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W OE WIIRPEIRIE NI SR ARRON T8 & PR I B s BB B s o AR IR AR E SR
P50 7732 (orthogonal conditional nonlinear optimal perturbations, & F#X CNOPs) I F T 1% % Lorenz-96
FEAER T T WAL BN HRME FHAE A AE AR EO SR G TR TG 152 m, AT A B8 52 A B AT R & TR SR 18 = o
ZERRW], HT CNOPs i T AR £t R Qb B ARV 4 s,  MAEAR MG BNIRNE /N TR 46 53 BT iR Z2 1)Kk
/NEF, CNOPs 48 & T4k 3K 73 5 iy 0 TR 32 15, JF H CNOPs 45 & Tl #f 1) £ i T4 4 15 0 02 T 57 ) v
(singular vectors, [HFKSVs) HA TR 15 i it H 15 . &5 RIEFK B, CNOPs LA Tk m T HA — NG Emke
AREG, IR . IR G BB —— PR 72 08 R AT T4 1) Talagrand ¥] (Talagrand diagram) i
—DIUEM T CNOPs &£ G TR R R T 1k, M55 7 LR SR A . L, %1% CNOPs &£ & Tildk, 43¢
AR — AN /N T RG34 22 WG PR AR IE A — A G @ AR S REARSL, A H T CNOPs £ & Tl il 21| i
TR E T -

XKW EATR WIIRRZE KRR AR

XERE  1006-9895(2019)04-0919-15 FESES P435 XERERIRES A
doi:10.3878/j.issn.1006-9895.1810.18219

Influences of Initial Perturbation Amplitudes and Ensemble Sizes on the
Ensemble Forecasts Made by CNOPs Method

WANG Ye"*?, Wansuo and DUAN"?

1 State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing 100029

2 University of Chinese Academy of Sciences, Beijing 100049

3 School of Mathematics and Statistics, Henan University, Kaifeng, Henan Province 475004

Abstract The initial perturbation amplitude and ensemble size are important for ensemble forecast. The present study

WHEE 2018-08-29; MZHIHAREH 2019-01-22

EE®EN M, &, 198244, LB, FEMNFAHERIEM L. E-mail:wangye@henu.edu.cn

BIWEE B8, E-mail: duanws@lasg.iap.ac.cn

BB K E AR 2018YFC1506402, “ AFRARL 5 U TLAE ] & 1 GASI-IPOVAL-06, [E 5 H AR~ R G 0 H

41525017

Funded by National Key Research and Development Program of China (Grant 2018YFC1506402), National Program on Global
Change and Air-Sea Interaction (Grant GASI-IPOVAI-06), National Natural Science Foundation of China (Grant
41525017)



N T 43 %

920 Chinese Journal of Atmospheric Sciences

Vol. 43

explores the impacts of initial perturbation amplitude and ensemble size on the ensemble forecast skill using a new

strategy that applies orthogonal conditional nonlinear optimal perturbations (CNOPs) to the Lorenz-96 model. It is found

that due to the effect of nonlinearity, the CNOPs-based ensemble forecast can achieve higher skills when the initial

perturbation amplitude is appropriately smaller than the amplitude of initial analysis errors, and the highest skill of the

CNOPs-based ensemble forecasts is always higher than that of its linear counterpart [i.e., singular vectors (SVs)-based

ensemble forecast]. The results also show that an appropriate ensemble size is helpful for achieving higher skills in

ensemble forecast. A better spread-skill relationship and a much flatter Talagrand diagram are found in CNOPs-based

ensemble forecast, which indicates the reliability of the corresponding ensemble forecast system and makes the above

results much solid. It is therefore inferred that the highest skill of CNOPs-based ensemble forecast is mostly likely

achieved when initial perturbation amplitudes are properly smaller than those of initial analysis errors and the ensemble

size is appropriate.
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15§

KA IE H 2R BUE R AR (numerical
weather prediction, fijFXNWP). NWP A i & 3K
il 52 A A 53 77 R A BT ) . AR, N R
7 WIATAE RN G R R4k 75 325 100 J) PR A 73 NWP (1) 4]
WE AT AN AT e HUAF ARG 0 iR 22, T HLH T
KANRTERRPE UL AR G R R RS & B R4
P, VGRS PR, AR 2~3 JH JE
E ROk E S | R e N (TP 454
KM T % 2 (Lorenz, 1963; Toth and Kalnay,
1993; Buizza et al., 2005; Yoden, 2007) . #4h, Bl
{72 B Al R S 0 NWP AR A A B U] H i iAok
S, MM R 22 . HIah R 22 RIS
TR 22 1 3L [ 3 30— e P PR AR AR R
ANTAE M B G TR W FH R Ak T B T 45 SR 1
ANHENE, IFEE HRARMRE KT (Buizza et
al., 2005; Leutbecher and Palmer, 2008) .

fHAREATIHRIE? & ES T2 H—
HAHRMEAKIVIE, R BUEB AT 2] — H IR
B, TERES TR R (BEEAEA), FIHIXL
25 BT 25 HHORSAE AR SR ZI ML 28 %5 B 40 A, b
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Sciences (in
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TG T PR &5 SR A e 1. R SR 3IRES &
W] 4 A8k 5 2 B R %0 (probability density function,
s PDF), HAFZEENIRZE, JATATLUEHZ
HL11) Liouville J7 23K fif PDF &I 8] (¥13 4%, ATl
THIRAS A B AL TR ZI O ME R 2 B2 . 25 18 ISR fig
Liouville /7 F£ I B #EPE, Epstein (1969) #2 i T B
LBl TR I7E, B TR 534 B — B s F1 —
Bra CHEM T 2D, AR EA MR 10 .
SR, X TAEE G EHERNWPE KU, X
FpOGTFAETH S ERRATATI. T52&, Leith (1974)
T ERRY W 7% (Monte Carlo
forecasting, & #X MCF). HAkH:, MCF /& H—4
ANHHRHIBENLIE B = A S S Pl s 0, JET 25 AR
KRS FIME 25 5 43 A o T MCF HH I aa P 8l 2
BENLEY, R IRATAEA T R E I LE RS T B
EETHRMEEGIEA, WM ERIETR G RS B

B ARV, WmAHSKBENYIGIs &
INBIRIGG 5383 b, ZAIEHRBN I e 2 328 i 25
EHAI UG 53 AT 3707 A s 1 A, T B i K
SRS, T B o 200 KSR PRI, AT
AWK BYIaP B kUL, KA WG sh RS
I R YILE D T A e 1, EER TG
WH 5 (Toth and Kalnay, 1997) . 281, %
T MCF 85 gk il ,  FBENLVI LR E 30 A refili ik
WIGE 53 BT iR 22 I 25 (A 2544, AN R 412 3 S NWP A
AR E BRI 212w K,
T2 AWK (Hollingsworth, 1979; Hoffman
and Kalnay, 1983; Kalnay and Toth, 1995) . A,
MCF (1] BE NI G PL B0 T8 & il 5 15 1 4 g B
HRRM. a5 m&E (singular vectors, fi]FXSVs)
VIS ) — A B, H g n)—



4 3 TEMSE: WIHIRILBEIIRIEAN L S FEAEOT CNOPs 22 & Tl 1l i 2
NWAING Ye et al. Influences of Initial Perturbation Amplitudes and Ensemble Sizes on the Ensemble Forecasts Made by CNOPs ¥2xth-

FHEIRBN . SVs A MR T85 Tk Kot 5t
1 (Buizza and Palmer, 1995; Molteni et al., 1996;
Leutbecher and Palmer, 2008) . 43 i Hh, KR = #H
KA T H Ly (Buropean Centre for Medium-Range
Weather Forecasts, f& #X ECMWF) i H SVs J5 1%
ARG YIIRINE), NIRRT S5 IE 3R
37 %3 (Buizza et al., 1993; Molteni et al., 1996)
SR1f1, Anderson (1997) i SVs &2k PRI A1)
Pz, sl AL s X &I K.
Gilmour and Smith (1997) t.§§ ! SVs /& P12k P
B R RI,  AREA 0 ZI H RS AN E 3 T
RAEZEMALNERAE, EANTH TR A E 177 T
FAE— MR MR YE (Hamill et al., 2000) . X 2E47F 58
R, LGRS IRV R PG K ah 2 AE
WAL, Wk — b iR R TR A T B
=988

HRE R SVs (LR LR PR, Mu et al. (2003)
P T A AR &M S AR Bh 7 7% (conditional
nonlinear optimal perturbation, & F CNOP) .
CNOP 2 55— SV AE AR L I i ), BARE T
AF 42 1t A5 2 b 1 B PR IS K ) . Mu and Jiang
(2008) FJiang and Mu (2009) FH CNOP 1t # SVs
FREE — SV, 25 1 SVs & & T 1) Tk 4% 75 .
% 8 B AH B )G R S AE 5 & TR A R
(Wang and Bishop, 2003) , Duan and Huo (2016)
KT IEZZL CNOPs J5i%, 774 T —HAT H THE&
TR (0 AH B IE A I AR i i3l . Huo and Duan
(2018) H4 IEAZ CNOPs J5 £ 4] B T MM5 A X
XF & R AR EAT 1 Rl 45 REH], CNOPs
& PR 3075 &35 = T SVs. B 7 8 75 1%
(bred vectors, & #X BVs) E& Tk F 5. XLt
FEB R T 1IEAC CNOPs [ 47 & 25 (M &5 1), Afi 3L
LR T m T HE % B, HAEHHE
SERIRIGR BN 2 R & TR 1) — A K8 (Toth and
Kalnay, 1993) . 5L b, [ T W8l A 2 0] 45
Ky, WIHRPLBN I RN IR S REARHON TR & Tl B2
iR E B EEAER  (Kalnay, 2003). A 05T
fath, REWIRININEA 51865 Z FFER
KA, BEEWANBL, £45 R0
(Buizza and Palmer, 1998; Kumar and Hoerling,
2000; Kumar et al., 2001; Daron and Stainforth, 2013;
Scaife et al., 2014) . CNOPs {E Ny — AN Hr &4 Fildk
Tk, BATEARS R VIsEREhRIE ML & AL

NEFF A4 26 REAE CNOPs 2 & Tl B T &
HI TR B I5WE 2 Lorenz-96 #£3 (Lorenz, 1995) &
—MRESE, B RA 5 RS R AR Lt Ry
ik, PRI R A D 4 & TR AN BERHRI AL 3T 75 721
RV 5 (Bowler, 2006; Descamps and Talagrand,
2007; Koyama and Watanabe, 2010; Revelli et al.,
2010; Basnarkov and Kocarev, 2012; Otsuka and
Miyoshi, 2015) . ARSI 32 H W2 K W60 5)
P M FN A B BEAREON CNOPs S A Tk (152, 2
X CNOPs £ & Tl it 77 2% 25 A< B0 A AVRFAIE RO ER O
DT 17T 9K 2K F Lorenz-96 B A #E 1T H0E iK%, DL
A B A A A5 20 AT CNOPs 454 TR I 8 52 ¥
iR RaIE /i E NN BV 2 St £ N A L (s

2 IEXZ CNOPs /5%

e N IR WIME 7]
Y
—=@(Y(x,t)),
ot (D
Y|t:/ - YO’
H i ,

Y(x,t)=(Y,(x,t),Y,(x,t),, Y, (x,t)) x=
(x1,%,,5,x,)eQCR", BF[H te[t,t,] t <+o,
D AR M E T, Y, &YME. RETE (D W
fitE N
Y(t)=M(t, t)Y, 2)
o, M (t,t) T (D MEIER ML EE T
Wy, VI HEN, WIS p, £ %1 ¢, B S
PER BV LARIE A
J(y@=HA1(%JJ(Y5+y0-A4(%JJ(YQ”§3>
#F FiAZR IR, Duanand Huo (2016) & X |
1EZE CNOPs. Xf T-45 € I FEE 204, R
By I 2 :
J (o) = max|M (to, 1) (¥o + py) -
M (t,,8)(Yo) |,

) (4

ﬁ\:':':',
Q. =

J

b e R[] <a]i=1.

by e Ren]] <0 L Quk= 12000 17> 1,

(5)
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IR 2RI LR BNy, N ER j A CNOP. {ET5 2
4 A5 ||| A BARERATAG B 1E
I 20 ¢, S LR FRAERS %) ¢, FE RV HL: Q22 AH 25 (R 1Y)
— AT, py TR QW — NI
WN§5%%%%ﬁ%%%%#,ﬁ¢é%*4E
W, REVGEMIIRE: 5 L7 AKIE
Lo HLLEE AR, M= 18, Z—CNOP R
RAL TR 1) B [ 10,0, | AR 20 BAT B3 K AR 2R R
JRIIVIGaIEEN, A2 BN FH 25 (7] P9 1142 Ji CNOP
(Mu et al., 2003); % ~CNOP (Hl;=2) RIS
— CNOP IEAZ 175 8] A B A S KRS K R 18]
wah; R, ;4 CNOPZ7E 5#1—1 4
CNOPs 1EZZ 1) 75 [ N B A e K AR 2P K& 1]
LA, R, X CNOPs & —41AH B 1E 28 (4
e, HIZMESERMREK RN, Tk
HAHEF N CNOP,>CNOP, > +++>CNOP, .

AR SCE AR A B —— 3 8 R RS A
(spectral projected gradient, f& X SPG2; Birgin et
al., 2000) 5L 1E2 CNOPs, X L, {6 5% &1k
PRBNI RS F R SR AE TR 1) BE[ 1, ¢, | A3 1

IR, B ||X||L2=‘/Zf:1xf, Hrfx=(x,x,

ex,)e R BARKRUL, B/ EEAWILAEI
AR A A (4) LR &E,
PR EREOS T RGN RR S, FH SPG2 A1
HE— CNOP (y;); 4kifi, HRE5% — CNOP IE
HITF RN T A WIAEIE), A e
B4 F AR, SPG2 LA F kT
HE ZCNOP (y,); RJE, BHHE—ME =
CNOP 1EAZ 25 W] o ) BT WIRR B Ak 7
2 @) AR %KM, FTLLH SPG2 T H 15 228 =
CNOP (y;); LAURZRIE, ATATLAS ] — 4 E
EAZH, HAES B 72 W B R ARE KAT NI #]
HREh A&, ENIERE CNOPs.

CNOPs /& 1% Gt 1) SVs J5 ¥5 75 JF 2 P 40035 1) 1
&, WiEBAFERS RN, BiiE%E Tk
LMY RRER R, 5 W2 T AEL R
M, {EAEATHRF, EXTHMOTIERAR, A
SR EL 5 CNOPs F11 SVs,  #7 JE 28 1t 4 3 3 72 06}
EETERME M. Kk, AWy 73T IER
SVs L RIEA TR, F£5 CNOPs 44 Tl i
AT T XFEE

BB BN Ny, IS AZHIIERBN I 2 K
JE AT LAH BA R 7 R AR -
y(t)=L(t,,t) o> (6)
TitE (6) RARLMER[EITTRE () IHTIZ
PR, HP L (t.0) R VTR A T, BV
RIS 2 ¢, KIPLBN y RAEAEHE 2 ¢, 2Ky (1)) BL
NUIENVER T LR ST, ) E3k & 57 7] & S Vs
SEHEFEA = L' LR IR &, B0 U, SVsifi 2 7
(D, RUIKMEE T LA R,
L=WwsvrT, D
Hp, Wy EIEAHM: S MmrE, HHX
LR NGFRE (6), Wilko 20,220, H
R (D AL AR (o) RFEH N
SR (o) ZETARIT I B 1, ¢, ] P9 026 1 352 K
K, 1
sl ], = o ®
S i

REREREVEHR L. TUES, H—SV
(v) RAEBA LN 8] BB 5 KK A9
szl SV (v) 5 —SVIELZH T
FERARKMEKE; HjNSV ) £5H
ViV, SR A ] IR A 123 ) B B K
R, I, SVsEERALRE A, Pz
(1] (R AN T 2 i) e B AT e R 2 P 4 R ) IE 5 1)
B, EERREZ, TR RERIUSE - HEVIRE
EEiGE

NPRIESE & TR LB 2 1, AR SO SVs Al
CNOPs SR I A K/ i ATAH [R] B £ S A S

3 Lorenz-96 &3\

Lorenz-96 & 20 /& Lorenz (1995) R4 KK iz
AN BN R AHE T M — MRS PR,
AL RGIIRE, LA RIS B 1) R I 1
Jii . Lorenz-96 152 X 0 A F % #UK,  H/NBII 4G
Pt 2 25 B AR K . % T A m
AN TT R -

dx,/dt=-X, , X, , + X, X.., - X, + F, (9
Heb, k=1,2,...,m FE—NEH. ZhEA
BARHL R, HEX, =X, X=X, X,
=X,. TEX, k=1,2,...,m) AJUHEELLEL
SAER— 4l LR E (i TR
HAOAREO . HE (9 FRERERZLENTLE,
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VEBUNINE |22 L NS T %82 5 87| PRd i NG
P FERL, AIAhSRIERIEL, B AT,
1] 22 ik Lorenz and Emanuel (1998)., HTi%f
FURE R K IS B I FEAAFAE, T AR 2 B2 H
TG TERMARCHI AT, B H AR B &5 i
7 ER K & (Bowler, 2006; Descamps and
Talagrand, 2007, Koyama and Watanabe, 2010;
Revelli et al., 2010; Basnarkov and Kocarev, 2012;
Otsuka and Miyoshi, 2015)

ALWBH m=40, F=8, HIHAFEE L
HORABRIEAT A, IF HARUE AR 5] T AR A
PR SRR 7 P 25, W RLAS B AN A B X
(R RRR E 22 93 20 2.3 3.6 (RAT = A
Ap & 2 Al 7= A A% ; Lorenz and Emanuel, 1998) .
PR AL DU Je s P 5 22 o A% AT I L, BN
I TR] AU Ar=0.05 CRf REEEANIN TA] 6 h) o BRI,
Lorenz-96 A5 =X Jr 4ifi it 1) #6 LR I 8] K£4985 d,
R ZEAG I A 258 2.1 do 3X L A ROBE R AE K S
HESHRAMIEAAAETE . B, A CkEA
A LR 2 B0 B 1) Lorenz-96 151 303 47 4 & Pl i ik
B, DA AR 0% ST INER N\ B 5 W UE AN E 1A %
1) B TR R 1 5

4 g E

AR TR0, TR R Z Y HILR R %
T8, A Lorenz-96 53X H 173 4000 2 (EJ 1000
BT, SRJE 4k 4L M HTA 43 730000 22 (R 500 4
R ARRESTEX(k=1,2, -, m) KI5
F, MAZET ] 20 A R 1460 25 CHP 1AM 04D
B — RS = EME AR, HEEIX (k=
1,2, -, m) [ 500 MHIEIRA o H43X 500 MHTERAR
AW FTA 408 (RI10AATD, RIRT15 2] 500 1
FF RS TR “Bs52” (B “AMal” Do TR
MRSy, FRE—AEEE (Bleh), fEH &
JIR AR VEE TE 25 23 A () BE A LB & W 37, BN
ZEV I ZE SRR BT AR B . W7 1R /N AT BAIE
T PR v T A A (b ZE SRR ) o DU 4R AR 43
# [ 4k 7 ¥ (Four Dimensional Variational
Assimilation, f&ii#k 4DVAR) [Al4L 4744 %I r=0 A1l
N E D =6 h I, 13RIV . LA
ENIE W3 RVIME, R 40 ANEFaE (R
100K 138 H g i hl ik . X6, T

500 RS, BATTAT LIS 2] 500 %G TR o

MR 2 AELE S BAIG T e R 22, ik
MBI IR E M, FREdT LS
O 1) 7 324k T H I R B WA AN 2 PR 5 B AR A
e M. A5 A IE A2 CNOPs J7 177 4 48 4 Fil ik
RIEEI . BAkH, SHFEAME), DL
WV UG RIS YA Y, 15 SPG2 J7 5K g
A6 ) /8 (4) 15 3 IF 32 CNOPs. Duan and Huo
(2016) F B, CNOPs [ 454 5 W46 30 = 8 AN
ALK T (T=¢,—t) HEYIMFR. Wk, A0
AN, RA24MARPSMTHIHE (WK D
T IEZE CNOPs. X B, FRATHRYI4E /54137 Fl B
Sz ENYIE TR ZE, HLIGEUE R, iR
8,0 AT AN, THEIEA SVs RS IER
CNOPs tH[F] 1 8 F1 T

R1 24FEALETIE THANBHZHIRIEO AE (0, 288
HINREX/ND, EiRERFINTFOASE)
Table 1

Tand initial perturbation magnitude o (J, represents the

24 combinations of optimization time interval

amplitude of the initial analysis error, and Ei represents
the i-th combination of 7 and J)

24 FPANFEI 6 FN TR A

Tid

0=035, 06=0.59, 0=0.85, =0, o=1.15, 0=1.2,
2 El E2 E3 E4 ES E6
3 E7 E8 E9 EI0  Ell E12
4 EI3 El4  EI5  El6  EI7  EI8
5 E19 E20 E21 E22 E23 E24

WG AT A e KR B SRS R T
fflith, TG TRV IS AT R 2% 2 X
FSRAS B B LW A5 1 (Leith, 1974; Toth and
Kalnay, 1997). Ak, AICRHIE. FAIR3XTHF
KB MBI HITROVIGE 5 b, PP ARG TR
W53 . BT Lorenz-96 #5201 2% (A1 4E 50 40, fr
CLEF XA, EEXFR 1R EFIHEGE G =
1,2, ...,24), AJLAKH 404N [E2E CNOPs £140 4N 1E
L SVse AT RVHE G FEARLOS G TR B I 152
M, M40 CNOPs (540 SVs) A HUH Al n A
CNOPs (5 Rl n A~ SVs), ¥ e AI11E S hn 245
TR W) 863 LR R 20 D KRR E S VI UG
B 2n NMEG A, HEH Wik —i&, L
HE N (N=2n+ 1 MEEHR, HFn=1,
3,..,39, XNFN=3,7,...,79 NT DG
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ik, ARCHITFEZIET S00X N MES R 4t
TR,

YR TR 2R G5 1 VA 75 ZEAR I P AN B 40,
JE M FRAR ANHE 28 AR o A SO 3 J7 AR R Z#
(RMSE) M1 i ~F fH 5% & % (ACC: Murphy and
Epstein, 1989) B &M YTk (RPEEA 3510
4575 . RMSEfA /N, ACCIHEE A, & Tk
(0 € PE TR Tyt s . A8 A BS 143 (Brier
score; Brier, 1950) « BSS ¥ 43 (Brier skill score;
Mason, 2004) F1ROCA ¥4 (Mason, 1982; Mason
and Graham, 1999) & &4 & ik A 26 ik i vl 58
. BS. BSSHIROCA P73 T 1A — 70 3%
FAERAERMERIR . AE LT LU 502K
HE, mEFevl: X,>2.0 (k=1,2,...,40)
I FE M ev2: X >u, +o, (k=1,2,...,40), Hrh
o A o 2 AR B X 0T N R 10 4 s A BB A AR AE 22
XA FAF R R 73 7909 0.523 F10.175. BS
PR E BN, BSS PR H K, ROCA V73 H Bk
Ky MERTHRF I8 . IR LRIV B 2
A2 M, Wilks (2011).

iR, —MFREESTIR RS, HESHE
FRCRE AEBE A TR [8) A S 5 5~ 4 T 5 22 AH 4
& A1 (Brankovi¢ et al., 1990; Eckel and Mass,
2005; Bowler, 2006; Buckingham et al., 2010) . X Ff
RO B HUE AR S-S R Z Z AR R T
FIWr—MESTER RGN M. BT EEGEBUE
MR ZE R R, PPN S TR RG] 58
P 5 — A J7 5 /& Talagrand [ (Talagrand
diagram; Talagrand et al, 1997; Candille and
Talagrand, 2005) . f1RES TR KRG AT EE, B2
MM RIS Givt bR TCERI, B2
SR UIAH [R] ()R 2 98 N N AN G TR ME I 73 1 N+-1
AN ] R AT — AN X ] an Sk A V& N &
TR AE 56 kAN X (8 N IMEZRC A p,, B AFRATTAT B
18 HHAE 2R AT p, KT B G TR AB X 18] & 1) ek H ]
Rl Talagrand il . #i& I, Talagrand &) i 28 5 1%
Fe St AN, (HaE T H TRIE S Tk RA M)
R AL R H e A7 BRIV, B LA Talagrand & AN AT E
ST, — RS2 UBBEE MY, RIPbm{E H
K, FEME BN . Talagrand & -7 1H
REVLEGTER ARG FE. Fk, BT LR LA E
BEG WRETT VEHEN ZA, R ER T
CNOPs £ THUAR 1 B B0 MR & 1 B Tl iR 2 2

8] Y5 £ A & Talagrand B, F DA 56 CNOPs 4 &
Tk KRG R AT SV

5 CNOPsEEMIRIAILER

WEE 2T FTIR, 1E38 CNOPs /& IE38 SVs fEAE 2k
4 4t 1 96 & . Duan and Huo (2016) F8 H IEARE
CNOPs Fll IE 52 SVs 725 [ 45 ¥ FARR 2], M
1M A 3 CNOPs 82 & il 15 15 51 T SVs 52 & Tk 4%
o AATRARDT T 4 SRR R 735 03 31 1),
LA FEARBONE S TR T, Fe A7 —
MEGFEARZ) EIRATEE S Tl B S g s
g, BT A MR MG R AERER.
Ab, AT T RIS IR X £ A TR B T (1)
S, BRI E R IE AT ST 4 5%
FEBT, CNOPs % & TR 4% 15 7] LLIA B £ /511X — Il
. G, AT, ATV LA AL
LY RERNT9, WP R A FEARBON S TR
Frgggm, FEREERIELER FE, FRATR A
ARG PSR EAT A TR, 22 %F
CNOPs 5 & TR 1A 21 i = TR 47 75 I 91 46 HE 30 4k
e BT 2L & 1 25 1F
5.1 CNOPs £ 5 IR T MBI B IRIBFIE S

FEZA BRI

YR HELELSHEAY GEAN) B,
SRR BNARIE XS S A TR T I sg i . ANk — Rk,
XEIN=31. HE4TATH, N=31 BHEE XS
BN, HANHEE (=1,2,...,24) (WED,
M 404~ IEAZ CNOPs (2% SVs) FHELHET 154~ CNOPs
(B SVs) AR FRIG 30 NMEAWIIRY, TR0
LERMO, SEHIR—, JLEHRES TR
SINMEARR . SR)E, B 500 NANBIEAT TR
[ 10 d A TGRS . 2258 AN, KA
HAE Ei, PLAEAIER— B Z] (6 hy 12 h.
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Fig. 1 Skills of ensemble forecasts based on orthogonal CNOPs (orthogonal conditional nonlinear optimal perturbations) and SVs (singular vectors)

as a function of the initial perturbation magnitude. (a) RMSE, (b) ACC, (c) BS (Brier score) for the event evl, (d) BS for the event ev2, (e) BSS

(Brier skill score) for the event evl, (f) BSS for the event ev2, (g) ROCA (the area under the relative operating characteristic curve) for the event evl,

and (h) ROCA for the event ev2. The skills are estimated by averaging over 500 cases with all the lead times within 10 days. The dotted, solid, chain

dashed, and dashed lines represent the optimization time intervals (7) of 2 d, 3 d, 4 d, and 5 d, respectively. The big solid dots indicate combinations

of 7" and 6 that correspond to the highest skills of the ensemble forecasts based on orthogonal CNOPs (red) and SVs (blue)
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— PO G K B 1 3R 26 1% R 56 Lyapunov (7]
B E 5 Wi 75 (Feng et al., 2014; Ding et al.,
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