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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 events such as heavy rain and severe convection have occurred more
frequently in recent years, and their predictability has attracted wide attention. After briefly reviewing the history of
atmospheric predictability research, this paper systematically reviews the latest advances in the predictability of heavy

rain and strong convection over the last 20 years (1999-2018). The main research methods for meso/micro-scale
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predictability and their differences with traditional large-scale weather predictability methods are first discussed. Then, the

primary initial error growth mechanism (error upscaling under deep moist convection) is elaborated in detail, and some

arguments (error downscaling, error upscaling, and downscaling coexisting) are discussed. The effects of errors in NWP

(Numerical Weather Prediction) models and convective environments on the practical predictability are also highlighted,

and some recent mesoscale predictability experiments are reviewed. Finally, this paper briefly discusses the current

problems, challenges, and future directions of the predictability research of heavy rain and severe convection.

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

1 5|8

KA TR B R CA . AT PR I AT 3 2
FRHPROGUIAE T s e, RERE T Y6 %M
AE IR BRI, M r P4 5 —V. BERS
T, IERFETREAEWU . B AR I E T
YeE R W U LR CHALYE, 2011) . SR,
KAARNRIRGL, AL E R AR E R,
1963 £, Lorenz &3 (HaEtERAEREAN) (Lorenz,
1963), T 1969 £ 1 iZF H K sh AL B A
AP _EPR [ R (Lorenz, 1969), o AN E L.
At g 2 H A BEALYE IR 7= A 1 ] Pl 14 1) 2
Sl T T2 K (Leith, 1971, 1983; Fraedrich,
1987; Palmer and Hagedorn, 2006) . JF & 7] T 4
B 9T R AR RO SRR AE 52 B S ) s Bt o2 1) R
PN TR TR A AN 2 P RSz« DA R dn ] 55 4 i A
S RO M A AT PR SO R U
EE . HASRAL (WMO) it 2 = 4FE 1
PR B OR RS E R AU AR 2R W] AR PR T AT
( CLIVAR) « WL 2 &5 WF 78 A A] F 4 1 1 56
(THORPEX), 73 il &t X = fige 7T i e A4 A0 R < m)
Tk 1 2H 2% B AR BL 2 K AT TR T, I
W T EitE.

KT AMER G R R E RS kR, &
BALE RGN ZRE (B4, 2002; Palmer
and Hagedorn, 2006; H £27E, 2011; Li et al., 2016),
(EL LR AN ROBE o] TR P T ORI AR A D, HL
LR =R %, BHiiHRZRAERNHETA
2 Wo KAk S K2 REZDIME, RE
RN, RZEMKFEOR ., PR PR, KRR
AP TR B B H R E R R
A 1~2 B, i /N ROBE 5 R A H AT il
5 PR A A /N (Hoskins, 2013). F/N R
SRRSO R XFAEE. B E, HT
ot M fe @30 A ] T M U ) B A R, B

RIS, HATReE LR ESAE. REE 2 A,
KAWL (BB, 2017). HENHELLIKR,
B 2 BB 254500 F BOR s R RE TSN L A B & e
H /N RUBE 5 35 ORS00 R TR P 9 R IR T 4 %
AR, RERW. dRREH N REBUR R RS
R, 0 2012 b “7.217 B RE K B W .
2015 AFAHL IR “6.17 T & 2016 FFVLIF &
TO96.237 B, 2017 ETMIRIX <577 K
REF KBS EI G R T T Z kL2 R 7
LA IR T Bk . R L HERUE
KA XIS T HodE A& R, 5 H §r &t 1%
(B TRARAT A0S /N R 58 R S TR e 17+ 0 A PR
(Bauer et al., 2015), H1/N B 55 KA A] Fifie o4
i 328 T A R o i R A AT L A e ik, AR
SCAE [ i ] SRR A 7 SRR R R b, B SO
A AR5 N RBE R SR G VA DR 1) 2
ST I AT TR A 7 T P BB E A R RN R R e Ak
ITREFEPEA SRR IR

2 RSATTHR AT 53 [

2.1 FAIFRMMREEEZHEA

KAIAE & 1 1) s EAR FLhA R KR
H, (HARAKZRRARNE &R, FIRASE
KZHIFK¥E. Thompson (1957) B IKERIFAE T
IR R ZEAE TR R IR I R, 48 O] Toidik
PR TRTE 2 KAEEE Bml R b 52 B g B A
PR KA. Lorenz (1963) 7EH: (#fieEtEmdE
JERRGRY — S B R Gt A e Bt 5T RS AT T
WS TR (Chaos) Hig (JER#ir= b
HIFR A W OR D, FRE I KRR 2 R AR 2R
FHEAF 42 138 H R SR AE AE N 7E il b B
(Lorenz, 1969), B J5 51 1 =7 5t % AT 54k 14 BF
T2 RE.

1965 ¢ M1 1987 4F, Zi % #F 5 17 & ( Linear
Singular Vector, SV) MZ=HEL 14 K454 (Lyapunov
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exponent), P H HI KA AT FUHR PR 7T A0z
N R B ) ) S FE 715 A Lorenz (1965)
A Fraedrich (1987) 31N, HAKT7 4 SAE 2.3 35
2D

20 ttad 90 FARKIIN, BRI H AR STk O
(ECMWE) & SV ik Kk e iE 7 & k41 4a
a7, I EEE RIS Zgi N
( Palmer et al., 1992; Molteni et al., 1996) . [&] i,
EKEFZIAE TR F L (NCEP) ¥ 5 Lyapunov
) B SE R R AR LR, $RH T BTG K (Bred
Modes, BM &Y Breeding Vectors, BV) %] 45 3)
ik, M HRHE NCEP LS EA TR RS
(Toth and Kalnay, 1993).

1995 4, HFTRHL (WMO) FE UM%
BTG B, FRH ORI 15 R R RAR SR ]
T 4 % 7 ( Climate Variability and Predictability,
CLIVAR) H KA IR, ik 7 W1 £
T AN ) ROFE ) A5 AR 2 R R iR P i) 2, PR S
A 2 TR BE

2002 4, ECMWF 4 2t 575 il AT J4 PR At
AU TR LR, AT T —IRE BB R
i o] TR in) AU AT AT (Lorenz RIMUAR BE I
PEAL T R K EEIR TR0, FlREa R
Tt 22 G ] PR SR 7 T IT T 78 0 28, I
TER T — A ey BB AN 52 S033 6 ] AR PR A 700 25
(Palmer and Hagedorn, 2006).

2003 4, T A] TR MR 7T R DL S & K
OAEIRES KA RGNS N, HAIRA
ZUPEH T R 10 SR R 2R Gemi 5T AN AT R
i % 7 ( The Observing system Research and
Predictability Experiment, THORPEX) [ & K K<
RIETHR, B AT 1R E] 2 B[R] RBE &
SO RS AT TR M . TR BE A5 T RIS

EEXSWIAR IR ZE G I e e PR 1, FRE
HRET AR MR = KBS . TRAH M5 1,
Mu et al. (2003) X SV JVELEARLRIEHER N HE™,
P T SRR B33 (Conditional Nonlinear
Optimal Perturbation, CNOP), 3¢ flx 7 SV ¥4 [ )&
PRV 2T S0 2R v SR T 5 e 22 A 2 1A
20, AR T ARZ A R FR A T K5 E (Nonlinear
Local Lyapunov Exponent, NLLE) (Z=%E-F-%%, 2006;
Ding and Li, 2007). BART5 s WL 2.3 5,

2007 F, B R AT RAR M BRI ALK R

Zhang et al. (2007) 7£ Hi JHXF 36 [ 4 22 X 5 52 b A
FRAEGR IS 2 J 70 (Zhang et al., 2002, 2003; Tan
etal, 2004) FeAfi b, & 1) REREX AT
W ROBE 1 22 = Be 3l 738 KL (Multistage
Error Growth Dynamics, MEGD). ZALH|##& H
Rrp REERT R e SRt T EE S

2009 4, FERTHA S RBE AT IR AL R
RE (£8) BEEARGHEANHEE T
(Xue et al., 1996, 2007; Kong et al., 2007; Smith et
al., 2008), Stensrud Al F¥ ] 45 3 [H 58 X5 0F 5T R
FHESEH T MIET RN F % (Warn-on-Detection,
WoD) [r] JE T Tl #) i 7l % ( Warn-on-Forecast,
WoF) #4814 i1 &I (Stensrud et al., 2009) .
B 5 51 & 7 2RO N RBE L SRR R XTI
R ] TR PR 7T ) O

2013 4F, B 4 F J v ROBE AT Tt 4 1) A
Ft, EEERKAMITH L (NCAR) Bea e L
fr SR B KRB SLIe = A By, R I m) R
B AT T R WSS (The Mesoscale Predicta-
bility Experiment, MPEX), il X it filh ¢ « i1 54
JERHE. HERWI L, REERFAEE ., iR 2E R KA
SR AR G R AL TR & 7 T T R T R A A it A
(Weisman et al., 2015),

BT LR, il 5 0 2 W0 IR0 A R A 5 1) R
&, R[GRHEZm KNG L2
S5 /N RUBE R S I X T T 4 R 9 I 3 3
% ( Cintineo and Stensrud, 2013; Wu et al., 2013;
Zhang et al., 2015, 2016; Durran and Weyn, 2016;
Burlingame et al., 2017),

R B RHWE 1 s, BARTE, 7
U RN A WSS 77 R RS ] TR T 7T
13 7T ADEEE AN SR, IF 2 H A E .
KA A TR ) B W SRS v /N ROBE AT i
PR A R RS . FEUWPRE, FRNEE
LAy BE JE ek [ A R e RS A] TR PRI SR S
P, A A AT R T SRR TR BRIk
PERFFCHRITNE « F RS IR SN H 5 %
ST HIES,  RETRATA K B R AE G L B 2 Y
B FRCR AR BRI E
2.2 FAREIRE R 53

(1) ¥R ZERIERN 5 N5 BB AR - 2
A R 2270 72 AR TR 45 RANH e R AR,
o] TR PE A EE AP 2R (Lorenz, 1975). #F—2K
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Fig. 1 Schematic of the major historical events in atmospheric predictability studies

AT TR ) R 46 1% 22 1) R, 48 1) 2 o OB R
RXTEE (AMEERRZE), UHEWIGE R ZXN A
RV B2 o 575 — 2] Pl ) it RS % 222 ]
B, IR R EEVIE AR, AN IS HUE R
TR 220 AR R AR P 520 o 3 P 2 I R 3 7 KR
JEE RS A AT SRR A 5T S L2

(2) $R MR 5o WA R 22 7 SR 1) T4
AN 2 1 2 15 AT DAY/ A TSdE AT R M i A
P RNEER AT TR AN AE (A WD ]k
M 2% (Lorenz, 1996; Melhauser and Zhang, 2012)
(B 2>, WAER Fiidik % Cintrinsic predictability)
T BB WIGA 2 AR A XA 2 I T e BB LT
KAAZREE BRI CHidk BRR D H e &
( Thompson, 1957; Lorenz 1963, 1969) . SE fx A] Tii
M (practical predictability) 5 12 75 B BL A4
W7V AW UE S5 A DL S PR s AT il b, RSk
R T4 B8 7 7] @1 (Lorenz, 1982). SEZBR A T4k P4
S5AdRAL . VIR KA A TR IR O, By
B S, M. BEREML BN S AE T TH ER AT
FEEHGBENATEN. 48 KAEEFRE
H—IRBEZEMELEMF], Melhauser and Zhang (2012)
g5t T IR I D A B HIURE SR S I R R AR S bR T T
MR N AE AT PR MR R B B 2D
H LA T BB IR RIS 2 T 1A R REETE 1%
[ “8F” WARIRES, BEEES BRIV, RE

FIIET AR T RELTE ) I FAARAS Hibkok
AT A, RUISEhR T PR iR R (B 22);
T4 A AR A T A MRS 2 ), B 4R
HEEERRN, REMRR—ELAT “IF. K W
FRAARIRAS e S0, SR AERE N AE AT R PE |
P CHE 2b) o X 2 ) @l 23 £ 30 4 v/ ROBE R
AR MR LN R %

(3) FFAF R 2 REERI 73 o KRR P 1
FE g VRIS = SO A R AR T I s RUE T
T AT PR ) B AR T Db SRS T BT i 18 R
RE (B4, 2002; HAVE, 2011). B #7 T Fik
PERE T4 ROBE m] KRB DU T — =S R
AR, WK S BRI ENSO & 2= Tl ik B i
CLIVAR vHRI45 1E A2 [ 7] A5 o] PR s 7, 1% 07
oA KENF AR, —~&KRE (Large-
Synoptic Scale) R THRME, WA & & w2 1
FEAIZEH RS TR LR, THORPEX %I% 8 11X
—K, REITMINVEADWTL, B W2 RE T
EEMABEMREM K., = 2P RE
(Mesoscale) KA A Tifkth, HAKEGK. £
M FREXR ARG (MCS). MLZ%E R F/F
(507N B 30 B A B TR o DY A2 /N ROBE /R e R
(Storm Scale) KA Fidk P, H i JCUF iR 2
e A5 55 JR Hh R OR S A ) B o3 B B0 KN i A I
itk . FREEREMSHPARERSFEVIMER,
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(a) Practical Predictability

(b) Intrinsic Predictability

B2 WA B EUE RIFEVILE R ZR R (2) SERRAT TR (2003 4F 6 A 9~10 H LM S EHED A (b) NERFERME (F5H
FIZA RS THO MEERER. P WARRE | CBREEERD, RELIX: HARRE 2 (RRIRATERD, B £6
ARG, B EETY, B WEREE. [ 51 H Melhauser and Zhang (2012) [E 18]

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 June 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 (favorable for squall line forming); striped pattern:

flow regime 2 (not favorable for squall line forming); black dots: ensemble members; white dots: ensemble mean; white cross: forecast truth. [Cited

from Fig. 18 of Melhauser and Zhang (2012)]

AEFES W B R E VIR N REE
KA TR Tt
23 WRAERKA

KA TR T2 T 7 e 7 2 e &7
R TIRE . W50 o] TRtk R U B 2 4 A ]
(AT =yl [ P T 5 S N S -l Dk
THRA TR I B 8 B %2 B R A AR & 5717
& (SV). ZEMEE K (Lyapunov) M K5
715 TN B A UGG T v
23.1 FHEE (SV) &

—RLMENEZE T SV ik, SV LR
L3 772 A BRI A AR e 3R, 1 FH i i
e U 261t S A B R 2ok B A S 0 M AT O 1) &
(Lorenz, 1965) . 1% 77 1% B A 1 58 & (1 4 2 F ik
Hehl, KA EX N SV HshRe B A ik 2=
FEM S A K i RIS, FIH SV #i& 5 & i
A UE B R AFAURTT 4 R iR 2 W 6 % bR ) e
{772 — (Ehrendorfer, 1997; Xl 7k FE 4%, 2013).
H Lorenz £ 1965 F 434180 11 R G WT 46 1% 22 Y K
JINZMEE A & SV M 5, SV TiEfE RS
KM TR ZEAN T GRS LK H bR
W EF 2 07 AR T 32 B SV L3 7 V5
ECMWF. HASZT. HEAIRHENHIIN,
FEAE H A BREE G HUE O 55 B 0 R 4 b B D B

(Palmer et al., 1993; Molteni et al., 1996; XI| 7K #+ 45,
2013),

TR ARLRMERE SR R SV k. KRSV i
BT LA, HATIR ARG 2% /)N
B AR 21 A i el U) 2k A R AU i . Mu
etal. (2003) ¥ SV JVEEARLMEAESE FIEATHE,
e TR HEL RIS (CNOP). CNOP f£
TR AT 2 A Lt A R e R, AR T FE TR Z1 %t
Tk 5 B SR [ — W1 ah R 25, S REZ) i K
KA IZ B R EAFE, 7F ENSO W flifk . &
JAE BRI R 8RS nT PR PR S O T R T A R
FAWF5E. 154, CNOP JFiEfEMIMG1R%E (CNOP-D
Fehih E i — R TR AR Z @ (CNOP-P),
H 45 H MMS/WRF 25 XS0k AT TR R, N
E R st 23 A R e RORE W] T M 5 9
RS (B4, 2007; Wang et al., 2011; Yu et
al., 2017).

232 EHEE K (Lyapunov) 45400k

— R MEHELL R Lyapunov Jrik. ZEMEE AR
TREUZBR T SV IESL, 55— T o TR VA 1)
B 154 )77k (Lichtenberg and Lieberman, 1983;
Wolf et al., 1985; Fraedrich, 1987). fE&] /1 & 4
WA HTH, Lyapunov $8 00T LLRE &8 4H 23 (8] R4 4R
AT TE IR TR HOREL (e 2, ZIERE
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ARG TR R Z BRI R, FRIIR RS
S K] T IS T B2 o DRt 18 JR) T P 4 e R
BEfE5I N T R CHIRESE]) Lyapunov 8 %0/17 &
( Nese, 1989; Yoden and Nomura, 1993; Trevisan
and Legnani, 1995),

TREAEL M HEZE N Lyapunov 7 ik . E F|
Lyapunov $8HUR EVI IR BN AR AN HR JE A ALk i
RVVEMETTRERRE T, BRAIEBOR, HA
I& A B TR T AR 48 1) W) TR M . Toth and Kalnay
(1993) ¥ 57 Lyapunov [ & ZEH 22 LR PEHESE,
feth TR K (BV) WIMRBN TV, TR N
M % NCEP WA SR RS, JaK, F4EGHdEFE
W7 ZxF BV JEEAT TR, e TG AR R
JRE e TR (ETKF) (Bishop et al., 2001; Wang
and Bishop, 2003). 5 —7J70, ZFEVFERE TR
Hh4E 4 1% Lyapunov F5 %t (NLLE) HIME& (24
745 2006; Ding and Li, 2007; T H 5% Al 2= 2 °F
2007). JER, FHEF| BV $L3) A AEIE— & AHBLE
WA R ARE L YL Rl B HIRRIER T
JRHuAEZE M Lyapunov [1] & (Feng et al., 2014) F
¥t (Dingetal., 2017).

233 #AE (%4 ) FIREBRE T %

B E PR AR e A R PR i 0 I BOR,
I BB AT & 7T TR L 52 02 5 At v oK< AT
TR, 4R SERR PR AT ST — A 32 2T,
FLRA BAR R W) IR 1R 22 R R AR O R UIRS R 2
Tkt . Thompson (1957) #F-$& H KA AT Fi4k
PENESIT, I A2 17 B b A A5 o SR 7 AR Tl
AR ZE WG R B N E R TR M. B I AE A A
PRIE A e, B BURME iS22 H TR
AT TR B UIAH R H R ZE KU L R 2 Y L 55
it 5% (Palmer and Hagedorn, 2006; Li et al., 2016).

A TR AR B 5] T AR T AR S R TR T 7
(Leith, 1974), & Fildl 25 B BARTCVE U X R
HRT FiAR P, (B A E BAG TR AT E T, L
PRSI TR PR FE . AT TR e i O St 1
@A LR, 2014; B2, 2017). W
i P2 A ARGR SR o RSN E RIS, ] Tk
AR CRE, EiR$E M) SV. CNOP. BV. NLLE
ST IR E W N T A AR i i .
ARG PR 2B P R T R 22 R UEATHE 1C
B, T SR AH SRR ZE R KL AT 7T, PS4
MW TH A7 & BT % R AU R WD 4R R 22 R A o A

(Bauer et al., 2015),

3 FEWAEITR AR R TR

HNRBERR . SRR A5 R RUBE R AU
IR AR ZEIG KA IEAAE, SRR B R
EWMKBERAREBE ARG Z  (Hohenegger and
Schir, 2007a, 2007b) . . 5 T~ K R EE KA W] Tl
ot b R A 7T 32 B T35 50 % ][RP T R B G T
3 P A B ( Lorenz, 1969; Leith, 1971; Leith and
Kraichnan, 1972; Métais and Lesieur, 1986), [fjiX £
WFFUARE 5 B LRI 50 % ) [ PRI IR R SR (
T . APULHIBNRE T RE RS ZA 3
ff] (Zhang et al., 2007) . [t & M I F B3 oA
DIPRBRE, NP RUZE R /N RN R
SEONT VLA SRR R SR I T R VE SR T2
Kk, WHR 7 ADHEE.

3.1 EEMRRSIGE

TR SR ) AT TR PRI 9 3 A P AU A
PIALS (FRARAS . BURMERES) 7. LR
R SRR E SRS SRR, e
TRRBAI Sy v RUEE AT R AR Fe 4R 4 7 2
XHEEFB. B &M SV, BV &7 L
AN FEEE XA KA EA K (Toth and
Kalny, 1993; Stensrud et al., 20000, X 3 % fz ik
AR RANER R ZERER K, B2 THEAR
FERIR AT TR MER L. RN SRR /R
FERTHARNMEREFE, BRI AR & [ Ry i, ARAEARYE
ANRIRIEFERT GATE ), R A &2 e i 0T
RS UGS, TR N RERE R IR ZE
WK AFIE (Anthes, 1985; Zhang et al., 2002, 2003;
Hohenegger et al., 2006, 2007a, 2007b).

TR SERRAE o RUBE TR Al R %5 8
XPIR AT A B R Hf R AT . BT REER AU
TR (W MCSs) 4b T X AE# LY, HA L
e RS DX I N 7 AR R R ZE I MR . PRI,
R4 1) 500 hPa [X P47 3 B 2 7 IR R Z G K
R RER ARG T EIAGE . R
PR PERETT, AR E R MCS A 5. KXY
A3{k 2 (Stensrud et al., 2000; Wandishin et al., 2010),
VRAE 5 PF-Aly X6 300 fish & RTINS 25 AR BE 7, SR Bk
T HAR G HISEEg, X H AR R R AR
U ST 2T (Davis et al., 2006a,
2006b; Cintineo and Stensrud, 2013; Burghardt et al.,
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2014).
3.2 FHRIRERIECHLE

MR RURE L 28 5 /N RURE A 1 22 S AL ) 2
SO0 I AT PR PRI SO R B e RV H AR TR
IR ARTE2TER, HEFERTRW. 90
TR 2 B AR AE I L B S HUAS T AN /D B 2R
AR, SRSk T AHE LR =J7 1 .

(1) NYIIRRZER TE R 3G KAL)

NRUBENRIE B IR 1R Z2 R G, AT 3 3
RARGHT] TR AE T B CBIRERN "D, I A
NRIIR R ZE T R R KAL) A5 21 Z A i — A
WAL . Thompson (1957) F Lorenz (1963, 1969)
FLHR 7 BRSO A SGHINRZE TR K
FHIE,  Ja RMANR 7 TH 45 2 5 2 AT AR SR, T
Bl /3 2 AR 5 R 22 N K ) B B R
( Leith and Kraichnan, 1972; Ehrendorfer, 1997;
Palmer, 1999; Zhang et al., 2002; Hohenegger et al.,
2006) . Zhang et al. ( 2002, 2003) . Tan et
al. (2004) X &7 KT AN AR A2 7 AT
TEALIR R R AT, 45 H R AU 1R 22 PR 1 1A

Hh ROBE ] PR M ) B0, AR A ol AN A
PR AFERBN . ARKRE AR BRI
155 2 AN LU TG, BE— B T — TR
VERR AN % 22 =B Besh J7E K AL (Zhang et
al., 2007) (K 3),

FBrB CGHRRBER): WIIHHEU/NRE R
RELEX AT E T, PO R Ik E
(HIRII

BB PR MR ZE PR R
JEAHT M BOR R is ah A8, Hr iR Z IR
X BT, )T Al 5 el

FEPrB CRARE KD KR
AR ZAERE AR EE ST B8 HK.

% 22 3G KL AT I RBE B 245 31 HIE 5K
( Hohenegger and Schir, 2007a, 2007b; Selz and
Craig, 2015) . Bierdel et al. (2017, 2018) i# it 7
PR R A B AL AL, 1 — B0 5 B B E L
HIBEAT T RERE, 48 LR IR T R R R ZE Y
TEREZSBKHREE] 7 RBIEMH .. EAEERE, K
TEH=HrBRUEARRER K, WA EH R AR

A three-stage error growth conceptual model
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km<2<1000 km) FIRXRE (1>1000 km); 8. ¢, BEXBARIRREE K, FFRERHR., RAREHKH B . [ Zhang et

al. (2007) M 7]

Fig. 3 Evolution of the domain-integrated difference total energy at three different characteristic scales. y-axis indicates difference total energy; S:

smaller scale 1<<200 km; M: intermediate scale 200 km<A<<1000 km; and L: larger scale 1>1000 km; Purple, green, orange regions represent

convective growth, upscale transition, synoptic growth, respectively. [Modified from Fig. 7 of Zhang et al. (2007)]
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R NN IE R B2 A BOAE R T R B R E B
(Baumgart et al., 2018).

XIS, BEREHRARIFEARE,
HARMNYIIRRZET R ERG K, 1028k <
BABPRARE (FREARE), HFiRE
FEMRXTIR T /N RBEPGEIG K, AL E R k.
JK#E 5 4 (Zhang et al., 2006) Xt 36 [ — VR BE 258
B 7 S AL R S B A N FE ] TR MR T g AN R
INRZE TR K B BTSSR R
MM E D, BRI E BRI REAAE (BATE) BK
fRa] Tt ERR . (HSRBRB R, A TR A
BARREWROR, 5 SBRKAIEZE: HX,
XTI AR T /N R /MR 22 AR 2 DR 3 1 3 30
HATIH W % . Bei and Zhang (2007) X 3 [E 4 /i
s KA FUaE— S 4a th, KR BEEERIE W) iG 430
2 FECE KRR R Z, TS RIRNE L 9% /N i
15, AR RSN P2 AR (1) TR A 22 2 2R A0, (/)N
PRI 2 22t 2 RO RN A+ ROBESG G, 1T 38 N
KRERSWABEM. i, 6% REEK
B2 (SCMREX) 1 55 K AR 5838 1 X
FRMBT LR, R ZE I KAFAE A e U X AT
RREL, bl R A C XU/ RGO T R A v
RERE (P2 iR ZEJEG M PudE Ko 2
Wi 65 =2 7 iz [X 58 A 7K R AR PR 1R 0GB (W et al.,
2020,

SRS, REMIL e B 2z
S, RTRRZEFRNT S SEXIAL A ] PR PR A 5 i e B,
TR T RIS /NIR I  r 22 s s g, AT &
B Z R R CE IR EE )T A R, FEREARR
AL A Tk + 43 6 B (Hohenegger et al., 2006;
Hawblitzel et al., 2007; Liu and Tan, 2009; Melhauser
and Zhang, 2012; Wu et al., 2020). MA[FEMX (BX
oM EEL FES MR ZERK 20 BT
KA AEAE (Hohenegger et al., 2006; X1 &
B %% 2011; Johnson et al., 2014), & R4 M.
B S P b 3E AT VR A LA FEPEAG o

(2) KRBT UG 22 10 B B 5

Br 1 /NRBEGRZE T RPEALHD ] Bk s 4h,
KR PE (1) 22 9 RUBE 2 e 78 52 3] — 8 22 35 1 50T
FHr b, AR5 Lorenz (1969) H) W] Fil ik V£ i
FR G &, KR RESBE RS RN RERE,
FENRBE /208 /NI BT A [R5 22 18 2 1 e /N RUFE
At R R BE AT 6 = 22 5 B0 1R 22 B2 Tl 7 RALL I

{H 41} Lorenz B & JyE B2 /MR E IR ZE (I 2%
N [T RBE M, A 0 KROS5 22 1) 5 i Jee
4 Hr. Tribbia and Baumhefner (2004) i T {5 fE
AR, DR RE KR AR5 0
MR A BE, HEZEHEEREN
FarE X B R SREDS), 1 RAREDS) = E Rk
KB RREE S (M9 NREE BRI 52EH
£, XFERLFES ECMWFE 1 SV J7ik ik m
KA NREPR N K (Palmer et al., 1994) 1L,
Rotunno and Snyder (2008) 4 Lorenz #5284 i F #E
AT RE,  [FIRESR Y O R R 22 [ RO G K I
BE, AR PR R R+

LA, R K %% Durran ( Durran et al.,
2013; Durran and Gingrich, 2014; Durran and Weyn,
2016) #t—Z i@ Lorenz AR | Ao R
PR FEER SR RAIELALS, SRR R NMRZE
{140 5 FRUBE S e %o S B v T 1tk ) S ERAE Y, /N RUBE
INRZETEREAEH MR ") 78 52 bR KA Tl
WA A4 HEE, W, Durran and Gingrich
(2014), #|H Rotunno and Snyder (2008) i)
Lorenz #£3{ (ssLRS Model) HEATHEHIAL:, F&iH
PR R REESRSN (EBR/NREERIGIED HfE L
T (&l 4b), 6 /N2 JE B iR Z K O E R
MR ZEEK (K 42) +r8ar, MR E /D
RERSIFLT, REBLKUERZ (K40,
T A FH 2 OB AR ) M 2 P ULt 4 S ol
KRB /IR 28 22 AR bt P RS 21 e/ RBEARHAE
B G P RERK, (HEE R R AR 5 5 i
K AL T AN AF /£ F+ R EE3E K (Durran and Weyn,
2016).

(3) AR REEWIUG R 2 R (1) — Le g i

KT RRAM 2 REVIIERE) = 2 3K AL H
M ARTEEERE, BEE0FAE— %%, T
Durran and Gingrich (2014) $2H ) “ KR E /N R
ZEMIBE R, BN REE R ZE T R BE G K o B
FI M &, Sun and Zhang (2016) % [ 5 H
Durran [ 73 HTAAEE PR R BR . — @& 5T M A
AR E B P& Z= BB 7, TR AT T3l
A RFAE, A FERUER AR %4 T
HAEFIFFAME — RB5T 7 SeBral fikt:, wt
AN IR AR VLA 1 RO FIAR IR A LB, TR A
BT /INREE /IR 1R 2238 B A ZE R Tt i . ()
I, @ ORI, IR R E 2
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Fig. 4 Spectral density of kinetic energy as a function of wavenumber & for the improved Lorenz model: (a) Initial error at all scales; (b) initial error

at large scales (initial error is removed at wavelengths less than 400 km); (c) initial error at small scales (initial error is removed at wavelengths greater

than 400 km). The black curves show the saturation kinetic energy spectrum. [Cited from Figs. 6 and 8 of Durran and Gingrich (2014)]

(YRS fige, PR R 22 AT AR T B0 (1) RUBE AR MR PR AH OC
PETR R T 462 R ARIE EL ORI, KR
JEE AR 72 ()R 3G KO Tl B B s (R R /i
72 RN T RUE 3G KR S R AT A £E W] T
AL A7 B

J—771H, Weyn and Durran (2017a) it —
Wiz AR MCS RSV R E . IRiE
(VUM AT BRARRI, RSl AR (AA D)
E B, RSPV R ZEAETRE. BRE
PORY L, JERE RN RIEIRIEIG K, A2 AH
AT REWA G . FIH WRF o REER A
AR 55 R AHRE ) S Pr MCS MR, 48 H A
FREVIGIRENREEE S RIAGHEVIMHER (i
MO, 5 R BRI 5 % 22 1 K 5 PR AR RE 2
KL, 6 /NN H GG ZE R BTG IE, 185 5RiE
AN AT /N RUBE R 22 B8 9 BURK, T AnAnT AL A7 R4
PEAL Fi A 6 AT TR M B FE 143 L #L (Weyn and
Durran, 2017b),

RAEWRBEZE R ROR, BHESE EIRAADTT
HRARIEAT JE. W1, B AT SEBR R W ih o 2=
RS KRR ZE B AR /N ROBE 1R 22 X6 T s i) 5
HE, b KRR ZEREE 3R T A SR s Bk
(VR R AR BE 5 B AN N RS P E RN
TIOR8 R AN 8] o /I ROBE R 3l PR R it 5
Wi 5% 22 PR S A L Bt e BN, N AE W]
et B PR B AWAR: SR AT PR A 7 2 R
i (Scale-dependent). Vil#i (Flow-dependent).

KA (Model-dependent) FFESS. A1, BT
IXELHF T A FAME L AR E . AR,
A PEAG AR AN, 17 SR R I AR R ZE A
MR HoR B2 B a1+ %), K
TS B AT AR A AT RAS A RS 1R 22 O AH B
Wi A1 K EATLIAT MEA B T 3L . SEFR |, Durran
and Weyn (2016) 45 i RRE /N 22 1 B REE
HRRAEE P, SEPRR A FRIRAMEE R, 1 Sun
and Zhang (2016) U [ F£45 H AN R R FE 2 8] AH
ER, xR R 2 REER KA R R B iR ZE
K 5E A0 B 23 TR HE

WA, RERTHR MR EE
e 79 2 LA (RIS, 7 () — B B3 B RO Vi e X
CREPED M MCS Xt (EEEED MR
ZWKTT A E R R AR, X BT RS
SRIE MR SR (] 5) (Nielsen and Schumacher,
20160, FATHRIEHIFLRRY, [F—H B, [ —4F
I DX 3 PR A [R) BRI R P T I R T 2% T FHR [X % T )
IR ZS) KT A Z RIRK, R X Ui
(R [X 8 MY A7 A6 2 B N E T Tl e BFR (1] 6)
(Wu et al,, 20200, BtL, 1) ROBEAKH . RAK
S8 0 AN R ROBE A1 463 15 22 () 3G A ML 49 PR W] e
WA H S G — IR,
3.3 HERNRZENEM

b T WMERZESN, EREEAS IS HNTTR
FINRREZE G RS FERA TR X R AT
TR, 5 I R S R o] PR M A A R
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Fig. 5 Temporal evolutions of domain-averaged root mean difference total energy (RMDTE) for the (a) full domain, (b) MCV (mesoscale convective

vortex) region, (c) MCS (mesoscale convective system) region, and (d) NOCON (no convection) region in TX_control (control experiment), TX half

(the magnitude of initial perturbation was cut in half), TX_third (the magnitude of initial perturbation was cut in one-third), TX 10th (the magnitude of

initial perturbation was cut in one-tenth), TX 20th (the magnitude of initial perturbation was cut in one-twentieth), and TX 100th (the magnitude of

initial perturbation was cut in one percent). [Cited from Fig. 13 of Nielsen and Schumacher (2016)]

(Stensrud et al., 2000; Zhang et al., 2006) . *§ T K
REERS I, FE IR SRS I RE R E AT 18
I EE B AT AT R TIR, AT/ N R RS TR,
FEIJERIREIK . XL R G AR S AL B AN 58 565
S B 32 B U EE S T RABRUE 2
KT RS HATT S BB Pl 1 52 e
REFE N MEIAT TR T 8 AR X
VPR SR TT RAIIUE SR EAT AR SR BXT L,
T W B Re = A KT 2, A S Hb
T FZ A REXR RS Rl 55 R 5mia sk
T AN A EE R (Stensrud et al., 2000)

TR I 3 AT AN [F) B B 2 Ak T G 0T 5 R 7K T UK
T, HERRKERKATHEXNRSEMNT R
(CUM) H1724k (Wang and Seaman, 1997; Zhang
etal, 2006). Wangetal. (2012) TFAtiHEZ= 585 I
I EE S EAL T R (MPS) IR 28 PR AEXS W1 4R
Poah K E 2V, IR B R R S 4L
JTEMIIR R ZE S B Sl TR ZELE 6 /NN AH
2, X SEPR A R PE A . Wuetal. (2013)

FEAE T PEA 1 A] A ARG - Fi AR )
HZHAMEEN, 2P KERN S8 TR
(LWS) s NBUK (5L IATE AT BEA KD .
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Fig. 6 Temporal evolutions of domain-averaged RMDTE 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 (Local Standard Time) 19 May to 0800 LST 20 May 2015. GTOPO-
GTOP8: experiment with initial perturbation difference; GTOP2-GTOP7: experiment with 5/8 initial perturbation difference; GTOP3-GTOPG6:

experiment with 3/8 initial perturbation difference; GTOP4-GTOPS: experiment with 1/8 initial perturbation difference. (d) The regional division

according to the precipitation (units: mm). [Cited from Fig. 17 of Wu et al. (2020)]

Burlingame et al. (2017) FJ A A ROEE AT Fii i 5
BERMIE S ZE (PBL) S04k J7 S0 0 fil < 1)
SomE,  BRVES 85 RORE PBL HSE I KR
TRMHREAE R, (B 2 KT BUN R G R Eh 1)
SEWE, T EH T ik AN 1 R R 14 PBL 1Y
SO AT REAARAY . [, 2B BRI S AT R 1Y)
AN EVEREIA A7 PR DX I AR S P3N 1M B - 1Y
WHMEIED, KBNS EYEERE (D s, £
A ZWEZHIN M EA TRk (Baver et al,
2015; Berner et al., 2017),

IeAh, B S HA RIS B PR %)

Ko A FARFEKET, VST RAE
AR ASERARE P R, DL ) 2K
X353 3 3 250 0] R ATS 2 52 0 SR ] TR
I EE 5 H (Bauer et al., 2015).
34 IPRIMRIRZERIFMN

PRI R ZE 0 MCSs 46 H1 RUEEXHR R 42 1) 58
BRA] PR v+ oG8k . KERTFEARH], XU K&
BT IR BT T R, IR BRI AR WA /M E)
S0f KR B R A AR SR AT BB L5 (Crook, 1996
Gilmore and Wicker, 1998; Park, 1999; Park and
Droegemeier, 2000) .
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ANTR] T A% G e T 2 B0 AT TR PR T S AE A S5 4
L&/ Eh ) 77 20, Wandishin et al. (2004) .
Wandishin et al. ( 2008, 2010) . Cintineo and
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FEFREH, XL AT P 2% A% IR (1) S s v FLAR P 5
MR K, T HAT 1 /NS PR TR R 22 1 R 7
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Fig. 7 Spaghetti plots of the 40-dBZ-reflectivity contours from all 100 simulations for the 1-h error runs at (a) 30 minutes, (b) 60 minutes, (c) 90

minutes, and (d) 120 minutes forecasts. [Cited from Fig. 9 of Cintineo and Stensrud (2013)]
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WY, AR CReRl R BURX D B, WM
IS ST 4R R 22 GG B 12 /N S e R, (IR J]
g b X E CRIER A fFAEREER
(&), #miFHMBEAR. REKE. KEFEX
#Z5R (Wuetal, 2020).

R XL T ARG RIIR Y, ke T % 1) [A] 1
AT LSRR A A A CIRJRE A 52 M X 22 5 B
AR B BT D, HUEAT X R
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5358 (B18) (Wuetal., 2020,

3.5 AIFERMEREIR LG

LA, BEAE AR S R DA K 2 RURE A
KA, RERFZNER. L. 255
BN RUBE B BRI X3 A T A PR B 0t i 1 22
( Cintineo and Stensrud, 2013; Wu et al., 2013;
Zhang et al., 2015, 2016; Durran and Weyn, 2016;
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Fig. 8 (a) Terrain height (units: m), the green rectangle identifies the warm-sector torrential rainfall center, two black rectangles represent the

sensitive area of 2-m temperature over the mountain area and the sensitive area of 925-hPa low-level wind over the sea, repetitively. Temporal

evolution of (b) 2-m temperature averaged within the black rectangle region for the mountain area and (c) 925-hPa wind speed averaged within the

black rectangle region for the sea area from 0800 LST 19 May to 0800 LST 20 May 2015. [Cited from Fig. 12 of Wu et al., (2020)]
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Fig. 9 (a) Full domain of interest for MPEX (Mesoscale Predictability Experiment) morning dropsonde operations, numbered stars represent the

dropsonde sites, and the operational National Weather Service sounding sites are indicated by the red dots. (b) Examples of upsonde locations (circles)

for the preconvective environment sampling strategy in the afternoon during MPEX. [Cited from Figs. 3 and 5 of Weisman et al., (2015)]
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