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ABSTRACT: The Singular Vectors (SVs) that include the linearized moist physical

process in the calculation are called Moist SVs. Studying the sensitivity of moist SVs
to the horizontal resolution and the optimization time interval (OTI) is important for
the ensemble forecasting system. Based on the operational version of GRAPES-GEPS,
which was independently developed by the China meteorological administration
numerical forecast center, this paper analyzes the characteristics of subtropical Moist
SVs and their ensemble forecasts at four groups of different horizontal and temporal
resolutions. The characteristics of moist SVs in terms of energy norm, energy spectrum
and spatial profile were analyzed, and the evaluation of the ensemble forecast of four
groups of experiments will be made in terms of isopressure variables scores,
precipitation scores, and precipitation probability prediction.

The results show that increased the horizontal resolution of Moist SVs leads to a
larger growth rate of their perturbation. The upward propagation of Moist SVs energy
is greater than the downward propagation after shorting the OTI, and can produce larger
SVs perturbation in the mesoscale ranges. The initial Moist SVs under different OTIs
are less similar and their structures are different to each other. From the perspective of
ensemble forecast, the average ensemble perturbed energy of the shorter OTI (24h) has
increased greatly, and the ensemble spread has been improved during the prediction of
0-96h, especially for the 2-m temperature, and the outlier score has also been improved
in the near-surface variables. It was further found that increasing the horizontal and
temporal resolution can improve the precipitation probability prediction. The
precipitation scores show that at the same spatial resolution, the shorter the OTI, the
better the scores, while increasing the spatial resolution of the moist SVs failed to
improve the precipitation scores in the light rain to moderate rain.

Key words: moist Singular Vector, optimization time interval, ensemble prediction,
GRAPES-GEPS
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ENTTEZ = RABELNES) 1= A RAFE B B e, I I 1) 2 14 458 20 (Tangent
Linear Model, TLM)F1 [ 3 (Adjoint Model, ADM), 7£4% 5 2R 464 T 152
(¥ SVs S | A2 [ A KB PR W T7 1], FHIX LS SVs 14 UK &2 & TR W A6 4R
AR T KRR ZE A E (Lorenz,1965; Molteni et al., 1993, 1996; Buizza et
al., 1995, 1998, 1999). 20 th4 90 44K, KR AR il Hrot» (European Centre
for Medium Range Weather Forecasts; ECMWF) FJ:¥ SVs ] T4 BREA Tk
RYATWIME P 5 (Palmer et al.,1993; Molteni etal.,1996), fE 2 JG HAS % T .
FEAR SRR AR S GRWIFR T HET SVs VAT IE S ik R0 7

(Diaconescu and Laprise, 2012). H[ES G REUE TR H 0 H 2008 FEIT UG
K IET GRAPES (Global/Regional Assimilation and Prediction System) #53{ ([i44#
FERITE 22N, 2006 EEACEMPREERE, 2008) 1 SVs MIMEMLBIFE AR X7kAE%%

(2013) %:F GRAPES 4%k TLM Ml ADM1.0 fRATFJE T SVs Hik#FF, 2R
T TLM il ADM KJEHAR, ZHHARSNTT FAAAE AR, WishreRAEilTit
TR IG I SVs TR EUREE . B XK AL (2019) #T5T T GRAPES 4
BREAT S B0 7 %, 4Bk TLM A1 ADM2.0 A 5| N T 2k 1k i 7 Z)
SR, %07 SRR A RUR YL R R EOF B m v AR . Bk ia AT 4k
B 24 (Global Ensemble Prediction System, GEPS) Bl #iiHh[X SVs Kt
AL TLM 1 ADM2.0 fRAS, BIANZRMEAIA R Z %, (A g ERONREE
T KPR 2.5°, ALK A ]S Coptimization time interval, LR &K
OTD) A 48 /NI, FHRFHIUAET 5 0] & (Initial SVs) 515k %5 5 7] (Evolved SVs)
HRES G (77 A AR EN «

SVs (PN 21 5K 70 e . BCEE. OTI MK KL LA R Ve A =

e Bt A X e M A A B 14 FH %5 D) AH G (Diaconescu and Laprise, 2012
Komori 1 Kadowaki (2010) FERFFTAGHHLIX K SVs I, KIS mik 0K -F 7
PR JE /N R (A B R PG & . Buizzaetal. (1998) fi F] T = /K74
2 (T21, T42 A T63) A RIHHHLX 1) SVs, BTt ILTE 570 HE 2 (1) T42 1
T63 WAL 22 M FRARELIF, $8 tH fe 20 FR R (R DI AR M A Xt 75 B2 T 22 2R Ak 3
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AR o MBS AR B AE D) 2R AR 2 ) B I FR R AT 2R A AR 3, A1) ek
P aRREE & 2 MFR(E 2 . B b b — 282 b 7E U 2R A b 45 P S5 ket
T RI LR AR A B FE T 5 CUnZR A )R R B Bk 4 7 RN MEAL R S AL
SHMNTT ) K EAREIN SVs BN A R (Moist SVs), RZFNTE 57
i} & (Dry SVs) (Coutinho et al.,2004; Hoskins and Coutinho,2005; Diaconescu and
Laprise, 2012).

Buizza et al. (1994) 1%} Dry SVs JFJ& 1 ALl 8] [RIB&(OTI) 4351 4 12-72h
I BUBARES, WRIGFE H OTI A 12h 55 OTI A 24-72h HIMIUEIL B A R K2R, OTI
4 12h FREAS 2 B AR R AN, O OTI B/ MER 244 24h. Komori
F Kadowaki(2010) {4 F T REEAR ) SVs B 7t & KX LG T 24h A1 48h 1] OTI,
WA 48h PRI A T)Xof o 243 J8 DK RUBE R SO AR A BE R IR, T 24h FRIER AL I 1]
AR T A SR RSB PUE R & . Ak, Palmer et al. (2007) Al Puri et al.

(2001) 25 N IR 703 B BT HIL DX SV's 7 B2 5 s (R AR /KT 2 B 3R ARG e 0

) OTIL LA N B2 V)NV BE A2 . 55— 751, Walser etal. (2006) 8 TL96 1
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5 T TR I S S A 0 T 2 1) B AR

HATFRENE 553217 ) GRAPES-GEPS £ TLM A1l ADM HrZ&PEAL 3t B4R
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MR AR ERERE N R R, AT 2 MR B AR TR Gk %E:,
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100 R (%)

©)

AT PR AL A R AR 3 i ) R«
(ELE™)(ELE™)(X)=A(X) (6)

A RNFERE (ELE™ ) (ELE™ )R . & A= ELE™, W A [R5 &5 57 i B gt 2
B ATARIRHIER B, A 5 R E o 7] BUBE R FE ATA FRHIEE 2 RKRA5.

oi=JA4 ()
(6) RArFERA:
E'L"EZLE*(X)=c*(X) (8)

L' S DI A s e B, B A BEAE X, Buizza(1994)8EH 7 —MERH TP,
¥ B AR X IBAM SV B N 0, FaUr B

EL"PTEZLPE*(X)=0?(X) (9)

FOATEA A AT ISR (2013) FIZEBRATZE (2019). H1 SVs f
VSRR R AL S0 SVs S5 REOCEERA =AY —RAERIEIN, 2R
R, BT T RERBEH T SVs Retg AL 4 BERUE AR E 133 (Hoskins and
Coutinho, 2005; XI7KAE5E, 2013). —Jed b A AERE, Bt OTL, Hufh
75 [ Dry SVs 1T AR OTI ¥ & A 48h. =)L M b i 2k M L 2 it
FERESE. HHT GRAPES-GEPS M55 A SVs TS AR08 FH A e Ak i
FEAN AL 5 3 LA WO X U o RUBE R 804k, BRI ZR AL 5 U7 € (Planetary
Boundary Layer, PBL) (ZEBRF]FIXI7KAE, 2019). B AT A FIREFT AT &0 2k AL KR
JERREE L FENT SVs 47 EE LA (Zadraetal., 2004), [K GRAPES 4Bk 1k
B KRR 7RSS T7 % (RKAESE, 20190, %7525 T Tompkins
Janiskova (2004) & H 1K E = IBE K7 ZMiTF R I . A SCEHZZe ML
I E S FEUHEAS 21 Moist SVs HF I
2.2 RWEE

I EAE (20200 F6T XA AT 5t 2 R &3 e 1n) BRS04 T4 F K
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R ARSCHIF T T A BRBE, 2.507KF ] Ly o K R RS #E,
117 1.5 7K~F 7 Feen] 30 fr e RO R AR . R A STt 12,5980 1.5k

IR B EORES,  2.5°/1.5°7K-F 0 # 3 0 N ALAR 70 26 KO 12008/600s, 12t
B H RN T R R B I R o REEFRBIAE ] » 32 /K P 2 % 0
eI A, TE B — DS, W E AR . A SRR AT OTI B
BMEIRGE, 50K OTI W B R 24h 55 48h, AT {#E SVs IR E M b it 5
R, AARLRIAR 2D KA T, X R AR AN IR OTI BB X} SVs BRI .

ARSI B, Moist SVs [ ARG I T B HL KIS R
FEHE S HUA A R R R AE R EAI FE, R2548(FR DRI T 2.5°,
OTI Jy 48 /N, X PRI 25 43 #2885 Dry SVs W% R Gu A HAR JLA LR
BHARKIW B AL 1.

L1 Sy HEER T A ) B

Table 1 Settings of horizontal resolution and OTI
AR T SVs KT OTI

R25t48 2.5° X2.5° 48h
R25t24 2.5° X2.5° 24h
R15t48 1.5° X1.5° 48h
R15t24 1.5° X1.5° 24h

ARCHIARGEIT BN 2019 4 5 H 1 H 12UTC-5 H 12UTC 3£ 5 K, Tk K
240 /N, TIARIAIRE 24 /B, SEATIRAR 31 4, JEERME TR 20 HE
4 0.5° SVs BITHE H AR XEOAAEFEEK (20°N-80°N) FlRg 3k (20°S-80°S). H
SVs WEMENHME R IT RS WARAE (2019) MEHRESE (20200, 43
[t) SVs $RENVUE AL FEWIUART %] SVs(Initial SVs), A& iE LA %] SVs (Evolved
SVs). A, Jy 1 TG R R VIE P AN IFE L, A SCRR I8 R I B3 .

3R ZE REET Moist SVs M40t
1 BEEEEE DN
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Fig.1 Vertical distribution of energy norm at the initial time(a) and the evolved final time (b). The
dashed lines indicate the kinetic energy (KIN), and the solid lines indicate the total energy.
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PRE G LEIE 2 T3hAE. SAMTE 20 ZLL L, R25t24 Fil R15124 MGG RE R 7 5K
T R25t48 F1 R15t48, 20 JZLL R, R15t48 [IHIGhAEE K. SVs Ll P2kt
o B SR AT %, B L(b)RT L, BhReS A Re AR KA A R — 8, A
FNFEIK TR, SRS RN 3 ST, HosZE 3T R OTI 4y 24h (1) R25t24
(LU ) M R1S024 (EEZ) R RERBETTE 20-40 Z2 0, BesEMVIGH
S 220 21 5 S Ve A B 20 1) AR SR TE I, B R R15124 REE K TIK
PRI R25024. [HARERERE, RI50Q24 78 18 EAAA BRI, X&hT
TERIGET BE AN SVs TEARZ IS K, 1P BESGCER Il ie R4 5 e 15
FIPIg . T OTI Ay 48h ) R25t48 5 R15t48 AT T HIUA T ZI#R H B 1 BH B A AE
BN E, H b K, A2 RS AR A A
SR, SV TFEIIKP PR, OTI I [ADERC, o5 f A0 BT 21 e S
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Fig.2 Energy spectrum (unit: J kg'!) of SVs at the initial time(a) and the Evolved final time(b)
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ij
Gk R, a, . b, AERYETFEITIIE. EERMZ, SVs i
ZJa BAERS, XMAFS T EHAYMER SRR, PG R B LR
T AT A R A

2 Q5K HEER) MK 3 (157K HEE) 7R AR OTL K
SV01-SVO05 1E2f 20 JZ () T00hPa)HIAG T | SV 17K 126 [r) RAR BN A 9% 222
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% 2 R25124 5 R25t48 §i 5 /> Moist SVs & 20 2 117K 45 i) KIsh AR

Table 2 Similarity of R25t24and R25t48 (Zonal wind disturbance of the first 5 Moist SVs at 20

level)
R25t48
RI54 SV01 SVo02 SV03 Svo4 SV05
SVvo1 0.9018 -0.0198 0.0077 -0.1804 0.0265
SVo02 0.0005 0.0048 -0.3905 0.0054 0.0201
SV03 -0.0031 -0.0054 0.5053 -0.0093 -0.0241
SVo04 0.0008 -0.0087 0.0052 -0.019 0.0117
SV05 0.0595 -0.7518 0.0032 -0.1697 0.2747

% 3 R15t24 5 R15t48 Fi 5 /> Moist SVs & 20 JZ 17K 45 1 R sh ARk

Table 3 Similarity of R15t48 and R15t24 (Zonal wind disturbance of the first 5 Moist SVs at 20

level)
15t48

;1324\ SV01 SV02 SV03 SV04 SV05
SVvo1 -0.842 0.0083 0.0091 -0.1153 -0.0125
Sv02 -0.0206 -0.0377 -0.6231 -0.0044 -0.3241
SV03 0.0054 -0.0212 -0.1722 -0.0255 0.2409
S04 0.0284 -0.0175 0.0028 0.0172 0.005
SV05 -0.0143 0.1806 -0.0038 -0.0808 0.0333

HF R25t48 (R15t48) 5 R25t24 (R15t24) fk T OTI AN[E LA, & EAHAH
AR, T XA P X S 4 RS2, Al — b 7 525 . i5ads OTI i
BN 24h, K HEREEN 1.5° , AR08 E N 600 #2F1 1200
Fb, R A AR A AL A T, S5 R AR 4.

# 4 WHEAS A 600 AT 1200 #1148 AR LA

Table 4 Similarity of the two experiments with 600s and 1200s integration timesteps

1200s

6005 Svo1 SV02 SV03 SV04 SV05 SV06 SV07

Svol 0.0925 0.0116 0.0675 0.9726 0.0336 0.0188  -0.0837
SV02 0.0078 0.1557 0.9011 -0.0015 -0.3285  -0.0124  0.0086
SV03 -0.0002 0.0163 0.2209 -0.0044 0.7273 -0.0764  0.0912
SVvo4 0.0167 0.0122 0.0262 -0.0178 0.0912 0.1329  -0.9794
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230
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234

235

SV05 -0.0084 0.1245 -0.138 0.0345 -0.1544  -0.0824 -0.2349
SV06 0.1423 0.0118 0.1264 -0.2598 0.4571 0.9593  0.0192
Svo7 0.0079 0.6792 -0.1395 -0.0238 0.0147 0.0533  -0.0342

FER TG AR ER LR — A Moist SVs #RELEXT LR IG R4k 8] 5 2
FRALL RS v B 45 R (IS TR) 220 1200 A2 SVO1 S TE2E K0 600 #2 () SVO8 L
FeE R, PRFEIERKANRAERR), Wi, SR iimidE Svs fHEy
IR ZE, (FE M2 SR AR, Bk mT CASEEE, BRI Moist SVs 4514
OISR . AESERRS b, R PR ABHN 1200 B, AKSP A HERRE N
1.5° , % OTIL 435k 24h 1 48h 1) ARG HEAT X B A0 AT, 45 sk 5 Fow,
AN[F] OTI ) Moist SVs 2 [AIAFBAEIR A - Pl I R25t48 (R 15t48) 5 R25124(R15t24)
SVs HIZEMIZARAL B T OTI ARG S, M AR AR 04K

2 5 OTI 43514 24h A1 48h I 2R 56 AR LU % Ee

Table 5 Similarities of the two experiments at different optimization times of 24h and 48h

48h
24h

SVv01 -0.0789 -0.0101 -0.0569 -0.8556 0.0108 0.0322  0.0472
SVv02 0.0115 0.9061 -0.2294 0.0119 -0.0012  -0.0059  0.0074
SV03 0.0087 -0.1402 -0.5182 0.0174 0.1627 0.0128  -0.0229
SV04 -0.1218 0.0639 0.0599 -0.1523 0.0781 0.0931 -0.0113
SV05 0.014 -0.0943 -0.4332 -0.0025 0.1845 -0.0369  0.0181
SV06 0.0022 0.0364 -0.0117 -0.0011 0.0131 -0.0031 -0.0108
Svo7 0.0642 -0.0434 -0.2256 -0.2374 -0.017 -0.1517  0.057

Sv01 SV02 SV03 S04 SV05 SV06 Svo7

4 EEPRER T

fE E—"rdr, MReEME. Rl SRS 5 T b7 T AEAS RIS 23 53 e
™ Moist SVs FIFFIE, X Bt — PR HX SR SR FEABEAT R, LAVPAG A
I TR B B0 R A TSR
4.1 E AT shee S RERTE] AU IS K HFE

Palmer et al. (1998) & X | —MEGIILGEREA:

C

-l(u'?+va)4—$ﬂT'2 (11)

2

r

u', v, TR RIZAR LRSS, T ASHRE, o, N T2EEk
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Fig.4 Distribution of ensemble forecast average perturbation energy with height
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Bl 48 5 RPIBISE R, aE8ME OTI N 24h (1) SVs 4 AR SHAIE T
i, FRELAF OTI Ny 48h [Tt . HIERIS % (& 4(a)) IR FE AL IR
AeeEAEE L, o PRI AR ZE BB, F—2#%E T OTI &
AR SR R . LA, R25t24 (ZLtasisl) MAIEILEIRE R AE 400hPa
PAR/N T R15t48 CRREREZD, SRIMEAS A R 2 5, R25124 MHahiE K
B KT OTI &K M) R15t48 1 R25t48. HHILTT WL, AN[FA OTI T Rk I HIE S 5l
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WK IR, R OTL e M HLah W48 ) i & 38 5 R, e HL R 78 Tl
(AT 48h. ZEFIR VIR B (24h), OTI [A]A 48h ) R25t48 Fl R15t48 % 5F45%
/N, ULBATE OTIL 2y 48h i, AN[EZK P-4 #E% Moist SVs #4 B HIAME P30 H AR ALE T
2 24h PYARIILH B 22 S BCR F K (K] OTT i i (1 B i A e AR 2 4 1A 73
ARSI KAFAE . AL S, THREY B R15024 (AEREL) sl KA1
mi P EART R25124 (ALESEZR), X RIS Moist SVs /KPR J5, &
AR TR =K.

B OTI BEAFE 2 I i B G K M ah 77 1), & I ARR TRk — B
] 6] YN ARG RFAE, AR e S T8 OTL SRS B AFAE , [R]I 45
(1 OTI HE45 5y RAFE VI MU A iSr, 845 SVs IS g iEmf . MK
RE (K 4d), R25124 5 R15t48 i3 JLFEEG, MWIHEACRNAE LF, £
w1 SVs /K gede s Bt o, M4 OTI ek vk ARy, AL,
FHEE T R15t48, R25t24 RESLE AN AN e & 1 5% A N T+ AR

4.2 EATHRERITS
42.1 SEATHE . BTRRZE KEA — B

B 5 Sy DY ZH R 56 A [ 2% 5 ) B BURE (Spread) A4 77 MR 1% 2 (Root mean square
error, RMSE)FfiI (8] 484k, ZE 5N BSHUE, HiaF A iRz, HERTI,
OTI B HL P 2H 56 (R 15124 FT R25024) 1) &9 U AE Tidik 1) 0-96h 3 B AR A, H
RIS RIS & AR B BSOS KA Y. MFER— OTL F, #2&m& SVs /KF4r
HEe e S B EE AR RT A BTN, 1X 5 Walser et al.(2006)%f Moist SVs []5>
Hr—3, DL 2 RO S 9 Moist SV's A 85 75 TR 4T 46 B B3R AR I 1) B8 5
JZ. B 5 )R LLE ] R15024 o 2m 0E (T2m) 125 HUE 76 B TRAR I AT
AT K NS T R AR 2 KB, R15t24 {37 MR ZE1E 24-1200 451 0, 4 R15t24
LA = 250 % A2 &) RMSE Z 5 AR, W5 E SVs 7K 43 32 F 4 4
OTIL % T4 & Tl RMSE KUt JFIE4axf 1 IE X a5 . 286 — 3 (Consistency) N
TR B BUE 53 AR ZE I LA, SR B HBUE R B 5 307 iR 2 K30 24 2 1
B MEGTR RGUFRARAE, —SEREar T 1, TR L. WA 54
B TR — BRI AT L, P53 (1) 32 B2 S AR ILAE TR R T 48h. OTI Jfy 24h(R15t24
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Fig.5 The spread (left column), root mean square error (RMSE) (middle column), and

consistency (right column) over time
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Fig.6 Outlier scores of the ensemble forecast
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Fig.7 Horizontal distribution of the spread (shaded) of 2m temperature in the Northern
Hemisphere(unit: °C)
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