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Abstract: Due to the limitations of the limited area, lateral boundary perturbations are one of the
primary perturbation methods for regional ensemble prediction. However, it remains unclear how
to construct lateral boundary perturbations for the high-resolution regional ensemble prediction
system of the China Meteorological Administration (CMA) to improve forecast skill. This paper
develops a mixed lateral boundary perturbation method using the perturbation field of the CMA
global ensemble prediction and lateral boundary field of the regional deterministic model, and
adjusts the perturbation magnitude through dynamic perturbation coefficients. The results showed
that the absence of lateral boundary perturbations suppresses the growth of perturbation energy at
later forecast ranges, leading to insufficient ensemble spreads. The mixed lateral boundary
perturbation scheme can enhance the perturbation energy spectra at meso-o and large scales, as
well as improve the spread-skill relationships and probabilistic forecast skills for isobaric element
and precipitation. Compared to the mixed lateral boundary perturbation scheme, the dynamic
mixed lateral boundary perturbation scheme can enhance the spectral energy above 100 km,
improve the spread-skill relationships, as well as the probabilistic forecast skills for low-level
variables and precipitation beyond 24 hours, exhibiting good potential for operational application.

Keywords: high-resolution region, ensemble prediction, mixed lateral boundary perturbation,

dynamic perturbation coefficient, spread-skill relationship
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BT RRIEEPIELIEIRIRAE . WIMERZE . BRZE . A R id FiR 2=,
T 5 1k 01T TR AL A T 3 A M A7 AE ORI R 22 e R AN € 7 (Lorenz, 1963; 4144
AR, 2010; EHIRAE, 2021; SHHE4%, 2023; 2 €4, 2023), HmhHrRpiaminz gk
PRy ARZ R, FIRERAV 2 1 HUAR 7 M 353K (Hohenegger and Schar, 2007; Gebhardt
etal, 2011) . £E 15 TR A2 A LR PRARANEA 52 1R I — oA 200732, TR BE TR ZE R A (£
U5 4% 2018a; Frogner et al, 2019; 354, 2021; fE{#4%5, 2023). FE& THENLEIE AR b,
2~4 km KPR R X AR S Rk RGN A, HT A BB R, Mt
X oA RS IR AE /7 (Clark et al, 2018; Klasa et al, 2018; Yang et al, 2023). &> #E% X
ARG PR SR N B L S SeE L VEE SR AR 2 AN 55 Bl R A TR L
(Golding et al, 2014; Gallo et al, 2017; Hagelin et al, 2017; Schellander-Gorgas et al, 2017).
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150 7 2 XA A TR I DX S 2 2 {0 SR P 5 B 1Y PR 0 7 v SR ik U TR e =X 1) 22 U
W7 (Viéet al, 2011; Raynaud and Bouttier, 2016). HTFl, CF K&EFHEE &0 PR X
BB TR VAR S ABE IR B T7 V5T T AHICHT ST (Lawson and Gallus, 2016; Wastl et al,
2019; Zhang, 2019; Ono et al, 2021; Xu et al, 2022; FKiFxKEE, 2022; Wang et al, 2023a, 2024 ),
TR R RAKE. AR AR LA M T VMESEh AR B0t w0
DX IR A TR IR, B S M 8 T 3& T2 R S VME R RS 7%, JFER T
T FRUAR LA R LA S . BRI E RS AR ot ZBR T BRI, M SR s 2 4y
PER IR A TR — R = Z B )57 (Peralta et al, 2012). 2~4 km 7K P43 B 44 T
AR E T 5 v 1 3 SR S /N TRV R, O 3 SR 3 (M SRR M S v T rh REE SR &5 70
WAL GRS, 2017) ML SN 7k F BAFEFS, 55— 075 R A A Rl X e
A VRSN 1B R A A ML 3 Eh (Storto and Randriamampianina, 2010; iKi#xit4E, 2017;
FEGFOREE, 2017), DASRAK R EAREVERS B, 12280772 5 KUl R b0 (4 3 e i

(Viéet al, 2011; Caron et al, 2013). 5% — 2 RJEALT 5 ~F#4i% (Hou et al, 2001; Kong et al,
2007). JEFREE (2019) XTLLT PIEMEIL FARB %, ARFY, B REEMIL 5
7 P A T S22 3R M T S22 36 (5 45 TR R P S WY A T FROBE A Ji5 <P 38332, RV g e RS
Ha 3 (32 SR B SN 45 B

32 FARBRT X AR & TR M wTIE A 1R 2 . KR FE (Hou et al, 2001; Nutter et al,
2004a, b) KB, WIREA TINMIL FAE), XIS B B, S R s
A e A B TR A B AL RN, (3 S50 A BRI AR &1 #9772 (Saito et al, 2012).
M3 B 5 A TR A A S TRk 207 9% (Gebhardt et al, 2011; Viéet al, 2011;
Marsigli et al, 2014), 5% Z & FRHEE A X BOK/NG ¢ (Peralta et al, 2012), BARmF, Ml
TSR H B B 5 A TR BN R4 A A TS I, B XA N e 534, (il 74k
B A TR R S M AT FRRLAR S, RO SRRl 0t 3l ] 5 KT % 55 5 4491
540 (Zhang et al, 2023) .

TSGR IXIRE A TR RS (CMA-REPS) J2 Hith IRk 2 28 B i b oo F £ WE R 14,
ot MR R B S T REREE (CMA-MESO) (T %, 2021). %1 Mlid -tz
X RS IX AR S TR KM, i fT R & H T CMA-REPS B UL S Heal 77, Hi
& CMA-MESO (ML FEAH kI SEBLR I IR BB T R R A LR . % T
b, AXFAFIH P ESGREBRES TR RS (CMA-GEPS) #1301 15 B K fif 2 M
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CMA-MESO (il 54, s 7IREMIA TR 7%, FERHEhAs) R B0R % 7 X
WP RANBATLIR, LIRS BT 1 4 TR B UE B R R TR A SUH R T iz
XS SRS e 73 H 2 DA & TR SR B, R A B EL S5 wI AT I S sh 77
V%M CMA-REPS R %t, T e 8 445 TOUR 1 28 BIURE B 5% S R TR R 05
1 BEE5 %
1.1 CMA-REPS V4. 0 7Y

T 1A CMA-MESO V5.1 A, i R R R 5 G Bl 7l 0 & e 17 3 km
KPR o R R X S TR CMA-REPS VA.0 filiA, T 2024 4 11 J SE3l
WA TS . CMA-MESO B BAT 4 v HedR i /i s JJHESE . kg xCahig B H I A
TR KT Arakawa-C (It 3 BLIEIGREAA RS (F-355%, 2018). CMA-REPS V4.0 1%
ASHIE MR 1, EEZXELE, TR 2L 72h, BEUTE EE 5 E X8 (109-60.1N,
70°~145€). CMA-REPS V4.0 % il AR AE AL FAYET 0.5°X 0.5 773 #4156 [ [F X
IR O BRI 548 (NCEP-GFS) (T-35%%, 2018; BRiff4E, 2022). &A B 5 AL 77
HT 22 G0 K FH o ROWLI 22 Rl = 4845 43 (3DVAR) B RHAIE . = 404 7 58 CRSLIESE, 2017).
CMA-REPS V4.0 AL a1R M 2 R 33 5t 1) B i Uik iR & IHME P08 (- 3%5E, 2020; Liu
etal, 2024) SWIMERAF GRIFIRE, 2022) A& K77, BERISR A BEL R b
275 % (GEHA, 2016; Xu et al, 2022), MEAFRBR R G WL TS TTE, £EH A%
N 15, BFE L ANEHITERAT 14 DI .

# 1 CMA-REPS V4.0 XS HEE

Table 1 The parameter configuration of CMA-REPS V4.0 model

ZH e B
il TR A 2K CMA-MESO V5.1
KV LK 0.03 f&/51 2
i X5 HE X% (10~60.1° N, 70~145° E)
P TR A AL 5 NCEP-GFS
St O RS T R G ORI BRREN . S B
WE A E % R 5 RO S YIS . W RHs)
A 2 BRI AR 1 B T
320 AR 2 AL F AT %
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AR 15 (L AMEH TR +14 DIRBIRTD

TR A 3% 72h GEARISK: 00, 12 1, Y9t )

1.2 REMAFMNFE

CMA-REPS V4.0 &l il i1 KI5 5 CMA-MESO —#(, & NCEP-GFS. [Flif,
AL 0.5°X0.50 7% ) CMA-GEPS TR AN EE, e VIRE MLz ik, RIEE
I CMA-GEPS L8} B AR T4 i T 42 3RS Sk 0801, SeLAMML F40sh 24, If
INFESZ I R BRI Eh s b Ais BRI & 5, s sh 0 RZ 77 45 2% 5
RMILFEES, Bkt (1) M (2) Fros. ML Fsh22 & 84 m R u FZ R v

BP; = BG; — BGy i = 1,2,3..14 (1)
Bi=By+BP, xr(k)i=123..14 (2)

b VAR 1~14 MBS, BGOSR L | I RERTE 5, BGo N TR i)
EIRT R, BPONEIRT RIURIEN, r(k)NEE k JREEm ML R sh #48, Bo N
CMA-REPS V4.0 # il fiidk 19795 523 (GRH T NCEP-GFS), B’ CMA-REPS V4.0 T i 4
HBREHE =,

T FIRTTR, - BAE CMA-REPS V4.0 552X )7) 5 1441 35 35 77 i 2 (RMSE)D
MESBHUE R R E T —BSRE ML FIENTT F, Al m 7 PR X & Tk e &
B 5 38 07 WSR2 2 IR AT B I — B0« 1207 RRAEBE B R IEAT . 7EIX B 2 4E W
R, tH AT BT AR 2N, DA TR 1 70 B3 D B4R, 2% F8 20l 5% I R il At
XTI — AR, HBRIRAS AR YRHT 3d (72 h, KRS R I 250 Tl 1350 75 AR 1 22
ARG ML F BN TT R ERRERI R (D THERIRRT 13~3d G H PN, 00 1
12 ) AREEER AR R CREIEPIGN 2], FOSRIGE 218080 KN 1252
HAVME PP L R us R v KRG P T RRZ RS B HUE: (2) 5
BT RARZ B WU R LR, IR B HEAT TR 2%, 10d (20 MO 2 DMARE R,
15 B[R] 2 B2 L S4B 22 r(k), FI TR — I JGRIR BTR & 34 A Eh 77

(R (D M @), FKREM rRiHHARMA (3) Fix:

) = 1 Z Z RMSE _u(k,ini, fcst) 4 RMSE _v(k,ini, fcst)
=3 20 nt spread_u(k, ini, fcst)  spread_v(k,ini, fcst)

) (3)

ini=1
A : RMSE _u(k, ini, fcst) FIRMSE _v(k, ini, fest) 733 NN kK J2ZE R (k=1~26, Xt
¥ 1000~10 hPa). % fest THAREST 2% (nt=5, B 72 h TR 24 FR LA RMSE 15 [A1B% 12 h, 5
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PR Z LRI O 5 ini AR IR CGini=10d, B 20 MR () CMA-REPS V4.0 #1146 1)
Kou AL [a X v A P8 TR IR %, spread_u(k, ini, fcst) Flspread_v(k, ini, fcst) Xt
ISR 1 R u FNZR ] X v B B U

B 145 7 ANTR] 3 ELR R AN 5303 2 o A o iR AR g SORT R, BRSO, r (k)
ERY 1, RMEEA BB S PR TTRORZEMSE. R, AWK 1T BLEH, r()IERT
FAEERXEHRT 1, SHESFHYITHRIREZ R TERGEHE, KEEKR ERZHE
B TR R G RN L% (McCollor and Stull, 2009; Garcia-Moya et al, 2011). #4F,
R R BUL IR RE R, R RE S BT 0 R R AR B A E L AE A 2
B R RAAE R R GEIR ZEH % (Wang etal, 2018), AR IE—LHFF
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1000 T T T T T T T T T
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r

12024 45 7 A 1 F 12 IR I VO 198 2 020 S0 3 28 K0 o 193 A
Fig.1 The vertical distribution of the mixed lateral boundary perturbation coefficient used at the initialization time
of 12UTC 1 July 2024
1.3 R AR I TEAR
SRR AL FHAR BN RS e 7 5 DX I G TRAR IR R, IR & BRI B TR 12 5 H 3
T, FEE T 3 AN HAR S, FL AR WLER 2. A FT I 2 B H (K45 6 5 T, — @ L no_BP
WIS BP W8, Ht— SRR G ML a7 ZARL TR a7 RER: — 2@
IExfHe BP 156N BP_rescale 146, FEIAS)ANR G L FRE) 77 SAH L TR AL S48 77
RS FEiX BAREB IR, Sy Syt A S A, A RS2 K AR R PR 47
IERZRZIE T ST 2 W
%2 R BRREIRIIE T

Table 2 The experimental design of lateral boundary perturbations
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Teih R R (no_sP) T R, NGRS
TRA ML S8R5 (BP) AL RS, PoEh ZME R, AR RN 1

ARG ML FEHBRL: (BP_rescale) AL TR, HiEh RXEh A

A SO EN RE B AR AE . 55 e T 2L 3R MR /K R B R 0 R R B BRI AT 1
. Z53RAeE (DTE). BEMshEEE (RMDTED. #iahifr4i (Nielsen and Schumacher,
2016; AERESE, 2023) FIRRALIANAEE MEARFE: RMSE. EAEBUEZ. L6t

(RMSE S4EA B HUS ML, — St T 1, 454 Wk B % 1555 Ri47) (Du et al,
2014). HEL MR TR IT5r (CRPS) (Bréker, 2012) FH R AR 46 26 i 1T B2 3% (42 & T
ATy RESEBITIVFIr (eFSS) MIEHI M FI /> (dFSS) (Dey etal, 2014) $5#rH]
KPP B K B BRI R AR, AR PR KR TR T 1E5> (Brier) (Wang et al, 2022) H
KPR IR PR 7 . BARRIR ISR R A AT 25 IAERT 7 (Wang et al, 2022, 20234,
b).

KHI CMA-meso B2 434 1 45 TR T ZE R AGH I U RA 5 km /KP4 #E36 () b
T - 12 - 7 I = R A B KR B VR D B /KA 6 A AL, 3l I XU P (B 7 VR A FL e e
B 3 km KPR R A% T GRS, 2015).

AN 2024 46 F1 30 H 00 B, 12 2 7 H 1 H 00 B 12 W BEAT TIESE 4 MK
Tl 2wl RS s IERSm (FEIASE, 2024), UM BUHIL 1 oRfaKid s (& 2),
T EARIC— R E R, 2. Wb, WIE. . SN PRSI IR K . SO
Ko 45 Ry 4 DI IRIR G -T2 1 45
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Fig. 2 The 12 h accumulated precipitation (a) from 00 UTC ~ to 12UTC ~ 30June, (b)  from 12 UTC
30June t000UTC 1July,(c) from0OUTC t012UTC 1duly,(d) from12UTC 1  to00
utcC  2July
2 PLBREETHARFL
2.1 HBNREEIEFHE

Bl 3 45 H T AR T i s 4 & i A T34 ) 500 hPa f¥) DTE RE =il 0. Res il /A ol
25 MR A REE 73 AR AE . no_BP 5 BP i5exf HL &5 SR WT, ToMlil 5ot ahalse 4R 5 B ae
B EN, AL ARSI AR TR E s S e B, JCRATER T 5 HIRIIsh e B 1 1R m i
N, UL SR BT 70 AR X A T 5 WL o PR I 80P S A S8 484
SHTANKIWH AR & o 5351, IRE ML APl g ol R 52 e id sl A Bk
100 km L L) DTE feEIE, X 5RA ML IR EA T s S a5 1) DTE &t
BRI R ARV ER (BN, UL S0 s AR T 5 md o FERREE B
KGN PR R . ML S Pesh F EBORR B Tu B s RE A R, X RN iZ
Pahk E TRERES HRka) JI R LR R agn #Rx RRERIsE R, 5 UAER T (E
PEAREE, 2017; 55 B4, 2019; Zhang et al, 2023) Z5i6 /2 —%f). BP 5 BP_rescale {56 ity X}
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Fig. 3 Variation of ensemble member-averaged DTE spectrum  at 500 hPa with wavelength for different
forecasting lead times , averaged over four forecasting times

NT RIEIREh A B A KAERE, SR Lyapunov $530 K % (Kay and Kim, 2014; Wang et
al, 2021) i+ 55 DTE fg & ik BE TR N R I &2 . 181 4 W] 0L, b 3 A SR sk &,
FETT 6 h N REEPEh PRI E K, B TR R0, Pesh i A28 FEAR, FLEAEPK 50 km
PAURVERE NN e, BN RS FE R AT PO, BEEERIEA. XF 100 km BL_E/)
o REERMRRERARTE ,  Toili Pl i/ Wik yi 01 DTE Re RIS K ARER, B
6 TR IS N, 1A A3 AR T 0. X 15 W JE M4 S P 5l i RE 5 78 T 4030 (Rl
36 h) BETURIN OGNS, RIEsZE A e, (HRAETREM, PisheRliks
18, B i 20 B e DA & TR AT NN S48 2> # ) T Jm IR sh At B B4 . SR
2N SR B G P Bh e B 1 K AR O A, HOR T oMl S Pl 1 fe B 1 1 <
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Fig. 4 Variation of the growth rate o the ensemble member-averaged DTE spectrum at 500 hPa with
wavelength for different forecasting lead times , averaged over four forecasting times

2.2 ENREEHHE

NFRAERARER KK ARFAE, B 6 45 7 ANFEITIHRIN % 500hPa (1) DTE 7K1 i o
MBI, 3 4707 PN e R BE R TR N i R R Ko 3, RIPish st &B iR,
HARBN BRIP40 KA X AR AR, WITE 12 h TR 20, PR3l me s K E X B4 A fE
M 5 e rp AR AL AR JE X35, no_BP 5 BP kB8 AOX ELAIRR ], 7E 3 h kI, iR
A AP AR T I L A s alis AP ah s se B Birig i, EL3G & 32 28 th A AR,
DXL TR S RN SR Eh 72 Tk 43 5 B0 AR QR ML S Ak, Bl o6 TR 2 SE
ML S L XY i, R X Pish e & . BP 5 BP_rescale i35 X)L
SURRY, A RA ML A YRR Pish B fe 8 2 TR A ML F Pk, JCLAiHR
JE SR B e B G N B 3 PR B e R LA RIE 5 KP o AR RHE S 18— B0 AN FENA .
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Fig. 5 The horizontal distribution of DTE (unit: J kg™ at 500 hPa for different forecasting lead times , averaged
over four forecasting times
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