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ABSTRACT

BaVed  RQ  Whe  UefRUecaVW  daWa  (1999²2010)  Rf  WhUee  RSeUaWiRQaO  PRdeOV  [Whe  ChiQa  MeWeRURORgicaO  AdPiQiVWUaWiRQ
(CMA),  Whe  NaWiRQaO  CeQWeUV  fRU  EQYiURQPeQWaO  PUedicWiRQ  Rf  Whe  U.S.  (NCEP)  aQd  Whe  EXURSeaQ  CeQWUe  fRU  MediXP-
RaQge  WeaWheU  FRUecaVWV  (ECMWF)]  WhaW  SaUWiciSaWed  iQ  Whe  SXbVeaVRQaO  WR  SeaVRQaO  PUedicWiRQ  (S2S)  SURjecW,  Ze
ideQWified Whe PajRU VRXUceV Rf VXbVeaVRQaO SUedicWiRQ VNiOO fRU heaWZaYeV RYeU Whe YaQgW]e RiYeU baViQ (YRB). The WhUee
PRdeOV  VhRZ  OiPiWed  SUedicWiRQ  VNiOOV  iQ  WeUPV  Rf  Whe  fUacWiRQ  Rf  cRUUecW  SUedicWiRQV  fRU  heaWZaYe  da\V  iQ  VXPPeU;  Whe
HeidNe SNiOO ScRUe dURSV TXicNO\ afWeU a 5-da\ fRUecaVW Oead aQd faOOV dRZQ cORVe WR ]eUR be\RQd Whe Oead WiPe Rf 15 da\V.
The VXSeUiRU VNiOO Rf Whe ECMWF PRdeO iQ SUedicWiQg Whe iQWeQViW\ aQd dXUaWiRQ Rf Whe YRB heaWZaYe iV aWWUibXWabOe WR iWV
fideOiW\  iQ  caSWXUiQg  Whe  ShaVe  eYROXWiRQ  aQd  aPSOiWXde  Rf  high-SUeVVXUe  aQRPaOieV  aVVRciaWed  ZiWh  Whe  iQWUaVeaVRQaO
RVciOOaWiRQ aQd Whe dU\QeVV Rf VRiO PRiVWXUe iQdXced b\ OeVV SUeciSiWaWiRQ Yia Whe OaQd²aWPRVSheUe cRXSOiQg. The effecWV Rf
10²30-da\  aQd  30²90-da\  ciUcXOaWiRQ  SUedicWiRQ  VNiOOV  RQ  heaWZaYe  SUedicWiRQV  aUe  cRPSaUabOe  aW  VhRUWeU  fRUecaVW  OeadV
(10 da\V),  ZhiOe  Whe biaVeV iQ 30²90-da\ ciUcXOaWiRQ aPSOiWXde SUedicWiRQ VhRZ cORVe cRQQecWiRQ ZiWh Whe degUadaWiRQ Rf
heaWZaYe SUedicWiRQ VNiOO aW ORQgeU fRUecaVW OeadV (> 15²20 da\V). The biaVeV Rf iQWUaVeaVRQaO ciUcXOaWiRQ aQRPaOieV fXUWheU
affecW  SUeciSiWaWiRQ  aQRPaOieV  aQd  WhXV  OaQd  cRQdiWiRQV,  caXViQg  difficXOW\  iQ  caSWXUiQg  e[WUePeO\  hRW  da\V  aQd  WheiU
SeUViVWeQce iQ Whe S2S PRdeOV.

KH\ ZRUGV:ĂVXbVeaVRQaO SUedicWiRQ,ĂheaWZaYe,ĂYaQgW]e RiYeU BaViQ,ĂVXbVeaVRQaO-WR-VeaVRQaO PRdeOV
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Whe  YaQgW]e  RiYeU  baViQ  UeYeaOed  fURP WhUee  S2S  PRdeOV. AGY.  AWPRV.  SFL., 37(12),  1435ï1450, hWWSV://dRi.RUg/10.1007/
V00376-020-0144-1.

AUWLFOH HLJKOLJKWV:

� ĂThe PajRU VRXUceV Rf VXbVeaVRQaO SUedicWiRQ VNiOO fRU heaWZaYeV RYeU Whe YaQgW]e RiYeU BaViQ ZeUe ideQWified baVed RQ
S2S PRdeO daWa.

� ĂMRdeOV ZiWh VXSeUiRU VNiOO fRU heaWZaYe SUedicWiRQ VhRZ higheU fideOiW\ iQ SUedicWiQg bRWh Whe 10²30-da\ aQd 30²90-da\
ciUcXOaWiRQ aQRPaOieV.

� ĂThe OaQd cRQdiWiRQV PRdXOaWed b\ ciUcXOaWiRQ aQRPaOieV aOVR cRQWUibXWe WR Whe SUedicWiRQ VNiOO fRU heaWZaYe dXUaWiRQ aQd
iQWeQViW\.
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1.ĂĂĂĂIQWURGXFWLRQ

HeaWZaYeV,  SURORQged  e[WUePeO\  high-WePSeUaWXUe
da\V,  e[eUW  cRQVideUabOe iPSacWV RQ QRW RQO\ hXPaQ heaOWh
aQd  ecRV\VWePV  bXW  aOVR  iQfUaVWUXcWXUe  aQd  VRciaO  VeUYiceV.
SeYeUaO UegiRQV ZRUOdZide haYe fUeTXeQWO\ VXffeUed fURP heaW-
ZaYe  eYeQWV  iQ  Whe  cRQWe[W  Rf  gORbaO  ZaUPiQg  (MeehO  aQd
TebaOdi,  2004; IPCC,  2013).  FRU  e[aPSOe,  EXURSe  e[SeUi-

eQced  a  VeYeUe  heaWZaYe  iQ  2003  ZiWh  PRUe  WhaQ  70  000
heaW-UeOaWed  caVXaOWieV  (RRbiQe  eW  aO.,  2008).  WeVWeUQ  RXV-
Via  ZaV  VWUXcN  b\  Whe  hRWWeVW  VXPPeUV  iQ  2010,  OeadiQg  WR
Whe  deaWhV  Rf  aURXQd  55  000  SeRSOe  (HRag,  2014).  DXUiQg
DecePbeU 2013, a ORQg-OaVWiQg hRW SeUiRd hiW Whe VRXWheUQ Vec-
WRU Rf SRXWh APeUica aQd caXVed a VhaUS UiVe iQ diVeaVe aQd
a  VXbVWaQWiaO  VXUge  iQ  eOecWUiciW\  cRQVXPSWiRQ  (AOPeiUa  eW
aO.,  2016).  RecRUd-bUeaNiQg  heaWZaYeV  haYe  aOVR  beeQ  fUe-
TXeQWO\ UeSRUWed iQ Whe OaVW decade iQ deQVeO\ SRSXORXV cRXQ-
WUieV Rf AVia, VXch aV ChiQa (YaQg aQd Li, 2005; Xia eW aO.,
2016; YRX  eW  aO.,  2017; HVX  eW  aO.,  2020),  IQdia
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(NageVZaUaUaR eW aO., 2020), JaSaQ, aQd RQ Whe KRUeaQ PeQiQ-
VXOa  (IPada eW  aO.,  2019; QiaQ eW  aO.,  2020).  FRU  beWWeU  UiVN
PaQagePeQW,  aQ  accXUaWe  SUedicWiRQ  Rf  heaWZaYeV  aW  a
ORQgeU  Oead  WiPe  be\RQd  10  da\V  iV  cUXciaO;  hRZeYeU,  WhiV
UePaiQV chaOOeQgiQg fRU bRWh VcieQWific aQd RSeUaWiRQaO cRP-
PXQiWieV.

TR  adYaQce  RXU  XQdeUVWaQdiQg  Rf  Whe  SUedicWabiOiW\  aW
Whe VXbVeaVRQaO-WR-VeaVRQaO WiPeVcaOe (i.e.,  be\RQd 10 da\V
bXW OeVV WhaQ a VeaVRQ) aQd iPSURYe Whe VXbVeaVRQaO-WR-Vea-
VRQaO  SUedicWiRQ  VNiOO  fRU  e[WUePe  eYeQWV,  Whe  WWRP
(WRUOd WeaWheU ReVeaUch PURgUaP) aQd WCRP (WRUOd COi-
PaWe  ReVeaUch  PURgUaP)  XQdeU  Whe  WRUOd  MeWeRURORgicaO
OUgaQi]aWiRQ (WMO) jRiQWO\ OaXQched Whe SXbVeaVRQaO WR Sea-
VRQaO  PUedicWiRQ  (S2S)  SURjecW  (ViWaUW  eW  aO.,  2017).  OQe  Rf
Whe iPSRUWaQW WaVNV Rf Whe S2S SURjecW iV WR deYeORS aQ e[WeQV-
iYe  daWabaVe  Rf  VXbVeaVRQaO  (XS  WR  60  da\V)  fRUecaVWV  aQd
UefRUecaVWV fRU achieYiQg Whe gRaOV VWaWed abRYe. AW SUeVeQW,
11 iQVWiWXWiRQV SURYide WheiU fRUecaVW PRdeOV· RXWSXWV, iQcOXd-
iQg  Whe  ChiQa  MeWeRURORgicaO  AdPiQiVWUaWiRQ  (CMA),  Whe
NaWiRQaO  CeQWeUV  fRU  EQYiURQPeQWaO  PUedicWiRQ  (NCEP)  Rf
Whe U.S.,  Whe EXURSeaQ CeQWUe fRU  MediXP-RaQge WeaWheU
FRUecaVWV  (ECMWF),  aV  ZeOO  aV  RWheUV  fURP  AXVWUaOia,
CaQada,  FUaQce,  IWaO\,  JaSaQ,  KRUea,  RXVVia  aQd  Whe  UK.
The  S2S  PRdeO  daWabaVe  SURYideV  a  gUeaW  RSSRUWXQiW\  fRU
aVVeVViQg  Whe  SUedicWiRQ  VNiOO  fRU  e[WUePe  eYeQWV,  VXch  aV
Pega-heaWZaYeV  iQ  SRSXORXV  ChiQa,  aQd  PRUe  iPSRUWaQWO\
fRU ideQWif\iQg Whe VRXUceV Rf SUedicWiRQ VNiOO.

SRPe UeceQW VWXdieV haYe eYaOXaWed Whe SUedicWiRQ VNiOO
Rf UegiRQaO heaWZaYe RccXUUeQce baVed RQ Whe S2S PRdeOV.
FRU e[aPSOe, ViWaUW aQd RRbeUWVRQ (2018) iQdicaWed WhaW Whe
ECMWF PRdeO VhRZV caSabiOiW\ iQ SUedicWiQg high SURbabiOiW-
ieV  Rf  e[WUePeO\  high  WePSeUaWXUe  RYeU  RXVVia  dXUiQg  Whe
SeUiRd  Rf  Whe  2010  RXVViaQ  heaWZaYe  RccXUUeQce  aW  a  Oead
WiPe Rf WhUee ZeeNV. FRU Whe VWURQg heaWZaYe WhaW RccXUUed
iQ DecePbeU 2013 RYeU SRXWh APeUica, Whe PRdeO fURP Whe
AXVWUaOiaQ  BXUeaX  Rf  MeWeRURORg\  VhRZV  higheU  VNiOO  WhaQ
Whe  CMA PRdeO  iQ  SUedicWiQg  Whe  WePSeUaWXUe  aQd  ciUcXOa-
WiRQ  aQRPaOieV  aVVRciaWed  ZiWh  WhiV  heaWZaYe  RQe  WR  WZR
ZeeNV iQ adYaQce (OVPaQ aQd AOYaUe], 2018). BaVed RQ Whe
NCEP PRdeO·V SUedicWiRQ RXWSXWV, FRUd eW aO.  (2018) dRcX-
PeQWed  WhaW  feZ  heaWZaYe  eYeQWV  RYeU  Whe  U.S.  cRQWiQeQW
cRXOd be SUedicWed aW ORQg Oead WiPeV (> 15 da\V) RZiQg WR
Whe  PiVUeSUeVeQWaWiRQ  Rf  OaQd²aWPRVSheUe  feedbacN  iQ  Whe
PRdeO.  B\  aVVeVViQg  Whe  SUedicWiRQ  VNiOO  Rf  Whe  ECMWF
PRdeO  fRU  a  heaWZaYe  eYeQW  RYeU  Whe  YaQgW]e  RiYeU  baViQ
(YRB)  iQ  2012, Qi  aQd  YaQg (2019) fRXQd  WhaW  Whe  PRdeO
dePRQVWUaWeV OiPiWed VNiOO  aW a WZR-ZeeN Oead WiPe becaXVe
iW SRRUO\ caSWXUeV Whe ciUcXOaWiRQ aQRPaOieV Rf iQWUaVeaVRQaO
RVciOOaWiRQ. The iPSRUWaQce Rf iQWUaVeaVRQaO ciUcXOaWiRQ aQRP-
aOieV WR Whe SUedicWiRQ VNiOO  fRU  heaWZaYeV ZaV aOVR SRiQWed
RXW b\ HVX eW aO. (2020), iQ Zhich Whe UeaO-WiPe fRUecaVWV aVVR-
ciaWed  ZiWh  Whe  UecRUd-bUeaNiQg  heaWZaYe  RYeU  NRUWheaVW
AVia  iQ  VXPPeU  2018  b\  WZR  S2S  PRdeOV,  fURP Whe  CMA
aQd JaSaQ MeWeRURORgicaO AgeQc\, ZeUe eYaOXaWed. The UeV-
XOWV  Rf HVX  eW  aO.  (2020) VXggeVWed  WhaW  ZheQ  PRdeOV  cRU-
UecWO\ SUedicW Whe ShaVe eYROXWiRQ aQd aPSOiWXde Rf Whe WURS-

icaO ZeVWeUQ Pacific MaddeQ²JXOiaQ OVciOOaWiRQ (MJO) cRQ-
YecWiRQ,  aV  ZeOO  aV  Whe  MJO-UeOaWed  WeOecRQQecWiRQ  SaWWeUQ,
Whe\  VhRZ  higheU  VNiOO  iQ  WeUPV  Rf  NRUWheaVW  AViaQ  heaW-
ZaYe SUedicWiRQ.

PUeYiRXV VWXdieV XViQg Whe S2S PRdeO daWa haYe WeQded
WR  fRcXV  RQ  heaWZaYe  caVe  eYaOXaWiRQV.  The  URbXVWQeVV  Rf
Ne\  facWRUV  SRiQWed  RXW  WR  iQfOXeQce  Whe  heaWZaYe  SUedic-
WiRQ  VNiOO  QeedV  WR  be  fXUWheU  YeUified  b\  aVVeVViQg  a  OaUgeU
VaPSOe Rf heaWZaYe eYeQWV, Zhich iV RQe Rf Whe VXbjecWV Rf
WhiV VWXd\. AOWhRXgh Whe iPSRUWaQce Rf Whe abiOiW\ Rf PRdeOV
iQ SUedicWiQg Whe iQWUaVeaVRQaO ciUcXOaWiRQ aQRPaOieV WR Whe SUe-
dicWiRQ Rf  AViaQ heaWZaYeV haV beeQ UeSRUWed (YaQg eW  aO.,
2018; Qi  aQd  YaQg,  2019; HVX  eW  aO.,  2020),  Whe  UeOaWiYe
effecWV  Rf  WZR  diVWiQcW  PRdeV  aVVRciaWed  ZiWh  AViaQ  PRQ-
VRRQ iQWUaVeaVRQaO RVciOOaWiRQ [i.e., Whe TXaVi-biZeeNO\ RVciOOa-
WiRQ  (QBWO)  aQd  Whe  MJO]  RQ  Whe  heaWZaYe  SUedicWiRQ
VNiOO  haYe QRW  beeQ addUeVVed aQd ZiOO  be diVcXVVed iQ  WhiV
VWXd\.  IQ  addiWiRQ  WR  Whe  aWPRVSheUic  cRQdiWiRQ,  OaQd  VXU-
face SURceVVeV haYe beeQ ideQWified aV beiQg cUXciaO fRU VXb-
VeaVRQaO-WR-VeaVRQaO  SUedicWiRQ  becaXVe  Rf  Whe  ORQgeU
PePRU\ Rf VRiO PRiVWXUe WhaQ Whe aWPRVSheUe (KRVWeU eW aO.,
2004; DiUPe\eU  eW  aO.,  2009; FRUd  eW  aO.,  2018).  The  fiQd-
iQgV baVed RQ bRWh RbVeUYaWiRQaO aQaO\ViV aQd PRdeO e[SeUi-
PeQWV VXggeVW WhaW Whe RccXUUeQce aQd deYeORSPeQW Rf heaW-
ZaYeV aUe geQeUaOO\ iQdXced b\ aQRPaORXV aWPRVSheUic ciUcX-
OaWiRQV, ZhiOe heaWZaYe iQWeQViW\ aQd e[WeQW cRXOd be VXSSRU-
Wed  b\  Whe  dU\QeVV  Rf  VRiO  PRiVWXUe  (FiVcheU  eW  aO.,  2007;
GaUcta-HeUUeUa eW aO., 2010; ZhaQg aQd WX, 2011; SeR eW aO.,
2018; WaQg eW  aO.,  2019).  The effecW  Rf  OaQd cRQdiWiRQV RQ
heaWZaYe  SUedicWiRQ  aW  Whe  VXbVeaVRQaO  UaQge  iV  aQRWheU
iVVXe ZRUWh iQYeVWigaWiQg baVed RQ Whe S2S PRdeO daWa.

The  YRB,  ZiWh  iWV  OaUge  SRSXOaWiRQ,  iV  RQe  Rf  Whe
UegiRQV  ZiWh  Whe  PRVW  fUeTXeQW  heaWZaYeV  iQ  ChiQa  dXUiQg
bRUeaO VXPPeU (e.g., YRX eW aO., 2017). AOWhRXgh a feZ VWXd-
ieV  (YaQg  eW  aO.,  2018; Qi  aQd  YaQg,  2019)  haYe  iQYeVWig-
aWed  Whe  VXbVeaVRQaO  SUedicWiRQ  VNiOO  Rf  YRB  heaWZaYeV
baVed  RQ  OiPiWed  caVe  VWXdieV  RU  RQ  a  ViQgOe  PRdeO  aVVeVV-
PeQW, Whe RYeUaOO fRUecaVW VNiOO fRU YRB heaWZaYeV iQ Whe cXU-
UeQW  VXbVeaVRQaO-WR-VeaVRQaO  SUedicWiRQ  V\VWePV  aQd  Whe
PajRU VRXUceV Rf SUedicWabiOiW\ Qeed WR be fXUWheU diVcORVed
b\ XViQg OaUgeU SUedicWiRQ VaPSOeV. TheVe aUe Whe Ne\ VWeSV
fRU  iPSURYiQg  fRUecaVW  accXUac\  aQd  e[WeQdiQg  fRUecaVW
OeadV Rf SURORQged e[WUePe hRW eYeQWV. ThXV, Whe PaiQ aiPV
Rf WhiV  VWXd\ iQcOXde a V\VWePaWic eYaOXaWiRQ Rf  YRB heaW-
ZaYe  SUedicWiRQ  aW  Whe  VXbVeaVRQaO  WiPeVcaOe  baVed  RQ  Whe
UefRUecaVW  (1999²2010)  daWa  fURP  Whe  CMA,  NCEP  aQd
ECMWF S2S PRdeOV,  aQd  a  diVcXVViRQ  Rf  Whe  Ne\  facWRUV,
iQcOXdiQg  diffeUeQW  iQWUaVeaVRQaO  PRdeV  aQd  OaQd  SURceVVeV
WhaW iQfOXeQce Whe SUedicWiRQ VNiOO fRU YRB heaWZaYeV.

The SaSeU iV RUgaQi]ed aV fROORZV. IQ VecWiRQ 2, Ze iQWUR-
dXce  Whe  daWa  aQd PeWhRdV.  The heaWZaYe SUedicWiRQ  VNiOOV
Rf  Whe  WhUee  S2S  PRdeOV  aUe  eYaOXaWed  iQ  VecWiRQ  3.  The
VRXUceV  Rf  SUedicWiRQ  VNiOO  fRU  Whe  YRB  Pega-heaWZaYe
eYeQW  iQ  Whe  VXPPeU  Rf  2003  aUe  aQaO\]ed  aQd  cRPSaUed
aPRQg Whe WhUee PRdeOV. IQ VecWiRQ 4, Whe UeOaWiYe effecWV Rf
SUedicWiRQ biaVeV ZiWh UeVSecW WR Whe QBWO aQd MJO ciUcXOa-

1436 S2S PREDICTION OF HEATWAVE IN YANGTZE RIVER BASIN VOLUME 37

Ă

ĂĂ



WiRQV  RQ  heaWZaYe  SUedicWiRQ  aUe  diVcXVVed  baVed  RQ  a  OaU-
geU VaPSOe Rf daWa (i.e., iQcOXdiQg aOO heaWZaYe eYeQWV RYeU
Whe UefRUecaVW SeUiRd). The cRQWUibXWiRQV Rf OaQd VXUface cRQdi-
WiRQV WR Whe heaWZaYe SUedicWiRQ VNiOO aUe aOVR e[aPiQed. Sec-
WiRQ 5 VXPPaUi]eV Whe PajRU fiQdiQgV Rf RXU VWXd\.

2.ĂĂĂĂDaWa aQG PHWKRGV

2.1.ĂĂĂĂRefRUecaVWV aQd YeULfLcaWLRQ daWa

The  UefRUecaVW  daWa  fURP  WhUee  PRdeOV  (CMA,  NCEP
aQd ECMWF) ZeUe cROOecWed fURP Whe VeUYeU Rf Whe S2S daWa-
baVe (hWWS://aSSV.ecPZf.iQW/daWaVeWV/daWa /V2V). BaVic deVcUiS-
WiRQV  Rf  WheVe  PRdeOV  caQ  be  fRXQd  iQ TabOe  1.  The  cRP-
PRQ SeUiRd Rf UefRUecaVW fRU Whe PRdeO cRPSaUiVRQV iQ WhiV
VWXd\ iV  fURP 1999 WR 2010.  We fRcXV RQ Whe VXPPeU Vea-
VRQ  (JXQe²AXgXVW,  RU  JJA)  fRU  heaWZaYe-UeOaWed  aVVeVV-
PeQWV. NRWe WhaW Whe CMA aQd NCEP PRdeOV ZeUe iQiWiaWed
eYeU\ da\, ZhiOe Whe ECMWF PRdeO SURdXced Whe fRUecaVW
WZice  a  ZeeN  (RQ  MRQda\  aQd  ThXUVda\).  TR  PRUe  eaViO\
aQd  cRQYeQieQWO\  cRPSaUe  Whe  SUedicWiRQ  VNiOOV  aPRQg  Whe
WhUee  PRdeOV,  Ze  aSSOied  a  daWa  SURceVViQg  PeWhRd  SUR-
SRVed b\ SUeYiRXV VWXdieV (YaQg eW aO., 2018; Qi aQd YaQg,
2019)  WR  UeSURceVV  Whe  WZice-ZeeNO\  daWa  Rf  Whe  ECMWF
PRdeO RXWSXWV WR daiO\ UefRUecaVW daWa (aV iQ Whe NCEP aQd
CMA  PRdeOV).  BUiefO\,  Whe  fRUecaVWV  fURP N ï  2  WR N +
2 da\V ZeUe XVed WR UeSUeVeQW Whe UeVXOWV Rf Whe N-da\ Oead
fRUecaVW. If WheUe aUe WZR YaOXeV UeSUeVeQWiQg a VSecific Oead
WiPe fRUecaVW, aQ aUiWhPeWic aYeUage iV aSSOied. AccRUdiQg WR
Whe  UeVXOWV  Rf  VeQViWiYiW\  WeVWV,  Ze  fRXQd  WhaW  WhiV  daWa  SUR-
ceVViQg  PeWhRd  ZiOO  QRW  chaQge  aQ\  Rf  Whe  PaiQ  cRQcOX-
ViRQV RbWaiQed fURP eiWheU Whe daiO\-baVed UefRUecaVW daWa RU
Whe RUigiQaO RXWSXWV, aV UeSRUWed b\ YaQg eW aO. (2018).

The  YeUificaWiRQ  daWaVeWV  iQcOXde  Whe  gUidded  daiO\-
PeaQ  QeaU-VXUface  aiU  WePSeUaWXUe  (SAT)  aW  2  P  fURP  Whe
CN05 daWabaVe (XX eW aO., 2009) SURYided b\ Whe NaWiRQaO COi-
PaWe  CeQWeU  Rf  ChiQa  ZiWh  a  hRUi]RQWaO  UeVROXWiRQ  Rf  0.5�.
LaUge-VcaOe ciUcXOaWiRQV aVVRciaWed ZiWh geRSRWeQWiaO heighW
aW  500  hPa  (H500)  aQd  ]RQaO  ZiQd  aW  850  hPa  (U850)  aUe
fURP  Whe  ERA-IQWeUiP  UeaQaO\ViV  (Dee  eW  aO.,  2011)  aW  a
1.5� ð 1.5� VSaWiaO UeVROXWiRQ. The OaQd VXUface daWa, iQcOXd-
iQg  Whe  VXUface  VeQVibOe  heaW  fOX[  aQd  VRiO  PRiVWXUe  fURP
ERA-IQWeUiP, aUe aOVR XWiOi]ed. The VXUface-Oa\eU VRiO PRiV-
WXUe aW 0²100 cP iV RbWaiQed b\ VXPPiQg Whe VRiO SURdXcW iQ
WhUee  OeYeOV  (0²7  cP,  7²28  cP,  28²100  cP)  ZiWh  OiQeaU
ZeighWV.  AOWhRXgh  Whe  iQfRUPaWiRQ  RQ  fOX[eV  aQd  VRiO
deSeQdV OaUgeO\ RQ Whe UeaQaO\ViV PRdeOV, WheVe fieOdV haYe
beeQ  VhRZQ WR  haYe  UeaVRQabOe  aPSOiWXde  aQd  YaUiaWiRQ  aV
cRPSaUed ZiWh RbVeUYaWiRQ (DecNeU eW  aO.,  2012; LiX eW  aO.,

2019).  DaiO\  RXWgRiQg  ORQgZaYe  UadiaWiRQ  (OLR)  SURYided
b\  NOAA  aW  a  VSaWiaO  UeVROXWiRQ  Rf  1�  iV  XVed  WR  ideQWif\
deeS cRQYecWiRQV. FRU beWWeU cRPSaUiVRQ, Ze XQified Whe VSa-
WiaO UeVROXWiRQ Rf PRdeO RXWSXWV WR be cRQViVWeQW ZiWh RbVeUYa-
WiRQV.

TR  eOiPiQaWe  Whe  V\VWePaWic  biaVeV  Rf  iQdiYidXaO  PRd-
eOV, Ze UePRYed Whe cOiPaWRORgicaO PeaQ VWaWe fRU each Oead-
WiPe fRUecaVW. The ORQg-WeUP bacNgURXQd cRPSRQeQWV (ZiWh
a SeUiRd ORQgeU WhaQ 90 da\V) ZeUe aOVR UePRYed, WR UeWaiQ
Whe cRPSRQeQWV Rf VXbVeaVRQaO YaUiaWiRQ. TheQ, Whe high-fUe-
TXeQc\  cRPSRQeQWV  (<  10  da\V)  aVVRciaWed  ZiWh  V\QRSWic
ZeaWheU V\VWePV, Zhich aUe QRW Whe WaUgeW Rf VXbVeaVRQaO-WR-
VeaVRQaO SUedicWiRQ, ZeUe aOVR VXbWUacWed, b\ aSSO\iQg a SUe-
cediQg fiYe-da\ PeaQ Rf each SUedicWiRQ WiPe VWeS (i.e., Whe
aYeUage fURP da\ ï5 WR da\ 0). The UeVXOWaQW cRPSRQeQW haV
URXghO\  Whe  WiPe  VcaOe  Rf  10²90  da\V,  UefeUUed  WR  aV
iQWUaVeaVRQaO VigQaOV. TR fXUWheU VeSaUaWe Whe iQWUaVeaVRQaO Vig-
QaOV iQWR Whe QBWO aQd MJO, Ze aSSOied a SUecediQg 15-
da\ PeaQ (aYeUage fURP da\ ï15 WR da\ 0) iQ Whe OaVW VWeS WR
UePRYe Whe high-fUeTXeQc\ cRPSRQeQW ZiWh a SeUiRd ORQgeU
WhaQ  30  da\V,  aQd  WhXV  RbWaiQed  Whe  MJO-UeOaWed  VigQaOV.
The  QBWO-UeOaWed  VigQaOV  ZeUe  deUiYed  fURP  Whe  diffeU-
eQce  beWZeeQ  Whe  iQWUaVeaVRQaO  (10²90  da\V)  aQd  MJO
(30²90 da\V) cRPSRQeQWV.

2.2.ĂĂĂĂDefLQLWLRQV Rf KeaWZaYe aQd eYaOXaWLRQ PeWULcV

GiYeQ  Whe  facW  WhaW  PRdeOV  geQeUaOO\  SURdXce  eUURUV
ZheQ  UeSUeVeQWiQg  e[WUePe  aPSOiWXdeV,  aQ  abVROXWe  (RU  a
fi[ed) WhUeVhROd fRU defiQiQg heaWZaYe eYeQWV aV XVed iQ RbVeU-
YaWiRQ  iV  QRW  aSSOicabOe  iQ  PRdeOV.  ThXV,  Ze  adRSWed  Whe
WhUeVhROd UeOaWiYe WR cOiPaWRORgicaO SAT diVWUibXWiRQV iQ Whe
iQdiYidXaO daWaVeWV WR defiQe Whe RbVeUYed aQd PRdeOed heaW-
ZaYeV.  SSecificaOO\,  a  heaWZaYe  RccXUV  ZheQ  Whe  SAT
e[ceedV a UeOaWiYe cUiWeUiRQ Rf Whe 90Wh SeUceQWiOe fRU aW OeaVW
WhUee  cRQVecXWiYe  da\V.  CRQVideUiQg  Whe  VeaVRQaO  c\cOe  Rf
SAT, Whe cUiWeUiRQ Rf Whe 90Wh SeUceQWiOe iV defiQed fRU each
da\ XViQg a 15-da\ PRYiQg ZiQdRZ (da\ ï7 WR da\ 7) dXU-
iQg JJA Rf 1999²2010.

The SaWWeUQ cRUUeOaWiRQ cRefficieQW  (PCC) aQd Whe WeP-
SRUaO cRUUeOaWiRQ cRefficieQW (TCC) aUe XVed WR UeVSecWiYeO\
eYaOXaWe  Whe  ViPiOaUiW\  Rf  Whe  VSaWiaO  diVWUibXWiRQ  aQd  WeP-
SRUaO eYROXWiRQ beWZeeQ Whe SUedicWiRQ aQd RbVeUYaWiRQ. The
URRW-PeaQ-VTXaUe  eUURU  (RMSE)  eVWiPaWeV  Whe  aPSOiWXde
biaVeV  Rf  SUedicWiRQ.  The  caWegRUicaO  YeUificaWiRQ  VcRUe
NQRZQ  aV  Whe  HeidNe  SNiOO  ScRUe  (HSS)  (HeidNe,  1926)
VeUYeV  aV  Whe  PeWUic  WR  eYaOXaWe  Whe  hiW  UaWe  Rf  heaWZaYe
da\V.  The HSS iV  UeOaWed WR WZR TXaQWiWieV³Whe SURSRUWiRQ
cRUUecW (PC) PeaVXUePeQW aQd iWV Pa[iPXP-OiNeOihRRd eVWiP-
aWe Rf SURbabiOiW\ (E), Zhich aUe defiQed aV fROORZV:Ă

TabOH 1. Ă DeVcUiSWiRQ Rf Whe CMA, NCEP aQd ECMWF PRdeOV· UefRUecaVW daWa.

MRdeO FRUecaVW UaQge MRdeO UeVROXWiRQV T\Se FRUecaVW fUeTXeQc\ PeUiRd EQVePbOe Vi]e

CMA 0²60 d T106, L40 Fi[ed DaiO\ 1994²2014 4
NCEP 0²44 d T126, L64 Fi[ed DaiO\ 1999²2010 4

ECMWF 0²46 d TcR639/TcR319, L91 OQ Whe fO\ 2/ZeeN PaVW 20 \eaUV 11
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PC =
a+d

a+b+ c+d
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n
, ���

ZheUe a UeSUeVeQWV  Whe  QXPbeU  Rf  RbVeUYed  heaWZaYe  da\V
WhaW aUe cRUUecWO\ SUedicWed, E iV Whe QXPbeU Rf faOVe aOaUPV,
F UeSUeVeQWV  Whe  RbVeUYed  heaWZaYe  da\V  WhaW  aUe  QRW  SUe-
dicWed, aQd G iV Whe QXPbeU Rf cRUUecW UejecWiRQV. AccRUdiQg
WR ET. (1), Whe SeUfecW YaOXe fRU PC iV Whe XQiW\ aQd Whe UefeU-
eQce YaOXe iV Whe chaQce agUeePeQW. TheUefRUe, E iV ZUiWWeQ
aVĂ

E =
(a+ c

n

)(a+b
n

)
+

(
b+d

n
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c+d

n

)
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aQd HSS iV WheQ defiQed aVĂ

HSS =
PC−E
1−E

=
2(ad−bc)

(a+ c)(c+d)+ (a+b)(b+d)
, ���

∞iQ Zhich HSS UaQgeV fURP ï  WR 1. A QegaWiYe YaOXe iQdic-
aWeV WhaW Whe UaQdRP fRUecaVW iV beWWeU, ZhiOe a YaOXe Rf ]eUR
PeaQV  QR  VNiOO.  A  SeUfecW  SUedicWiRQ  RbWaiQV  aQ  HSS YaOXe
Rf 1.

2.3.ĂĂĂĂQBWO aQd MJO LQdLceV

The VWaWeV Rf Whe QBWO aQd MJO RYeU Whe AViaQ PRQ-
VRRQ UegiRQ ZeUe deVcUibed b\ Whe UeaO-WiPe bRUeaO VXPPeU
iQWUaVeaVRQaO  RVciOOaWiRQ  iQdiceV  SURSRVed  b\ Lee  eW  aO.
(2013). The fiUVW WZR OeadiQg PRdeV Rf Whe PXOWiYaUiaWe ePSiU-
icaO  RUWhRgRQaO  fXQcWiRQ  (EOF)  Rf  deeS  cRQYecWiRQ  (OLR)

aQd ORZ-OeYeO  ciUcXOaWiRQ (U850) aQRPaOieV  RYeU  Whe AViaQ
VXPPeU  PRQVRRQ  UegiRQ  (10�S²40�N,  40�²160�E)  SUeVeQW
Whe MJO-UeOaWed VigQaOV, Zhich SURSagaWe QRUWhZaUdV/QRUWh-
eaVWZaUdV  fURP  Whe  WURSicaO  IQdiaQ  OceaQ  WRZaUdV  EaVW
AVia. The WhiUd aQd fRXUWh EOF PRdeV caSWXUe Whe QRUWhZeVW-
ZaUd SURSagaWiQg QBWO fURP Whe WURSicaO ceQWUaO-ZeVWeUQ
Pacific WRZaUdV EaVW AVia. The UeVSecWiYe Oife c\cOeV Rf Whe
MJO aQd QBWO caQ be  diYided iQWR  eighW  diVWiQcW  ShaVeV
b\  cRQVWUXcWiQg  ShaVe  diagUaPV  Rf  Whe  cRUUeVSRQdiQg  SUiQ-
ciSaO  cRPSRQeQWV  (PCV).  The  YaUiabiOiW\  Rf  MJO-UeOaWed
PCV  [(PC12 +  PC22)1/2]  aQd  QBWO-UeOaWed  PCV  [(PC32 +
PC42)1/2] iV defiQed WR deVcUibe WheiU aPSOiWXde. AcWiYe MJO
aQd  QBWO  eYeQWV  aUe  VeOecWed  baVed  RQ  aQ  aPSOiWXde
gUeaWeU WhaQ 1. The SUedicWed MJO aQd QBWO VWaWeV ZeUe
RbWaiQed b\ SURjecWiQg Whe  PRdeOed OLR aQd U850 aQRP-
aOieV aW diffeUeQW fRUecaVW Oead WiPeV RQWR Whe RbVeUYed EOF
PRdeV.

3.ĂĂĂĂAVVHVVPHQWV  RI  VXbVHaVRQaO  KHaWZaYH
SUHGLFWLRQ VNLOO

The WhUeVhROd (90Wh SeUceQWiOe) Rf JJA SAT fRU Whe heaW-
ZaYe defiQiWiRQ RYeU ChiQa iV VhRZQ iQ Fig. 1a. High SAT
RccXUV RYeU VRXWheaVWeUQ aQd QRUWhZeVWeUQ ChiQa. The 90Wh-
SeUceQWiOe YaOXeV Rf JJA SAT Pa[iPi]e RYeU Whe YRB ZiWh
SAT  higheU  WhaQ  30�C  iQ  VRPe  gUidV  heUe.  ThXV,  a  heaW-
ZaYe ZiOO be UecRUded iQ WheVe gUidV RYeU Whe YRB ZheQ Whe
high SAT (gUeaWeU WhaQ Whe 90Wh SeUceQWiOe) OaVWV PRUe WhaQ

Ă

Ă

FLJ.  1.  DiVWUibXWiRQV  Rf  (a)  90Wh  SeUceQWiOe  YaOXeV  Rf  RbVeUYed  SAT  iQ  JJA  Rf  1999²2010  (XQiWV:  ℃)  aQd  Whe
SUedicWiRQ biaVeV (PRdeO PiQXV RbVeUYaWiRQ) aW a 5-da\ fRUecaVW Oead WiPe iQ Whe eQVePbOeV Rf (b) CMA, (c) NCEP
aQd (d) ECMWF PRdeOV, UeVSecWiYeO\. The PCCV aQd RMSEV beWZeeQ fRUecaVWed aQd RbVeUYed YaOXeV aUe giYeQ iQ
Whe bRWWRP-OefW cRUQeU Rf each SaQeO. (e) The cOiPaWRORgicaO SURbabiOiWieV (XQiWV: %) Rf RbVeUYed heaWZaYe RccXUUeQce
iQ JJA Rf 1999²2010. The bOXe bR[ deOiQeaWeV Whe Ne\ UegiRQ Rf Whe YRB (25�²31�N, 107�²122�E) fRU aVVeVVPeQW.
(f) The 90Wh SeUceQWiOe YaOXeV Rf aUea (YRB)-aYeUaged SAT (XQiWV: ℃) aW Whe fRUecaVW OeadV Rf 5, 10, 15, 20, 25, 30,
35, aQd 40 da\V, UeVSecWiYeO\. The Ued, bOXe aQd gUeeQ cXUYeV UeSUeVeQW Whe aYeUageV Rf eQVePbOe PePbeUV fURP Whe
CMA,  NCEP  aQd  ECMWF  PRdeOV,  UeVSecWiYeO\,  aORQg  ZiWh  iQWeU-PePbeU  VSUeadV  VhRZQ  b\  ZhiVNeUV.  ObVeUYed
90Wh SeUceQWiOe YaOXe iV diVSOa\ed b\ Whe hRUi]RQWaO dRWWed OiQe fRU cRPSaUiVRQ.
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WhUee  da\V.  BaVed RQ Whe  heaWZaYe defiQiWiRQ,  Ze aQaO\]ed
Whe cOiPaWRORgicaO  SURbabiOiW\  Rf  heaWZaYe RccXUUeQce RYeU
ChiQa  (Fig.  1e)  aQd  fRXQd  WhaW  heaWZaYeV  RccXU  PRUe  fUe-
TXeQWO\ RYeU Whe YRB (25�²31�N, 107�²122�E) aQd VRXWh-
ZeVWeUQ ChiQa (YRX eW aO., 2017). BecaXVe Rf Whe high VXP-
PeU-PeaQ  SAT  (Fig.  1a)  aQd  Whe  high  SURbabiOiW\  Rf  heaW-
ZaYe  RccXUUeQce  (Fig.  1e)  deWecWed  iQ  Whe  YRB,  Whe  SRSX-
OaWed  UegiRQ  Rf  Whe  YRB  aSSeaUV  WR  be  YXOQeUabOe  WR  heaW-
ZaYeV. HeQce, Ze VeOecWed Whe YRB aV Whe Ne\ aUea fRU iQYeVW-
igaWiQg Whe VXbVeaVRQaO SUedicWiRQ Rf heaWZaYeV.

EQVePbOe-SUedicWed  (PeaQ  Rf  eQVePbOe  PePbeUV)
90Wh-SeUceQWiOe YaOXeV Rf JJA SAT aW Whe Oead WiPe Rf 5 da\V
UeYeaO  high  PCCV  Rf  a0.93  (CMA)  WR  a0.96  (NCEP  aQd
ECMWF)  ZiWh  RbVeUYaWiRQ,  ZhiOe  cROd  biaVeV  ZeUe  SUe-
dicWed  b\  aOO  WhUee  PRdeOV  RYeU  VRXWheaVWeUQ  ChiQa  (FigV.
1b²d), iQcOXdiQg Whe YRB. FigXUe 1f cRPSaUeV Whe 90Wh-SeU-
ceQWiOe  YaOXeV  Rf  UegiRQaO  (YRB)  SAT  SUedicWed  aW  Oead
WiPeV  Rf  5  WR  40  da\V  fURP  Whe  eQVePbOe  PeaQ  (cRORU
cXUYeV)  Rf  Whe  WhUee  S2S  PRdeOV,  UeVSecWiYeO\.  The  cROd
biaVeV Rf 90Wh SeUceQWiOe WhUeVhROdV iQ Whe WhUee PRdeOV aUe
VhRZQ aW QeaUO\ aOO diffeUeQW fRUecaVW OeadV, aV cRPSaUed WR
Whe  RbVeUYaWiRQ  (Whe  hRUi]RQWaO  daVhed  OiQe).  The  heaWZaYe

WhUeVhROdV  fRU  Whe  eQVePbOe  PePbeUV  Rf  Whe  CMA  PRdeO
(Ued  cXUYe)  iQcUeaVe  ZiWh  Whe  fRUecaVW  Oead  fURP  5  da\V
(a27�C) WR 40 da\V (a29�C). The NCEP PRdeO diVSOa\V aQ
eYideQW  XQdeUeVWiPaWiRQ  Rf  SAT.  The  WhUeVhROdV  Rf  a  SUe-
dicWed heaWZaYe iQ Whe NCEP PRdeO Oie beWZeeQ 25.9�C WR
26.2�C fRU diffeUeQW OeadV (bOXe cXUYe). AV fRU Whe ECMWF
PRdeO SUedicWiRQV, Whe SAT cUiWeUiRQ fRU Whe heaWZaYe defiQi-
WiRQ iV aURXQd 27.5�C²28�C (gUeeQ cXUYe).

BaVed  RQ  Whe  UeOaWiYe  WhUeVhROd  (90Wh  SeUceQWiOe)  Rf
SAT aQd iWV dXUaWiRQ (aW OeaVW WhUee da\V), Ze ideQWified iQdi-
YidXaO  YRB  heaWZaYe  eYeQWV  iQ  VXPPeUV  (JJA)  RYeU  Whe
SeUiRd  Rf  1999²2010  (gUa\  VhadiQg  iQ Fig.  2a).  IQ  WRWaO,
WheUe  ZeUe  20  heaWZaYe  caVeV  RbVeUYed  dXUiQg  WhiV  SeUiRd.
MRVW  Rf  Whe  heaWZaYe  eYeQWV  OaVWed  fRU  WhUee  da\V  (QiQe
caVeV)  aQd  fRXU  da\V  (VeYeQ  caVeV).  The  ORQgeVW  heaWZaYe
eYeQW,  Rf  8  da\V,  e[ceediQg  Whe  90Wh  SeUceQWiOe  Rf  SAT
RccXUUed iQ Whe OaWe JXO\ aQd eaUO\ AXgXVW Rf 2003 (PaUNed
b\  Whe  gUeeQ  aVWeUiVN  iQ Fig.  2a). FigXUe  2b cRPSaUeV  Whe
WhUee  S2S  PRdeOV· HSSV  eVWiPaWed  b\  Whe  fUacWiRQ  Rf  cRU-
UecW SUedicWiRQV fRU heaWZaYe da\V iQ Whe YRB dXUiQg Whe VXP-
PeU VeaVRQV afWeU eOiPiQaWiQg Whe cRUUecWed SUedicWiRQV dXe
WR UaQdRP chaQce. IQ bRWh Whe iQdiYidXaO PePbeUV· aQd Whe

Ă

Ă

FLJ.  2.  (a)  ObVeUYed  aUea-aYeUaged  SAT  aQRPaOieV  (cRORU  baUV;  XQiWV:  ℃)  aQd  deWecWed  heaWZaYe  eYeQWV  (gUa\
VhadiQg)  RYeU  Whe  YRB  dXUiQg  Whe  VXPPeUV  (JJA)  Rf  1999²2010.  The  gUeeQ  aVWeUiVN  PaUNV  Whe  SeUiRd  Rf  Pega-
heaWZaYe iQ  2003.  (b)  HeidNe SNiOO  ScRUe (\-a[iV)  Rf  heaWZaYe SUedicWiRQV  aW  diffeUeQW  fRUecaVW  OeadV  fURP 1 WR  40
da\V ([-a[iV)  fRU  Whe iQdiYidXaO  PePbeUV (daVhed cXUYeV)  aQd Whe eQVePbOe SUedicWiRQV (VROid cXUYeV)  Rf  Whe CMA
(Ued),  NCEP (bOXe)  aQd ECMWF (gUeeQ) PRdeOV.  (c)  CRPSaUiVRQV Rf  RbVeUYed aQd eQVePbOe-fRUecaVWed heaWZaYe
RccXUUeQce SeUiRdV fRU Whe Pega-heaWZaYe eYeQW iQ 2003. The gUa\ VhadiQg PaUNV Whe heaWZaYe RccXUUeQce SeUiRd iQ
Whe  RbVeUYaWiRQ  (27  JXO\  WR  3  AXgXVW  2003).  The  bOXe  hRUi]RQWaO  OiQeV  iQdicaWe  Whe  SUedicWed  heaWZaYe  RccXUUeQce
SeUiRdV  aW  diffeUeQW  fRUecaVW  OeadV  (\-a[iV)  b\  Whe  CMA  (OefW),  NCEP  (PiddOe)  aQd  ECMWF  (UighW)  PRdeOV,
UeVSecWiYeO\. Red bR[eV PaUN Whe SUedicWed heaWZaYe aW Whe Oead WiPe Rf 10 da\V.
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eQVePbOe  SUedicWiRQV,  Whe  HSS  dURSV  TXicNO\  aV  Whe  fRUe-
caVW  Oead  iQcUeaVeV  fURP  5  WR  15  da\V  iQ  aOO  WhUee  PRdeOV.
The  PRdeO  SUedicWiRQV  VhRZ  QR  VNiOO  (HSS  Rf  a0)  be\RQd
Whe 15-da\ Oead.  CRPSaUed WR  Whe SUedicWiRQV Rf  iQdiYidXaO
PePbeUV  (daVhed  cXUYeV),  Whe  eQVePbOe  SUedicWiRQ  (baVed
RQ Whe PeaQ Rf aOO PePbeUV· SAT) VhRZV higheU VNiOO (VROid
cXUYeV) aW PRVW Rf Whe fRUecaVW Oead WiPeV. APRQg Whe WhUee
PRdeOV,  Whe  eQVePbOe  SUedicWiRQ  Rf  ECMWF iV  VXSeUiRU  aW
Whe Oead WiPe Rf 5²20 da\V. The HSS ZaV UedXced WR 0.1 aW
Whe  Oead  WiPe  Rf  12  da\V  iQ  aOO  eQVePbOe  SUedicWiRQV  fURP
WhUee PRdeOV. The UeVXOWV VXggeVW WhaW Whe S2S PRdeOV haYe
VRPe  caSabiOiW\  iQ  SUedicWiQg  Whe  e[WUePe  hRW  da\V  aVVRci-
aWed  ZiWh  YRB  heaWZaYe  eYeQWV  be\RQd  Whe  WiPe  VcaOe  Rf
ZeaWheU  fRUecaVWV  (i.e.,  7²10  da\V  iQ  adYaQce),  ZhiOe  Whe
VNiOO  iV  OiPiWed  be\RQd  Whe  Oead  WiPe  Rf  12²15  da\V.  SiQce
Whe eQVePbOe SUedicWiRQV haYe a higheU aQd PRUe VWabOe SUe-
dicWiYe  VNiOO  (Fig.  2b),  RQO\  Whe  eQVePbOe  SUedicWiRQ UeVXOWV
aUe VhRZQ iQ Whe fROORZiQg aQaO\VeV.

TR  fXUWheU  e[aPiQe  Whe  VRXUceV  Rf  SUedicWiRQ  VNiOO  fRU
YRB heaWZaYeV, Ze VeOecWed Whe SURORQged Pega-heaWZaYe
iQ  Whe  VXPPeU  Rf  2003  (gUeeQ  aVWeUiVN  iQ Fig.  2a),  Zhich
caXVed WUePeQdRXV ORVVeV WR Whe ecRQRP\ bXW had a ORZ SUe-
dicWabiOiW\, aV a caVe VWXd\. FigXUe 2c VhRZV Whe PRdeO-SUe-
dicWed RccXUUeQce Rf Whe 2003 heaWZaYe eYeQW aW diffeUeQW fRUe-
caVW  Oead  WiPeV  (bOXe  cXUYeV)  agaiQVW  Whe  RbVeUYaWiRQ  (gUa\
VhadiQg). OYeUaOO, Whe CMA PRdeO faiOed WR SUedicW Whe RccXU-
UeQce  SeUiRd  Rf  WhiV  heaWZaYe  eYeQW.  The  SUedicWed  heaW-
ZaYe  aSSeaUed  OaWeU  WhaQ  RbVeUYed  aW  aOO  Oead  WiPeV  (OefW-
haQd SaQeO Rf Fig. 2c). IQ cRQWUaVW, Whe NCEP PRdeO VhRZed
gRRd VNiOO iQ SUedicWiQg WhiV ORQg-OaVWiQg heaWZaYe aW 9 da\V
iQ adYaQce (PiddOe SaQeO  Rf Fig.  2c),  aOWhRXgh iW  WeQded WR
RYeUeVWiPaWe Whe dXUaWiRQ Rf Whe heaWZaYe aW Whe Oead WiPeV
Rf 3²8 da\V. FURP Whe fRUecaVW Oead Rf 10 da\V aQd be\RQd,
Whe  NCEP  PRdeO  XQdeUeVWiPaWed  Whe  OifeVSaQ  Rf  WhiV  heaW-
ZaYe. CRPSaUed WR Whe QRWabOe RYeUeVWiPaWiRQ biaVeV iQ Whe
NCEP PRdeO,  Whe ECMWF PRdeO UeYeaOed a PRUe UeaVRQ-
abOe SUedicWiRQ Rf Whe heaWZaYe SeUiRd aW Whe fRUecaVW OeadV
Rf 5²10 da\V (UighW-haQd SaQeO Rf Fig. 2c). GiYeQ Whe cRQVideU-

abOe diffeUeQceV iQ SUedicWiRQ VNiOO  aPRQg Whe WhUee PRdeOV
aW Whe 10-da\ Oead WiPe fRUecaVW, iQ Whe fROORZiQg Ze e[aP-
iQe  Whe  facWRUV  OeadiQg  WR  Whe  SUedicWiRQ  biaVeV  aW  Whe  fRUe-
caVW Oead WiPe Rf 10 da\V aQd ideQWif\ Whe Ne\ VRXUceV Rf heaW-
ZaYe SUedicWiRQ VNiOO.

The RbVeUYed aQd SUedicWed eYROXWiRQV Rf  SAT aVVRci-
aWed ZiWh Whe YRB Pega-heaWZaYe (27 JXO\ WR 3 AXgXVW) iQ
Whe OaWe JXO\ aQd eaUO\ AXgXVW Rf 2003 aUe VhRZQ iQ Fig. 3a.
The SAT YaUied VORZO\ ZiWh WiPe aQd e[SeUieQced diffeUeQW
VWageV. TR e[aPiQe hRZ ZeOO Whe PRdeOV caQ SUedicW Whe WeP-
SRUaO  YaUiaWiRQ  Rf  SAT  aQRPaOieV  aVVRciaWed  ZiWh  WhiV
Pega-heaWZaYe,  Ze  diYided  Whe  heaWZaYe  SeUiRd  iQWR  fRXU
4-da\  VWageV.  The  RbVeUYed  SAT  (bOacN  cXUYe  iQ Fig.  3a)
iQcUeaVed  befRUe  Whe  heaWZaYe·V  iQiWiaWiRQ  (23²26  JXO\,
UefeUUed  WR  aV  Whe  deYeORSiQg  SeUiRd)  aQd  Ueached  iWV  SeaN
VWageV  aV  Whe  heaWZaYe  ZaV  deWecWed  (27²30  JXO\  fRU  SeaN
SeUiRd I aQd 31 JXO\²3 AXgXVW fRU SeaN SeUiRd II), fROORZed
b\  a  deca\iQg  SeUiRd  dXUiQg  4²7  AXgXVW.  The  fRXU  VWageV
aUe aOVR cOeaU iQ Whe 10²90-da\ iQWUaVeaVRQaO cRPSRQeQW Rf
RbVeUYed  SAT  (bOacN  cXUYe  iQ Fig.  3b).  The  eYROXWiRQV  Rf
WRWaO  aQd  iQWUaVeaVRQaO  SAT aUe  highO\  cRQViVWeQW,  VXggeVW-
iQg WhaW Whe iQWUaVeaVRQaO RVciOOaWiRQ PighW SOa\ a UROe iQ caXV-
iQg Whe SURORQged high SAT aQRPaOieV.

SiPiOaU  WR  Whe  RbVeUYaWiRQ,  Whe  eYROXWiRQV  Rf
iQWUaVeaVRQaO SAT aQRPaOieV iQ Whe PRdeOV· SUedicWiRQV aUe
cRQViVWeQW  ZiWh  Whe  WRWaO  SAT  (FigV.  3a aQd b).  The  SUe-
dicWed eUURU Rf iQWUaVeaVRQaO SAT aQRPaOieV OeadV WR Whe faiO-
XUe  Rf  heaWZaYe  SUedicWiRQ  iQ  Whe  CMA PRdeO  aW  Whe  fRUe-
caVW  Oead  Rf  10  da\V.  A  SRViWiYe  SAT  aQRPaO\  ZaV  SUe-
dicWed  b\  Whe  CMA PRdeO  dXUiQg  Whe  RbVeUYed  deYeORSiQg
SeUiRd  bXW  QegaWiYe  aQRPaOieV  Rf  SAT  aSSeaUed  iQ  Whe
RbVeUYed  heaWZaYe  SeaN  VWageV  (Fig.  3b).  WheQ  Whe
RbVeUYed  heaWZaYe  VWaUWed  WR  diPiQiVh  iQ  Whe  deca\iQg
SeUiRd, Whe SAT SUedicWed b\ Whe CMA PRdeO VhRZed a VigQi-
ficaQW iQcUeaVe. AV a UeVXOW, Whe CMA PRdeO did QRW caSWXUe
Whe  WiPiQg  Rf  heaWZaYe  RccXUUeQce  aV  RbVeUYed  (FigV.  2c
aQd 3a). The NCEP aQd ECMWF PRdeOV bRWh cRUUecWO\ SUe-
dicWed  Whe  eYROYiQg  feaWXUeV  Rf  Whe  SAT  aQRPaO\,  ZiWh  aQ
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FLJ. 3. TePSRUaO eYROXWiRQ Rf (a) SAT aQd (b) iWV iQWUaVeaVRQaO cRPSRQeQW RYeU Whe YRB (25�²31�N, 107�²122�E)
fRU  Whe  2003  Pega-heaWZaYe  eYeQW  (XQiWV:  ℃).  BOacN  cXUYeV  VhRZ  Whe  RbVeUYaWiRQV;  Ued,  bOXe,  aQd  gUeeQ  cXUYeV
UeSUeVeQW  Whe  10-da\  Oead  SUedicWiRQV  b\  Whe  CMA,  NCEP,  aQd  ECMWF  PRdeOV,  UeVSecWiYeO\.  The  baUV  Rf  cRORU
VhadiQg deQRWe Whe deYeORSiQg SeUiRd (DVP, 23²26 JXO\), SeaN SeUiRd I (PP1, 27²30 JXO\), SeaN SeUiRd II (PP2, 31
JXO\²3 AXgXVW) aQd deca\iQg SeUiRd (DCP, 4²7 AXgXVW) Rf Whe RbVeUYed Pega-heaWZaYe eYeQW. CiUcOeV RQ Whe cXUYeV
iQdicaWe Whe PRdeO-SUedicWed heaWZaYe da\V.
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iQcUeaViQg  WeQdeQc\  Rf  SAT  aQRPaOieV  iQ  Whe  deYeORSiQg
SeUiRd  bXW  a  UeOaWiYeO\  fOaW  cXUYe  Rf  SAT Pa[iPXP dXUiQg
Whe RbVeUYed heaWZaYe SeUiRdV (SeaN SeUiRdV I  aQd II).  FRU
Whe SUedicWiRQ Rf aPSOiWXde, Whe ECMWF PRdeO VhRZV beW-
WeU  VNiOO  WhaQ  Whe  NCEP  PRdeO.  The  fRUPeU  SUedicWed  Whe
OaUge iQcUeaVeV iQ SAT aQRPaO\, cORVe WR Whe RbVeUYed YaO-
XeV  iQ  SeaN  SeUiRd  II,  ZhiOe  Whe  OaWWeU  XQdeUeVWiPaWed  Whe
SAT  aQRPaOieV  dXUiQg  Whe  RbVeUYed  SeaN  SeUiRdV  I  aQd  II
(Fig. 3b). ThXV, Whe heaWZaYe SUedicWed b\ Whe NCEP PRdeO
UeYeaOed a VhRUWeU dXUaWiRQ WhaQ RbVeUYed (FigV. 2c aQd 3a).
OYeUaOO,  Whe  ECMWF PRdeO  VhRZV  higheU  VNiOO  iQ  SUedicW-
iQg  Whe  iQiWiaWiRQ,  aPSOiWXde  aQd  dXUaWiRQ  Rf  WhiV  YRB
Pega-heaWZaYe iQ Whe VXPPeU Rf 2003.

The UeVXOWV Rf Fig. 3 VXggeVW a OiQNage beWZeeQ Whe eYROX-
WiRQ  Rf  iQWUaVeaVRQaO  SAT  aQRPaOieV  aQd  Whe  Oife  c\cOe  Rf
Whe heaWZaYe eYeQW. OQce Whe PRdeO caSWXUeV Whe eYROXWiRQ

Rf  iQWUaVeaVRQaO  SAT  aQRPaOieV,  a  higheU  VNiOO  caQ  be
achieYed  iQ  SUedicWiQg  Whe  RccXUUeQce  SeUiRd  aQd  Whe  aPS-
OiWXde  Rf  Whe  heaWZaYe.  The  iQWUaVeaVRQaO  SAT  aQRPaOieV
aQd heaWZaYe RccXUUeQce aUe eYideQWO\ cRQWUROOed b\ Whe bacN-
gURXQd OaUge-VcaOe ciUcXOaWiRQ aQRPaOieV (HVX eW aO., 2017).
ThXV,  Whe  PRdXOaWiRQV  Rf  SAT  aQRPaOieV  b\  Whe  iQWUaVea-
VRQaO  ciUcXOaWiRQ  aQRPaOieV  VhRZQ  iQ  Whe  RbVeUYaWiRQ  aQd
Whe WhUee PRdeOV· SUedicWiRQV aUe cRPSaUed iQ FigV. 4²6.

ObVeUYaWiRQaOO\ (FigV. 4a²d), Whe SRViWiYe iQWUaVeaVRQaO
SAT  aQRPaO\  aSSeaUed  iQ  Whe  VRXWheaVW  cRaVWaO  aUeaV  Rf
ChiQa iQ Whe deYeORSiQg SeUiRd, aQd WheQ deYeORSed QRUWhZeVW-
ZaUdV  aQd  VWUeQgWheQed  cRQWiQXaOO\  dXUiQg  Whe  heaWZaYe
RccXUUeQce SeUiRdV (SeaN SeUiRdV I  aQd II).  IQ  Whe deYeORS-
iQg  SeUiRd,  Whe  aPSOiWXde  Rf  SAT  aQRPaOieV  VWaUWed  WR
decUeaVe  RYeU  Whe  YRB  (Fig.  4d).  AOO  WhUee  PRdeOV  SUe-
dicWed  Whe  SRViWiYe  SAT  aQRPaOieV  iQ  Whe  YRB  aW  Whe  Oead

Ă

Ă

FLJ. 4. DiVWUibXWiRQV Rf iQWUaVeaVRQaO SAT aQRPaOieV (XQiWV: �C) iQ Whe deYeORSiQg SeUiRd (a, e, i, P), SeaN SeUiRd I (b, f, j, Q),
SeaN SeUiRd II (c, g, N, R) aQd deca\iQg SeUiRd (d, h, O, S) Rf Whe 2003 Pega-heaWZaYe eYeQW. BOXe bR[eV deOiQeaWe Whe YRB
aUea:  (a²d)  RbVeUYaWiRQV,  aQd  (e²h)  CMA,  (i²O)  NCEP  aQd  (P²S)  ECMWF  PRdeO  SUedicWiRQ  UeVXOWV  aW  Whe  Oead  WiPe  Rf
10 da\V. AUea-aYeUaged SAT aQRPaOieV RYeU Whe YRB aUe giYeQ aW Whe bRWWRP Rf each SaQeO.
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WiPe Rf 10 da\V, ZhiOe Whe\ XQdeUeVWiPaWed Whe heaWZaYe aPS-
OiWXde (FigV. 4e²S), dXe SaUWO\ WR Whe biaVed ORcaWiRQV Rf Whe
SAT Pa[iPXP ceQWeU. The CMA PRdeO did QRW SUedicW Whe
heaWZaYe  RccXUUeQce  (FigV.  2c aQd 3)  dXUiQg  Whe  RbVeUYed
heaWZaYe SeUiRd becaXVe Whe SAT aQRPaO\ ZaV WRR VPaOO iQ
Whe  SeaN  SeUiRdV  I  aQd  II,  aQd  iW  ZaV  cRQfiQed  WR  VRXWheUQ
ChiQa ZiWhRXW PRYiQg QRUWhZaUdV WRZaUdV Whe YRB dXUiQg
Whe SeaN ShaVeV (FigV. 4f²g). The ceQWeU Rf Whe SAT aQRP-
aO\ iQ Whe deca\iQg SeUiRd ZaV aOVR iQcRUUecWO\ SUedicWed b\
Whe CMA PRdeO  (Fig.  4h).  The NCEP PRdeO  SUedicWed Whe
deYeORSPeQW Rf  SRViWiYe SAT aQRPaOieV  fURP SRXWh ChiQa
WRZaUdV  Whe  YRB,  UeachiQg  WheiU  Pa[iPXP iQ  SeaN  SeUiRd
II,  aOWhRXgh  Whe  aPSOiWXde  Rf  Whe  SAT  aQRPaOieV  ZaV
aURXQd haOf WhaW Rf Whe RbVeUYed (FigV. 4i²O). ThXV, Whe heaW-
ZaYe ideQWified b\ Whe NCEP SUedicWiRQ iV Rf ZeaNeU aPS-
OiWXde  aQd  VhRUWeU  dXUaWiRQ  (FigV.  2c aQd 3).  The  ECMWF
PRdeO  VhRZV  gRRd  SUedicWiRQ  VNiOO  iQ  bRWh  Whe  aPSOiWXde
aQd eYROXWiRQ Rf Whe SAT aQRPaOieV (FigV. 4P²S), beiQg ViP-
iOaU  WR  Whe  RbVeUYaWiRQ  (FigV.  4a²d).  AV  a  UeVXOW,  Whe
ECMWF  PRdeO  VXcceVVfXOO\  caSWXUeV  Whe  dXUaWiRQ  aQd
VWUeQgWh  Rf  WhiV  heaWZaYe  eYeQW  aW  a  10-da\  Oead  (FigV.  2c
aQd 3).

The  YaUiaWiRQ  Rf  SAT  aQRPaOieV  iV  cRQQecWed  ZiWh
OaUge-VcaOe ciUcXOaWiRQV, iQ SaUWicXOaU Whe high SUeVVXUe aQRP-
aO\-iQdXced  adiabaWic  heaWiQg  effecW  (BOacN  eW  aO.,  2004;
ZhaQg eW  aO.,  2005; ZhaQg aQd ZhaQg,  2010).  IQ Fig.  5,  aQ

aQRPaORXV high-SUeVVXUe aQRPaO\ iQ Whe Pid-WURSRVSheUe (a
SRViWiYe H500 aQRPaO\) caQ be VeeQ RYeU Whe ZeVWeUQ NRUWh
Pacific  iQ  Whe  deYeORSiQg  SeUiRd  (Fig.  5a),  Zhich  SURSag-
aWeV  QRUWhZeVWZaUdV  WR  EaVW  AVia  (iQcOXdiQg  Whe  YRB
UegiRQ) dXUiQg Whe heaWZaYe SeUiRd (FigV. 5b²c), aQd WheQ cRQ-
WiQXaOO\ PRYeV WRZaUdV iQOaQd ChiQa iQ Whe deca\iQg SeUiRd
(Fig.  5d).  The  ORcaWiRQ  aQd  aPSOiWXde  Rf  Whe  H500  aQRP-
aOieV YaUieV cRQViVWeQWO\ ZiWh Whe SAT aQRPaOieV. IQ Whe iQiWi-
aWiRQ  aQd  deYeORSiQg  VWageV  befRUe  Whe  heaWZaYe  RccXU-
UeQce,  RQO\  Whe  ECMWF  PRdeO  SUedicWed  Whe  QRUWhZeVW²
VRXWheaVW WiOWed VWUXcWXUe Rf Whe H500 aQRPaO\ RYeU Whe ZeVW-
eUQ NRUWh Pacific aW Whe Oead WiPe Rf 10 da\V (FigV. 5e, i aQd
P). The ECMWF PRdeO aOVR cRUUecWO\ UeSUeVeQWV Whe VWUeQgWh-
eQiQg  aQd  QRUWhZeVWZaUd-SURSagaWiQg  feaWXUeV  Rf
iQWUaVeaVRQaO ciUcXOaWiRQ aQRPaOieV dXUiQg Whe RbVeUYed heaW-
ZaYe RccXUUeQce SeUiRd (FigV.  5Q aQd R).  The PCCV Rf Whe
iQWUaVeaVRQaO H500 aQRPaOieV beWZeeQ Whe RbVeUYaWiRQ aQd
ECWMF SUedicWiRQV aUe high (0.84²0.96) dXUiQg Whe eQWiUe
SeUiRd aVVRciaWed ZiWh heaWZaYe eYROXWiRQ. LRZeU PCCV Rf
OaUge-VcaOe  ciUcXOaWiRQ  aQRPaOieV  ZeUe  SURdXced  b\  Whe
NCEP aQd CMA PRdeOV (FigV. 5e²h aQd 5i²O). The OeVV VNiOO-
fXO  SUedicWiRQV  fRU  Whe  VSaWiaO  aQd  iQWeQViW\  eYROXWiRQV  Rf
iQWUaVeaVRQaO  H500  aQRPaOieV  ZiOO  be  Whe  VRXUce  Rf  biaVeV
fRU  aQRPaORXV  SAT aQd heaWZaYe  SUedicWiRQV  iQ  Whe  CMA
aQd NCEP PRdeOV.

TR  cRPSaUe  Whe  UeOaWiYe  cRQWUibXWiRQV  Rf  Whe  WZR  diV-
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FLJ.  5.  AV  iQ Fig.  4 bXW  fRU  Whe  diVWUibXWiRQV  Rf  iQWUaVeaVRQaO  H500  aQRPaOieV  (XQiWV:  gSP).  PCCV  beWZeeQ  RbVeUYaWiRQV  aQd
SUedicWiRQV RYeU Whe EXUaViaQ cRQWiQeQW aQd ZeVWeUQ NRUWh Pacific (0�²60�N, 80�²160�E) aUe giYeQ aW Whe bRWWRP Rf each SaQeO.
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WiQcW  PRdeV  Rf  iQWUaVeaVRQaO  YaUiabiOiW\  (30²90-da\  MJO
aQd  10²30-da\  QBWO)  WR  Whe  fRUPaWiRQ  aQd  PaiQWeQaQce
Rf WhiV Pega-heaWZaYe eYeQW, Ze aQaO\]ed Whe W\SicaO eYROX-
WiRQV Rf cRQYecWiRQ aQd ciUcXOaWiRQ aVVRciaWed ZiWh Whe MJO
(FigV. 6a²d) aQd QBWO (FigV. 6f²i) aQd WheiU VWaWeV dXUiQg
Whe heaWZaYe SeUiRd (FigV. 6e, j). NRWe WhaW Whe eYROXWiRQ Rf
iQWUaVeaVRQaO H500 aQRPaOieV WhURXghRXW Whe OifeVSaQ Rf Whe
Pega-heaWZaYe  (Fig.  5)  UeVePbOeV  Whe  QRUWhZeVWZaUd-
SURSagaWiQg QBWO (FigV. 6f²i). ThiV iV cOeaU iQ Whe ShaVe dia-
gUaPV  Rf  Whe  MJO  aQd  QBWO.  The  QBWO  VigQaOV  aW
ShaVeV  6²8  aQd  1  ZeUe  eQhaQced  dXUiQg  Whe  heaWZaYe
SeUiRd (Fig. 6j), ZhiOe Whe MJO VigQaOV ZeUe UeOaWiYeO\ ZeaN
(Fig. 6e). The UeVXOWV Rf FigV. 5 aQd 6 VXggeVW WhaW Whe SUedic-
WiRQ VNiOO Rf WhiV Pega-heaWZaYe eYeQW iV cORVeO\ OiQNed ZiWh
Whe PRdeO caSabiOiW\ iQ SUedicWiQg Whe QBWO-UeOaWed ciUcXOa-
WiRQ aQRPaOieV. The WhUee PRdeOV aOO SUedicWed ZeaN MJO Vig-
QaOV  dXUiQg  Whe  heaWZaYe  SeUiRd,  cRQViVWeQW  ZiWh  RbVeUYa-
WiRQ (Fig. 6e). IQ cRQWUaVW, Whe VNiOOV Rf Whe WhUee PRdeOV iQ UeS-
UeVeQWiQg Whe acWiYiWieV Rf Whe QBWO ZeUe diYeUVe. APRQg
Whe WhUee PRdeOV, Whe SeUfRUPaQce ZiWh UeVSecW WR Whe ShaVe
eYROXWiRQ aQd iQWeQViW\ ZaV Whe beVW iQ Whe ECMWF PRdeO
(gUeeQ cXUYe iQ Fig. 6j).  The NCEP aQd CMA PRdeOV SUe-

dicWed  biaVed  eYROXWiRQV  Rf  QBWO  ShaVe  aQd  aVVRciaWed
iQWeQViW\ (bOXe aQd Ued cXUYeV iQ Fig. 6j). TheUefRUe, Whe SUe-
dicWiRQ  VNiOO  Rf  WhiV  heaWZaYe  eYeQW  VeePV  UeOaWed  WR  Whe
PRdeO SUedicWiRQ VNiOO iQ WeUPV Rf Whe QBWO acWiYiW\, aV Whe
MJO effecW ZaV ZeaN fRU WhiV caVe. IQ RWheU ZRUdV, ZheWheU
Whe PRdeOV aUe abOe WR cRUUecWO\ SUedicW Whe RccXUUeQce Rf a
heaWZaYe  ZiWh  ORQg-OaVWiQg  high  SAT  aQRPaOieV  deSeQdV
OaUgeO\  RQ  Whe  SUedicWed  SaWWeUQ  aQd  aPSOiWXde  Rf  iQWUaVea-
VRQaO ciUcXOaWiRQ aQRPaOieV.

ThURXgh  Whe  aWPRVSheUe²OaQd  feedbacN,  Whe  cOeaU  VN\
iQdXced  b\  iQWUaVeaVRQaO  high-SUeVVXUe  aQRPaOieV  ZiOO
eQhaQce  Whe  VXUface  VhRUWZaYe  UadiaWiRQ  fOX[,  Zhich  heaWV
Whe  OaQd  VXUface  aQd  fXUWheU  faYRUV  iQcUeaVed  XSZaUd  VeQV-
ibOe heaW fOX[ WhaW VWUeQgWheQV aQd PaiQWaiQV Whe ORcaO SAT
aQRPaOieV  (BOacN  eW  aO.,  2004; ZhaQg  eW  aO.,  2005; ZhaQg
aQd  ZhaQg,  2010).  The  VRiO  cRQdiWiRQV  beQeaWh  Whe  VXUface
aOVR  SOa\  a  UROe  iQ  heaWZaYe  iQWeQViW\  WhURXgh  iQfOXeQciQg
Whe  VXUface  heaW  fOX[eV,  SaUWicXOaUO\  Whe  eYaSRWUaQVSiUaWiRQ.
SXfficieQW VRiO PRiVWXUe Pa\ WUiggeU aQ eYaSRUaWiYe cRROiQg
effecW; RQ Whe cRQWUaU\, dUied-RXW VRiOV aVVRciaWed ZiWh a dU\
aQd hRW VSeOO WeQd WR aPSOif\ Whe e[WUePe high-WePSeUaWXUe
VWaWe (FiVcheU eW aO., 2007). FROORZiQg Whe aQaO\ViV Rf aWPR-
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FLJ.  6.  CRPSRViWeV  Rf  OLR  (VhadiQg;  XQiWV:  W  Pï2)  aQd  H500  (cRQWRXUV;  XQiWV:  gSP)  aQRPaOieV  fRU  (a)  ShaVeV  2²3,  (b)
ShaVeV  4²5,  (c)  ShaVeV  6²7,  aQd  (d)  ShaVeV  8  aQd  1  Rf  Whe  MJO UeOaWiYe  WR  Whe  ZeaN  ShaVeV  (ZheQ  Whe  MJO aPSOiWXde  iV
VPaOOeU WhaQ 1), baVed RQ Whe RbVeUYaWiRQaO daWa. (f²i) AV iQ (a²d) bXW fRU ShaVe cRPSRViWeV Rf Whe QBWO. OQO\ Whe fieOdV
e[ceediQg Whe 95% cRQfideQce OeYeO baVed RQ Whe SWXdeQW·V W-WeVW aUe VhRZQ. PaQeOV (e) aQd (j) diVSOa\ Whe eYROXWiRQV Rf MJO
aQd QBWO ShaVe iQdiceV dXUiQg Whe heaWZaYe RccXUUeQce SeUiRd (27 JXO\ WR 3 AXgXVW 2003),  UeVSecWiYeO\,  iQ RbVeUYaWiRQ
(bOacN) aQd Whe 10-da\ Oead SUedicWiRQV (Ued, CMA; bOXe, NCEP; gUeeQ, ECMWF). The VWaUW daWe Rf 27 JXO\ iV deQRWed b\
VROid dRWV.
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VSheUic ciUcXOaWiRQ aQRPaOieV (FigV. 5 aQd 6), Ze fXUWheU dia-
gQRVed  Whe  aQRPaORXV  VeQVibOe  heaW  fOX[,  VWaQdaUdi]ed  VRiO
PRiVWXUe aQRPaO\, aQd SUeciSiWaWiRQ aQRPaO\ fRU XQdeUVWaQd-
iQg Whe  effecWV  Rf  OaQd²aWPRVSheUe  cRXSOiQg RQ Whe  SUedic-
WiRQ Rf WhiV YRB Pega-heaWZaYe. AV e[SecWed, SRViWiYe aQRP-
aOieV Rf VeQVibOe heaW fOX[ ZeUe UecRUded RYeU Whe YRB dXU-
iQg Whe deYeORSiQg SeUiRd aQd Whe RccXUUeQce SeUiRdV (SeaN
SeUiRdV  I  aQd  II)  Rf  Whe  heaWZaYe  (FigV.  7a²c),  ZhiOe  Whe
degUee Rf SRViWiYe heaW fOX[ aQRPaOieV ZaV decUeaVed ZheQ
Whe  heaWZaYe  iQWeQViW\  VWaUWed  WR  deca\  iQ  Whe  deca\iQg
SeUiRd  (Fig.  7d).  The  iQcUeaVeV  iQ  VeQVibOe  heaW  fOX[  aQd
SAT  ZeUe  geQeUaWed  b\  Whe  cRPbiQed  effecWV  Rf  aWPR-
VSheUic  high-SUeVVXUe  aQRPaOieV  (FigV.  5a²d)  aQd  Whe
decUeaVeV iQ VRiO PRiVWXUe dXe WR deficieQW SUeciSiWaWiRQ ORQg
befRUe  Whe  heaWZaYe·V  RccXUUeQce  fURP  eaUO\  JXO\  (bOacN
cXUYeV  iQ  Whe  PiddOe  aQd  bRWWRP  SaQeOV  Rf Fig.  8).  The
RbVeUYed SAT aQd VRiO PRiVWXUe aQRPaOieV befRUe aQd dXU-
iQg Whe heaWZaYe SeUiRd (10 JXO\ WR 5 AXgXVW) VhRZ a high

TCC Rf ï0.72, cRQfiUPiQg Whe iQWeQVe OaQd²aWPRVSheUe cRXS-
OiQg  fRU  heaWZaYe  RccXUUeQce  aQd  PaiQWeQaQce  (bOacN
cXUYeV  iQ  Whe  WRS  WZR  SaQeOV  Rf Fig.  8).  The  aVVeVVPeQWV
heUe Rf PRdeO SUedicWiRQV iQ WeUPV Rf aWPRVSheUe²OaQd iQWeU-
acWiRQ  VhRZ  WhaW  Whe  heaWZaYe  SUedicWiRQ  VNiOO  deSeQdV  RQ
Whe accXUac\ Rf  Whe SUedicWed ciUcXOaWiRQ aQRPaOieV  aV  ZeOO
aV  Whe  VRiO  PRiVWXUe  UeOaWed  WR  SUeciSiWaWiRQ  aQRPaOieV.  FRU
e[aPSOe, Whe VXUface VeQVibOe fOX[eV SUedicWed b\ Whe CMA
PRdeO  aW  a  10-da\  Oead  ZeUe  PRVWO\  RSSRViWe  WR  Whe
RbVeUYed (FigV. 7e²h), Zhich cRXOd be UeOaWed WR Whe biaVed
SUedicWiRQ Rf aWPRVSheUe²OaQd cRXSOiQg. We aQaO\]ed Whe SUe-
dicWiRQ iQiWiaWed RQ 17 JXO\ (bOXe cXUYeV iQ Fig. 8), Zhich iV
abRXW  10  da\V  ahead  Rf  Whe  heaWZaYe·V  RccXUUeQce,  aQd
fRXQd  WhaW  Whe  CMA  PRdeO  SUedicWed  VPaOO  SUeciSiWaWiRQ
aQRPaOieV aQd QeaU-QRUPaO VRiO PRiVWXUe (OacN Rf a dU\ OaQd
VXUface) dXUiQg Whe RbVeUYed heaWZaYe SeUiRd (FigV. 8b aQd
c).  TheUefRUe,  Whe  SUedicWed  SAT  aQRPaOieV  VhRZed  VPaOO
aPSOiWXde (FigV. 4e²h) WhaW faiOed WR PeeW Whe heaWZaYe cUi-
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FLJ. 7. AV iQ Fig. 4 bXW fRU Whe VXUface VeQVibOe heaW fOX[ aQRPaOieV RYeU Whe OaQd aUea (XQiWV: W Pï2).
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WeUiRQ (Fig. 2c). The NCEP PRdeO aOVR diVSOa\ed a biaVed SUe-
dicWiRQ Rf VRiO PRiVWXUe afWeU iQWegUaWiRQ fRU a feZ da\V fURP
17 JXO\ (bOXe cXUYe iQ Fig. 8e). AccRPSaQied b\ aQ iQcUeaV-
iQg  WUeQd  iQ  SUeciSiWaWiRQ  (Fig.  8f),  VRiO  PRiVWXUe  did  QRW
decUeaVe  cRQWiQXaOO\  aV  RbVeUYed  (Fig.  8e).  ThXV,  a  ZeWWeU
OaQd  VXUface  ZRXOd  haYe  faYRUed  eYaSRUaWiYe  cRROiQg  aQd
Oed  WR  iQVigQificaQW  iQcUeaVeV  iQ  SAT  aQRPaOieV  (Fig.  8d).
OQ Whe RWheU haQd, Whe ECMWF PRdeO SUedicWed a decUeaV-
iQg WUeQd iQ VRiO PRiVWXUe iQdXced b\ UedXced SUeciSiWaWiRQ,
cRQViVWeQW  ZiWh  Whe  RbVeUYaWiRQ  (bOXe  aQd  bOacN  cXUYeV  iQ
FigV.  8h²i).  The  dU\iQg  Rf  VRiO  PRiVWXUe  (Fig.  8h)  ZRXOd
haYe cRQWUibXWed WR Whe PaiQWeQaQce Rf SRViWiYe SAT aQRP-
aOieV (Fig. 8g). The VXSeUiRU caSabiOiW\ Rf ECMWF PRdeO iQ
SUedicWiQg  Whe  VRiO  PRiVWXUe  RYeU  ChiQa  ZaV  aOVR  dRcX-
PeQWed b\ ZhX eW aO. (2019).

B\ cRPSaUiQg Whe OaQd VXUface SURceVVeV UeOaWed WR WhiV
Pega-heaWZaYe caVe SUedicWed aW diffeUeQW iQiWiaO WiPeV (diffeU-
eQW  cRORUV  iQ Fig.  8),  Ze  QRWe  WhaW  Whe  biaVeV  iQ  SAT  cRQ-
cXUUed ZiWh Whe aQRPaORXV OaQd cRQdiWiRQV. ThXV, Whe SUedic-
WiRQ VNiOO VeePV QRW WR be VeQViWiYe WR Whe PRdeO iQiWiaO cRQdi-
WiRQV  a  ORQg  WiPe  ahead  Rf  Whe  heaWZaYe·V  RccXUUeQce.  AV
ORQg aV Whe PRdeO·V iQWegUaWiRQV cRUUecWO\ UeSURdXce Whe aWPR-
VSheUe²OaQd feedbacN, Whe SAT aQRPaOieV (aQd WhXV Whe heaW-
ZaYe  eYeQWV)  ZiOO  be  beWWeU  SUedicWed.  FRU  iQVWaQce,  Whe
CMA  PRdeO  SUedicWed  QeaU-QRUPaO  SUeciSiWaWiRQ  aQd  VRiO
PRiVWXUe  (ZiWhRXW  decUeaViQg  WUeQdV)  afWeU  PRdeO  iQiWiaWiRQ
aW diffeUeQW iQiWiaO daWeV (FigV. 8b²c), aQd Whe SUedicWed SAT
aQRPaOieV PaiQWaiQed a fOaW cXUYe ZiWhRXW UiViQg XS WR fRUP

a heaWZaYe eYeQW (Fig. 8a). FRU Whe NCEP aQd ECMWF PRd-
eOV, Whe dU\ VRiO aVVRciaWed ZiWh UedXced SUeciSiWaWiRQ ZaV SUe-
dicWed  cRUUecWO\  ZheQ  Whe  PRdeOV  ZeUe  iQiWiaWed  5  da\V
ahead  Rf  Whe  heaWZaYe·V  RccXUUeQce  (Ued  cXUYeV  iQ FigV.
8e²f aQd h²i),  aQd WhXV  Whe  SUedicWed SAT aQRPaOieV  ZeUe
cORVe WR Whe RbVeUYaWiRQ (FigV. 8d aQd g). FRU Whe SUedicWiRQ
iQiWiaWed 10 da\V ahead Rf  Whe heaWZaYe·V  RccXUUeQce (bOXe
cXUYeV), Whe NCEP PRdeO VWaUWed aW a dU\ cRQdiWiRQ ZhiOe iW
SUedicWed  aQ  iQcUeaViQg  WeQdeQc\  Rf  SUeciSiWaWiRQ  aQd  VRiO
PRiVWXUe (FigV. 8e²f), OeadiQg WR VPaOO iQcUeaVeV iQ SAT aQRP-
aOieV (Fig. 8d). LiNeZiVe, Whe XQdeUeVWiPaWiRQ Rf SAT aQRP-
aOieV  ZaV  aSSaUeQW  iQ  Whe  ECMWF  SUedicWiRQ  iQiWiaWed  15
da\V  iQ  adYaQce  Rf  Whe  heaWZaYe  (gUeeQ  cXUYeV)  ZheQ  Whe
PRdeO did QRW caSWXUe Whe decUeaViQg VRiO PRiVWXUe aQd SUeciS-
iWaWiRQ  (FigV.  8  h²i).  NRWe  WhaW  WheVe  SUeciSiWaWiRQ  aQd  VRiO
PRiVWXUe  aQRPaOieV  aUe  highO\  OiQNed  WR  Whe  eYROXWiRQ  Rf
iQWUaVeaVRQaO  ciUcXOaWiRQ  aQRPaOieV  (FigV.  6²7),  VXggeVWiQg
Whe OeadiQg UROe Rf iQWUaVeaVRQaO RVciOOaWiRQ iQ Whe SUedicWabiO-
iW\ Rf YRB heaWZaYeV (Qi aQd YaQg, 2019).

4.ĂĂĂĂIQIOXHQFHV  RI  bLaVHV  LQ  LQWUaVHaVRQaO
FLUFXOaWLRQ  aQRPaOLHV  aQG  aLU²OaQG
IHHGbaFN RQ WKH KHaWZaYH SUHGLFWLRQ VNLOO

IQ Whe SUeYiRXV VecWiRQ, Ze fRXQd WhaW Whe VXSeUiRU SUedic-
WiRQ  VNiOO  Rf  Whe  ECMWF  PRdeO  ZiWh  UeVSecW  WR  Whe  2003
YRB Pega-heaWZaYe SUedicWiRQ aW Whe Oead WiPe Rf 10 da\V,
aW  Zhich  Whe  RWheU  WZR  PRdeOV  SUedicWed  eiWheU  QRQe  RU  a

Ă
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FLJ. 8. TePSRUaO eYROXWiRQV Rf Whe aUea-aYeUaged (YRB-aYeUaged) (a, d, g) SAT aQRPaO\ (XQiWV: �C), (b, e, h) VWaQdaUdi]ed
VRiO  PRiVWXUe  aQRPaO\,  aQd  (c,  f,  i)  SUeciSiWaWiRQ  aQRPaO\  (XQiWV:  Ng  Pï2)  dXUiQg  Whe  SeUiRd  Rf  10  JXO\  WR  5  AXgXVW  2003,
SUedicWed  b\  Whe  (a²c)  CMA,  (d²f)  NCEP  (PiddOe),  aQd  (g²i)  ECMWF  PRdeOV.  BOacN  VROid  cXUYeV  UeSUeVeQW  Whe
RbVeUYaWiRQV; Ued, bOXe aQd gUeeQ daVhed cXUYeV deQRWe Whe SUedicWiRQV iQiWiaOi]ed RQ 12 (gUeeQ), 17 (bOXe) aQd 22 (Ued) JXO\,
Zhich aUe 5, 10, aQd 15 da\V ahead Rf heaWZaYe iQiWiaWiRQ, UeVSecWiYeO\. The gUa\ VhadiQg iQdicaWeV Whe RbVeUYed heaWZaYe
RccXUUeQce SeUiRd.
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ZeaN  heaWZaYe,  cRXOd  be  Whe  UeVXOW  Rf  iWV  beWWeU  SUedicWiRQ
VNiOO  iQ  caSWXUiQg  Whe  eYROXWiRQ  aQd  iQWeQViW\  Rf  QBWO-
UeOaWed high-SUeVVXUe aQRPaOieV aQd Whe dU\iQg Rf VRiO PRiV-
WXUe  iQdXced  b\  UedXced  SUeciSiWaWiRQ.  TR  fXUWheU  YeUif\
ZheWheU  Whe  iQWUaVeaVRQaO  ciUcXOaWiRQ  aQRPaOieV  (aVVRciaWed
ZiWh Whe MJO aQd QBWO) aQd Whe OaQd²aWPRVSheUe iQWeUac-
WiRQ  SOa\  cUXciaO  UROeV  iQ  Whe  VNiOOfXO  SUedicWiRQ  aW  Whe  VXb-
VeaVRQaO  WiPe  VcaOe  fRU  RWheU  YRB  heaWZaYe  caVeV,  Ze
e[aPiQed  Whe  biaVeV  iQ  ciUcXOaWiRQ  aQRPaOieV  (FigV.  9 aQd
10) aQd VRiO PRiVWXUe aQRPaOieV (Fig. 11) agaiQVW Whe biaVeV
iQ SAT aQRPaOieV aVVRciaWed ZiWh aOO  YRB heaWZaYeV dXU-
iQg VXPPeUV iQ 1999²2010 aW diffeUeQW fRUecaVW OeadV.

The 2003 Pega-heaWZaYe caVe VWXd\ VhRZV WhaW Whe faiO-
XUe  Rf  PRdeOV  WR  caSWXUe  Whe  WiPiQg  aQd  dXUaWiRQ  Rf  heaW-
ZaYe RccXUUeQce UeVXOWV  fURP Whe eUURUV  iQ SUedicWed aWPR-
VSheUic ciUcXOaWiRQ aQRPaOieV UeOaWed WR Whe iQWUaVeaVRQaO RVciO-
OaWiRQ  (FigV.  3b, 5 aQd 6j).  CRQVideUiQg  aOO  YRB heaWZaYe
eYeQWV  iQ  1999²2010, FigV.  9 aQd 10 cRPSaUe  Whe  UeOaWiYe
effecWV Rf PiVUeSUeVeQWaWiRQV Rf MJO- aQd QBWO-UeOaWed ciU-
cXOaWiRQ SaWWeUQV aQd aPSOiWXdeV RQ Whe eUURUV iQ heaWZaYe SUe-
dicWiRQV aW Whe fRUecaVW Oead WiPe Rf 15 da\V. WheQ Whe PRd-
eOV faiOed WR SUedicW heaWZaYeV (bXW Whe\ did RccXU iQ RbVeUYa-
WiRQV), aOO WhUee PRdeOV ZeUe geQeUaOO\ abOe WR SUedicW Whe SUe-
YaOeQce  Rf  high-SUeVVXUe  aQRPaOieV  RYeU  Whe  YRB  (FigV.
9a²c, g²i, aQd P²R) bXW WeQded WR XQdeUeVWiPaWe WheiU iQWeQViW-
ieV, ZiWh abRXW haOf Whe aPSOiWXde Rf Whe RbVeUYed H500 aQRP-
aOieV (QRW VhRZQ). AV a UeVXOW, Whe SAT aQRPaOieV ZeUe WRR
VPaOO WR Ueach Whe heaWZaYe cUiWeUiRQ. OQ Whe cRQWUaU\, if Whe
PRdeOV  SUedicW  VWURQg  high-SUeVVXUe  aQRPaOieV  aVVRciaWed
ZiWh  iQWUaVeaVRQaO  RVciOOaWiRQ  (10²90-da\ VigQaOV),  Whe\ aUe
PRUe OiNeO\ WR SUedicW Whe RccXUUeQce Rf a heaWZaYe, eYeQ if
WheVe heaWZaYeV did QRW e[iVW (FigV. 9d, j aQd S). MRUeRYeU,
Whe  caXVeV  Rf  faOVe  aOaUPV VeeP WR  be  PRUe  UeOeYaQW  WR  Whe
MJO-UeOaWed H500 aQRPaOieV (FigV.  9f, O aQd U) WhaQ WR Whe

QBWO VigQaOV (FigV. 9e, N aQd T).
IQ Fig. 10, Ze fXUWheU TXaQWiWaWiYeO\ cRPSaUe Whe biaVeV

iQ  Whe  VWUeQgWh  Rf  H500  aQRPaOieV  aVVRciaWed  ZiWh  Whe
QBWO  (RUaQge  dRWV)  aQd  MJO  (bOXe  dRWV)  agaiQVW  Whe
biaVeV iQ SAT aQRPaOieV fRU aOO heaWZaYe da\V iQ Whe RbVeUYa-
WiRQ.  UQVXUSUiViQgO\,  Whe  biaVeV  iQ  SAT aQRPaOieV  Rf  heaW-
ZaYeV  iQcUeaVe  aV  Whe  fRUecaVW  Oead  WiPeV  becRPe  ORQgeU
fURP a  10-da\ Oead WR  15-da\ aQd 20-da\ OeadV.  PUedicWiRQ
eUURUV  iQ  Whe  aPSOiWXde  Rf  SAT  aQRPaOieV  aUe  VPaOO  aQd
PRVWO\ XQdeUeVWiPaWed (ZiWh PeaQ biaVeV Rf ï0.71 WR ï1.2)
aW Whe 6²10-da\ fRUecaVW Oead (FigV. 10a, d, g), aQd Whe\ UiVe
XS  WR  Whe  UaQge  Rf  ï1.15  WR  ï1.67  aW  Whe  fRUecaVW  OeadV  Rf
11²20 da\V (bRWWRP WZR SaQeOV iQ Fig.  10).  The SUedicWiRQ
eUURUV  iQ  Whe  aPSOiWXde  Rf  H500 aQRPaOieV  aVVRciaWed  ZiWh
Whe acWiYiWieV Rf bRWh Whe QBWO aQd MJO aUe SRViWiYeO\ cRU-
UeOaWed  ZiWh  Whe  biaVeV  iQ  aPSOiWXde  Rf  SAT  aQRPaOieV.
TheVe SRViWiYe cRUUeOaWiRQ cRefficieQWV aUe VWaWiVWicaOO\ VigQific-
aQW, VXggeVWiQg WhaW Whe XQdeUeVWiPaWiRQV Rf SAT aQRPaOieV,
Zhich caXVe Whe XQdeUeVWiPaWiRQV Rf heaWZaYe dXUaWiRQ aQd
iQWeQViW\,  cRPe  PRVWO\  fURP  Whe  biaVeV  iQ  Whe  VWUeQgWh  Rf
OaUge-VcaOe ciUcXOaWiRQ aQRPaOieV UeOaWed WR iQWUaVeaVRQaO RVciO-
OaWiRQ.  We  fXUWheU  fRXQd  WhaW,  fRU  a  VhRUWeU  fRUecaVW  Oead
WiPe (FigV. 10a, d aQd g), Whe effecWV Rf QBWO- aQd MJO-
UeOaWed  H500  biaVeV  RQ  Whe  fideOiW\  iQ  SAT  SUedicWiRQV  aUe
cRPSaUabOe.  AV Whe Oead WiPeV becRPe ORQgeU  (FigV.  10c, f
aQd i), Whe MJO-UeOaWed H500 biaVeV VhRZ a WighWeU cRQQec-
WiRQ ZiWh SAT biaVeV (ZiWh a higheU cRUUeOaWiRQ cRefficieQW).
The higheU cRUUeOaWiRQ cRefficieQWV Rf biaVeV beWZeeQ MJO-
UeOaWed  H500  aQd  SAT  aQRPaOieV  WhaQ  WhRVe  beWZeeQ
QBWO-UeOaWed  H500  aQd  SAT  aQRPaOieV  ZeUe  VhRZQ  iQ
Whe  SUedicWiRQV  Rf  aOO  WhUee  PRdeOV  aW  Whe  fRUecaVW  Oead  Rf
16²20  da\V,  iPSO\iQg  WhaW  Whe  MJO  acWiYiW\  SURYideV  a
VRXUce Rf YRB heaWZaYe SUedicWiRQ VNiOO aW Whe VXbVeaVRQaO
WiPeVcaOe be\RQd a 10-da\ fRUecaVW Oead (YaQg eW aO., 2018;
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FLJ. 9. CRPSRViWeV Rf iQWUaVeaVRQaO ciUcXOaWiRQ H500 aQRPaOieV (XQiWV: gSP) dXUiQg Whe daWeV ZheQ PRdeOV VhRZ eUURUV iQ heaWZaYe
SUedicWiRQ aW Whe 15-da\ fRUecaVW Oead. (a²c) CRPSRViWeV Rf 10²90 d, 10²30 d, aQd 30²90 d H500 aQRPaOieV ZheQ Whe CMA PRdeO
PiVVed  Whe  heaWZaYeV  (i.e.,  heaWZaYeV  ZeUe  QRW  SUedicWed  WR  RccXU,  bXW  did  RccXU),  UeVSecWiYeO\.  (d²f)  AV  iQ  (a²c)  bXW  fRU  Whe
cRPSRViWeV Rf faOVe aOaUP caVeV (i.e., heaWZaYeV ZeUe SUedicWed WR RccXU bXW did QRW RccXU) iQ Whe CMA PRdeO. PaQeOV (g²i, P²R) aQd
(j²O, S²U) aUe Whe VaPe aV (a²c) aQd (d²f), e[ceSW fRU Whe UeVXOWV Rf Whe NCEP aQd ECMWF PRdeOV, UeVSecWiYeO\.
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HVX eW aO., 2020). FRU a VhRUWeU fRUecaVW Oead WiPe (e.g., 6²10
da\V), Whe PRdeO·V caSabiOiW\ iQ UeSUeVeQWiQg Whe QBWO acWiY-
iW\  iV  aOVR  iPSRUWaQW  fRU  a  VNiOOfXO  SUedicWiRQ  Rf  YRB heaW-
ZaYeV (FigV. 6 aQd 10).

A cRUUecW SUedicWiRQ Rf VRiO PRiVWXUe aQRPaOieV affecWed
b\ aQRPaORXV SUeciSiWaWiRQ iV aQRWheU VRXUce Rf heaWZaYe SUe-
dicWiRQ VNiOO  aW Whe VXbVeaVRQaO WiPe VcaOe, accRUdiQg WR Whe
SUedicWiRQ  eYaOXaWiRQV  Rf  Whe  2003  YRB  Pega-heaWZaYe
eYeQW (Fig. 8). WheQ Whe ECMWF PRdeO SUedicWed Whe cRQ-
WiQXRXV  dU\iQg  Rf  VRiO  PRiVWXUe  dXe  WR  a  OacN  Rf  SUeciSiWa-
WiRQ,  SRViWiYe  SAT  aQRPaOieV  RccXUUed  aQd  eQdXUed  fRU
PRUe  da\V.  The  CMA  aQd  NCEP  PRdeOV  faiOed  WR  SUedicW
Whe dU\QeVV iQ Whe OaQd VXUface cRQdiWiRQ, aQd Whe SAT aQRP-
aOieV  UeYeaOed  OiWWOe  chaQge  ZiWhRXW  fRUPiQg  a  heaWZaYe
eYeQW.  BaVed  RQ  Whe  aVVeVVPeQWV  Rf  aOO  YRB  heaWZaYe
eYeQWV, Fig.  11 cRQfiUPV  Whe  effecW  Rf  SUecediQg  VRiO  PRiV-

WXUe chaQgeV RQ Whe SUedicWiRQ biaV Rf  SAT aQRPaOieV dXU-
iQg Whe RbVeUYed heaWZaYe SeUiRdV. The SAT aQRPaOieV dXU-
iQg  Whe  heaWZaYe  SeUiRdV  (\-a[iV)  aUe  aOO  QegaWiYeO\  cRUUeO-
aWed ZiWh Whe aQRPaORXV VRiO PRiVWXUeV iQ adYaQce Rf heaW-
ZaYe RccXUUeQce ([-a[iV). IQ Whe caVe Rf SUedicWiRQV aW a 20-
da\ Oead, Whe VRiO PRiVWXUe VhRZV a VPaOOeU biaV aW Whe begiQ-
QiQg  Rf  SUedicWiRQ  (gUeeQ  dRWV  fRU  SUedicWiRQ  11²15  da\V
ahead Rf heaWZaYe RccXUUeQce) aQd Whe biaVeV iQ VRiO PRiV-
WXUe haYe a UeOaWiYeO\ ZeaN OiQNage ZiWh Whe SAT aQRPaOieV
aVVRciaWed  ZiWh  heaWZaYe  RccXUUeQce  (cRUUeOaWiRQ  cReffi-
cieQWV  aUe  0.19,  0.07  aQd  0.1  fRU  Whe  CMA,  NCEP  aQd
ECMWF  PRdeOV,  UeVSecWiYeO\).  The  cRUUeOaWiRQ  cReffi-
cieQWV iQcUeaVe aORQg ZiWh Whe iQcUeaVed WiPe Rf PRdeO iQWegUa-
WiRQ (bOXe aQd Ued cRORUV fRU cRQdiWiRQV 6²10 da\V aQd 1²5
da\V  befRUe  heaWZaYe  RccXUUeQce,  UeVSecWiYeO\),  iQdicaWiQg
WhaW Whe eUURUV iQ SAT SUedicWiRQ aVVRciaWed ZiWh heaWZaYeV
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FLJ.  10.  ScaWWeUSORWV  fRU  (a²c)  CMA,  (d²f)  NCEP  aQd  (g²i)  ECMWF  PRdeO  SUedicWiRQ  biaVeV  iQ  SAT  aQRPaOieV
(XQiWV: �C, \-a[iV) agaiQVW Whe iQWUaVeaVRQaO H500 aQRPaOieV (XQiWV: gSP, [-a[iV) aVVRciaWed ZiWh Whe MJO (bOXe dRWV)
aQd QBWO (RUaQge dRWV) fRU aOO heaWZaYe da\V RYeU Whe YRB dXUiQg 1999²2010: SUedicWiRQV aW Oead WiPeV Rf (a, d,
g)  6²10  da\V,  (b,  e,  h)  11²15  da\V,  aQd  (c,  f,  i)  16²20  da\V.  The  OiQeaU  fiW  cXUYeV  fRU  bOXe  aQd  RUaQge  dRWV  aUe
SUeVeQWed  iQ  daUN  bOXe  aQd  Ued,  UeVSecWiYeO\.  The  aYeUage  Rf  biaVeV  (M)  fRU  each  YaUiabOeV  aQd  Whe  cRUUeOaWiRQ
cRefficieQW  (R)  beWZeeQ  SAT  biaVeV  aQd  H500  biaVeV  aUe  giYeQ  iQ  each  SaQeO.  R  ZiWh  aQ  aVWeUiVN  iQdicaWeV  Whe
cRUUeOaWiRQ cRefficieQWV aUe VigQificaQW aW Whe 95% cRQfideQce OeYeO baVed RQ Whe SWXdeQW·V W-WeVW.
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aUe cORVeO\ UeOaWed WR Whe SUedicWed biaVeV iQ VRiO PRiVWXUe iQ
adYaQce. IQ RWheU ZRUdV, RQce Whe biaVeV iQ VRiO PRiVWXUe SUe-
dicWiRQ gURZ, Whe\ ZiOO caXVe a OaUgeU biaV iQ Whe SUedicWiRQV
Rf SAT aQRPaOieV WhURXgh Whe OaQd²aWPRVSheUe iQWeUacWiRQ,
aQd  WhXV  Whe  eUURUV  iQ  heaWZaYe  SUedicWiRQ.  TheUefRUe,  aQ
accXUaWe  SUedicWiRQ  Rf  VRiO  PRiVWXUe  eYROXWiRQ  iV  iPSRUWaQW
WR a ORQgeU Oead (VXch aV Whe VXbVeaVRQaO WiPe UaQge) SUedic-
WiRQ fRU heaWZaYeV RYeU Whe YRB.

5.ĂĂĂĂSXPPaU\

The YRB iV RQe Rf Whe PRVW deQVeO\ SRSXOaWed UegiRQV
iQ  ChiQa,  aQd  haV  begXQ  WR  VXffeU  fURP  fUeTXeQW  e[WUePe
high-WePSeUaWXUe  ha]aUdV  dXUiQg  bRUeaO  VXPPeU  (Fig.  1e).
UQdeUVWaQdiQg  Whe  SUedicWiRQ  VNiOO  Rf  heaWZaYeV  iQ  RSeUa-
WiRQaO  fRUecaVW  PRdeOV  aQd  Whe  Ne\  VRXUceV  Rf  SUedicWiRQ
VNiOO  aQd/RU biaVeV iV Whe baViV WR iPSURYe Whe fRUecaVW VNiOO
Rf  heaWZaYeV  ZiWh  ORQgeU  Oead  WiPeV  (ViWaUW  eW  aO.,  2017;
ViWaUW  aQd  RRbeUWVRQ,  2018; YaQg  eW  aO.,  2018).  HeUe,  Ze
XVed  Whe  UefRUecaVW  daWa  Rf  1999²2010  fURP  Whe  CMA,
NCEP aQd  ECWMF PRdeOV  WhaW  SaUWiciSaWed  iQ  Whe  WMO
S2S SURjecW WR aVVeVV Whe SUedicWiRQ VNiOO Rf heaWZaYeV RYeU
Whe  YRB  aQd  diVcXVV  Whe  effecWV  Rf  eUURUV  iQ  SUedicWed
iQWUaVeaVRQaO ciUcXOaWiRQ aQRPaOieV aQd OaQd VXUface cRQdi-
WiRQV RQ Whe SUedicWiRQ Rf heaWZaYeV aW Whe VXbVeaVRQaO WiPeV-
caOe be\RQd 10 da\V.

FRU  Whe  SUedicWiRQ  Rf  SAT  iQ  VXPPeU  (JJA),  aOO  Whe
WhUee  PRdeOV  VhRZ  XQdeUeVWiPaWed  WePSeUaWXUe  (cROd
biaVeV)  iQ  VRXWheaVWeUQ  ChiQa,  iQcOXdiQg  Whe  YRB (Fig.  1).
BaVed RQ Whe UeOaWiYe cUiWeUia Rf high WePSeUaWXUe aW Whe 90Wh
SeUceQWiOe iQ Whe VXPPeU VeaVRQ cOiPaWRORgicaOO\ fRU Whe iQdi-
YidXaO  PRdeOV,  Ze  defiQed  SUedicWed  YRB  heaWZaYeV  aV
ZheQ  Whe  aUea  (YRB)-aYeUaged  SAT  e[ceeded  a  WhUeVhROd
Rf  QR  OeVV  WhaQ  3  da\V.  AVVeVVPeQWV  Rf  Whe  WhUee  PRdeOV·
HSS, XVed WR PeaVXUe Whe SURSRUWiRQ Rf cRUUecW SUedicWiRQV
fRU  heaWZaYe  da\V  dXUiQg  Whe  VXPPeUV  Rf  1999²2010,
UeYeaOed WhaW Whe WhUee PRdeOV ORVW WheiU VNiOO  (ZiWh aQ HSS
aURXQd ]eUR) be\RQd Whe fRUecaVW Oead WiPe Rf 15 da\V (Fig.
2b).  AW  Whe  fRUecaVW  Oead  Rf  10  da\V,  Whe  WhUee  PRdeOV

VhRZed  diYeUVe  VNiOO  iQ  WheiU  YRB  heaWZaYe  SUedicWiRQV.
The NCEP aQd ECMWF PRdeOV SeUfRUPed beWWeU WhaQ Whe
CMA PRdeO.  TR XQdeUVWaQd Whe  VRXUceV  Rf  SUedicWiRQ  VNiOO
iQ WheVe WhUee RSeUaWiRQaO PRdeOV, Whe 2003 Pega-heaWZaYe
eYeQW ZiWh e[WUePe hRW da\V WhaW OaVWed fRU 8 da\V RYeU Whe
YRB ZaV fiUVW aQaO\]ed. The Ne\ facWRUV caXViQg Whe SUedic-
WiRQ  biaVeV  Rf  Whe  heaWZaYe  ZeUe  WheQ  cRQfiUPed  aQd  diV-
cXVVed  iQ  PRUe  deSWh  b\  cRQVideUiQg  aOO  heaWZaYe  SUedic-
WiRQV iQ Whe PRdeO UefRUecaVW SeUiRd (1999²2010).

FRU Whe SUedicWiRQV Rf Whe 2003 Pega-heaWZaYe eYeQW aW
a  10-da\  fRUecaVW  Oead,  Whe  ECMWF  PRdeO  caSWXUed  Whe
iQWeQViW\ aQd dXUaWiRQ Rf  high SAT aQRPaOieV aQd WhXV Whe
ORQg-OaVWiQg heaWZaYe eYeQW, ZhiOe Whe NCEP PRdeO XQdeUeV-
WiPaWed  Whe  SeUViVWeQce  Rf  high  SAT  aQRPaOieV  aQd  Whe
OifeVSaQ  Rf  Whe  heaWZaYe.  The  CMA  PRdeO  XQfRUWXQaWeO\
faiOed  WR  SUedicW  Whe  heaWZaYe  RbVeUYed  (FigV.  2c aQd 3).
The beWWeU  SUedicWiRQ  VNiOO  Rf  Whe  ECMWF PRdeO  cRXOd  be
aWWUibXWabOe WR iWV gRRd VNiOO iQ SUedicWiQg Whe aPSOiWXde aQd
eYROXWiRQ  Rf  high-SUeVVXUe  (H500)  aQRPaOieV  aVVRciaWed
ZiWh  iQWUaVeaVRQaO  RVciOOaWiRQ  (FigV.  4²6)  aQd  Whe  UeOeYaQW
OaQd  VXUface  SURceVV  (FigV.  7 aQd 8).  ObVeUYaWiRQaOO\,  Whe
high-SUeVVXUe  aQRPaOieV  iQdXced  b\  Whe  QRUWhZeVWZaUd-
SURSagaWiQg QBWO faYRUed Whe SeUViVWeQW high SAT aQRP-
aOieV  RYeU  Whe  YRB  (FigV.  5a²d aQd 6j).  AORQg  ZiWh  Whe
UedXced SUeciSiWaWiRQ befRUe Whe RccXUUeQce Rf Whe heaWZaYe,
Whe dU\iQg Rf VRiO PRiVWXUe aOVR cRQWUibXWed WR Whe PaiQWeQ-
aQce Rf high SAT aQRPaOieV (bOacN cXUYeV iQ Fig. 8). The SRV-
iWiYe  UROeV  Rf  iQWUaVeaVRQaO  RVciOOaWiRQ  aQd  VRiO  PRiVWXUe
haYe beeQ dRcXPeQWed iQ bRWh RbVeUYaWiRQaO aQd PRdeOiQg
VWXdieV (FiVcheU eW aO., 2007; DiUPe\eU eW aO., 2009; YaQg eW
aO., 2018; WaQg eW aO., 2019; HVX eW aO., 2020). IQ WhiV VWXd\,
Ze  ePShaVi]e  WheiU  effecWV  RQ  heaWZaYe  SUedicWiRQ  iQ  Whe
S2S PRdeOV. WheQ Whe NCEP aQd CMA PRdeOV biaVedO\ SUe-
dicWed  Whe  eYROXWiRQ  aQd  iQWeQViW\  Rf  Whe  QBWO  (Fig.  6j),
Whe  RccXUUeQce  WiPiQg  aQd  aPSOiWXde  Rf  high  SAT  aQRP-
aOieV VhRZed eUURUV (Fig. 3), OeadiQg WR OiPiWed VNiOO iQ heaW-
ZaYe  SUedicWiRQ  (Fig.  2c).  The  ZeaN  ciUcXOaWiRQ  aQRPaOieV
iQ  Whe  NCEP aQd CMA PRdeOV  cRXOd  fXUWheU  iQdXce  VPaO-
OeU  decUeaVeV  iQ  SUeciSiWaWiRQ  aQd  VRiO  PRiVWXUe,  Zhich  UeV-
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FLJ. 11. AV iQ FigV. 10c, f aQd i bXW VhRZiQg VcaWWeUSORWV beWZeeQ Whe SAT biaVeV dXUiQg heaWZaYe da\V agaiQVW Whe
VRiO PRiVWXUe biaVeV aW 1²5 da\V (RUaQge dRWV), 6²10 da\V (bOXe dRWV) aQd 11²15 da\V (gUeeQ dRWV) iQ adYaQce Rf YRB
heaWZaYe RccXUUeQce.
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XOW iQ QeaU-QRUPaO SAT aQRPaOieV Yia Whe OaQd²aWPRVSheUe
cRXSOiQg (Fig. 8). IQ cRQWUaVW, Whe ECMWF PRdeO cRUUecWO\
SUedicWed Whe SURSagaWiRQ Rf eQhaQced QBWO-UeOaWed high-
SUeVVXUe aQRPaOieV aQd Whe decUeaViQg WeQdeQc\ Rf VRiO PRiV-
WXUe  (FigV.  6j aQd 8),  PeaQiQg  Whe  aPSOiWXde  aQd  SeUViVW-
eQce Rf high SAT aQRPaOieV, aV ZeOO aV Whe heaWZaYe dXUa-
WiRQ,  SUedicWed  b\  WhiV  PRdeO  ZaV  cORVeU  WR  RbVeUYaWiRQ
(FigV. 2c aQd 3).

The fiQdiQgV ZiWh UeVSecW  WR Whe PajRU facWRUV iQfOXeQ-
ciQg Whe SUedicWiRQ VNiOO aV UeYeaOed b\ Whe eYaOXaWiRQ Rf Whe
2003 YRB Pega-heaWZaYe eYeQW ZeUe cRQfiUPed b\ Whe aQa-
O\VeV  XViQg  Whe  WhUee  PRdeOV· SUedicWiRQV  fRU  aOO  heaWZaYe
eYeQWV  iQ  1999²2010  (FigV.  9²11).  A  cRUUecW  SUedicWiRQ  Rf
QBWO ciUcXOaWiRQ aQRPaOieV SOa\V a cUXciaO UROe iQ Whe accXU-
ac\  Rf  Whe  2003  Pega-heaWZaYe  SUedicWiRQ  aV  Whe  MJO
VhRZV OiWWOe effecW RQ WhiV caVe; hRZeYeU, fRU PRVW YRB heaW-
ZaYe  eYeQWV,  bRWh  Whe  MJO aQd  QBWO ciUcXOaWiRQ  aQRP-
aOieV  SUedicWed b\ Whe PRdeOV  affecW  Whe SUedicWiRQ VNiOO  fRU
YRB heaWZaYeV iQ VXPPeU (FigV.  9 aQd 10).  IQ WhiV  VWXd\,
Ze fXUWheU fRXQd WhaW fRU a VhRUWeU fRUecaVW Oead WiPe (e.g., a
10-da\ Oead), Whe effecWV Rf QBWO- aQd MJO-UeOaWed H500
SUedicWiRQ VNiOO RQ Whe fideOiW\ iQ SAT SUedicWiRQV aUe cRPSaU-
abOe.  AV  Whe  Oead  WiPeV  becRPe  ORQgeU  (RYeU  15²20  da\V),
Whe  biaVeV  iQ  MJO  ciUcXOaWiRQ  SUedicWiRQV  caXVe  a  VigQific-
aQW degUadiQg Rf SAT SUedicWiRQV aQd WhXV heaWZaYe SUedic-
WiRQ  VNiOO  (Fig.  10).  ThXV,  Whe  MJO acWiYiW\  RYeU  Whe  AViaQ
PRQVRRQ  UegiRQV  cRXOd  be  Whe  YiWaO  VRXUce  Rf  YRB  heaW-
ZaYe SUedicWiRQ VNiOO aW Whe VXbVeaVRQaO WiPeVcaOe.

ThURXgh  Whe  OaQd²aWPRVSheUe  iQWeUacWiRQ,  Whe  SUedic-
WiRQ eUURUV  iQ  VRiO  PRiVWXUe  iQdXced b\ SUeciSiWaWiRQ aQRP-
aOieV  aUe  aOVR  a  facWRU  iQfOXeQciQg  Whe  SUedicWiRQ  VNiOO  Rf
SAT  aQRPaOieV  (Fig.  11).  If  Whe  PRdeOV  VXcceVVfXOO\  SUe-
dicWed  VRiO  PRiVWXUe  aQRPaOieV  aQd  SUeciSiWaWiRQ  chaQgeV,
Zhich  aUe  OaUgeO\  iQfOXeQced  b\  Whe  iQWUaVeaVRQaO  ciUcXOa-
WiRQ aQRPaOieV, befRUe Whe heaWZaYe RccXUUeQce, Whe\ cRXOd
aOVR beWWeU SUedicW Whe aPSOiWXde aQd dXUaWiRQ Rf SAT aQRP-
aOieV aVVRciaWed ZiWh Whe heaWZaYe. IQ RWheU ZRUdV, Whe VNiOO
Rf  Whe  PRdeOV  iQ  UeSUeVeQWiQg  Whe  OaQd²aWPRVSheUe  cRXS-
OiQg  iV  cORVeO\  cRQQecWed  ZiWh  Whe  YRB  heaWZaYe  SUedic-
WiRQ VNiOO  aW  Whe  VXbVeaVRQaO  UaQge,  ViPiOaU  WR  Whe  UeVXOWV  Rf
FRUd  eW  aO.  (2018) ZhR  fRcXVed  RQ  eYaOXaWiQg  U.S.  heaW-
ZaYe SUedicWiRQV.

The  cRQWUibXWiRQV  Rf  VNiOOfXO  SUedicWiRQV  Rf  iQWUaVea-
VRQaO  ciUcXOaWiRQ  aQRPaOieV  aQd  Whe  OaQd  VXUface  cRQdiWiRQ
WR Whe SUedicWiRQ Rf YRB heaWZaYeV fRXQd iQ WhiV VWXd\ caOO
fRU fXUWheU iQYeVWigaWiRQ iQWR hRZ WR iPSURYe Whe PRdeO SUe-
dicWiRQ  VNiOO  fRU  iQWUaVeaVRQaO  RVciOOaWiRQ  aQd  OaQd²aWPR-
VSheUe  cRXSOiQg.  IdeQWif\iQg  Whe  facWRUV  aQd  Ne\  SURceVVeV
affecWiQg  Whe  ShaVe  eYROXWiRQ  aQd  VWUeQgWh  Rf  Whe  QBWO
aQd  MJO  iQ  Whe  S2S  PRdeOV  (He  eW  aO.,  2019),  aV  ZeOO  aV
WheiU iQfOXeQceV RQ Whe OaQd VXUface SURceVVeV, aUe Whe aiPV
Rf RXU RQgRiQg UeVeaUch. BeVideV, Whe fiQdiQgV Rf WhiV VWXd\
aUe baVed RQ aVVeVVPeQW aQd aQaO\ViV Rf S2S PRdeOV· UefRUe-
caVW daWa. ReceQW VWXdieV fRXQd WhaW PRiVWXUe iQiWiaOi]aWiRQ iV
iPSRUWaQW fRU accXUaWe SUedicWiRQ Rf Whe MJO aQd iWV WeOecRQ-
QecWiRQ SaWWeUQV (ReQ eW aO., 2016; WX eW aO., 2020). TR ZhaW

e[WeQW  Whe  iQiWiaO  aWPRVSheUic  aQd  VRiO  PRiVWXUe  aQRPaOieV
e[eUW  iPSacWV  RQ  Whe  SUedicWiRQ  VNiOO  Rf  YRB heaWZaYeV  aW
Whe VXbVeaVRQaO WiPe VcaOe iV ZRUWh fXUWheU VWXd\iQg b\ cRQ-
dXcWiQg fRUecaVW e[SeUiPeQWV.

AcNQRZOedgePeQWV.  Ă  ĂThe  aXWhRUV  ZRXOd  OiNe  WR  WhaQN  Whe
aQRQ\PRXV  UeYieZeUV  fRU  WheiU  cRPPeQWV,  Zhich  heOSed  iPSURYe
Whe  PaQXVcUiSW.  ThiV  VWXd\  ZaV  VXSSRUWed  b\  Whe  NaWiRQaO  Ke\
R&D  PURgUaP  Rf  ChiQa  (GUaQW  NRV.  2018YFC1505804  aQd
2018YFC1507704) aQd NSFC (GUaQW NR. 41625019). We aSSUeci-
aWe  Whe  RSeUaWiRQaO  ceQWeUV  fRU  SURYidiQg  WheiU  PRdeO  RXWSXWV
WhURXgh Whe S2S daWabaVe.
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