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Abstract Orthogonal conditional nonlinear optimal perturbations (O-CNOPS) is an
important method for generating initial perturbations in ensemble forecasting.
However, the traditional sequential optimization algorithm (S-CNOPs) for calculating
O-CNOPs is computationally expensive. Subsequently, an efficient parallel algorithm
for computing O-CNOPs (P-CNOPs) was proposed, but the initial implementation of
this algorithm was based on the simple LORENZ-96 theoretical model. In this study,
a more complex two-dimensional barotropic quasi-geostrophic model will be adopted
to investigate the reliability and efficiency of P-CNOPs. The theoretical rationality of
P-CNOPs will be demonstrated from both dynamical and algebraic perspectives.
Numerical experiments show that P-CNOPs provide equivalent forecast skill to
S-CNOPs ensemble forecasting, but the former has significantly higher computational
efficiency than the latter, resulting in significant savings in computational resources.
Therefore, P-CNOPs is a potentially efficient algorithm for computing O-CNOPs in
complex models, and it is expected to be widely used in practical numerical weather
prediction models in the future.

Keywords ensemble forecasting; initial perturbation; orthogonal conditional

nonlinear optimal perturbations
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Bl RS PR (numerical weather prediction, &R NWP) A5 & R il &
AR5y 7 RR L BT AR I o SRR, WL 5 22 RN BB [F) 4k T v 1 R BR A 45-4)
W I A AERI IR R 72 . BUERE N AT e i AE AR R 22 . R ARG — MR
RS, HMYMERIEER, BAmERIERIEATErE. BT U E=AREK,
X RN FA B B — T 2 Ik TR A AE BRI AN E 7 (Lorenz, 1963; Palmer
etal., 2014; Duetal., 2018) o ZE& Filsl il LUE EAG THIIUHRE RO ENE, 45
KA AGFAF AR AR IR R 347 o RN TR — T P oAt o) M 26
TR AL ERF G GRE M SERR, TR G T IE R IX —F AR I SRl CRE A0
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R, 2010) .

2 MRS TR AR LR 70 M b BN — A A R RII AR 3N, 774 —2H9)
B, RovHaEs —HE SRR, NS SIEE YR MESEHE. H
H, G S5 TR A 08 A . — A E ME TR I TR 4 TS s RS S U T R Al
THIREE RO E T A AR B 7 R TR, i 2 AN AR P R
o AR B Z BEAL T K, 9 NATTRERS R AN A% A2 A BT A ok SR I A7 ) 1 S 4%

(‘Yamaguchi et al., 2012; Palmer, 2019) .

I 5L AR A AR WD 48 B0 B AR T T R B R R P T4 (Monte Carlo
Forecasting, MCF, Leith, 1974) , HAEWIMGE s L& M2 ABENLILE) 4
G, DIREIR AR Z KSR IR 4. 2 J5, Toth and Kalnay(1993)%5
IR WA 3D A F T ARG R IR s, $e it 1 S5 7 &% (Breed
vectors, BVs), KHH1ZJ712M1E KHEE) 2 Pud g K P1aa sl . [—mF i, KoM
W R A PR A0 (European Centre for Medium Range Weather Forecasts,
ECMWF) XM % FIA &35 (Singular vectors, SVs; Lorenz, 1965) #HAT55%4%
SR IFES T E KT (Buizza et al., 1993). 77 5[] &2 ML A R HE S
FR)— LA ELARSL R B PRI I BT o (R A B TR RS R G2 AR 18 )
R4, M SVs e s KPish, DRI £ 24 5 FR 14 (Anderson,
1997; Hamill etal., 2000; Duan and Huo, 2016).

T SVs ILRPERIRM:, Muetal. (2003) ¥25— SV i) R JEL AT,
P T AR M BB (Conditional nonlinear optimal perturbation, CNOP)
Jii%. CNOP AR T ARZe A i i K e R 4R P8 . CNOP 5k 4afl) iz
R TR W R RN U S R T R PR 78 (Duan et al., 2004;
Mu et al., 2009; Duan et al., 2018; Jiang et al., 2024; Chen et al., 2021; Feng et al.,
2022; Qinetal., 2023) .

& )5, Jiang and Mu (2009) ] CNOP ##i%5— SV i {#Hr A& SVs A48,
AR S TR VIM SN, &% T SVs JiERT BLEE & Pl i 15 (Jiang et al.,
2009) o B, 2 & BAH BT IR PN AESE & Pl 1 A %, Duan and
Huo (2016) KA K SVs #E) 2 JELE 45, #&H T7 1E2Z CNOPs (Orthogonal
conditional nonlinear optimal perturbations, O-CNOPs) Jji%. 5 SVs #ll BVs L,
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O-CNOPs J7iAfESE e & k5015 77 T 2 A B KB4 # (Huo and Duan, 2019;
Huo et al., 2019; Zhang et al., 2023). iR 5T /@7~ I O-CNOPs FiikfEfEe mE S
TR A X5 75 THD RO S AN A kA

HH Duan and Huo (2016) RJ%1Kf# O-CNOPs #5014t 77 I
(S-CNOPs), HRFFIFRUIT: HREBA MBI F, T A S SR AR
LR Z M AL sh, 5352 — CNOP (RJ4:/5 CNOP, Muetal., 2003) ;
RAESEE— CNOP IEAZHYF2 A, SR LM B4t s, 9315
CNOP; &5 /£ 55— CNOP %5 — CNOP IEAZ (728 [ H, SRARH /L £ R 26 1F
sAEs, 3215 = CNOP; XFERINT KM, MZAFH|—HAME IR
PR BT LAE X PP R AR TR RCR A IR, RN AR TR,
Ma et al. (2024)FEH! T —Fh & T I:4T AR K i O-CNOPs Pzl #1757% (P-CNOPs),
Rz I7iEH T LORENZ-96 f:UH)SE& Tk, 4R EK N P-CNOPs KKy
T O-CNOPs #t3h[Jil- 5t E], Jf5 S-CNOPs A # 4 EAFAKT, $Em T
O-CNOPs Jj i1 A5 & Tidl o i3 FH A

SR LORENZ-96 #5302 —AM] B[ ER IR 2 1) 2B, AR SOKE SR F B 52 4% 11
Y IE R LRI, S0 P-CNOPs 7EHES b & M R RS TR s
SR 0P, HHEE O S BRAUE R IR it — s 28 HE AT B v TR B 5 B2
EWER T F4b, BT ATAaHR S i S5 5 Y IE P SRR 1 /N AR Ak B
8] 1)K 75 A ¢ (Toth and Kalnay, 1993; Buizza et al., 2005; Descamps and Talagrand,
2007), A FEA KM R £R & TR X5 ¥ ¢ 5 X 2 (Daron and Stainforth, 2013;
Scaife et al., 2014; VEM-FIBHEAN, 2019). Ktk ASCEFnd 4k IF S b 5K,
HE RS S-CNOPs = AEWI4a 3], #4817 S-CNOPs HUf5 i & & Tk 1275
I (I 25000 B (BTGB IR « AL 1) AN 8E & REAR B BUED FEEAT SRR 4
SRJERH P-CNOPs A i IRIUGH S, FHiHTEE TR, F% P-CNOPs )& 2
P A R R R

ARG H R 285 /N5 R S-CNOPs F1 P-CNOPs LA JFH#, 25 =
NI R YT R, FE /NI HEAT S-CNOPs 24 TR 150 -5 A
0T, BB FL/NTTHELT P-CNOPs A& TRk i3, J£1 S-CNOPs 4 TR 45 Rk 17

Xﬂ‘ th%*ﬁ’ %/—‘\A/J\%Aﬁlé\é%ﬂsniﬂ‘iﬁo
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2 JiEN 4R

IEAE S AR ARV B 418l (O-CNOPs, Duan and Huo, 2016) /& —ff = 2] 4
ETRAIME TN I, AAKE 53 A48 O-CNOPs i3l 1) £t Il Fr 57% S-CNOPs
L ILIFATELL P-CNOPs.
2.1 S-CNOPs

O RAS A R U BT AZ ] LU MR 2t ot o T3 R A R -

%%awuunx

1)

Ul,_, =U,,

HArU(x,t)=U,(x,t),U,(x,t),---,U. (Xt), x=(X,%,X)eQcR", te[0,T],
T<too, WRAIEMAET, Uy AR . (B8 M, 7 UL (L) et
PR BT, AR 20T Jr AR (L) B AT B 0%

UT) =M, (U,). 2)
B Uy AR, 4 Uy FERAL T A2 PR AT LSS

J (Uo) = ”MT(UO + uo)_ M, (Uo)

f’ ®)
(3)3 Ut RS AL Uy S ) RS 275 25 My (U,) B fh B K] o
J T koK, Duan and Huo (2016) 5& 3L O-CNOPs 1~ : AR AR S) Uy,

T 2 «

(4)

’
f

‘](u;j) :ur?gé HMT(U0+u0j)_MT(Uo)

d

{uOj eR" UOJHa s&},j:l,

Q= o ®)
{uoj eR" quHa <3,Uy, J_Qk,k=1,2,---,j—1}, i>1

I AFRHIIEIRS Uy, 2R j > CNOP. X B Q| R ANAH 2 [ (K75 8], FF 5L

REIEL, Uy, £ T2 Q, dif— I,

| R 2R | ], 1
REALTAREH. Uy, < & RATERA T LOLHENE, 5 B—AERE,
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REVIERAN LR 1. B ke TR, 35— (27D CNOP 2 7EEEANHH 2% ]
B R AE M R SR IWIEG L Eh (Mu et al., 2003), % — CNOP E{ELZH—
CNOP IEAZ (7% [ Fh A S K AR 2t R I a6 3850, S5, 5 j /> CNOP =&
FESHT j—1 A CNOPs I1EAZ 125 8] v BA e KARZR R SR MR 46 2 «
CNOPs & . IE 22 1), H X 28 4 2 (1 JF 242 M kR il 2 i N 4
J(CNOP1)>J(CNOP2)>--- >J(CNOP»).

A SCAE PRSP RAR FE AL B32: (Spectral projected gradient, SPG2; Birgin et al.,
2000) 15 O-CNOPs #i3). HAdkth, &5 BEA VI 2= [RE AR HRAL 0]
(HWAFR A, 1 SPG2 AL S — CNOP; K, K55 — CNOP 1EZ
(¥ 2 18] P9 1A BT R AR RS 1 A Ak il R(4) IR 240 SR 254, SR SPG2 Ak Bt
B CNOP; X, #4535 — CNOP F1%5— CNOP IEAZMIF =M N AT A 4]
BRIRANE ARAL IR (A LIRS, THELEE = CNOP;  LALZEHE, B3R, &
AP —HAM TIERZ M % B TR BAA B ARt R R IPIaEs), B
) O-CNOPs #3 .

2.2 P-CNOPs

H 2.1 /NRTA], O-CNOPs $Lal i Zid2 i f3Z8 AN SR ffk, - BT 5 Fr v B s 18]
AR, HEEBIRK. A TIREHEAE, Maetal. (2024)3 T F447 DA H
T — R AE O-CNOPs FLEh I = 2 E 1 (P-CNOPS) . 1% /7 1248 [E] 4 o —2H
IEAZ SRR M i A8, e TSRS RS, BRAK T SRR B AL P B i) F s (]
A . P-CNOPs J7 LA BARA £ ED BRI T,

(VWG : BEBVIEII M, 2R s, mRKERSPH K, 7
WIUEAR AR 0] 4 5 — AL RENLI IE S W6 330 ug) (j =1,2,- -, M) AE N HIAS E
Forpuf FEZ U L= i, =12, M) H|uf)| <8(j=12M).

QEH WAL : RIS AR H Ax e SO p6 7 A R
ATt Bl

() — k=D 4 k=Dy (i —
Up;” = Uy HVJ( uk 1))H J(u ) (J —:LZ"'HM)’ (6)
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Tk RTBAH, o RESH, TSRS K, VI 15 BRSO,
|Vl B RE L, 3%

(3)IEAT L K Z05iE: X508 (2) Hh B S 5 S FO BT AN AL U ( =120+, M)
IE e b A B T AR B R R, BB SR u® Lu®(i# i, =12, M)

Ju$)]. <s(i=12,--M).

(4) A& 1k % AF - BT HI A6 030 Ul (=12, M) /2 75 i /& & 1k 5% 1
IUE) - Il <edliF k=K. Hh, sHleRBSH, SHREELIEID
B — M AN WAL, EE (2 f1 (3) WATER. Wk
W LRI, W — R AN uf) (J =12, M) TE IR ARAR, S5 AR T

M ERT RS FE AT LA H, P-CNOPs &3 T H47 1B, 7E[R— B ZI%—
LAV EN I FURAT B FE AR AL SE T, SR J5 05 T ST () R B 4L AT IE S (AN 2 S A

B, ZUWMEARAERE, IS R R 2 RS i Azl , sz
TSR, S TIFEAGE. P-CNOPs A2 E W& 1 fs .

—ﬂﬁﬂﬁ&@#%u@
G=1-,M)
¢
EE-E ug? = ugﬁﬂ) + ] — 7 x 7] (uffj 1))
(G=1,2--,M)
v

ERk: ug}:) J_u(k) (i+ji,j=1,,M)
SEEILE ||u“”y| <8¢ = 1+, M)

sl /[T E ](u(k))| =e( =1

it — ,aﬁﬂm ug)
G =1-M)
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K 1 P-CNOPs i FEA .
Fig. 1 Flow chart of the P-CNOPs.
3. ANA
ARICRH ) Z4E TSR IE R A T
oP
—+0(®,P) =0,
P (®,P)

P=V*®-Fd+ f,+ fh, inQx[0,t], (7)
cD|t:O :q)oy

Hep P RHIRE, ©Z2RRE, h ZHE. 172 Froude $ F =0.102, &}
KSH f,=10.0. V> =0°/ox*+0%/oy” i fi B 7, x Al y A2 ) 145 ) A4
b, CRIIE, KPR LE T 0(@,P) =®,P, - ® P, . XIHQ=[0,X]x[0,Y]HH
XL GO A o o TAE A 52 (I E) €, > O FIWIAR 56 @) o = Dy » KAFHIE 7]
B (7) AT AR B BB (X yt) o WM AR R AR LR T,
D(X, Y,t,) = M (@) FREEAME T (7) £ Z t, (i (Z 1 Mu and Zeng, 1991)

TE AR B — ARG, Tl V2 B T AT TR A A5 FlARorH 5% )
FIRF 5 H (Cheung and Chan, 1999; Mu and Jiang, 2008; Durran and Gingrich, 2014;
Feng et al., 2016) -

ASCHAE IR, X7 RE(7) T BB R OR Y L B R i, x
A ELTHCR F Arakawa 5 PR 224086 3, B 8] 35 #CR A Adams-Bashforth #% 20, X35
Q=[0,6.4]x[0,3.2] Xf I T [0,6400km]=[0,3200km] , =¥ 8] #% i d =0.2 #H 4 T
200km, Xf Mg S ECN 32% 16, B [A] 25 KA dt = 0.006 41 24 - 10 43#f . 2% Mu and
Zhang (2006 ) W X T 1E KB X2 FH &M HE 7R, K&

@, =0.5sin(27x/6.4) + 2sin(2zy/3.2)+05 N ¥ W % H
h, =0.112[sin(47y/3.2) +1.0] AHLIE, o TR B ELEATRESFHES

D(X, Y,t,) » BEIF ARG — A BATIRIMRF PR AR LS ) R G, AT AR EIR

8
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ZERKI T . ASORIERERA RS HO B 1 R T 54 TR .
4. S-CNOPs & WAL
4.1. RE¥It

ARSCR e AR AR, RS TR 2 RIE T VI A e . |k
KX | m MR e 50 K, RJ5 AT 2 1000 K AR ESZE
@i, j)(i=12,---32, j=1,2,---,16) Il [A] [ 51, M [A)J7 51 HRBERE 20 REL—IR
IR BEIEE VIR, RO, j) 1 50 MIEEIRA . HXEyIiHRAE
AR S; 10 K, 453 50 TR TR <F I (BN o FEREM R R
FAE b, BERG 6 NBF &N — AN B A IEA 0 N(0,0.07%) MBENL A E 7, ixX
LU 5% 22 TR bR v 22 2R S S PR IEZE 1K 10%. >R Mu and Jiang (2008) 3CHH
() DY 4 4% 4y %5 kL R 4E 9% (Four Dimensional Variational Data Assimilation,
ADVAR) [ IIIA R BIWIAE /3010 . AWIGR AT AwME, 4Rk 10 K47
BFEH TR . $FF 50 A1, £33 50 ANMEHI TR . WIG6 01T 5 B3 2 8]
BAOMHTIRZE, WG TR ZE IR/ L, U &, 2R 5, .

MR R 22 AT AE T B 70 M I AF AR 22, HETT S SO ) TR AR 72 TR A
SEVE, DRI F5 ZE K 4 & Tl 1 J7 V2 Al TH I M B WAE AN 2 12 80 T AN
Mo AT S-CNOPs P~ 4 & R AN da % . Bk, X FaA1,
PATE I P 23S, H SPG2 AL BV K ARDLA 1] 5 (4) 43 2] S-CNOPs. fEi5e
w43 R L, YOO B R S AR A AR RS AN B R R 8, Bk AR
s

”(””iz = IQ @"dxdy, (8)
”(p”ze = IQ (|V(P|2 I8 ’(02 ‘)dXdy, 9)

H,

| R AE BT,

| RFE LT, o R

AN HOHTE 7846 H O-CNOPs #3l 1 2% [8] 45 /4 MR AL I ] T W GG IR ME & 25
PIMS< (Duan and Huo, 2016) , KILAEARSCH, HeAuhst a2 BCh T=2 K. 3

9



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

K, VARG HIBUAN 8 =0.25, « 0.45, « 0.65,+ 0.85, 16, , FLHynk 10

T-5 e . RATMRIATAE GEMFIBEEE, 2019) 45, HEF7ERTH O-CNOPs
Pz & Pl K RSN, HEFP 7R 5 ) O-CNOPs #3218 3 K s A K A 5h
Forp, PRS- RIYIIRPLANE TR T 46 B B BB ORI e i 2 H2 AN a7, %o

A TR T L, X A A TR T R A AR A A (Toth and Kalnay, 1993; VE
R B8, 2019). 1M IE AR A 7 (R 4E#Chy 512 4, KA T4 50 T-6 241
A, TR, SRAE T HT 82 4~ S-CNOPs. #&J5, MIiX 82 4~ S-CNOPs HHL
Al n 4~ S-CNOPs, PAIESUREIX LR, B H BN T 1AIi6 % Eigid
2n MRV, T3] 2n ANMEG R, BRI _ER 52 BB 4 ) TR
—ILH A N (N=2n+1) PMEEERT . Hrh N=15, 31, 45, 61, 75. 91, 105,
121. 135. 151. 165. N VD Geitahtt, X R G TRk HTH R T
50xN PMEARRIGETH4 R

LB TR R GRS 73 D9 5 P FRUROATRE 23 TR P AN D7 T o AR SR FH 3577 1R
"2 (RMSE) FIRET4H2% 2% (ACC; Murphy and Epstein, 1989) J& & fifi & 11 Tl
TR . Hedr, RMSE i/, ACC K, MREWIHBIIME. —FIAH
ACC KT 0.6 B T4k 5 2. X F BS ¥4 (Brier score; Descamps and Talagrand,
2007) A1 ROCA V14 (the area under the relative operating characteristic curve,
ROCA; Mason and Graham, 1999) & S fik k4. H, BS P4
/N, ROCA VE B, MR Tk £ 78 . — i, = ROCA KT 0.5 I 3R
BERFRA R N T EEMEIR, & T35, 2l st
eventl : (i, j) > (i, j)([i=12,--32, j=1,2,---,16) Al 1% 4 F& #F event2 :
(i, j) > (i, j) +o(, )i =12,---32, j=1,2,---,16) , H ' O Ml o G35 R EE I A
AR O W RARS AP HEZE, S A NS R A B AR 20 20
0.498 1 0.166. 74b, AWIFIEL, ERIEERETAT, —PMAEERES TR R
gt, HAEG PR Z 556 BHUE IR ER (8] FIf &7 4% [A]_E#R %2 24
1), XM, AW RS DOl T R G 5 B R AL TH R ST I TR 2=
(Buckingham et al., 2010; Fortin et al., 2014; Zhu et al., 2023). K, K iLHE T
LG P R 22 ARG B B RE AR IR [A) B AN E] B OC &R, DR IR 2 A il &

10
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ST TS G S
4.2 RIEER

B4 50 MM AT B H N M, B BB G D AN RTG53
iz o) WSS ZE R DL JEBONEE, 1HEAA R B SEYHRm K RN N

|

_=12.1416 . FUEROHTIRE (RIERHTA 5 M L 2D BRI
0.3268, ARG HTIRZERT L, Y05 B L, WEHH 2.69%, W UA N 242 ] T3t
AT BB IR BT . HARAMBIA ARG R, A H—— R,
THEER VIR AN IRIEFAL IS [ J e S REA KO0 S-CNOPs £ Tl 1y
JRCM o SRR RN, B 10 M T-5 HE IR ALE, R 11 MRS
FEAKL (N=15. 31. .... 165) #1710 RIS ki, R H X6 T-6 -N
Mer, AU EILAER— TR %) (6h. 12h. 18h. ... 10d) HYTFRRE:
B, WS T HEE TR RMSE M ACC. R, SR BN A o428
B O, j) IR — R, B4 512x50=25600 K kL FE . %t

FF T-0-N 44, FT 25600 Kk FEAE— AR 2], HitE 7R
HEEHH) BS 14 A1 ROCA 157

11
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0.8 F(b) ——2D028,
....................... : wasonns 2D-0.45
e AR A A A A e ] e -'_’D»().ﬁ()’“
_._ZD-O.SJ:
—e—2D-0
—3D-0.25 |
.......... 3D-0.45
- = =3D-0.65
—e—3D-0.85

_°_3D-(5(I

ROCA(evl)
=3
o0

=
=

=]

o

©

p

p

p
=
o

ROCA(ev2)
A =
o0

[=]
~
b

15 45 75 105 135 165 15 45 75 105 135 165
Ensemble size Ensemble size

B2 fAuitla 2 K (40) R3 K () I S-CNOPs 44 il B0 B A REA R I 22
() RMSE; (b) ACC: (c) Fffevl (1 BSTF4r: (d) FHffevl [f) ROCA 4 (o)
Fifk ev2 1 BS 148 (F) F444 ev2 ¥ ROCA 14y, AT BIG1E4 2 515 50 ANAMEIAT 10
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Fig. 2 Skills of ensemble forecasts based on the S-CNOPs with optimization time intervals of T=2
days (red) and 3 days (blue) as a function of ensemble size. (a)RMSE, (b)ACC, (c)BS for the
event evl, (d)ROCA for the event evl, (e)BS for the event ev2, ()ROCA for the event ev2. The
skills are estimated by averaging over 50 cases with all the lead times within 10 days. The solid

lines, dotted lines, dashed lines, solid lines with dots, solid lines with circles correspond to the

initial perturbation magnitude 6 of 0.26,, 0.40,, 0.60,, 0.80, and o, , respectively.

The black dashed lines in figures (a) and (b) represent RMSE and ACC of control forecast,

respectively.
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Fig. 3 Evolution of (a) RMSE of ensemble mean forecast, (0)SPREAD, (c)the ratio of RMSE to
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SPREAD with respect to ensemble sizes N under different initial perturbation magnitudes when
the optimization time interval is 2 days. RMSE and SPREAD are estimated by averaging over 50

cases with all the lead times within 10 days. There are three clusters of bars in each figure that

correspond to the initial perturbation magnitudes 6 of 0.20,, 0.40,, 0.65,, respectively.

The bars of different colors from left to right in each cluster of bars correspond to different
ensemble sizes from small (N=15) to large (N=165). The black dashed line in (a) represents

RMSE of control forecast.
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326  Fig. 4 Evolution of (a) the RMSE and SPREAD (black solid line with dots) and (b) ACC for the

327  control forecast (blue) and S-CNOPs ensemble forecast (red) as a function of forecast time.
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335 &5 (a) S-CNOPs &£ & it inz RMSE. (b)) BHUE & (¢) Wi ELE 1) 25 (8] 53 A

334

336  Fig. 5 The spatial distributions of (a) the RMSE of S-CNOPs ensemble mean, (b) ensemble spread
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and (c) the ratio of RMSE to SPREAD.
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w, OV NEATHTHR, O NEHTH], 2e=0-0", e,=0"-0°, K
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s=(eve.)/(led-le.)) (10)

LR e flle, A SGH S, SRG T TR

Kl 6 EATHRoRER, 48, A, Bafks o REE, EE PR, 6] Fifk
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Fig. 6 Schematic diagram of ensemble forecast, where the red dot, blue dot, black dot and gray
dots represent the truth run, ensemble mean forecast, control forecast and ensemble members,

respectively.
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(a1) Analysis error 1) Ensemble mean perturbation

K7 (al) = (a5) —HTRZERIAT LA EOF fiZs, (bl £ (b5) REE T

> EOF FiZs.

Fig. 7 (al) to (a5) are the first five EOF modes of analysis error, and (b1) to (b5) are the first five
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378

379

380

381

EOF modes of ensemble mean perturbation.
® 1 A HrRZEMES PP T T4~ EOF RS i 77 Z S TJ5 22

Table 1 The variances and total variance of the first five EOF modes of analysis error and

ensemble mean perturbation

Total
EOF1 EOF2 EOF3 EOF4 EOF5
variance
Analysis
0.281 0.252 0.109 0.092 0.079 0.813
error
Ensemble
0.284 0.217 0.155 0.093 0.049 0.798
mean

R 2. PHTIRZERIET TS EOF #3555 G- PLah (xRS (AR I 22 2L

Table 2 The similar coefficients between the EOF modes of analysis error and the corresponding

ones of ensemble mean perturbation

Mode EOF1 EOF2 EOF3 EOF4 EOF5
Similar

—0.367 —0.233 —0.394 —0.458 —0.411
coefficient
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Analysis error-0D Ensemble mean perturbation-0D
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Ensemble mean perturbation-2D
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382 ‘ . P %
383 8 (al) £ (&) R/WHTIRELLS 0. 2. 4. 6. 8. 10 RIUIELMEKE, (bl) £ (b6)
384  RELTFHPEIMAEL MK RE .

385  Fig. 8 (al) to (a6) are the nonlinear evolution of analysis error on day 0, 2, 4, 6, 8 and 10, and (b1)

386  to (b6) are the nonlinear evolution of ensemble mean perturbation at the corresponding day.

Similar coefficient

0 2 4 6 8 10
387 Forecast time(day)

388 K 9 AR ZE ARG G RIS BN A AR S TR (A R Bk A B T e F AL P

389  Fig. 9 The temporal evolution of similar coefficient between the nonlinear evolution of analysis

390 error and that of ensemble mean perturbation.
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§=026,X— T-6 A&, NTEMDH, RAHE 2.2 /41 P-CNOPs K fi#
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G, AAJE R 4.1 1 S-CNOPs 4E-& Tk a5 A8 [ 30 5 B iEE S
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417

K110. (al) % (ad) JZH7 4 4 S-CNOPs, (b1) % (b4) Al 4 /> P-CNOPs.
Fig. 10 (al) to (a4) are the first four S-CNOPs, and (b1) to (b4) are the first four P-CNOPs.
% 3 il 41~ S-CNOPs FIX RF¥IHT 4 4~ P-CNOPs FrIAH{EA 22 %L

Table 3 The similar coefficients between the first four S-CNOPs and their corresponding

P-CNOPs

S-CNOPy S-CNOP; S-CNOP3 S-CNOPy4
Perturbation

-P-CNOP; -P-CNOP; -P-CNOP;3 -P-CNOP4
Similar

0.894 0.384 0.206 —0.252
coefficient
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420  Fig. 11 Box-whisker plot of the similar coefficients between the first S-CNOP and the first

421  P-CNOP of 50 cases, where the asterisk represents the mean.
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431  Fig. 12 The similar coefficients between different perturbations, (a)S-CNOPs, (b)P-CNOPs.
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Fig. 13 The nonlinear evolution for 82 S-CNOPs perturbations (dashed line) and 82 P-CNOPs
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Fig. 14 Evolution of ensemble forecast skills of S-CNOPs and P-CNOPs with respect to ensemble

size N with the optimization time interval of 2 days and perturbation magnitude of & =0.20,.

(@)RMSE, (b)ACC, (c)BS for the event evl, (d)ROCA for the event evl, (e)BS for the event ev2,
(PROCA for the event ev2. The skills are computed by averaging over 50 cases with all the lead
times within 10 days. There are two clusters of bars in each figure that correspond to S-CNOPs
and P-CNOPs, respectively. The bars of different colors from left to right in each cluster of bars
correspond to different ensemble sizes from small (N=15) to large (N=165). The black dashed

lines in (a) and (b) represent RMSE and ACC of control forecast, respectively.
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Fig. 15 The temporal evolution of ensemble forecast skills of S-CNOPs (red) and P-CNOPs (blue)
with the optimization time interval of 2 days, perturbation magnitude of & =0.26, and

ensemble size N=135, where the skills are as Fig. 14.
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Fig. 16 Box-whisker plot of the computational times for S-CNOPs and P-CNOPs, where the

triangle represents the mean.
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