning Circulation (AMOC, unit: Sv): (a) CNTR,

and the change of DLVMP relative to (b) CNTR and (c) KPP. Additionally, the vertical profile of meridional stream function at 26.5°N

of these three experiments and RAPID array.
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Fig. 8 Longitude-depth cross-section of the climatology of temperature over equatorial subsurface during 1981-2010 (unit: °C): the bias
of (a) CNTR, (b) KPP and (c) DLVMP relative to WOA23, respectively; and longitude-depth cross-section of the climatology of vertical
mixing coefficient of heat Kt over equatorial subsurface during 1981-2010 (log10-transformed): the difference between (d) KPP, and
(e) DLVMP and CNTR, respectively.
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Fig. 9 Longitude—depth cross-sections of the climatology of Pacific zonal current (unit: m/s) from 10 to 300 m during 1981-2010:
difference between (a) CNTR, (b) KPP, (c) DLVMP and SODA, respectively; and the difference in vertical viscosity coefficient Kv
(log10-transformed) between (d) KPP, (¢) DLVMP and CNTR, respectively. The red dashed line indicates the 18 °C isotherm.
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Fig. 10 Latitude—depth cross-sections of the climatology of meridional current (unit: m/s) in the Pacific during 1981-2010: (a) CNTR;
(b) DLVMP; (c¢) difference between DLVMP and CNTR. Panel (d) shows the difference in climatological vertical velocity between the
DLVMP and CNTR. In panels (a) and (b), the dashed lines indicate depths of 90 m and 70 m, respectively.
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