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Abstract Atmospheric predictability research is the basis for weather and climate prediction.
Under the background of global warming, meso/micro-scale extreme weather such as heavy rain
and severe convection occur more frequently in recent years, and its predictability has attracted
widely attention. After a brief review of the history of atmospheric predictability research, this
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paper systematically reviews and summarizes the latest advances on the predictability of heavy
rain and strong convection over the last 20 years. The main research methods for
meso/micro-scale predictability and their differences with traditional large-scale weather
predictability research are first discussed. Then, the primary initial error growth mechanism (error
upscaling under deep moist convection) has been elaborated in detail and some arguments (error
downscaling, error upscaling and downscaling coexisting) are discussed. The influences of errors
in NWP models and convective environment to the practical predictability, as well as some recent
mesoscale predictability experiments are also highlighted. Finally, this paper briefly discusses the
current problems, challenges and future directions on predictability research of heavy rain and
severe convection.

Keywords Heavy rain, Severe convection, Error growth, Ensemble forecast, Predictability

1 3|8

KA TRARAE i) 8 R o P TR A AT S 2 AR MR ITE O e i, R BAE T
WIUR AR IR, T ATRAA G — ). BUE RATR, 1EREETIXAE 2,
VTR e M P s R CHALYE, 2010 4R, RAARRN, HL
MR AL R AHER . 1963 4F, Lorenz &3 (Wi EMAEE A% (Lorenz, 1963),
T 1969 FHEHIE H KIS S f7-7E b G nf itk EFR M (Lorenz, 1969), i AffiE it 2F
Wi BARALE QR 7= A el Bk M ) 51 &2 T 72 M 3E  (Leith, 1971, 1983;
Fraedrich, 1987; Palmer and Hagedorn, 2006) . FI J& A Fi M A7F 50 2 At 1R R A TR AE SR B
FH P i AR 2% ) AL, AR Tl o PRI AN o P XS o DA B e B 47 4 DA S B 4R 20T 1ff i
PEIR 73 AT PR ot A O R . AR RAL (WMO) 1 = HEMHAE R
BRI A AR ROR ] R B T CCLIVAR )« W0 2 45 9F 98 F1 Al 93 4% o 3 56
(THORPEX), 73 7l B o< AT Pl 14 AR AT Tl H 2 4% B SR B2 2K AT & AR AN
WHoe, IS TRk

KT ANERG AR R E RS T IR 8, A RGN SR (BB, 2002;
Palmer and Hagedorn, 2006; H4C3, 2011; Lietal., 2016), {H5HIrb /N R AT Tk 4 5 T )
WA D, B AN Rw8%, Bl RaENnBBA2 . KA fiakits
Fom s REES A OG, RBGERDN, RZEE KO TRy BRIk, R KSR = )
PERTECH PO 32 H RSB R v AT 128 BTG, 1 A /0N FROBE 3 R AR A ] e sy R )
IEHU/NE (Hoskins, 2013). H/NRFEGRRSIEHEIN . A, fyiag, S ™, Hnl
TR v B0 T SR A Ak 1) S A . HRTI S, TR BRR R G AATE . Ak
BEZA, KAEWES® (B, 2017) . PENFLLIk, BEAE DB PRI T BOM = 1 ge i
NP R, N RBE 5 PRSI Al TR AR T IR BTG 2 . Aok, REZRW. 58
ST N R BEBURBR R SANR, W20124F b5t 7. 21 Bt R R B RN . 20154830 1k 1 F1)<6.1”
TR 20164V IR B 72<6.237 05 K e . 20174E) M X 5. 7" 9 RAF K T FH1E ) 5
RV TIZ AL 2 PRI P T B 774 T ERBbR o R 25 LA 20 R Sk i X
WA T POk AR, AR H IR S0 3 A B0 RS 2Ons /s ROBE a8 R S T e 79475 1 70 A BR
(Bauer et al., 2015), H1/)N RUBE 5 R PT TR 1] R0 T Ry 6] o 5 R A< AR e # e
NI, A SCHE [R5 R] PR M 70 D sSE s RE AL b, S ST AR E AN SN RER R RS
FYIFAICIFR N SR AT TR 7 THD AR 5 A 90 RO AR R S a8 AT MR VR R AR IR .
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2 RAF TR BT T BB

2.1 WITRERT L E EE AR

KA E 1 o) @ o 5 AR AA B2 582, EARH K Z RIRANE &R, 5
KA BIERAKZ ME. Thompson (1957) B UCE & PEAL T W46 ZE 75 TR (115 K )
FeFg KA AT TR A2 4R E 2 R RS L n] I H i8I Se i B S PR 4R K. Lorenz

(1963) fEH: A It AR SRV — S rh I BE ZR Gt A g & AT 78 R <] TR VAT g2 S 1
IRl (Chaos) FEIE (Ji RKu i s LU RR N e N FFiE I KR 2 R AL AR AR H
P HIZE H RS THRAEAE N FE TR LR (Lorenz, 1969), B & 5142 1 2 A% AT TR LA 52 i)
ZRVE.

1965 Al 1987 4, £kiEZ7#IAE (Linear Singular Vector, SV) FIZs kM K fa %

(Lyapunov exponent), FF B §if KA AT Wik AT Fe43ek 72 B 1) 5 B2 5)) 77 220 58 5 197
%4 Lorenz (1965) F1 Fraedrich (1987) 3N, FEAMJ7VRHRRSTE 2.3 A4

20 T4 90 AEAHIN, BRI R S i (ECMWE) 4 SV Tiik R EIiE 7556
TR WIIEINEN 5 %2, HAEHM S S TR 25 24 3 (Palmer et al., 1992; Molteni et al.,
1996). [FINf, EESZRIHFEETIR P 0 (NCEP) ¥ RiHh Lyapunov [ & &4 AL MEHESE,
PR T EhERE K (Bred Modes, BM Y Breeding Vectors, BV) HI#JEAILsh 718, I H M
FHZ NCEP WA TR &248 (Toth and Kalnay, 1993).

1995 4F, A RAL (WMO)D FERTIHI AT FedEati b, $-H 79 15 SEH)mAL
LKAl FiigRPE” (Climate Variability and Predictability, CLIVAR) XS5 & Eil-%l, = Smt
TN ZE T B T A B TR) R A A AR SRR AT PR ), PRl A A 2 R B

2002 4, ECMWF A2 F3E H 46 K 22 Bl Fi PERIE U TR £ 5, HITF 17—k
e R4 WU RS T R A ) AT BT (Lorenz [RIMCRAE I, $24E 7 R R B HFES
SHTIRIO, FEARAEG RATRRGAE v R PERIH 77 I 7 R0 380, IR T —&
FR SR RS R B R TR MR S22 (Palmer and Hagedorn, 2006)

2003 4, HET TR A SOk R LA R % KL A EREE G R A TR RGNS B,
FRGRHLEE 7oA 10 09I R Gt 7oA o] i o4 K56 (The Observing system
Research and Predictability Experiment, THORPEX) [ kKA K RETHRI, FEAMRM 1 KF
2 2 I Ta) ROBE [ i sg e R A ] bt . Tl g 20 S AR A

BRI HIIR R Z G K MR R IR P, FREEH g T IR R 22 K e . TR A
SEVETT I, BBRBEERT SV VAR ARG MRS FHET, 4 T SRR M 50 (Conditional
Nonlinear Optimal Perturbation, CNOP), Wiflz 1 SV LK mBR T (Muetal., 2003). 2 #1455
VA T RABECE i B IR EAESE, et [ ARZME B2 e 1% K454k (Nonlinear Local
Lyapunov Exponent, NLLE) (Z=7F-%% 2006; Ding and Li, 2007). JHAKJ7 45 A0 2.3 5.

2007 4, BfAHORBE R TR E IR SO R, TRAR T A A R T 26 A 28 X R 5
bR A0 E ARG 2 5 T 70 JE A | (Zhang et al. , 2002, 2003; Tanetal., 2004), #2H! T 52%
R AHR T s R 22 =B B D3 K AL (Multistage Error Growth Dynamics,
MEGD) (Zhang etal., 2007, b B4 H A RBE rl i P Fe $e it 7 25

2009 4, FERTHAAROREE AR L. SRR (RS FUEAR R R G RN ST
5 N (Xue etal. , 1996, 2007; Done et al. , 2004; Kong et al. , 2007; Smith et al. , 2008), Stensrud
VA B 25 5% [E] 5 KR SO R SR T AT ERI 1T (Warn-on-Detection, WoD) [ 3
TR ) P (Warn-on-Forecast, WoF) %78 ()14F11%l] (Stensrud etal, 2009). B 5351 %
T Z RGO AN R SR X AT TR A AR O

2013 4, N FHh T R ROBE AT TR R 7T, SEE B KRS T 0 (NCAR) A
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Movdhifar oK R R R S S A A, R [ b RO AT R AR iK5S (The
Mesoscale Predictability Experiment, MPEX), Ffatthififiik « A ZHRE. HARIM . X2
WG RZEREKARE . SEN RS R TR ST THOT R 7 R 570 Bt 58 (Weisman et al.
2015),

O VA, B B A X e RO R e, R SO0 W iR Pk XU 2 . M2k
T 22 0 A5 55 /)N RURE PR 58 0T 0 AL 1T FLAR 1 R Bt S B T 4 % . (Cintineo and  Stensrud,
2013; Wu and Meng, 2013; Zhang et al. , 2015, 2016; Durran and Weyn, 2016; Burlingame et al. ,
2017)

R FEHRERHNE 1 PR BETE, B LT ERFE NS 71 R R
PEWFTEIUAS T A D B R AN S, IF 230 NS5 RARE AT TR R R L 50T
WA REE A PR VERE U R a3 . TR ZE U IR, ok N 32 7 B 0 [ e A g
RS RT TR AR 78 % R, 0% FH B m] R P AT B8 75V, B R W] TR P AT R 10
H . EERATUERN AN FH 77 S48 34T 51125, RaiiE A A VKT BT R A S A7 5 38 S F 7
BURAR RIS IR o

Thompson (1957)
1963 1987 1993 2002 2003
Lorenz, Chaos Fraedrich, Lyapunov Toth, BV-NCEP ECMWE, Seminar Mu, CNOP

1965 1992-1993 1995 2003 2006
Lorenz, SV Palmer, SV-ECMWF WMO,CLIVAR WMO,THORPEX Li, NLLE

/ ; 2009 D @
{ STROMs: Squall Line; Stensrud & Xue, WoF

2909 | Supercell Thunderstorm;

LR | Tornadic Thunderstorm;
| Extreme Rainfall Event;

Predictability | §) 0 §)
:er’EX: PBL & Convection Initiation; |
Meso- & Strom scale | Ensemble forecasts; Targeted observations; |
i Upscale Feedbacks; Storm environments; i
2015 2013 2007
Weisman,BAMS NCARMPEX Zhang, Meso-MEGD

K1 ORATR M T AR R R
Figl. Schematic diagram of the major historical events in atmospheric predictability studies

2.2 BRI K532k

(1) BEARZRIERN Gy « 5 BT T U R 22 RIS 2R 22 70 7= A T 45 SR AN o 1k P 1 4
F, K TR A AR R B 2R (Lorenz, 1975). 55— 28] TR M 1) BRI 146 1% 2 M AR, $5 1)
e BEEATEE MR RIRZE), N HRBHIAG R 2N AR TR 5 m . 55— 2Knl il
P i R AR PR 22 1) R, FR KR BUE VIR AR IR 2, A5 R B A AR 22 0] AR SR Tl
(RIREIA o 3X P 28 ] R 23 DRORUBE R AR ] T A 7 S 8 %

(2) FREWRRI S o MR 227 R B TR A T A2 75 0T DA A st ml Foigi k1]
AR 73 SR AT AR R AR (A EDD A] Fild 1% % 28 (Lorenz, 1996; Melhauser and
Zhang, 2012) (& 2). WERTTRM: Cintrinsic predictability) $i& (1)1 & 146 561 F A 20HR
R PRGN T, KA 2 KEE LT Ui (Fidk EFR) 1 #(Thompson, 1957; Lorenz
1963, 1969). SR a] Fif P (practical predictability) & f= 78 BRI B B934T 7 V7= A= W1 1B 4
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UL R PR St b, RSP TIURAE 77 17 A (Lorenz, 1982).  SEFs T Tl P 5 RS 5
WIEE A AN PR DIAH oG, BB B =, WL, BERHEAL . RN 5457 T #R AT A7
AR 5 AN P . X R ) AU AR AR R /N RUBER AT TR AT 7E B AL

(a) Practical Predictability (b) Intrinsic Predictability

B2 kb 4G SRR R BRI IR 1R 2 R SRR T AR M (a) FINTERT TR (b) 7~ (5] HMelhauser and Zhang, 2012 115
18)  CERBEKRMACREL. RS RARE2. BAESTHER. ASLES T ATF A Gk Eaky, ki
EHRABEULR/DN, R AT R RARES BRI FE, R LT Bk it e, BIbRM, Bk 4 & BB iR
AN AR EAL TR ARSI, R WA AR AT TR ERRD
FIG. 2. Idealized schematic illustrating the reduction of initial condition error by reducing the ensemble spread highlighting the (a)
practical predictability representative of the 9—10 Jun 2003 squall line and bow echo and (b) intrinsic predictability representative
of a theoretical ensemble forecast with the ensemble forecast having equally favorable solutions. Solid shading—flow regime 1;
striped pattern—flow regime 2; black dots—ensemble members; white dots—ensemble mean; white cross—forecast truth.

(Melhauser and Zhang, 2012)

(3) HHEHMR 2 RERIS. KA. REssE. RBilis 258 Sae o T

I 2 R &, A PRt i B A a2 b SR T P PR B 2 RUBE (FB B4, 20025 H ALY,
2011) . H AT R AT 7T 3 ROBE v R BRI 4y WU 7T e — 2 A R T stk ok 5K 3k
HIf) ENSO FZEFHR AT . CLIVAR T4 1E A2 [ ) <00 n] SR 0T 78, 207 T 2 KEW
WA . /2 KR (Large-Synoptic Scale) RATHARNE, anA T FE 50 0 B W1 A2 A4 1%
HRA TR EFR THORPEX tHRISEIE TX —3K, X MINAANDIITL, & WAE RS
FEBEAHEERIRER K, =& RE (Meso Scale) RAFTARME, #|AXEE K. B
B HORBENR RG(MCS) s MBS RS SR /N BIHOR FA TR . DY/ N RBEAEER R
& (Storm Scale) KA TR e, #H O 8. 55 R R R S AR 2 U
I LTI T . R R T F SN RERGE VIS, ARCHEOGES RN 30
TR AE I /N RBE R AR T A B T e
2.3 W ITERNA

KA HARPERE TG DT T M7 LB e |7 1L R JETIFE Wt 90 o] T PR A U)
ST A T AR R AR R EE T M), R R EAE H R AT AT TR N R 2 B A
ARRIERF 7 AE (SV). SRR (Lyapunov) $REXPIZEZ) 7124 T3 A AEUE R sURU
RIS T7%

(D TFRAE (SV) ¥

— RGNS T SV Jik. SV iR RARIEAEL %5 01 % B A IR (A AR e B, A
FEUE TR V) 267 J p B A R B A7 B AN 73 5 ) & (Lorenz, 1965). %75 A B8 &1
HeE PR A, FORAT R AEXT R SV 3l BRI B 2 B iR 25 AR AR 2 (Rl K S PR3l A
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SV it i 2 & TR 40 46 40 3 2 B0 ) 40 KR ZE MR R B R T R —
(Ehrendorfer, 1997; XIJ7kA:2%, 2013) . [ Lorenz 7& 1965 E4r#15h 11 R G141 Z 1K1 5]
NG A& SV MRS G, SV MG RAAREN., TR Z it EE ks L
S E AR REINAE 2 07 AR 2 M . SV B TEWA ECMWE. HASRIT. HEALE
PR TIN, FFAEH A BREES HE kol 25185 X & i rb i oy 52 H (Palmer, 1993; Molteni et al.,
1996; Xil7KAEEE, 2013),

TRARLHEAEZE N SV k. FHIER SV AT AW, HATIE R VI
R/ BB ARt K e i DI U iR . BBRRE SV T E AR SR SE T it
AFHETT, AR T AR RARPEE (CNOP) (Muetal., 2003). CNOP 7£ Tk i ZI 1 4E £k
MR R B R, AR T AE PRI ZI6F Tl 45 S A S RS2 (1) — RAIih R 22, T Re il K< HEZ
PYIZBN R ERHIE, £ ENSO mITidtE. & XUH BRI A K= n] B PSS T TR 1 AD
LR TC. L4, CNOP HikfEWIMAIRZ (CNOP-1) H:fifi EAhit— b2 g T #ix0iR 2 it

(CNOP-P), Jf45i& MMS/WRF 45 X SBEEE 4T THIT &, N EARIM. Skt firfd
JRURE RTINS (B4, 2007; Wang et al. , 2011; Yuetal., 2017).
(2) ZMAEIER (Lyapunov) TE¥E

—RRMAELE T Lyapunov k. M IE RIGEERR T SV 4N, 2R TR Ak
PV 30 244 57 (Lichtenberg and Lieberman, 1983; Wolf et al. , 1985; Fraedrich,
1987). 1EB) I RG R/, Lyapunov fis AT DAE &oAH 23 18] th ) 4R AR T Ui K1 2 48
HORB (s> 2, 2 TR 2R G TR 1R 22 () BE AR T3 G Ko 28, R SRR R AU R T Tk
I [A]H B o it 18 oy b m TR 2k 1) R, B s 51N T Rkl A BRI 1) D Lyapunov $5 £5/17) & (Nese,
1989; Yoden and Nomura, 1993; Trevisan and Legnani, 1995).

TR AR MAEZE R Lyapunov 7. % FEF Lyapunov fEEUEENIEAILENR N . FLR R
RN RV ZAME TR RIEE T, RSB EORNS, HAE G 0T TR M R S ] Fik it . Toth
W R R Lyapunov [ B AR ERESE, S T B K (BV) #IaIan ik, JRR N
FH % NCEP W54 & ik 240 (Toth and Kalnay, 1993). Ja¥, 454 %R FML )T Ex BV J7
BT TR, TR T a2 R/R 283 7% (ETKF) (Bishop et al. , 2001; Wang and
Bishop, 2003). 55— 51, ZEE-PAESEH T RIEZtE: Lyapunov #6840 (NLLE) fIMES (2=
#°F4%, 2006; Ding and Li, 2007; T His®AZEEE T, 2007). JaoK, HEE| BV HLEAIfEE—
FE R ) R TR R R G 2 4R i, R R IR AL T R AR, Lyapunov 7] & (Feng
etal.,2014) Ffa%i% (Dingetal., 2017).

(3) HE (FEH) TMMBURRRITE

BB PR A R AV RIHR AL OB, FFH B S 2T e T AR R 702 € Bl Tt
KAAT TR, R il e S B AT TR AT 78 00— b 220702, LR AR R IR iR 22 A SR AT A%
O RARES R LTk . Thompson (1957) fx 4 KA mT TR MRS, B FH 1R 2 195
FAAEHD AR U B2 77 AR TR 22 1 B KRR P AE AT TR Atk o il o A A ) PR IR 2
HEBBURAE 73 Bk B6 e ) V2 T RAURT TR A 3 DT AH O A 1R 22 SR L R 22 3 KAL) S5 AT 9T

(Palmer and Hagedorn, 2006; Lietal., 2016).

Al PR E R 5] T T RS BE TR VA (Leith, 1974), £EA Ttk 4 R BIRTCIAL
AR R AT AR, H AT S T R AN E P, IR K ACRT ER A 7T L AT SRR
I AE AR TR e (3, 20145 B2, 2017). Wifal P2 A= AR R S b KA s PR
B, A TIRE RIS, LRI KISV, CNOP. BV. NLLEZ 7 ik 78 3438 v T
EETERINB MG . WS PR BT AT A R T R ZRIE A AL, T e
HIAHRARZIG KRB FL, AT T 77 & IR E R SO IR R ZE i L7 A (Bauer et
al., 2015).
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3 BRI T BUR AR T U2

HNREE RN BN R TS KN RS SR PR R Z 38 KL HEAH ], SRR
R PR ZE R KRR E R 752 (Hohenegger and SCHAR, 2007). FLHA5& T KR
KA AT TR b B AR 78 3 B T35 50 2% 1) R IR R G i h B PSS Y (Lorenz, 1969;  Leith,
1971; Leith and Kraichnan, 1972; Metais and Lesieur, 1986), fjix S8l 7t SR LEAE44)
5 170 [ PR S 98 1) L SR, Clne i AR BT I 5 R RS R 40D &2 A — 21 (Zhang et al.
2007). i 5 WL T B3 I AH s o P i s e, A RO L A B /N ROV BRI L 50 iR
LRSI R ES R T 2 M o0E, WEUE T AR

3.1 EEHIBIASP T

TR S BRI (4 A] PR MBI 7T 3 A B A RS (RRARAES . SRS 1Tk
M AR RUEE SRR BE S B2 2R Gt MR S () R A o R4 OB S Jje Ay /N RUBE R it
WS T E R T . B RE SV, BV 250552 A sh4h i £ B 5 XK R EAS
FasE A % (Toth and Kalny, 1997; Stensrud et al. , 2000), [l iH 32 B8 fg Wl ) /2 KSR B (i 22
P, 2 5E T RO R ST TR VERI Fe o TR R SRR & vh /N R AT etk
BEIT, DRIOLAE S ) [E R A, AEAEARYE A R FO RAE 1, SR P &2 2 0T e 4t
XIS BURRTS, TN R IR ZE R ZE I KARHE (Anthes, 1985; Hohenegger et al.,
2006, 2007; Zhang et al. , 2002, 2003),

TR SRS rh N RUBE R YAl B s 2 2 RO VAL KR A B S e R A 5 . el T/ R
JERSHIBEFAT G (U MCSs) Ab T XIS AR #E ALYy, AR S R Rl XA 7 AR e R 2 1 K
FRPE—HRFME. DRI, R4t 500 hPa [X I-F- 25047 5 i B2 34 U7 i 1 22 A5 OR0 RUBE R S Tt oF
TN G E . N REE AT PR PERIE 78, AR 3 AOOG0IE MCS AR5 I K280 45

(Stensrud et al., 2000; Wandishin et al. , 20100, UIAF 78 P4l X i fi 2 IR 28 TR AE 10, 5K
R T HAFR GO SN, X E AR R R A SR Yol G585 34T 70 Bt 58 (Davis et
al., 2006a, 2006b; Cintineo and Stensrud, 2013; Burghardt et al., 2014).

3.2 WIERIRE ML

MR RS 28 B /N RUBE AR DR ZZ G AL 2 2 W 9o J v AR M T A B i RV H
BT S TR ZERKALHBIIR 7E 4l 2, (HIEE R T2 M SR IAT AR 22 MY AR A AT LA F 72 HX
3 7 ADEEE IR, SRR EEAHE LT =070 .

(1) /MRRZERTHRE KL

AN ANIRIE I AR 1R Z2 PRIERG G, TR BOR RS A TR T B iR,

MGG R 2 T R BESE-KALHE S 22 AT — M. Thompson (1957) #i1 Lorenz
(1963, 1969) FLHHRH 1 8RR N A R M /INRZE T RBEBIARRFE, 5 R AN [F) 5 TH 15 21
FEPIBEFUESE, RSN /) /28 A v] iS22 K ) S 3 (Leith and Kraichnan,
1972; Ehrendorfer, 1999; Palmer, 1999; Zhang et al., 2002; Hohenegger et al., 2006). 5K#
TSI I A A AT A 91 RO ASEADL T2 WA B AR A T AR B AU, 418 R IR IR X R 22 PR 3G
e R AT AR A A B R0 (Zhang et al., 2002, 2003; Tan et al., 2004), 7ELFEAE FiEid
AR HEEE AFEPE AFKITE . AR BAR 26 55 2 0] U, Bt — D4R
TN RRIE RN R ZE = Bl g KL (Zhang etal., 2007) (& 3).

FWrBe ORI FHREUN RIEZRIR ZERRATEE TS, JRPREAE RURE
pr2l ol I

HHr B GG WARZE YRR A BN R E P iia shd 3, iR
ZORBAAERNR R B rissl, FH 88 B ) ek
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BB GRUEKD: KRBT AR ZAREA R EET =N (18 K,

%A 25 B KAL) AL N B AR 3723 BI3ESE. (Hohenegger and Sché, 2007; Selz and Craig,
2015). Bierdel et al. (2017, 2018) fid 73 At AU ANFRABALARALL, ik — 200 55 — B Be vy 3L
HIHEAT 7 ARE, 48 U MR X 1R 2 T ROBE I K e 3 7 SRBE . AR
M, RTH =N BREATRERNK, St A =H R AR, YO8 IE RIS ER
1 FH W] fg 5 A 25 82 (Baumgart et al. , 2018).

'J\gggﬁ ng*:%igﬁJ (A thfee—stagfe error f;rowth conceptual model )
S *o
LSRR
| ERORE 7
105 S e = p— .
W

— S=[A<200km] M=[200<A<1000km] —— L=[A>1000km]
5 BT 15 20 25 30 (houn)
Stage 1 Stage 2
Convective instability Transition to balance , Stage 3

and saturation Adjustment and Mesoscale Saturation Large-scale Baroclinic Growth

K3 = BOR ZE R KA HIME SR CRFEAEIE R AR Z R RIS, 5l HZhang etal., 2007 7, FHAEIERRIRALEE; AiAk
FRARERIT AL, AR X IR Z e S My LA alaRAD . AR 5. & BEaRR=AFENERD
Fig. 3 Evolution of the domain-integrated DTE (m:s2) at three different characteristics scales (S: smaller-scale L<<200 km; M:

intermediate-scale 200<<L <1000 km; and L: larger-scale L >1000 km). (Zhang et al., 2007)

FEHXITT &, ARSI EFEARAOREARE, BARIMIGRES RN, Mk
PRSI EARARARRE (REANTRE), MFREERXR N TN R
WK, BUHIEE AE 4. IKETHSE (Zhang et al., 2006) X35 [F — kB 2= 3 b 7K SR A Sz Rl
WAE R TR PR Fedi th, N ANRZE I T RBESG KAV = A 55, X6 R RUBE 5 M AH
A, RIS B AT REAEAE (B 22) K 1 mT Tidi tk BRR . (ESERRE A, o i T A
IR ZEWECR, G REURKIRIRZ: HIR, @R F N NRE/INMRZE RIFE S Py K
FEE AR Z . Bei etal. (2007) 3k Mg Ry o P K 7ok — B4, KR ERIE
RIRIEE B 2 S BCE R PR 2, 4 RBHRIE 2 9% /NI, AN R BEPL S0 A 1 Fidi
TR ZE IS, AE/NIRIER 22t 2 BRos A RRN T RO K, 3 i 38 e K R R A AN S
Yo BT, 45EHEREZEREKEERI(SCMREX) A5 KR A IR X st dE
R ZE B K AT ARG o 8 U X SR R B 28, AL IR Col U/t RO R g A2 X
THOCPHR AL TR 22 R 4 R 9 K 5 T Y B DX B [ K T FLR P (1) G 88 (Wu et al,,
2020),

AT E, RENM B BEIA R, MEEZRERR . R0 0 A ik ot 7t
W3 2 B, BRI B/ INR I (10 152 25 th 2> PRGN 3 3500 2 0 R A il e o+
NHWR, TR EESHIR 2> L% (Hohenegger et al., 2006; Hawblitzel et al., 2007;
Liu and Tan, 2009; Melhauser and Zhang, 2012; Wu et al., 2020). TiiAFHLX (WM. & .
HRED MR ZE K3 RIS B R IR AR IE (Hohenegger et al., 2006; X1/ 5
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4%, 2011; Johnsonetal., 2014), THEHE RGME. FEFH I TIR AT ELAE S04 -
(2) RREVIERZE R E R

R T /N R R ZE T R AL o] R R A, KB R 22 4 RS SR IR 52 31| — 2
HWRE. Foe b, fERSY] Lorenz (1969) FIRI TR LR 5t b v 2 K, KR iR 22 4%
REEGEANREE 2, (EMREE S NS OL R, AH [R5 2208 FE 0 f /N ROBE A e R REE 1 46
R SR ZE RS B H I Lorenz B &5 1R MR /N EE IR 2 (IR 7+
R, A KRR ZE IS e FF 43 M. Tribbia F1 Baumhefner (2004) 3@ id < fig
AT, DRERZEEKIFRA R ERMN AT 4 B2, HEZERH &~
AERHEATRE X IR SR BB, 1 RS EPEN FEROR B KRS 5t (e N RED
(R RE B AR ZE G, X I R S ECMWF A SV J7 R4 I8 (1) R SR BEHE B 35 K (Palmer
etal., 1994) 2%ftl. Rotunno & Snyder (2008) ¥ Lorenz A&7 5 Fl it 4% 52, FEIREGRIE T
RRBEEGR 2R R BB M, JF48 H PR AR R4k .

U JUAE, ARSI Durran (2013, 2014, 2016) if— Gilid Lorenz BEAREIAL, iR
FEREA WA FEAR S RGBT, SRR R RUBE /N 5 22 1 ok FRURE 2 M o) SI2 B ] F4f 1 1)
KEER, ADNREE/NRZEFREER CMIESRN) 8 SEPr RSBk R HATI A EE . 4,
7£ { Atmospheric Predictability: Why Butterflies Are Not of Practical Importance) — ¢, FiH
Rotunno& Snyder (2008) {1 Lorenz 120 (ssLRS Model) #EATHIRLRLG, 48 HAXARE
KREMS) (ERRADNREVISGIED M T (B 4b) , 6 /Mt 2GR ZEEK ST AR
SRz K (B 40) ik, MR E/DNRERZNEN T, wEEKIERZ (K
4c) o Mz REEBLA REL AU TR H RALEE R, KRR /MR 28 2 PRadt b [ RS
Bl /N REERHIE, B85 B AR BESGEK, HPE R RS AR R AT 1S A AL R AL AU A AL T RS 1
£ (Durran and Weyn, 2016) .

Wavelength (km)
- 9 - P Wavelength (km) i @ Wavelength (km) i
W i === 0hr T === 0nr
10 @ ssLRSModel i (a) Noinitial error for A <400 km - | __ g - (b) Nojinitial errorfor & > 400 km:|_ - _ g1
=12hr s e~ s enw i
o @) FﬁﬁRfEMﬁJ - tote (b) (RARERE |-~ e () UPREHED -~ o
o | ek —=2ahr| | il - = =24hr - -~ 24hr
E |::-WF 30hrf| [ ZE-ESTRIDN 30hr 30hr
& | i ===6hr]f [ -5 207 EeRIT == =36hr : = = = 36hr
G 10°]-m i Lilrmald 1
A Sy CTTSRSR e, S S (R | B & TS, S B T I I 5 1 2 el LY
TR e R s SRR I R e e TR O () N e By o,
T | R P e dmebeddiiNG Y ([ O TlSsvc i anteieciNG ] [ 0 Mt EoadsaE
R EEE NI R N B A IR R R,
Q
v v
10° ol R RBEL L L
F

10° 104 107 0" 10° 10
Wavenumber (rad m’) Wavenumber (rad m”) Wavenumber (rad m")

E4  BudiLorenzf3(ssLRS Model) H BN BN AERE B (2D STk Ak A bl KU A O R 6 IR AR AR AR I 1), S5
LRI FNEEE) (@) Fra RN () (RN (FEREEK<400 kmdEsl) 5 (o) (XUERE/ANREES) (%
[ K:>400 kmig35h) (5] E Durran and Gingrich, 2014 EI6£11&8)

Fig. 4 KE’ spectral density Zk/k as a function of wavenumber k for the dimensional ssSLRS model every 6 h (line colors given in
the legend; Black curve shows the saturation spectrum Xk/k): (a) initial error at all scales, (b) initial error is removed at

wavelengths less than 400km and (c) initial error is removed at wavelengths greater than 400 km. (Durran and Gingrich, 2014)

(3) AEREVIIHIRZR W ) — 58

KT R Z REVIGIRERZ KNS H iR s 8, HEEAE g,
X7T- Durranetal. (2014) #&H I RRE/IMRERFFERENK, BU/NREREFREBKE
HEHI A, SRR &L 4R IR Y Durran I HTAEAEE KRR : — R T HARA
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BB T I REITEFC, 100K TR AR I RFE, AN A RHE AR A R e 2%
PR RIFAME: 2R T SEBR o TRk, B ARG RTaa Psh i REE FiR R A b
WK, WA TN /INIRIE 15 22 38 B A E v TR v . RIS, i e BUsaRe 8 — D4R
IR R ZE R BN IS, TR R ZE FRTAE TN B R BRI HRIE R AH SCE R B s T 4046
Pl RO RN HRNE LR R, ROREE R 22 FO AR K T o 8 2 (HB IR FMR &2 (<l
WERE) T ROBESE A SEBR AN P A BT TR 2+ 73 B 2L (Sun and Zhang, 2016) -

F—7J51H, Weyn A1 Durran |t — @it =420 MCS RG-S HIMAI NN E . PRIE)
TS AT BRARRLAN,, RSBl KRS CH A B FIEEME, 8 H S MR ZE AT RUE
e RBEPR IS B, JRREE T A RERIEIG K, A RS REEAEE K (Weyn &
Durran, 2017a) . FIA WRF o REE RSN 38 §5 R RIE 152 bR MCS MY, f5
ANF R FERI6 1R 22 B 2% 5 RS RS H VI R , s R sRE MR ZE K S
FRARANEZL AL, 6 /NP S A7)0 22 (0 RUBETC O, 17 55 5 A7) D00 %of /) JRUBRE 3 22 B R UK
T WV R 8 R VA 4R Aot v] AR PEBI STt 4> EEE (Weyn & Durran, 2017b)

PR BE 2 R EOR, HFSE FINAE A TVRIEAT JE. W, HErsebrsH
WIURRZERR, KU 1R 22 0 R Bl /N JRURE 35 2 06 Tl s i) o i 2, k2 KR BE 3R 22 i o 38
TR SR s AR BB RAR FE R BN REES B BV DS, e i RUBE 5 R <A
A5 e U]/ JRURSE 0 20y R R 0 5 i i 22 PR K A B Bk 2 L S 19, A ) T i b PR
TG S PR AT TR AR 2 R MK (Scale-dependent) i K#S (Flow-dependent) .
B KA (Model-dependent) #FfESE . SRTH, HTIX LA 58 A F M AFEEE . A FE
B EERANF VAL R bR SRR, TS bR ORI R ZE AR ROR . R e 2 B E A A S R
Wit 73 B D, 9T S B Pl AR A AR e VA [ RO 5% 22 (1) A TEL R i R R FEATLIATI S T
W 3EIR . SzBr_ b, Durran A1 Weyn (2016) o8 H K R RS /MR 2 1 B8 R i FE AR B, 5K
BRSO AMRAMEE FAR A, 1 Sun A1 Zhang (2016) W [FREFE HIAS A R 2 [A)AH HAE
WP RRE 1 25 T ROBESG AN R B 1 22 N I K 58 4 43 B 143 TR A

WA TEHR 522 B RBESG R ANRE RO S2 5 B (RIS A AE, 7R R — I B R
FEIRIEX (GEEHER) A MCS Xt IX (EEREHED) Ffh iz 2= 14K 7 QA% F FEASHH ],
TR B e TR A 5l S i 5 - (& 5, Nielsen and Schumacher, 2016) o FAl T 75t
T, [Al—RF B [A)— AR X 4 R [R] FRTR KB CEE T 2 FRRRR X B R (R 250 i K
J7 A ZE AR K, HE R 2 A DX VI (1 I X 8 R A E A Y 25 I A mT Tt i HBR (1] 6, W et
al., 20200 . [Rk, T ROBEARAE . A0S R AS R RUBE T 46 15 22 P 8 ML) 110 P £ W] Fof
WA S e — IR
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B 5 AEXE. AR ENRZRE (RMDTE) WEZE1E (5] H Nielsen and Schumacher 2016 & 13)  (TX_control: i
B, TX_half: YGRS E 172, TX third: ¥EPENEDE 13, TX_10th: YLk £ 110, TX_20th: HILEHEhIER
/b% 1/20, TX_100th: #Ia#Eahb 2 171000 () HEAAHXE; (b PREREX: () MCSHRKX; (d) FEXRKX;
Fig. 5 RMDTE time series for TX_control (solid line), TX_half (dot—dashed lines), TX_third (dotted line), TX_10th (uneven
dashed line), TX_20th (solid line), and TX_100th (dashed line) for the (a) full domain, (b) MCV region, (c) MCS region, and (d)
NOCON region. (Nielsen and Schumacher, 2016)
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Forecast Length (hours since 08Z 19 May 2015)

El6 AHEXE. ARALEHAEIRZERE (RMDTE) B (51H Wuetal, 2020 & 17) (GTOPO-GTOPS8: #l4a#hizh % 5+
3, GTOP2-GTOP7: ¥4kt /b % 5/8, GTOP3-GTOP6: #4452 SHi/b % 3/8, GTOP4-GTOPS5: HIUaHhah 2 5t ik
ME B () BMAZMXIE; (b) BEXRERMXIE (o) # ELMBKIX; (d) MRIERKR XIS

Fig. 6 Temporal evolution of domain-averaged RMDTE (m s*) between the indicated simulations for the (a) region of frontal torrential
rainfall (Regionl), (b) region of warm-sector torrential rainfall (Region2), and (c) region of no heavy rainfall (Region3) from 0800 LST

19 May to 0800 LST 20 May 2015. (d) The regional division according to the precipitation (shaded, mm). (Wu et al., 2020)

3.3 FERRRE I

b T HMEIRZESS, EEBEBEAEMSENTT ZEIARRE G RS REA TERARD
XPRA AT TR, ARE X SEBR o] TR PEAFF A7 EEL52 0 (Stensrud et al., 20005 Zhang et al.,
20060, X TR RBER TR, JVEM R SRBES) JJRAE R BT 8 i BB AR I A T AR R
R F/IN R RS TR, EBIRERIFEK . XA 2 GuAH 5 I A B R0 5 5 2515 5 U B 52 3 8t
VB B4 7 AR B REM o

KT AR SEAT7 Z P BUBMERT R s, SR EE NS EEEAT T o 1@
kX R S U T RG34 T PR S LBl 6t B, 48 H P S8 e 7 AR K T R
7%, HpSH T ZIshx b REEGHR RS0 Rl 55 K min 248 R AN B B2
520 (Stensrud et al., 20000« 8373 AT A [\ IV S04k T S0 i B K Tk Bose ik, 45 i
KEFKRATREZHMSEMTTE (CUM) 14k (Wang and Seaman, 1997; Zhang et al.,
2006). Wang etal. (2012) PFALHEZR SR R B SHALTT % (MPS) IR 28 PEAEXS 4]
R I K P M, IE4R T S B S BT R AW A6 R 22 45 5 E M TR R ZE 7R
6/ I AE Y, X SEBRAT TR T4 B, Wu et al. (2013) 74 R AL 1 T PR I A 4R
o, 8RS B S B P B, 2N KR S S H T R (LWS) SR BUK (5
Wa £ 7% [a) ] BEA 5% ). Burlingame et al. (2017) A o R A TR 96 55 R1IT 732 7
2 (PBL) Z¥ib 77 Xt S filuR FIREA,  BLARVE 2045 SRR PBLIVRZ M ¥ KRS B4k
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RRFAE R, H ISR TN RGBS, T H T B iz A5 ) i o] SRR M 1S PB LIV
SO ] BERAISAS o [FII, RIS R A E R, A R X A S st
M MBS, KNG G R EENL) S 2R X2 WS HIRENN S Tk
(Bauer etal., 2015; Berner etal., 2017).

BeAh, AW E S BRI S B R S U G . A BRI EKFE T, 1324
77 RAEA R X3 AR R R ) L, DL A ) 2 €0 [X 38 40 % 238 2 A ) 0 A7
S S B ] TR M T ) BB 1 (Bauer et al., 2015) .

3.4 XRIABRERL M

XTI 1R 25 R MCSs 5 Ht RUBERTIL 22 G2 1) S s vl Tl 14 140 Q. REWFIEERE, XT
TS R BRI PR B R+ 2B, T AZKVREE IR /N Bl 20 R () R AE N AT B 25
il (Crook, 1996;  Gilmore and Wicker, 1998; Park, 1999; Park and Droegemeier, 2000).

AR T AL G2 B TR A A TR P R AE M B B & /N3l i 77 20, Stenrund Fl
Wandshin & 82 & 52 B 1) 586 S MCS R 52 BR v i 14 50 AR 0 5C R AT 1 R 51
Fto Fo A BRI G I B AN MCSTIR AN 5 PE LS5 A, K ol 55 DX oA = b ) F T i
2, MBI WL RS E LRI ] AT SRS B TRk AT, IR LLHARMCS
177 AT RS (Stensrud and Wicker, 2004; Wandishin et al., 2008, 2010; Cintineo and
Stensrud, 2013) . ZEHF, K PUEIHRIE 24N TR AR A BRAK () s 2 s 43 #r 3
W), MCSTf D) 26 B3 ft iy, e KT KU B K B TR B S I AN e Mt 2
U1 T, TIMCS i SRR AN R 55 R 7 (BRI TR M A 2 5 o (LRI 35, 3
RS A A i R ZESRIEIR D) , B MCSH TR RE /1 2 5271 (Wandishin et
al., 2008, 2010) . R 2 A X2 1) B ABAES [F R ], PR HIT PR 2 A of XU 1) 52 B ]
TR AR K, BT H AT /NI PR SE TR 152 22 1 AR A7 B Tidk b BRACE 2/NmF, B B 8
KR 2, ATAHRE AR, AN EREERE (R Z e XIERRE K S AR X
FA7E AL (Cintineo and Stensrud, 2013) (7)o filt, AT T N EEA Hidkl &
T Wz X 5% 0 [ AU 10 U 2 B, iR SR CRE IR BUR XD HRRLRE I8 FE A XU S5 4] 4R
R ZE BRI B 12/ N S5 P V(R AT i) Ll DX R (R )4 H) AR B 2 22 7 (&18) , b
RN EREERZER (Wuetal, 20200 .

JOE X ARG JR BRI, 25T 2% 1] [R) PR R PR 8 DA SO 2 ik A 2% A4 CTRIFE 2 52
SR AT TR M BT 10D, AT 5, XL RS BUR PR 7Tt 78 /0 IR S | bR
At GRZEPRMEIR D ) 0 AR T I BB e, 45 H AR Wi AN B EA 55 DR 1% - J i
B vy TR MW FEAN TR BE 3R T+ 20 o<k (1418, Wuetal., 2020) .
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E7 BT InTRAR ZE DSl 85 i 0 TR A0-dBZ A5 (H 2R THI 2% P CHLSEZR N3 TR . 484 AN R B O TR - (31 E Cintineo and
Stensrud, 2013 [&9) (a) 304-4#MTiRk: (b 607-4MTUIR: (c) 904rhTHiR: (d) 1204 #h TRk
Fig.7 Spaghetti plots of the 40-dBZ-reflectivity contour from all 100 simulations for the 1-h error runs at (a) 30, (b) 60, (c) 90, and (d) 120

min with the control run 40-dBZ contour overlaid in black. (Cintineo and Stensrud, 2013)
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FEl8 (@) XA oy B A AT DR 44 TR A A0S (b) L X BURRIX Al . (o) W VR BBURR XIS RGBTk (51 B Wuetal., 2020 [E12)
Fig.8 (a) Terrain height (shaded, m), wherein the green rectangle identifies the warm-sector torrential rainfall center. Temporal evolution
of (b) 2-m temperature (°C, averaged within black rectangle region for the mountain area) and (c) 925-hPa wind speed (m s%, averaged

within the black rectangle region for the sea area) from 0800 LST 19 May to 0800 LST 20 May 2015. (Wu et al., 2020)
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3.5 AR AR AN K

VA, BEE SR R Z R AR, SRR ZN &, ek, &
2 4 4 S /N RUBE (RSN L R W] AR M PR AT 9 . Z i 22 (Cintineo and Stensrud, 2013;
Wu et al., 2013; Zhang et al., 2015, 2016; Durran and Weyn, 2016; Burlingame et al., 2017 ),
SRS, SRR R RN, ZBWIGR/NMEEE S 3K RARZIRIE . MR EE
ER . WS HA T % B T BGH55 2 KR, A77E 22 1A ] TR R 1, sebrar
FARMEIS A . AR F S BB 2O H R RUBEIA S 2% A P TR A A v, T XU
RrE . Gt AR TARA E M40 K, XA A il & AT A& — > Tl A 70 AH 24 B ) ) &2

O BB M T v ROBE SRR U T AR PE A 7T, NCAR G HR e higy B oK% K
RS 2 S AL, A8 56 [ T R T 1) rp RS W] TR M B A SE (The Mesoscale
Predictability Experiment, MPEX), JFFaixffifilik A ERE. AR KMBEAEE, ®
72 R SGICHRHIE . SE 85 R TR 55 07 [T R 1 R 57 ik 75 (Weisman et al., 2015) (]
9o KT BEHEXNRARZ R ARE R RE (W, T4, QRS B, oz
AT R IE RGO S O R, A AT TR SRR IR IR S B AT TR R A R ) 7
Tho 150 SR T EALHE = ANTT I R SRR & TR AU o, R TR A Uy
FTEORE UOT & 1 b R H AR, 25 SR DI, BRAN 2R 4Gt WA 22300 B 5 R U B DGR
T RR T BORE AR S TR e, BRI o R L XIS R (O R,
AR T 0 R BT SR DN R AR R R s = 2P I SRR S, 2% REE I ST
J RV A [X 3 R SOREERIN A M T 5k 24h Xopit Ui Al TR i X ORI AR o 1R e
TERE, e BT K SEBR AN Y 72 T TR R AP Al B Fe 4 40 7 ARBF R, H AT CER s
D sFEms P SHEAFE I« 5 AR F) A 5 0 85 75 TR A T — S5 = R R (Coniglio et al.,
2016; Trapp etal., 2016, 2017; Burlingame et al., 2017; Keclik et al., 2017).
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s7 5 @A Expected location for
YT AR % Clptod d [ €
e o . att=0and expecte /I\_’_
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\
80
¥* ERRE % R
@AMA am |
a7 : 9%
xR A K 3 sounding systems / —
or |88 s 100 simultaneous launches @ / 0 .
* & % ; g
% s first soundings (black circles) /
P oS IS0 taken t - 120 min, last soundings /
(white circles) taken t - 60 min. I ~80km

El9 MPEXRIM (a) FRITFHRAEAM B EN R LRGSR RO Al (b FJE IR R R 5
B (5] H Weisman et al.,2015 [&3F1[&(5)
Fig.9 (a) Full domain of interest for MPEX morning dropsonde operations (numbered stars represent the dropsonde sites and the
operational sounding sites are indicated by the red dots) and (b) example of upsonde locations (circles) for the preconvective environment

sampling strategy in the afternoon. (Weisman et al., 2015)
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N ROBE R URT SR A 75 T 7 7 kAT SRR AN VA0 . AT 5, B DAL 3 B
I HER XA R JE P FURAMERE 2 I BURRAAE: PR R R AR,
16 /N FRUBE 9 R J5 T AT IR AR TEAJE s AN PAEE T TR 5T, A 18] 5 45 Ak 2 WL P S
A PR R s MWORAS B i) TR A SR 7T, e 1) 1R 22 488 K 3l Jy L) DA S AE R Al B
F14 S B 7T TR AN RIHEA AT FE A

N SRR A PN R 5 KRB R UG AT TR AT T 22 K, KRB A 3
AR ZE KA AR IRAG 2 o 5 TR R AT P L PR AOWE ST T4 51 2% 1)
A VR I SE T B PR, I EE 5 SR R U 2R Sx i S5 {48 29 % [ [ (/R
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