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Abstract Based on the comparison with observation and reanalysis data, the study
evaluated the performance of the Atmospheric Model Intercomparison Project (AMIP)
and the Coupled Model Intercomparison Project (CMIP) historical experiments
(Historical) of IAP/LASG climate system model FGOALS-g3 in simulating
climatology and interannual variability of JAS (July—August-September)
seasonal-mean North Africa Summer Monsoon (NASM) and Sahel precipitation, and
explained the bias by moisture budget and regression analysis, investigating the
influence of ocean-atmosphere coupling by comparing AMIP and Historical. The
results showed that both Historical and AMIP experiments underestimated
precipitation, simulating weaker south west monsoon winds and a further south
rainfall position. The pattern correlation coefficients of precipitation in Sahel and

2



North Africa monsoon region simulated by AMIP are 0.80 and 0.62 respectively,
which are 0.74 and 0.46 simulated by Historical, and the corresponding root mean
square errors are 2.58 and 3.23 mm, which are 3.30 and 4.01lmm in historical
experiment, indicating that the deviation of AMIP is smaller than that of Historical.
Considering the moisture budget diagnosis, Historical and AMIP both underestimated
the water vapor convergence over NASM region, estimating less vertical moisture
advection and evaporation and more horizontal moisture advection than observation,
which led to dry biases. In terms of interannual variability, the observation shows that
North Africa summer monsoon rainfall is negatively correlated with ENSO. AMIP
can reproduce the ENSO-NASM negative relationship, which is stronger than
observation. However, Historical cannot reasonably simulate the relationship at
interannual time scale. AMIP overestimates the circulation response of ENSO,
including descending anomalies, weakened tropical easterly jet and decreased
low-level monsoon over North Africa, which contributes to the stronger precipitation
negative anomaly. In contrast, Historical underestimates the above ENSO-related
response, resulting in feeble precipitation negative anomaly. Moisture budget analysis
indicated that vertical moisture advection anomalies, especially the dynamic term of
vertical moisture advection anomalies, dominated the ENSO-NASM negative
relationship. AMIP is coincided with observation, but it overestimates the above term,
which leads to stronger negative rainfall anomalies. While Historical overestimates
horizontal advection and vertical thermodynamic anomalies, which indicates that
horizontal advection anomalies cause the inhibited simulation of ENSO-NASM
negative relationship.

Keywords North Africa summer monsoon, FGOALS-g3 model, Model evaluation
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JEIETE X SRR PEAE SR AUX, — M4 5°-15°N, 15°W-30°E i [ 4 (1 KX 45k
(B 1, mbm B AR E R IS B WS REL S, R0 A 5 R PSR 1 P R
J&, AL E. JLINERA. KT, ZERIN/R. BERERT. JLATE. ZEhF]
fi FIELHE. B, BHEEE. AEER. gy, g EE. BEmA. &
FpEALH. R H/R. BHFNE, it E5E (Adedokun, 1978). HIEM=E
JRHH DRI 575 — AN B X 2 ik i X (B 1), 8 10°-20°N, 20°W-40°E i il 4
2= R 251X (Giannini and Kaplan, 2019). JAEIZERAR & d TR 2
S CANFRE B 5 F0AT R PE PRV VETDD TH 7 AR AR 2R 2 B S (9 2 M R e A A
(Raj et al., 2019), XJ R AIZEATPERE KO ZI X P25 Aol KEEIRLL AR
RYGAEEM . Bk, BARIEARH X K AR, AERA LD Filfl R R AR
A [ o 2= XUBIF 56 U OGTE I B 2 —



FEIEFERL AN B RELENERRS, B TERERRERE, HH%Z
HIRRIFENT . 2RI, KB HEHIR AR AL A Harmattan 5K 5 KPEVE 1)
PR RRIC AR ITCZ, XA fE& SRR I AT E, A REK

(Griffiths, 1972). MHTEIR A, FRE KT AR R I 74 5 S R0 W AR
2 1) B PG i 0 T il M ik 7K 9K (Peyrillé et al., 2007, Thornceroft et al., 2011), &
EOE PRI RAR 58, 2R A P B O S H P Y Harmattan KA& &, A
FFBEK IR A (Lavaysse et al., 2010). b3EZE R L B R AT A X
S (African Easterly Jet, AE)). FEWHZR X (African Easterly Waves, AEWs),
7 25 R ESUAL( Tropical Easterly Jet, TET) H(#E $32 VK [k (Saharan Heat Low, SHL)
PLR B AR A7 (Inter-Tropical Convergence Zone, ITCZ) (Raj et al., 2019). 1t
JEE FERFKEAHAKRE S S EEIZSH 0 (Nicholson, 2008, Thorneroft
etal,2011), —3ZALF TEJ 5 AEJ ZJa], 10°N Mz, J& TR A EE AR —
oy, RACAEERX KW 75— 3 ETHEsh A TRk R H ML 8
ANERE, RIERE BN — 5, 1% LTS 3 5 G R AR R A R

(Nicholson, 2009).

JLAET R R R AAFEIU AP, 3R B TR B IR B B
IR B TR B2 TR 11 H-4 Hrbfy, Soi Bk £ 26 ToRE DUBHIX, 5%
WK /L s W BN 4 A Al-6 H Al BEKSERTENTEHIX, JLN LTS
B KR BNEAE, BERR PR ACRETTT 4G L IEM BRI 2 6 A A)-7 H BA), 1R%
FXFEKIE : BEREIIN BT 7 AR A]-9 H, B8 B K TE LR BA 2064,
R I IEMIX ) E W, B, ASCEBESCEFEMHN R, 79 H. B2z,
EWAN B, FAEHETRRRAZH IR, s EWHICRE

(Thorneroft et al., 2011, Nicholson et al., 2018

JEAETE KX FE7K 5 42 Bk Hadley P AR X d582 MR I 2 DI AH G, AR BRAR
F5IGEA X (Biasutti, 2019). X TILIEE FRKFERREREGHENXR,
W FC R I TL P B /K S i 386 22 ARy, FAAT R P PRI IE 72 (Lamb, 19784,
Lamb, 1978b). U4k, A0 7t 5 i JbAE 5 2 AR K 5 Hrofg i U B0 RE VI
I BR 8] A 9% & (Folland et al., 1986, Bader and Latif, 2003, Rowell, 2003,
Bader and Latif, 2011). EIl Nifio-Southern Oscillation (ENSO)/F & V-7 # iR 4 B



A E ST, AR E 2 KRR K IR B AR A o I 2 T 25 3 1% 43 i (SVD)D
e KT 220 A R, VIR 6-9 H 2= XU /K 5 [RI 3 4= 3k SST 14 BrAZ AL iy A
FEIEAHRC R, Horh TS S W 0 B /K 5 AR PRI IR U R R R (Joly
etal., 2007). {HILIEE ZFERFEKIIFFREEAL 5 ENSO MK RIFATE . A ABEF
R, FEFBRRE b, 7-9 H LIS 9 R 5 8 1 X B /K 7 AT 20 Ak
R CRIT PR K S8 A ) S ARE AR (Rt A 25 —80 P3¢ (Rowell et
al., 19950, 20 20 70 SEAXHT, PR ZE /KR R I E R RRE, SR
PUPEIHE AR PR AL B UM 6, 15 ENSO M PESS, 20 {4 70 42405, %45
R B /K S i T SR T SR I AR AR AR R, F/K AR BR B4k 5 ENSO FAH S
5%, 1E El Nifio FEJbAF B = RE/K T H, [RZ MR (Ward, 1998, Losada et al.,
2012, Mohino et al., 2011). ENSO-bAF & 2= XU B 7K 38 AH 5 Wi R 7] H] FH KRB
HRARRE, 7 El Nifio KB, 7R3 T AR K PR B IE , Walker RIS 442,
IRIE H RN = R e AR A, B B R RS, AR T IS
HIFIEM I AERLIX, FEPE KR k> (Joly and Voldoire, 2009) . M FRIE 3]
AR, AR AR S 8 B g d S Gill-Matsuno WS (Gill, 1980) ¥4
K Kelvin P ARG 4E, 15RO PG AT fm J2 7= AR TG XU o, G BT S8 YA e
WK Rossby W AIFEE%E, 1282 ERRTH, MEEILIE LG AR
TUEsh gl KT8 (Rowell, 2001). 5 RPEFE. EIREFFIRAR B s2maAH L, K
SRR X AL AR R K AR B AR R 5 B o R (Palmer et al,, 1992,
Rowell, 2001). Kk, A3 FEI3E 20 thad 70 405 ENSO S5LAEE FRFEK
[BIFR G 2R

N T HEREZE RUBIE T AU 1R R A, 0 2 S PR SR 3 N SR ] R AR
TRRgEN, FRE S FH RS TS EAE CMIP6 HEZE R T “ 2Bk MR HL i
THXl” (GMMIP) (Zhou etal. 2016; JARZESE, 2019a), Hrd[ERFE RS
AT LASG [ 5% 5 55256 % 1) FGOALS #2225 5#:2 —. FGOALS &
2o 2 S T % 2R AR AR A AR ARAGAIT 5T, (H 2 5% T 20 b AR 2= R
BAURE ST, SERTEA HOS RGMIVEAE . AR H IR ) BT RIEESE, RS
fli FGOALS Sofi iRASRT AL AE T KU RE 77 2) @i # G ARG i 45 SR 1
bli, B ARIE SRS B O L IR 2R UL 22 (1 5 1)
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Figure.l The topography of North Africa (color shaded, units: m), and North Africa Summer

Monsoon is the black line region and Sahel is the red line region
2 M. BRAMTEN A
21 BN 4

FGOALS-g3 & i [E R} 2 Bt KA ELE T2 AT KSR RO BRI 4 7 - BB A
A K H p{ 850 % (LASG/IAP) K R I H— AR A Bk - K-l Al & U R
it (Lietal., 2020b), RAMEER G 5 E K -GFE- g K-Fith. Hr,
KA EFKH LASG 5 =K Rl GAMIL3 (Lietal., 2020a), HH
HIAH 26 J2; 4T GAMIL2, GAMIL3 Sudt 7 3475 KPR, KK
TR MBI ARG, KA HE R 2.8 T B 205 g R A
LASG/IAP 2 =S MkifF 0 LICOM3 (Lin etal., 2020), fH LICOM2 K&l
K, FEEIEZMZAIR RAVE RS MRS, KFAKAH B #& A, LICOM2 Hl
LICOM3 #EFLJ7 7] 73 A 30 EH 80 2 gk R HI S VUAX Los Alamos 3
(http://climate.lanl.gov/Models/CICE), & — /M1 aemE T 1E 12, SilgERR



K R AR IR o i T 2 R FH it T O A2 20 CAS-LSM. (Xie et al., 2018), iM%
£ NCAR & Ji 138 P i i i 50 CLM4. 5) 56l R T, 7P R 5 KA A
. FGOALS-g3 1K A& %5 /& NCAR K JEH CPL7 (Craigetal., 2011).

AR H FGOALS-g3 #31 CMIP6 [ IeEds, GLfE:

(1) T GAMIL3 KM HA N1 AMIP W56, iZiRKFIH 1979 L0k
FLI R VKRS R SRR R (IR ZESE, 2019), 45 5 AMRUAL R,
A SR PP RS & (0 U U e

(2) Ji AL (Historical), 1%IRIRHE T 1850 4 AR MLMI 144155
AR IRB R, S 6 MR, FTRERIFM R A ERE AR
HEE,2019), AhomiE AR E A RS,

AMIP 5 Historical i5 2 i 01 8E & P38 AL AR B 2= RS 45 5 B R
SRR, DRI AR SCH5 R FH P IR0 B8 — AR Tl i 2 138 H BERLE Al b AR E R K
SfERS . FIE AMIP 5 Historical 1056 #1224 i 5 o6] A6 Al B 2 Fif 7K AR il 22 1 A6
W RA Fr R, ASCRA AMIP R385 AN 5t 5 Historical 3568 6 ASER A (1135
HBERE, PRAR S0 X Jb R B 28 U AR 2 (BRI

2.2 WM. Forirseet

ARSI R B 5 £ 3 A BB R -

(1) GPCP _V2.3 (Global Precipitation Climatology Project dataset version 2.3)
BHFEKBURL, K #E30N 2.59%2.5° (Adler et al., 2003);

(2) HadISST 1.1(Hadley Centre Global Sea Ice and Sea Surface Temperature
version 1.1)[iZ HiGRIRETRE, K532 1°x1° (Rayner et al., 2003 );

(3) BRI S ik 0 (European Centre for Medium-Range Weather
Forecasts, ECMWF) [f] ERA_Interim X H 1] 2m a5 V%)< 50k}, i
FKFRWSZ W R R IR K P, XK E, BEEFM us X v, HE g.
RKHAE pss EEEE o, KFPHEN 0.75°%0.75° (Dee et al., 2011);

NTTELCE T, ik A 15 5 I B RS B 1979-2010 SR 9t Uit
B, IR R MEARAE T 208 B A Wl B 43 i S X PR G — 448 27K 40 9%
N x UPE L, FE 7 EEE 1000, 925, 850, 700, 600, 500, 400,
300, 250, 200 150. 100hPa #5144 .
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2.3 hE

ASCAER T FGOALS-g3 iU K B4 22 I R, SR T8 Z R0 7KK
W2 52 (Seager et al., 2010), FiXkIUA:

P=-04q)—(V-(V3q)) +E +res (1)
Jorh, VR, q Wi, POMOKTE, B AERIL —(V- (Vi) Fri
IKIHE (KRG SR res PRI, <>F R R 1 LR
S F T 48 T K1) E B IR K, —0,(q) =~ O, I, 3 T8 A2V - Vg =
0, 38—V (V3q)) = —(wdpq) — (Vs - Vpq) Foth, V, FRATFRER, ol
ELEE, VAT 0 ROB R B4, 0, AR BT I RO S50, —(wd,q) WK
R TR BRI —(V, - V) WA K TR IS T-RT (Chou and

Neelin, 2004, Chou et al., 2009, Chou and Lan, 2012). KItAI (1) XA[5A:

P = —(wd,q) — (Vh)th) + E +res 2)
— ORI, EEHEE RS RETULEC 0, FETRESFEEM, 15
Bl —(w0,q) = —(qV, V) > ViU TE B KT 30 6 5 R AE K PR O8R4 8 L

(Seager et al., 2010, Lin et al., 2014, Ma and Zhou, 2015).
ARSCAETT IR KK B R, 2% E ENSO FHARxTIbIEp K br
ARFRPIANA, DYERE RO B R JE W R R AR AL AR R S A RE 7 AR BT,
AT KR S HE TSR RATRES MR EDG, HhESHN
1981-2010 4F, BIP=P+P', E=E+E, w=0+w', q=q+q" , KKK
TR RIS AN
P' = —(wdyq) — (thq)’ + E' + res’ 3)
o, —(VVaq) SBH BN, LHEIRS (Chou etal, 2009), 13 BT T+
WA
—(wd,q) = —(W0,q") — ('8, q) — (w'0pq") “4)

Horp, 3R EUKYTRIE B0 o1 —(wd,q") 58 /1 —(w' 0,q), #7150
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B2 (a-d) 18'W~40'EA TR, (o) FEREIX A (f) dbAFZRRUX X7 ke
IKIEAEHR (B4 mm d~ BB 1979-2010 4F) : (a) GPCP; (b) AMIP; (¢) Historical;
(d) Historical-AMIP; (e) B&iff#h; (f) JbAEFKIX. (be) A B E T2 AMIP 5
Historical i35 GPCP 7E 0-20°N, 7-9 A (KEZRHE) [IAHE R%L
Figure.2 Annual cycle climatology for rainfall (shaded, units: mm d~1) averaged between
18 IW—40E during 1979-2010 from (a) GPCP, (b) AMIP, (c) Historical, (d) Historical-AMIP and
the area mean precipitation from (e) Sahel; (fNASM. The number in the upper-right corner of
(b,c) are the correlations between AMIP, Historical with GPCP over 0-20°N in July-September
(the dashed region) respectively.

A (B 2a) , ACARFKEMREATERSFE L, 3-5 H KA B R E
AL BN A 4°N, ZJa BAMArFsedets, JHfE 8 HBRKIA R (E, FEKF b
HEZE 10°N B3, XM G 17 AL A% (03 FE AR Dy 2= XUBk R (Sultan and Janicot, 2003),
b8 i B /K B #% R0 . AMIP 55 Historical 35635 AT H B /K =1 M 1 R LS
gy, ARV KA Bl i e AL i o B AU (B, Ferh Historical 136 5 W &,
R IXIRE (7-9 H) BOKAERTMZE. RN, SRR E &
A= T, AMIP 5 Historical 56 AA0M ) B /K B KAE S K AEAE 5 H, AMIP i
B ALK O T B JEZR KX, 1T Historical B8 (1) HhoCAE AR TE BT . AMIP
G5 GPCP /£ 7-9 A 0-20N (& 2 R AME) VG A BLLLEE K HUAR O R E0A
0.89, ifif Historical {4547 0.43. [K 1tk AMIP 105 Lt Historical 1046 523w ML,
AU L P R AL LA LA M K kb . 8 AMIP 358 1M 55, Historical 1t
WAL B /K AE 5-7 H/RE MG A WR R 22, AR T2, R B AT g
B R SRR A R 22 o DU AP B AR X TR 222 5 W, Rt X B K
EET-9 H, dbIEREXX K EEE T 6-9 H (& 2ef) . FGOALS-g3 5t
AMIP 5 Historical {55 B 2= Ff /K MBI 22 I 2, DL R /KD TR0,
H AMIP 155 i 22 /)N T Historical 4 o
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(a) GPCP&ERA _Interim (b) Hist-AMIP
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3 I EHEARA 7-9 AP AEIER NI CRIE) SEEREhX (e 1A
SRR (B, #Ai: mmd™) 5 925hPa Mg CRE, HAL: ms™!, BB 1979-2010
) e HAWZ: (a) GPCP /K1 ERA_Interim 34£9i; (b) Historical-AMIP; (¢) AMIP; (d)
AMIP-obs; (e) Historical; (f) Historical-obs. (c,e) 47 175 %+ 4%l /& AMIP 5 Historical
BRIR B B A 8 5 L2 XX JAS Z=T5-F 218K 55 GPCP [ 7K 2 [A] ) 2% 1A AH 5% 2 4
Figure.3 Climatology of JAS (July—August-September) seasonal-mean precipitation (color
shaded, units: mm d~*) and 925hPa winds (vectors, units: m s~1) in North Africa Summer
Monsoon (NASM, the black line region) and Sahel (the red line region) regions during 1979-2010
from (a) GPCP&ERA _Interim, (b) Historical-AMIP; (c) AMIP; (d) AMIP-obs; (e) Historical; (f)
Historical-obs. The number in the upper-right corner in (c,e) are the pattern correlations of
precipitation between AMIP, Historical with GPCP in Sahel and NASM respectively.
AL CFE 3a), JEARHLIX 7-9 H 2= B9 U S FR R i db RS XU,
FLABFR A5 A Bl 1 DX B K 22 BB BE K, i ] o AT AR 250 o /K R B 0 5 g IR
HOB B VIAHG, Wkl T Ol SR FE R L m . (K2 925hPa KUz, JLAIE
TSV R PG R KO B AR XU A ok 78 2 B KR 5 U5 B 0 T
Harmattan WXUE & o & 5 3R G 100 14 REAS UL Y AE AR RO 7 0 8422 8] 7 A RF AL
E PRI Al 7 LA L 5 BToA 5 B0 Ll 5 1 ZE A EE 0 v BRI K, WY
fERAt 1 BRBE K RAE X ASMR K
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925hPa Mtz fik i, Historical 5 AMIP #5401 76 i = XU 55, LN R
B E TEIER, Harmattan KUwos H A7 BWEE, SEFEK 7w (B 3c-f)
AMIP X545 5 GPCP [ /KAE B ik ) 5 AL AFZ= KUX ) 45 [A) A 56 £ 35 0.80 AT 0.62, T
Historical 44 0.74 1 0.46. FHMNHL, AMIP 3585 WM B K AE 1 ik b [X
(38 5 MR % % 2.58. 3.23mm, Historical X364 3.30. 4.01mm. Xk, AMIP
RIGALAE 7-9 B KA ARIARLIL T Historical 356 . Historical 156 E L IEZ
JRUIX 5 % A 2 X READL 7K A8 AMIIP S50 285 Al 2, ke I AER 2 176 e 2 ISP 553
H I FEAL X, DL Harmattan KU R, 578 ZR A0 KU B A A AB AR KX (&
3b)
312 JLEEFREAEENFRARS

(b) AMIP

30N A
20N A

10N 1
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(c) Hist (d)Hist-AMIP
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4 7-9 H-FEAbIER X P T AU (GE(EZ, B0 hPa) 5 2m <l (B, Bfz. °C,
B IE] B : 1979-2010 4E) : (a) ERA Interim; (b) AMIP; (c¢) Historical; (d) Historical-AMIP
Figure.4 Climatology of JAS (July—August—September) seasonal-mean North Africa 2m
temperature (color shaded, units: °C) and sea level pressure (contour, units; hPa) during
1979-2010 from (a) ERA_Interim, (b) AMIP, (c) Historical, (d) Historical-AMIP.
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al., 20100 , SHL WMz sE 2= X Ab4h 5 %7K (Peyrillé and Lafore, 2007)
R (B 4a) 5 SHL AL T s bt DX e, ool U e fiRik 1007hPa, s i
JE3£ 36.8°C.
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AMIP {35 % 55, XFR. Historical BB I FFK Sl 2 (& 4e) o BRAR, HEsK
REA% G FRASADL R T %of 2 T <0 AL R B2 00, G320 ZEARK LG T i S X PR

2R R AR (African Easterly Jet, AEJ) ARG 5 A TEFETRZI KL H) #A
JIZEFEIRANI, A R O AR IR 5 AR B X 4E+FE - (Nicholson, 2013) , 5%
i b AEZE XK . AE A X% (African Easterly Waves, AEWSs) i A7 T3k
2R RS AL B 0 S L F ], 72 AED 5 3wy Z- X2 (Tropical Easterly Jet, TEJ)
Z 8], AEWSs M REEXHR RS MK R, A2 A6 EREK .
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Figure.5 Climatology of JAS (July—August—September) seasonal-mean zonal winds (color
shaded, units: m s~1) and meridional circulation (vectors, units of meridional winds: m s™1,

units of vertical velocity: 100 Pa s~1) zonally averaged over 18 W40 E from during 1979-2010

from (a) ERA_Interim; (b) AMIP; (c) Historical; (d) Historical-AMIP
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B 6 7-9 TRt RERSRKRIEE (K&, Bi: kgm's™) KHES (R,
Bfiz: 1075 kgm~ts™t, HfEJBL: 1979-2010 4F) IS4 Af:  (a) ERA Interim;  (h)
Historical-AMIP; (c) AMIP; (d) AMIP #HXf ERA_Interim f)fZ; (e) Historical; ()
Historical #H%} ERA_Interim (¥ {2
Figure.6 Climatology of JAS (July—August—September) seasonal-mean water vapor transport
fluxes (contour, units: kg m~s~1)and their divergence (color shaded, units: 107> kg m~ts™?1)
during 1979-2010 from (a) ERA_Interim, (b) Historical-AMIP, (c)AMIP, (d)AMIP-ERA _Interim,
(e) Historical, (f) Historical -ERA_Interim
K 6 JuiaCS F o0 A BORERE 2 AR 20 AR 2 S U, R (] 6a),
AEAEZF X O B KT, BRI AR AL TP AR LN MBI A, Ho
A N ZE R A b % . 5 ERA Interim A5, AMIP 5 Historical it
SO RSP FR) 7KV B R 7 ) A 280 (&l 6ce) A TRTis 5 FL Ll S 3R ZE M L
e SR PR 7R o r L 5 P AR o, R AU B 7Kl 22 o SR B i - B R T8 R 7
ISR RIREE Y ke s o R | I e s o B R | M SRR ik I S L Saw i)
Bk fm> (1 6d,F) o LLEFIRIE K I, Historical B0 ALK K ¥R I8 & 57 8 Fa ik
%55 1 AMIP 1R56, ZK I & 10 57 5t SE OV R, 3 B0 2D RO RFALE BE D I
# (Eleb) .
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Figure.7 Climatology of JAS seasonal-mean water vapor budget components over North Africa

(units: mm d~1) during 1979-2010: (a-c) Precipitation, (d-f) Evaporation, (g-i) Vertical moisture

advection, (j-I) Horizontal moisture advection, (m-o) residual term, (p, q) Climatology of JAS

seasonal-mean water vapor budget components averaged over Sahel and NASM.
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Figure.8 Standard deviations of the interannual variability of JAS seasonal-mean precipitation
after 10-year high pass filtering and detrending over North Africa (units: mm d~1) during
1979-2010 from (a) GPCP; (b) Historical-AMIP; (c) AMIP; (d) AMIP-GPCP; (e) Historical;

(f) Historical-GPCP. The interannual variability of Historical and AMIP is the results of
multi-member mean. The number in the upper-right corner of (c,e) are the pattern correlations of

precipitation between AMIP, Historical with GPCP in Sahel and NASM respectively.
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i 95%1) i PEAT I, (o) T A AR/ 80% AMIP 57 (1 [R] H SR 50 ik 9596 114 i 25 PEARL 56
(e) 4T x5 Historical 56 i o]V R B8 T 80%A% b Y 7] 5 K6 56
Figure.9 JAS seasonal-mean precipitation anomalies (color shaded, units: mm d~') and 850 hPa
winds anomalies (vectors, units: m s~1) regressed onto standardized JAS Nifp3.4 index: after
10-year high pass filtering and detrending over North Africa during 1979-2010 from (a) GPCP
precipitation and ERA_Interim winds; (b) Historical-AMIP; (c) AMIP; (d) AMIP-obs; (e)
Historical; (f) Historical-obs. The regression coefficients of Historical and AMIP is the results of
multi-member mean. The number in the upper-right corner of (c,e) are the pattern correlations of
precipitation between AMIP, Historical with GPCP in Sahel and NASM respectively. Dot regions
of (a) pass the test at a confidence level of 95%. (c) is from AMIP with 5 members, in which dot
regions represent at least 80% members pass the test at a confidence level of 95%. (e) is from
Historical with 6 members, in which dot regions pass the test of same sign at a level of 80%.
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Figure.10 JAS seasonal-mean zonal winds anomalies (color shaded, units: m s~1) and
meridional circulation anomalies (vectors, units of meridional winds: m s, units of vertical
velocity: 100 Pas~1!) zonally averaged over 18<W-40<E regressed onto standardized JAS
Nifp3.4 index: after 10-year high pass filtering and detrending during 1979-2010 from (a)
ERA Interim; (b) AMIP; (c) Historical; (d) Historical-AMIP. The regression coefficients of
Historical and AMIP is the results of multi-member mean. Dot regions of (a) pass the test at a

confidence level of 95%. (b) is from AMIP with 5 members, in which dot regions represent at
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least 80% members pass the test at a confidence level of 95%. (c) is from Historical with 6
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Figure.11 (al-a3) JAS seasonal-mean sea surface temperature anomalies (color shaded, units:
K), (b1-b3) 200 hPa velocity potential anomalies (color shaded, units: 10°m? - s~1) and divergent
wind anomalies (vectors, units: ms~1), (c1-c3) 200 hPa zonal wind anomalies (color shaded,
units: m s~1), (d1-d3) 850 hPa geopotential height anomalies (color shaded, units: gpm), (e1-3)
925 hPa stream function anomalies (color shaded, units: 10°m? - s~1) regressed onto
standardized JAS Nif3.4 index. The first column is from observation, in which dot regions pass
the test at a confidence level of 95%. The second column is from AMIP with 5 members, in which
dot regions represent at least 80% members pass the test at a confidence level of 95%. The third
column is from Historical with 6 members, in which dot regions pass the test of same sign at a

level of 80%.
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Figure.12 Climatology of JAS seasonal-mean water vapor budget components anomalies in El
Nifd developing years over North Africa (units: mm d=?) during 1979-2010: (al,b1,c1)
Precipitation anomalies, (a2,b2,c2)Vertical moisture advection anomalies, (a3,b3,c3) Horizontal
moisture advection anomalies, (a4,b4,c4) Dynamic term of vertical moisture advection anomalies,
(a5,b5,c5) Thermodynamic term of vertical moisture advection anomalies, (p,q) Climatology of

JAS seasonal-mean water vapor budget components anomalies averaged over Sahel and NASM.
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Climatology is 1981-2010.

it 0 BRSO 22 IR S R, AR SO ZK IR D7 A e &40 M EI NiFp 22
VI BT FGOALS-g3 HE kUL AL AR X 7-9 H B K 22 (1 J5 IR« 1 12 S il
FSEAL AR K PSS 300 4% T3 % e vt Ak NiFD3.4 F8 5B R0 R %, AMIP 5
Historical {524 % i 0t [BA /B LS. S REH, FxrdbdERAX, 1E
M (& 12a1-a5, q) , 3 EKPCTRST FO0 FEK U R i R TR, IR
NNWRE CGRERD E5, WREKFREREATER, MRS O
AL TTERARATE /) o

S5WIMAHEE, AMIP 5 Historical {546 A& e B B K ik 8 1 32 S AE
I, RE A S PR B K 6 R B TR . AMIP R0 B 1Y) 2 B /K PO I
HEOW IR, SR R TR m Al T B KPR B A I TR, B
PRSI0 e 6 K 2> (& 12¢1-¢5, o)

S5WANFI /&, Historical 3L 2= KUX KPR I 5 2 H.K
VPRI A U 0 B K S0 A IE DTk (&1 12b1-b5, @) o BREEHR kX 1
o M, K AR IR TN [ /K S 1 IE DTk 5 2 BRI ) S 0T R AR
2 (K 12al-ab, @) - AMIP 50 A8 8 KBS #5057 8 1) 23 (B8] 70 A, (LA,
%3 55 i (&1 12b1-b5, ) , T Historical IR0 i 55 Ak B B K 17 5 5 3
AIE, SEAURACT KPR BUE STk w5 A ¢ (& 12¢1-¢5, @) -

SR, AMIP 56 BE % B I 1L AE 2 2R K I 7KV ST R & T 73 AT
RO %% i 2, Historical e ASAD e 7K A7 o i 22 1 BEAE T /K SP K VAT
TR 22, e b i it X s 22 BE O R 3

4 BE5THR

ARSI 5 3 A ekl RGEFAL T FGOALS-g3 #53{ Historical 1%
5 AMIP AR 38500 b AR R K SRS 55 R bR SR AR E I 0 A R iR A 4L
IR B R i Z2 SR B, BUBR & 5 AE R S AR RO B A 2R . T 45181

(1) Historical 5 AMIP 138 HEW% - DAL X B K B S AS 5 AR A EAR
PR, AERIDLER) A K BN (2>, 0 2 3 FEFR I 28 G98 FA A 400 M 22 2 I 9
s TR A0 A UL AR 2R RV S PA SRR T 4 e AL 2 e A 4L 55 »
X UL 2R G A o, ISR AR SE A7 Bl e, EL#% 35 Historical 5 AMIP

26



ISR ) SRS FKAAE TR 2, [FIR A B e . AT AMIP 56,
Historical 146540 ) [ 7K 55 A LA 22 B8 K

(2) BKEHEIT =, Historical 5 AMIP iRE& ALK Sk EH KU EER LA T
B KIS E MRS, L FRAE M R R Y X8, KR R AR B, Historical
BAMIP B , JLT-EREAN TGRSR XU DO i 34 ORI & 2D, 2w
JEHE X e W o ARVRRCSCIZ IR I, 78 R IS 2 LK IR U b AR KX R
RN XA IETTRR, ACF KR otk HAER R IX oA, bk
275 JAU DX (R S DR s 55 o WL o 7RI 28 R T0n T AR 2R XX AU 2 B K
TUikE K, Historical 5 AMIP B ALMICAY 1 2 B KPR IS 28 K ) IE 5
PR AE A Al KPR 7 otk 5 BOBEADL Y 7K AR 2L o Historical
PRISASA ) 2 T 0 25 KT AMIP 3R36:,  Xof R ALABL P2 K fi 2 B B 28

(3) {ERA S buily HRIZEMR LIV 5 J5i 55 v R IX,  Historical 5 AMIP (%6
Bl 7ERRAR R, H AMIP 5w 2 5 K. 0 T HARMLIX, Historical 146 9]
RALAE T KRR AR, AMIP RIS AU BCR R T Historical i3 . AMIP 15
REE R H J LA R B/K-ENSO I MG R &R, (HBRFERG R T WM, £ BEE X
TERIER B LN I 1 P 2= R 55, KV R/> . Historical 304U
ENSO IEAZAHR, JbAEREK i 8 A R, BRI TEEE AL R 2= K-ENSO )
TR R R

(4) FRICIFEFFRERERSEENRAG UL TE). AE] XA,
M W] AMIP F1 Historical 1056 BE 4% KEURALL H ENSO 1EAZAH AN i R 5 7
WSS, TE)SFH WSS, AE] FHRIRAVRE . (5 AMIP (B8 AS L) i 200 il
W5k, HAAWALE ML, Historical {36 A& GBI R XTR KRG 7%, ik
Historical IR 36 BLCRA U AMIP 458 . ENSO H5CHIma R 41K B, ENSO 1FE
ALARRT, ZRIE AR PP IR R S8R, Walker PRJIRES AR 78, EDEEFEXHRZ
[ Rl s S0 o | v N P i B P e i e | | 32 L =g 19
S N UL, XIGUIRGS , AKIIE I T F B KR . AMIP 5 Historical
I R RS I ok o 7 3k B, (R R 3 TGV G BRARLADL t AL A [X S 5 i) [
MR . SRS, AMIP BT 575 1) ENSO PR ma S BOU I w5z, 111
Historical i3855, Xt~ AMIP #4000 B 7K 47 % S5, T Historical {56 £ 5%

27



L o

(5)KIRW SR M, A6 2 XU /K -ENSO 156 £ HH 28 BEL/KVR TR IS e,
Hy 3R L) AT, XK R T k. AMIP 38 i L& 2 E B R B
iy e PR S R E SR b e e WY N | PN AL ) 7 B

M, SEUERLI AR E RIEARIE, BB AR E ZEK-ENSO #2656
T ZE 5 KPP A I A O
)i A 248 tH, FGOALS-g3 BLA/EAMANALIE T KA TG M H 2 T A,

PRSI LR & 5 AR & BRI n Ab AR 2 AU 5 4R bR AR R I B0 R ) 28 0
ZE, AMIP 5 Historical 36 5 K X HITE T SR A i vE s, w9 R BRI
BOTE AL AR KB K EAPTE —BUR TR 722, 23 PRI R AS 0L i 22 R I S VRS AT,
W] FGOALS-g3 R A it Ak, AMIP i35xs T b AFE NS
(A HAEPR R B I & T Historical {36, H. Historical 156k DL 5]
ENSO-JbAEZ KB K I AR R, RFIESEHAE ENSO-IbAEZE KM 5T
FHAFTEHEA R . KK FGOALS-g3 #5275 etk RS AR = LA b P56 1)
—HRE, FNEEEAF ARG ERN, DS ER R

28



2730

Adedokun J A 1978. West African precipitation and dominant atmospheric mechanisms. Archiv fiir Meteorologie,
Geophysik und Bioklimatologie, Serie A [J], 27: 289-310.

Adler R F, et al. 2003. The Version-2 Global Precipitation Climatology Project (GPCP) Monthly Precipitation
Analysis (1979-Present). Journal of Hydrometeorology [J], 4: 1147-1167.

Bader J, Latif M 2003. The impact of decadal-scale Indian Ocean sea surface temperature anomalies on Sahelian
rainfall and the North Atlantic Oscillation. Geophysical Research Letters [J], 30.

Bader J, Latif M 2011. The 1983 drought in the West Sahel: a case study. Climate Dynamics [J], 36: 463-472.

Biasutti M 2019. Rainfall trends in the African Sahel: Characteristics, processes, and causes. WIREs Climate
Change [J], 10: e591.

Chou C, Lan C-W 2012. Changes in the Annual Range of Precipitation under Global Warming. Journal of Climate
[J], 25: 222-235.

Chou C, Neelin J D 2004. Mechanisms of Global Warming Impacts on Regional Tropical Precipitation. Journal of
Climate [J], 17: 2688-2701.

Chou C, et al. 2009. Evaluating the “Rich-Get-Richer” Mechanism in Tropical Precipitation Change under Global
Warming. Journal of Climate [J], 22: 1982-2005.

Craig A P, et al. 2011. A new flexible coupler for earth system modeling developed for CCSM4 and CESM1. The
International Journal of High Performance Computing Applications [J], 26: 31-42.

Dee D P, et al. 2011. The ERA-Interim reanalysis: configuration and performance of the data assimilation system.
Quarterly Journal of the Royal Meteorological Society [J], 137: 553-597.

Folland C K, et al. 1986. Sahel rainfall and worldwide sea temperatures, 1901-85. Nature [J], 320: 602-607.

Giannini A, Kaplan A 2019. The role of aerosols and greenhouse gases in Sahel drought and recovery. Climatic
Change [J], 152: 449-466.

Gill A E 1980. Some simple solutions for heat-induced tropical circulation. Quarterly Journal of the Royal
Meteorological Society [J], 106: 447-462.

Griffiths J F. Climates of Africa[C]//:Elsevier Publishing Company,1972

Joly M, Voldoire A 2009. Influence of ENSO on the West African Monsoon: Temporal Aspects and Atmospheric
Processes. Journal of Climate [J], 22: 3193-3210.

Joly M, et al. 2007. African monsoon teleconnections with tropical SSTs: validation and evolution in a set of
IPCC4 simulations. Climate Dynamics [J], 29: 1-20.

Lamb P J 1978a. Case Studies of Tropical Atlantic Surface Circulation Patterns During Recent Sub-Saharan
Weather Anomalies: 1967 and 1968. Monthly Weather Review [J], 106: 482-491.

Lamb P J 1978b. Large-scale Tropical Atlantic surface circulation patterns associated with Subsaharan weather
anomalies. Tellus [J], 30: 240-251.

Lavaysse C, et al. 2010. Regional-scale convection patterns during strong and weak phases of the Saharan heat low.
Atmospheric Science Letters [J], 11: 255-264.

Li L, et al. 2020a. The GAMIL3: Model Description and Evaluation. Journal of Geophysical Research:
Atmospheres [J], 125: €2020JD032574.

Li L, et al. 2020b. The Flexible Global Ocean-Atmosphere-Land System Model Grid-Point Version 3
(FGOALS-g3): Description and Evaluation. Journal of Advances in Modeling Earth Systems [J], 12:
€2019MS002012.

Lin P, et al. 2020. LICOM Model Datasets for the CMIP6 Ocean Model Intercomparison Project. Advances in
Atmospheric Sciences [J], 37: 239-249.

29



Lin R, et al. 2014. Evaluation of Global Monsoon Precipitation Changes based on Five Reanalysis Datasets.
Journal of Climate [J], 27: 1271-1289.

Losada T, et al. 2012. Tropical SST and Sahel rainfall: A non-stationary relationship. Geophysical Research Letters
[J], 39.

Ma S, Zhou T 2015. Precipitation changes in wet and dry seasons over the 20th century simulated by two versions
of the FGOALS model. Advances in Atmospheric Sciences [J], 32: 839-854.

Mohino E, et al. 2011. Changes in the interannual SST-forced signals on West African rainfall. AGCM
intercomparison. Climate Dynamics [J], 37: 1707-1725.

Newell R E, Kidson J W 1984. African mean wind changes between sahelian wet and dry periods. Journal of
Climatology [J], 4: 27-33.

Nicholson S E 2008. The intensity, location and structure of the tropical rainbelt over west Africa as factors in
interannual variability. International Journal of Climatology [J], 28: 1775-1785.

Nicholson S E 2009. A revised picture of the structure of the “monsoon” and land ITCZ over West Africa. Climate
Dynamics [J], 32: 1155-1171.

Nicholson S E 2013. The West African Sahel: A Review of Recent Studies on the Rainfall Regime and Its
Interannual Variability. ISRN Meteorology [J], 2013: 453521.

Nicholson S E, et al. 2018. Assessing recovery and change in West Africa's rainfall regime from a 161-year record.
International Journal of Climatology [J], 38: 3770-3786.

Palmer T N, et al. 1992. Modeling Interannual Variations of Summer Monsoons. Journal of Climate [J], 5:
399-417.
Peyrillé P, Lafore J-P 2007. An Idealized Two-Dimensional Framework to Study the West African Monsoon. Part
II: Large-Scale Advection and the Diurnal Cycle. Journal of the Atmospheric Sciences [J], 64: 2783-2803.
Peyrillé P, et al. 2007. An Idealized Two-Dimensional Framework to Study the West African Monsoon. Part I:
Validation and Key Controlling Factors. Journal of the Atmospheric Sciences [J], 64: 2765-2782.

Raj J, et al. 2019. West African Monsoon: current state and future projections in a high-resolution AGCM. Climate
Dynamics [J], 52: 6441-6461.

Rayner N A, et al. 2003. Global analyses of sea surface temperature, sea ice, and night marine air temperature
since the late nineteenth century. Journal of Geophysical Research: Atmospheres [J], 108.

Rowell D P 2001. Teleconnections between the tropical Pacific and the Sahel. Quarterly Journal of the Royal
Meteorological Society [J], 127: 1683-1706.

Rowell D P 2003. The Impact of Mediterranean SSTs on the Sahelian Rainfall Season. Journal of Climate [J], 16:
849-862.

Rowell D P, et al. 1995. Variability of summer rainfall over tropical north Africa (1906—92): Observations and
modelling. Quarterly Journal of the Royal Meteorological Society [J], 121: 669-704.

Seager R, et al. 2010. Thermodynamic and Dynamic Mechanisms for Large-Scale Changes in the Hydrological
Cycle in Response to Global Warming. Journal of Climate [J], 23: 4651-4668.

Sultan B, Janicot S 2003. The West African Monsoon Dynamics. Part II: The “Preonset” and “Onset” of the
Summer Monsoon. Journal of Climate [J], 16: 3407-3427.

Thorncroft C D, et al. 2011. Annual cycle of the West African monsoon: regional circulations and associated water
vapour transport. Quarterly Journal of the Royal Meteorological Society [J], 137: 129-147.

Wang B, et al. 2012. Recent change of the global monsoon precipitation (1979-2008). Climate Dynamics [J], 39:
1123-1135.

Ward M N 1998. Diagnosis and Short-Lead Time Prediction of Summer Rainfall in Tropical North Africa at
Interannual and Multidecadal Timescales. Journal of Climate [J], 11: 3167-3191.

30



Wu M-L C, et al. 2009. African Easterly Jet: Structure and Maintenance. Journal of Climate [J], 22: 4459-4480.

Xie Z, et al. 2018. A High-Resolution Land Model With Groundwater Lateral Flow, Water Use, and Soil
Freeze-Thaw Front Dynamics and its Applications in an Endorheic Basin. Journal of Geophysical Research:
Atmospheres [J], 123: 7204-7222.

iR 2017, WARR T RAGR)TURFHAL L AEAPRR R D). o EAR B FiBe il 2260 5. Li Yi.
2017. Climatic features and inter-decadal variability of the Afro-Asian Summer Monsoon System [D]. Ph. D.
dissertation (in Chinese), Chinese Academy of Meteorological Sciences.

JARZE AR BrgIE 2019, 587N R EBR &L (CMIP6) Fik. SRS BERE (1], 15:
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.

31



