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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.

Keywords Ensemble forecast, Initial error, Conditional nonlinear optimal perturbations, Ensemble size

1 35l

RA TR IE H 28 BE R AR (numerical
weather prediction, [EF#X NWP). NWP A i /& 3K
FR 2 A 23 7 R AT A I . SR, O %
22 [P AAAE AN TR A 75 32 1 5 BR 14 A8 45 NWP [ 4]
R AT I AN AT e e HUAE ARG S iR 22, T HLEH T
KANIRTERFE LR AH G R R RGN & B AR A
P, WM AR 2 Pl K, ANAE 2~3 1 5t
S TR 45 Sz oz A 3 KRB LSRN 3 %
5K B AR % 2 (Lorenz, 1963; Toth and Kalnay,
1993; Buizza et al., 2005; Yoden, 2007) . #4h, Bl
fii 2 H A Sk (1) NWP AR A B i D7) 4 i K
BRI, AMAAERE R 2 . W6 R 2 AT
R 22 1 3L [ 3 B0 — 8 P PR AE R BOR
ANEME . B ETIHRCE H FH AL TH B Pl 45 R 1)
AHENE, AR RRIRE KT (Buizza et
al., 2005; Leutbecher and Palmer, 2008) .

fHAREETIRE? S PES e —
HARRMEA K IVIE, R BUEB AT 2] —H Ik
B, WHREAIRS T EUEAFEA), FIH XL
G O 25 tHORSAE ARSI ZI L2255 B 40 A, i
A TR S R BT E . WR OIS L &=
(1) 4] 4 18k 2% % i R 250 (probability density function,
@ # PDF), HAFEBARZE, FATTUEHE
## Liouville /7 23K fi# PDF B I 7] Ay AR, I 4%
THIRES 22 B AE TR I 2 OB 2R % B . 5 18 3 K
Liouville /7 FE R R #EME, Epstein (1969) #H T BE
BUBh J3 A 7, B TR ik 26 43 A0 6 — i A
TR BRI IT D, A TR A 2 )
Ao SR, X T A EA 75 E B R NWP Rk

b, XFOTEETE ERAATH . T2, Leith
(1974) ¢t 1 Z2%¢ R P Wik J7 % (Monte Carlo
forecasting, fAIARAMCF). Hikih, MCF2&H—4
AFHR I BENLIL BN 77 A R G TR R 1, J2E T 45 ok
KRS MR 2% B /0 A o T MCF ) da it sh &
BENLAY, BRI IERATASA T RS IR T B
EETIRMEGHEA, IMORIETR S RAES T B

X AR, AR KYIEIEE
BRI 8r 3 b, ZWIERBN I 22 T i 25
EHAI UG 23 AT 307 A I s 1 A, T B 4 KR
SORAS, NI S G b 2 im0 RSB . PRk, AEXT T
AWK BYIIa B kUL, KA WIiGRsh RS
U HURE IR WIGE AT I A e, SEA R T84Tl
WHE I HI$EE (Toth and Kalnay, 1997) . %A1, X
T MCF & & fild ok it HEEVLYIIE IS A Ge A
WIIE I HTiR Z 0 2 (B S5 4, AN BE il 42 L SE NWP A
AP AT ERUERBA, BMEE S8k,
H & A K A (Hollingsworth, 1979; Hoffman
and Kalnay, 1983; Kalnay and Toth, 1995) . Ff PA,
MCF KBS WL a6 s Xt T 5 & T 5 15 42 = B
HRRM. #Fm&E (singular vectors, fi]FXSVs)
AVIEHEB AP ) — A B, Hm gk r)—
FHIUEIEN . SVs T4 BB T84 Tk it 52
H (Buizza and Palmer, 1995; Molteni et al., 1996;
Leutbecher and Palmer, 2008) . 43 7 i, KX+ #H
KA H > (European Centre for Medium-Range
Weather Forecasts, & # ECMWE) fi [ SVs J7 vk
PR GRS, BN LR R A TS H IE 3R
4 7 i3 (Buizza et al., 1993; Molteni et al., 1996) .
SR1M, Anderson (1997) 5 H SVs &k PR H I
3, AR IR JE L B X B R LIS K )
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Gilmour and Smith (1997) 45 Hi SVs & H V1 2k 14
BEHE AR R, ANBE 7870 Z1 B K SR IS 3l
REZEW AL MERHE, EATH TR A & 177 TH
FAE—E MR YE (Hamill et al., 20000, X L6
®W], RSk H B AR B P K s 2 dF
WA, Wt DR EES TRk B EE

&R SVs LML R BRI%, Mu et al. (2003)
e T kAR Ak R L P B U7 ¥ (conditional
nonlinear optimal perturbation, {4 X CNOP) .
CNOP J& 5 — SV fE IR L M S iy 4, AR T
Ak 2 1 B AU b 1 i PR S K 3 . Mu and Jiang
(2008) FMJiang and Mu (2009) | CNOP 1t % SVs
R — SV, &1 T SVs & A Pl (1) Tl 5075 o
2 F& S AH H ST AR RS AR S & Tl A
(Wang and Bishop, 2003) , Duan and Huo (2016)
KRETIERZCNOPs ik, AT —HaH &S
T (1 AH B OEAZ I HE 2 1t S 383 . Huo and Duan
(2018) ¢ 1EAZ CNOPs J7vEH] A2 B T MMS B2
X & KA AT 1 Rt . 45 R KW, CNOPs
B PR 5075 &35 5 T SVs. BT 1) & 7 ik
(bred vectors, fijFXBVs) £EA Tk F TG, X LLHf
FEEGRY [ IEAZ CNOPs [ 8 25 W &5 4, Af 3
EETRE T = T HEE. B, HAEHHE
S5 R RI IR T Bh f2 4R & TR i) — A k8 (Toth and
Kalnay, 1993) . sk b, B 7 W46 $03h 1 7 | 45
K, R EN R NAEE SR A BN T 46 & TR
s m BA EE/ER (Kalnay, 2003). A7
feti, EEVIRIBIRLEA 5YI86 7 iR 2 FI R
KA, EERANBL, £E5 kTS
(Buizza and Palmer, 1998; Kumar and Hoerling,
2000; Kumar et al., 2001; Daron and Stainforth, 2013;
Scaife et al., 2014) . CNOPs {5 — N {5 & Ttk
Tiik, BATE RS HIGGHRhHRE AR & FE A KL
LAt 4 26 A RE S CNOPs 22 & Tl B A 5
AR B IIWE 2 Lorenz-96 B3 (Lorenz, 1995) /&
—MESEA, B RA 5 RIS R AR LRy
ik, TR H 1 1 A D9 B 5 U AN BB A8 77 121
W5 & (Bowler, 2006; Descamps and Talagrand,
2007; Koyama and Watanabe, 2010; Revelli et al.,
2010; Basnarkov and Kocarev, 2012; Otsuka and
Miyoshi, 2015) . AR 2 H 1) R W aH 5
PRME AR & FE AR HO0 CNOPs 48 & TR [ 520, a2

Xf CNOPs £& & T4l 77 1% 5 A< A FURR AR B4R
[R 1717 .45 K F Lorenz-96 152 Xt A7 £ (E 05, DLHA
A B A 2 45 AT CNOPs £5 6 TR 170 1 7 4
UETRANIRIE R /DAL B S AR AR T

2 IEX CNOPs Fi%

7 J8 T IR 7] 7
oY
—=¢(Y(x,t)),
= (Y (x.0)) 0
Y| =Y,

Hrh, Y(x,t)=(Y (x,1),Y,(x,t),,Y,(x,1))
x=(x,x,,x)eQCR", W [d te[t,t,] ¢t <
+oo, PIEAELME T, Y, RVME. BETE (D
(I
Y(t)=M(t, )Y, @)

H, M(t,t) T (D MAEL LS 7.
Wy e WIEEHEN, WIS p, 750 %) ¢, B 1R 2
PER AT LARIA N
J(po)=|[M (10 0) (¥ +p0) = M (10,0 (V) (3

#HF PR /R, Duan and Huo (2016) & X T
1EZZ CNOPs. Xf T-45 € ) FE 204, R AIE
B o, i A2

J(y;j):ggéHM(tO’Zl)(YO+y0j)_

M(tovtl)(Yo)H/’ (4)

P
E

o eyl <o} =1,

b e R[] <0y LQuk= 12,0 1> 1

(5)
IS 2 FRRIEE BN y,, N ES j A CNOP. 77 F2E (4)
RS LA 2 AR A P i % ¢,
KSR JEAERT Z1 ¢, JE B0 HG QA E ) — AT
ém,m%¥§@gwméﬁwﬁﬁﬁ;mm§5
VRN A R FAE, Hpok—MEwE, )R
RHI BB IRIE: /75 “L” REREL. HUL
JESCAIAL, =11, 55— CNOP AR AE Tk i
N B[ .8, | A B 200 LA d5 K AR 2R K JR O AT AR 1
5y, WL EFEA A2 B A 14 5 CNOP (Mu et al.,
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2003); # . CNOP (Hlj=2) 2&fE5% — CNOP L=WwSVT, (D

IR 25 0] A B A e R ARG K JE BRI a6 P
FAlth, 2574 CNOP ZTE L Fij —1 1~ CNOPs IEAC
()72 18] A B AT B R AR 2l K R I WI a6 3
I, XL CNOPs & —HAMHHIEL M) A &, H
IR SIS, UK AT N
CNOP,>CNOP, > +++>CNOP, .

A A R AL B — i R Rk
(spectral projected gradient, f&] #X SPG2; Birgin et
al., 2000) 15 1EAZ CNOPs, KA L, 3% & 414k
B K I B R AR TR 1B 1, 1, | AR 2

R, Bl el = I Hohx=(x,x,
~ox,)e R BARCRUL, BB ERAYIMGEIEHH
IAE N R (4 LR, i ERR
R T VIR IR L, H SPG2 ML EIE T 5
—CNOP (y;); 4k, FHEEH — CNOP IEXZH
TN TGP, K AR ik 1) &
(4 WA %A, FH SPG2 AL it 528
T_CNOP (y;,); #J5, ¥HZ—FI% = CNOP IE
WA E A WG R E NI T AR (4
23 4 F, 7] LA SPG2 it 5 15 3 % = CNOP
(po)s VABGSEAE, FRATRT CATH 2] — 4 AH FLIEAC Y,
HAE& AT B s AT A RIRIa s
&, RJIEAZ CNOPs.

CNOPs /&A% 41 (1) SVs J7 157 AF 26 1 ik (1) $h
&, WiE AN IFEEL, HirE5E T IE
AVEM AR e, S5 N 2R T AR R
. fEEEG TR, EPRAIERANE, RATH
SRELLL 5 CNOPs Fl SVs,  #87 3FE 28 14 4 B i FE Xf
ELETERMEmM . Kk, ACHIHT TR TIER
SVs LA Tk 5, FF5 CNOPs 54 ik
BT T

BRI Ny, A ZYIIEI BN ZPE K
J&& ] LhH BAF 7 PR

y(t)=L(ty, 1) yys (6)

TRE (6 RARLMEBARITTHE (2 [P ZtEs
X HA L) RV T T, EBYIHEE
Zt, Wk sh y, R AL Z ¢ W2y (). IEL A
IS LR AT, W ER & R &ESVs 2
FEFEA = L' LRFE I &, BUE UL, SVs i 2 77 2
(D, RUVRMEH T LA R,

Hrb, WHIVRIESZHERE; S MR, HHX
LR NTGRE (6), Wilto 20,220, H
TRE (D "E, BiANERE (o) ARESAE
FEEE () Eﬁ?&ﬁﬁl‘lﬂfﬁ[to, tl]V\]E(Jé)%’ﬁﬂEi'j(i
K&, HP

oo o] - ®

XEREREEHOR L. TUES, H—SV
(v AL 2 18] B AT S KRR 4]
s BSV (v EHHE—SVIERM T2
FERARRKMGKE; HjPSV ) £5H
Vv, KRR 2 TA) I AT R A ) B R
g, A, SVs RN, EHs
223 1) (AN [ 722 ) R BAT S R 2 PR KR A IR 32 )
B HMAEENE, R —FHIRZ
B E

NPRIESE & TR LB 2 1k, A SO0 SVs Al
CNOPs SR FIAH [F K/ B IR g AAH [R] (158 S AR AL

3 Lorenz-96 13

Lorenz-96 #% 7 & Lorenz (1995) ##E K< iz
BB R S ) — MRS B .
HAGELM R MIFE, DLKA I8 3 (1R
Jii. Lorenz-96 15 A0 WME JE & BUK, /N RHILE
Pt o 45 R AR K REm . 2B T ik m
AN TR

dx,/dt=-X, X, , + X,  X.., - X, +F, (9
Kb, k=1,2,...,m FR-AHEH. ZHEA
BA R FZME, HEX =X, ,, X,=X, X,
=X,. BEX, k=1,2,...,m) AJLLEIERLZ]
IIAGAE R — 2R IR R (B fE . TR B
HNOARED . 7 (O FHEERTLENTHE,
AR ARLAET, ST, A0 H H o il e K<
PR KBGO FISMBRIE RYIEAL, SE AT,
] 22 ik Lorenz and Emanuel (1998). T i%#%
LR R I B FE AL, Pt DA 32 ]
TG TR AAHRIT TS, 5 H A g &
WM F & (Bowler, 2006; Descamps and
Talagrand, 2007; Koyama and Watanabe, 2010;
Revelli et al., 2010; Basnarkov and Kocarev, 2012;
Otsuka and Miyoshi, 2015) .
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AWM BEm=40, F=8, IR FEE L
HORASHIRMAT A, I HARUE A B 5] 7 FAFLE
A5 KA AR 7 35, v DAAS BN AR B X
IR FObRE 22 20 2.3 136 (BRATEFA
Ax & 2 (Al ANFHFS )5 Lorenz and Emanuel, 1998).
B DU ek e 3 22 0 i AT S EL. LEW
I IA P HUA A=0.05 G LA ] 6 h) o LR,
Lorenz-96 152 = it 1 3 1) 48 A 1B I 1] K294 5 d,
TR G AR A1 208 2.1 do XX S8 A ) RO R AE KK
SRR RS LA G Bk, ASCEHFR
H ik 2508 B 1) Lorenz-96 #5 20k AT £2 A TR A
36, PAMEGERS IR N MR S WU AN e M %
()8 TR ) 1ot

4 RWIEE

AR TR0, TR R Z Y B WIER 1R %
T8, X Lorenz-96 53X H 143 4000 2 (EJ 1000
BT, SRJE 4k 2k m FT A 43 730000 28 (R 500 >
R ARORESZEX(k=1,2, -, m) I A F
Hl, MAZIT (] 7 51 A BE B 1460 20 CHI 1AM
I —UCIRES B R IMEIE YIRS, HERIX (k=
1,2, -, m) [ 500 MHIGEIRAS o HF3X 500 DHTURHR
BHETE 400 (108D, B 15 2] 500 />
MR “Emasg” &) A7 Do w45
NHESEY, B (Bleh), fEH L
B I AR MAR HE T 2 20 A 1 BE AL B R 3E I 3
BP0 3 2 B 7 22 o B A R B . L 3
19 K /N m] DL ek A 2 v 7 0 A PR A v 2 SR AR
5 R DU 4 4% 43 95 k) A 4k J7 7% (Four Dimensional
Variational Assimilation, & #f 4DVAR) [F] 4k #] 44
i %) (=0 fl N —iF A2 =6 h I, 1520146
ST VARG ST AIE, R 40 A
I Ta) 20 CR 10 5 5XR) 45 31 5 5237 I 4% 1 T4k
XHE, XFT 500N E 8, AR LATS F 500 4%
il TR o

MR Z WA E S EWIR o rp i EiR 2, it
M FEEE I TR A e, FRERdES
TR A 7 VRS TR e E AN 5 P 5 B TR A
Wi e M . A SCAE B IE2E CNOPs J5 V77 AR 42 4 Tl
HIvItaitzhty . Bk, xEFRAA], DL HI T
IV UG RIS YIE Y,, 18 SPG2 J5 ik R ARAL
b /B (4) 15 3 1F 3 CNOPs. Duan and Huo

(2016) F B, CNOPs )45 5 W46 30 = 8 A1
RALKS[E] T (T=t,—1t,) ZYIMR. Bk, AR
AN, RA24MARPSMTHIHE (WK D
THH IEZE CNOPs. X B, FRATHRYIGE /54137 Fl B
Sz EANIE TR E, HLHERE, dA
8,0 AT AN, THEIEA SVs RS IER
CNOPs tH[E 18 F1 T

R 24FALEE TFIRIRIMAIRIEOMNAS (0, 2418R
SIMREKRMN, EIRREiNTHOASR)

Table 1 24 combinations of optimization time interval T’
and initial perturbation magnitude J (J, represents the
amplitude of the initial analysis error, and Ei represents
the i-th combination of 7" and 0)

24 FANIE] 9 6 R THIE &
Td  §=030, 6=0.56, 06=0.85, o=0, O=1.15, 0=1.2,

2 El E2 E3 E4 ES E6
3 E7 E8 E9 E10 El1 E12
4 E13 E14 E15 El6 E17 E18
5 E19 E20 E21 E22 E23 E24

WG AT A e KR B SRS R T
ffltiit, TG TERYIGI I E A TR 2% 2 X
BSRAS B B LW A5 1 (Leith, 1974; Toth and
Kalnay, 1997). Ak, AICRHIE. FAIR3XTHF
KB MBI HITROVIGE 5 b, PP AEEG TR
WIUG3% . BT Lorenz-96 #5011 2% (A1 4E 50 40, fir
CLEF XA, EPXFR LR EFIHEE G =
1,2, ...,24), AJLAKH 404 [E2E CNOPs £140 4N 1E
L SVse AT RVHE G FEARLOS G TR B I 52
M, M40 CNOPs (340 SVs) A HUH Al n A
CNOPs (5 R n A~ SVs), e A11E S n 245
TR W) 863 LR R 20 DR RRIE S VI UG
B 2 NMEG A, ik —i&, L
HEN (N=2n+ 1 NEEHR, HFn=1,
3,..,39, XNFN=3,7,..,79 NTIHD>GiTHH
Pt AR SCHIH R T 500 X NN ES A IS
ek

X ARG Pl R 5 ) VA R A I AN A,
SE Tk AR ORAE R AR . A Sl 28 7 R AR
(RMSE) Al #f - AH 5¢ & # (ACC; Murphy and
Epstein, 1989) FEE & e PETk (RIEE G-I Fi4koO
5275, RMSEHE/N, ACCEMK, HE4 Wik
(4 1 P TR A T At MR s . {6 FH BS 4> (Brier
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score; Brier, 1950) « BSS ¥ 43 (Brier skill score;
Mason, 2004) F ROCA #F43 (Mason, 1982; Mason
and Graham, 1999) J& £ 48 & T i ME 2 U ) AT 52
Y. BS. BSS I ROCA vF-43 il FH T PP Al — 732K
FAF R AR TR . ASCE T BLURIAS 2K
Jitk, mAidEevl: X>2.0 (k=1,2,...,40) I
A ev2: X >, + o, (k=1,2,...,40), Fth
w A o AR B X0 B 1) 10 SR SRS BE bR AE 2
KA FAF R BB 73 7909 0.523 F10.175. BS
PEAE BN, BSSTF 3 fEH K, ROCA V73 {H Bk
Ky BERFRAL TGRS . 1%L I PE 7 F AN E
A2 L Wilks (2011)

WA H, —MFREESTIR AR, HEASE
PSS AE BN TR ST 18] P N 5 51 2 TR R 22 AH 55
& AH i (Brankovié et al., 1990; Eckel and Mass,
2005; Bowler, 2006; Buckingham et al., 2010) . X

RA B HUE MG~ Tl iR 22 Z T8 1 5% &5 H
THW —MEG TR ARG M. BRTEGS
BB FH TR 1% 22 I R R 20, PRI R A Tk R 4t
(1) AT SE 1 1) o) — A>T V25 42 Talagrand & (Talagrand
diagram; Talagrand et al, 1997; Candille and
Talagrand, 2005) . WIS F R AT EE, Hl2
MM RIS GEvt ERTEZERI, B2 740
SR UIAR R R 26 78 N N AN G TR E I 73 1 N1
XA H AT AT — AN X TE] o an SR WMME v NSRS
TRARAE 2R kA X 18] N REZR 10 N s IR A FRATTAT LA
1] L R 03 A1 p, 9% T A S TR AR X TA] & ) eR K
Rl Talagrand i . #Ei& I, Talagrand &) i 28 5 1%
FESEAPFHE, (R THTREES TR RS
AL TR H e AT BRI, BT LA Talagrand & AN AT RE
A, —ReSEIURBEE Y, BIWbmE
BOK, WIEME BN EITE I . Talagrand Bk -1-3H
REVEGTER ARG HE . Fk, BT LR JLAE
BEG TR RVE A #EN 2 4h, A HER T
CNOPs 4 & Fil i ) 25 HL B2 AN AR &~ P Bl iR 22 2
8] (5% & LA K Talagrand &, H ARG S CNOPs 4E &
T RGE R A S

5 CNOPs&ESfiRiAIGLE R

W 2 TR, 1EAE CNOPs 2 IF A2 SVs fEJEZR
AT IR 1 $A 2 . Duan and Huo (2016) 5 H IER
CNOPs fIIEAZ SVs fE S [ 450 LA K ZER], M

1M {5 CNOPs 5 & Filfie £ 15 51 T SVs B2 & T £

5o AATHIRST T 4G AR 73 N3 31 1,

LA FEARBON G TR T I, e A e —

MNEGFEARL) EIRATAFEE & Tl B S Tidi s

5, AHRAATE A R M SR AR .

Ab, AATHER T T WG SRR R A TR B T

s, AESR A B VG I EhRIE 7T &4 %

fEIE, CNOPs 5 & TR 45 15 0] DLk ) 5 53X — 17

. ik, FEAT A, AT SR AL

3R] 79, BB TG A AR L AR A TR

By, JEREERILERE; FE, RATRA

ANF VTGRS IRIE AT 8 & Pl il de, Sl el

CNOPs £ & THAR 1k 21 55 i TR B X5 I 40 46 30 H%

g BT 2L 45 R 2%

5.1 CNOPs & &TRFL T MRS IRIEFIE S
FEZA BRI
HAFEMESFEAT GAAN) FEr, ¥

LEIANIRIE XS S A AR B TG e o ANk — Mt

XHEIN=31. HE4TATH, N=31 BWREEXT

MM, HANHEE (=1,2,...,24) (WED,

M40 /N IEZZ CNOPs (8% SVs) HHLAT 154~ CNOPs

(B SVs) AERX R 30 NMEG VMG, T304

LA, SRR —E, JLEHRE S TR

SINEARR . SRE, B 500 NAMEIEAT TR

410 d EES kRS . 2258 AN, KA

H4E Ei, PLAEAIER— B Z] (6 hy 12 h.

18h. 24 h. . 10d) HITHLER, HATHET

£ 25 - S5 TRAR (1 RMSE Al ACC. 11 5 44 45 A AN 451

OO RN AR B X I TIARCE i — RO R, B3

A 40X 500=20000 X Fif i . £XF 20000 X Tl
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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 T"and 6 that correspond to the highest skills of the ensemble forecasts based on orthogonal CNOPs (red) and SVs (blue)
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Fig. 2 Evolution of the RMSEs of the ensemble mean forecasts based on orthogonal CNOPs (red) and SVs (blue) with optimization time intervals
of (a) T=2 d, (b) T=3 d, (¢c) T=4 d, and (d) T=5 d with respect to ensemble sizes N. The vertical axis represents the RMSE which is calculated by
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lines represent the initial perturbation magnitudes 6 of 0.36,, 0.56,, 0.85,, 6,, 1.16,, and 1.25,, respectively. The stars denote the 7, 6, and N that

a Y

correspond to the highest skills of the ensemble forecasts based on orthogonal CNOPs (red) and SVs (blue)
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Fig. 3  Scatter diagrams of theDispersion - RMSE of the ensemble forecasts for all the 500 cases at lead times of 0 (red), 2 (yellow), 4 (green), 6

(blue), and 10 days (gray) when (a) orthogonal CNOPs and (b) orthogonal SVs are used to achieve the highest forecast skills. The black solid line

denotes the diagonal line in the plane of the Dispersion - RMSE



N T 43 %

924 Chinese Journal of Atmospheric Sciences

Vol. 43

445 H 7 CNOPs fll SVs £ 4 Fildi % H B A5 i
o FOAR A3 3 I AN [ FiL A I 200568 W ] Talagrand B
% Talagrand 2 %1 % 40 ME & LRGN EN
500 XA CRPA S H 1) 500 AN JEAT A i
SRR, B OML A AR K —HL /2 40 X 500=20000 .
ME4TTCUE H, TERES TR A1 BE Y, CNOPs £
& TR 1) Talagrand B35 b SVs 5 & Tidi 55135 .
EIRERTAG I 2 B T PR o (B E ORI e (gt A
UL WIEL V5 72 T REAR Z A0, R AR 13 BBl AH T 45

(a) CNOPs, day 0

0.04 |

0.02 A

Probability

(c) CNOPs, day 2

002 F

Probability

(e) CNOPs, day 4

002 F

Probability

(g) CNOPs, day 6

>
3 002 [
©
Qo
[
o

0

(i) CNOPs, day 8

Z o002
=
(]
g 0.01
o

0

(k) CNOPs, day 10

Z o002 T
£
(]
S o001
a

Bins

N, IXHBE SRR 2 MIREh IR IR NMT R (6=
0.85,), HEMNTRIIEE Z RITF4h, BEA TR i [a]
(I3, CNOPs [ F 26 1 1 E 5= 15 Tl 45 75 i
HARIE TAER], 1S5RS B DU, PR
TTEAEREA SN BB/, FRAE A 1) 7347 &
ORGP EL, 1 H L5 BEARRES T 2 M A
. DUk, CNOPs£&E& ik R4 1A LEiSVs 5
GHR ARG EATSE. U EFEg#t - PHET
CNOPs ££ & Filfh fE AT 4R PLah iR M & 24/ T 9146 70

(b) SVs, day 0

0.04 |

002 |

Probability

(d) SVs, day 2

002 |

Probability

(f) SVs, day 4

002 |

Probability

(h) SVs, day 6

0.02 |

Probability

(j) SVs, day 8

0.02 |

0.01

Probability

0.02 |

0.01

Probability

Bins

K4 IEZZCNOPs (7)) MIEALSVs CHFD HEBHIAG B BTG, AEHERNTR . b) oK. (cv d) H2KR. (en D HaR,
(gv b 6K, Gy ) HERM (kv D 310 RXJ B Talagrand . & 0 ST2RAR T I ME 2 I I ER (1
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