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Abstract Warm-sector rainstorm events over the middle-lower reaches of Yangtze River (MLRYZ)
usually have large prediction uncertainties due to that they are easily affected by the complex underlying
surface, especially in the convection initiation stage. In this paper, high-resolution numerical simulation
and convection-permitting ensemble simulations are carried out for a warm-sector rainstorm over MLRYZ
on June 23, 2020 that was affected by the complex terrain to investigate the trigger mechanism and reveal
the limited predictability of this event. The Lagrangian backward trajectories analysis of air parcels,
sensitivity experiments of removing terrain and closing thermal effect, and ensemble sensitivity analysis
are used to analyze the convection initiation stage. Results show that the lifted air parcels mainly come
from planet boundary layer below 1.5 km. The valley wind driven by thermal effect of Xianxia and Shan
Mountains is the dominant dynamic source that triggered local convergence and lifting. The divergence of
high and low levels, the vertical configuration of moist potential vorticity and dipole potential vorticity
anomaly have a good indication of the convection initiation. In addition, this event is highly sensitive to
the 2 m temperature and apparent heat source at low level, indicating the importance of accurate
underlying forcing to the warm-sector rainstorm prediction. The initial condition sensitivity experiments
which reduce the initial errors gradually suggest that the predictability of the warm-sector convective
event is significantly lower than that of the frontal event occurred in the north. The RMDTE (Root Mean
Difference Total Energy) of frontal convection can be decreased continuously with the reduction of the

initial errors, while the RMDTE curves of warm-sector convection still reach original level, showing a
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nonlinear convergence characteristic. Therefore, for the frontal convection with strong synoptic forcing,
data assimilation technique may be prioritized to reduce the initial errors so as to further reduce the
forecast errors. However, for the convection initiation process of warm-sector rainstorm under complex
terrain, more attentions should be paid on ensemble forecasts to represent its uncertainty.

Key words Warm-sector rainstorm, Convection initiation, Complex terrain, Convection-permitting

ensemble simulations, Predictability

L 5%
SRS IR H R P REBEXALA 51, G PEREARLIN SRR, R KA B E K
FMRA, SR RET A I 7 22 R E R SRR AR & = AR, HUKIR.
KARREZEMETHRHLE] (Johns and Doswell, 1992). b, HFHA R EAEE N, B
7%, HAFEZ FRUZRGR BTN, XK RN XAt % (Convection Initiation, CI) ]
W), A7 B A7 (Trieretal., 2004; Burghard etal., 2014; #57¥%, 2020). JrLALEF /R EEGHA
KGR R IR PIRE T, R Al A B B A 2 TR v A i IR AR — 34 (Lilly,  2010),
2 PR ) SR A A A R M — N E T (Zhang etal., 2019; #RIHEE, 2022).

2 JEORT AL &2 1 v PEE PR AR g R A 43 S R A R A BRI 26 (Reif and Bluestein,
2017; Zhang et al., 2019). 11 5 J2 il & 208 & BA n] R B R i F4E A5 5 (Wilson and Robert,
2006); T i AR BIFE T+ I SRIEAE I S Z PA b, — Mk A TIEZRKA] (Reif and Bluestein, 2017),
W5 E S NI _ETHEET XA & (Su and Zhai, 2017). [EFRZKI H (the international H20 Project,
IHOP_2002) 473 [l ra &R AP JF X R, Hod2g = IR0 T X fi k. (Weckwerth et al.,
2004, IRy FASIU B A Ak R S 2 NI B R R S . SRR TR AU R TR E EEEK
SR AN T ELY) A BN BRI, JCHL AR X B et b, T H 2 52 R M AT A7 AR
RARZE, BRIt fid R (1 FiARATS S48 /& — /N B KBk (Weckwerth and Parsons, 2006). 14 5t /24#
B BRIl M R WL R T2 —, H AT AT T R il SR e A 4 AT
2oy BEREENNEE XSS . T2 R THRFNWIE, 1 T-LMA A R B AU RSB 5, HoAR
HH—E (Trieretal., 2015). XFFARDITEBENTLMA, T2 5 B MA AL E UL
B TR SR RO E N AR A SR Y TR R E . WA EER S
T2 #9258 X5 (Weckwerth and Parsons, 2006). Xue and Martin (2006) 3T 2 #E A 45 HLA
N AR VR A 52 ) 5 KR A doe A A T RO TR AL B o AU 7 2 T s 2
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o 118 [X 2 Y T A g XL ) il A 5 9 VA0 2 G T T R R TR P AR v T A5 R 3
FHUIBRR, JCHASZ A SR Al R SRR o e I 28 2 R R I R R B ik AR L R R
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Fig.1 (a) Simulation domain, (b) simulation inner domain (d03), (c) dashed box domain in Fig.1b and
terrain height (shaded, unit: m). Dashed box domain in Fig.1b refers to the plotting domain of Fig.1c,
Fig.2, and Fig.4a~b, the symbol of star and fork show the locations of the soundings derived from ERA5
and CTRL, the texts indicate the Yangtze River and surrounding provinces, and the black solid boxes in
Fig.1c indicate the surrounding mountains of this event, i.e. Tianmu Mountain, Xianxia Mountain and

Shan Mountain

SIS K A (B 2 B5—AT) AT, AURER XX L fi & T 2020 45 6 H 23 H

(m)

1700
1500
1300

1100

700
500
300

100


http://data.cma.cn/

136

137

138

139

140

141

142

143

144

145

146

147

148

149

06-07 Ity C(HLFIF UTC, JEIRED L& Es, Ja o duds T R m 42 e s R A R, HS5 el
RVG R A ER B 2004 200 km, A2y 8 he MR FTAL IR TRIEIR R RE , BRI R
KAALE (B 3 BAE) H 500 hPa i i 1l ) VG g LU BT SIS, (FLRE B v e Al e, 83 1000 km.
[l BEEVE G TR EE, AR T H IR R 45 (B 3a. ). 850 hPa L, FTRyEMINE
XAPRAL B A/ FE MBS MR B (18 3b d 4D FIRAUEDIRLR, VIR BV R R 2
03 B JE R & FRR (B 3d). HIZOd FEEE o8 LR R ARE RS 200 km, RAERVEME®RIE
AR, XFHHZESE (2019) AT Sunetal. (2019) M€ L, 56 HAYRRE X FEAKRAME, ZKITHTR
Ui X — LR (R RE D) AR AR (X B (FRIFAE, 2016).

31°N

30°N A

20°N 4

obs

28°N 1

27°N A1

26°N A

25°N T T T u
118°E 120°E 122°E

052 5.,

31°N

30°N A

ISV M 4=
28°N ,\,j

27°N

CTRL

26°N A

25°N T r T T T 4 T T i T T r T T T ¥ T
120°E 122°E 118°E 120°E 122°E 118°E 120°E 122°E 118°E 120°E 122°E 118°E 120°E 122°E
I [ | [ | l [ | [
01 02 03 04 05 1 15 2 3 4 5 10 20 30 40
(mm)

T
118°E

B2 W C55--47) M1 CTRL (BB AT) B/DIFEKE GHE, A mm) XFEb. FEHE NS
B FOUL R I 5E R X Bk VE L, T DUR SCER S B HER PR A 58, TR . i -R-21

Fig.2 Comparison of hourly precipitation (shaded, unit: mm) between observation (the first row) and
CTRL (the second row). The rectangular boxs are Lagrangian warm-sector precipitation range to be

verified later, and the evolution order is blue-orange-red
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Fig.5 Scatter diagram of ensemble-mean perturbation and CTRL error in the selected response region
from 0200 UTC to 1000 UTC on 23 June 2020
3. A kAT
3.1 SREEHMES

fE CTRL 1, i AEBEX AT 2020 4F 6 A 23 H 04 i A% 1 kiA %) 35 dBZ (& 6a, id it
A, ZBMEFRRIR R = &R )z 1€ SOt & (Weckwerth, 2000; Mecikalski et
al., 2008). FIMI 5 min [aJFG 0 EAR 2o Bk, IEBCL PG S (28.1°N, 1185°E, & 6a
F) AR RE R RIEAT 5 R AT, AZTTEESLAE RS B H RO 2R, AT AL R
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221 FFHIREEWHATI /w0 2 A0 B 1.5 km UL (8 7a 3528, 20 53R TH Bk (1) 85.9%,
222 TMIRINIA SRR FRAE L YOR kR S S AR . BURIAKCF RS (& 6b) 2R, B
223 TR T ERIE TR Ak A AL B TR VG RS T 1), ST KU T A — B[RS IR o o B
224  BEABWIERES. BEF 05 I AR THHLH K 5 — 8k (K B, JEERPER R BN T R
225 MRS R FESRIIE ) R (28.7°N, 119.93°E) A LI EIZRUIAISE I, BiaTHIA
226 P BT A b R EORYE T B LS AL 1.5 km DL RIS E (1B 7e), K177 ) b 3 EERYE T 7H PE RS
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Fig.6 (a) Model-derived composite radar reflectivity (shaded, unit: dBZ) and 10 m wind field (vector, unit:
m s1), (b) 10 m wind field (vector, unit: m s*), divergence (shaded, unit: 10 s%), and horizontal
projection of 2 h backward trajectory for air parcels arrived at cell A at 0400 UTC on 23 June 2020, (c) the
same as Fig.6a, but for 0500 UTC, (d) the same as Fig.6b, but for 0500 UTC and cell B. The crosses show

the positions of convective cells A and B, the same as later
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Fig.7 The time-height section of 2 h backward trajectory arrived at (a) cell A and (c) cell B, Lagrangian
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3.2 BURMIKIG L& RS0

I TS i A r B AL T BRI 56 AF T, ALy R B i, ORI fiAzee (& 1c),
PR T P2 X6 %o S Ao A ) DR 1 i A RS o 8 AR AR E b T IX. R T 90 R 5 S DR VA
KM B LA, Hor, K H L iyE B SR A 117.1~118.5 E.28.5~30.0 N 1118.5~119.5 €.29.0~30.0 N
PN En s ALEE IS FAZIS Ja R A 117.1~118.5 E, 27.5~28.3 N Al 118.5~120.4 E.
27.9~29.0 N PRI E N (B 1o) o R BURPE RS, AR v A 3k s 5 - 50 m
RS R Hm LR E D 50 my T T 50 m A% U R FE AR . REG S5 R, BERIEME R H
Ll Cnotianmu) XA IFEMIAR A, ANAEXSIREIIER EigAT 2257 Cof tb I 6c Rl 8a), TAEER
FER M AL BRI 420k (noxianxia-shan) W ELE: S EORTCIE IEF ik (1 8b), kb ) Wil 85 0% -
WAEAR U it A R B R AF e SRR A AE A AR T RUEM R AR G, AT Ay RUE
AR T 0 A A B DR 32 AR S -A U SR . RIS, SR PARST S B T B . MR AN A
i & (1) noheat X% (Wangetal., 2016) RfilA HARX L, R T IE R AU it fil A
FERREER R, TARHEI I
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Fig.8 Model-derived composite radar reflectivity (shaded, unit: dBZ), 10 m wind field (vector, unit: m s1),
and terrain height (shaded, unit: m) for (a) notianmu, (b) noxianxia-shan, (c) noheat at 0500 UTC on 23
June 2020
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W, CTRL 4k B fil A7 B (HLFRAE S # K F 4 (U E 20D 78 fid R it i A7 78 B B R ZR X
ARZHR G S Z B E, KRS R M R K 2 Eas) — EEH B 5 km &2, (RN FERE
AAETIALIA 5 (Weijenborg et al., 2015) FHBALIRICZE . =2 IERITEE S, AR AIRALIR
1) = - 5 1) e U M F R 7R oG AR R fid R AR o T 25 BRI R IR FIAZ IR 1) noxianxia-shan J1L-F-ASF
fE BIREEH, EBRPVGERIN noheat WITCIEZHLEEY), ERALIARALIR, BIRREEMIEML CTRL
M= gEghi, MR X _EBUZ AR T7 M IE S, T BT FAFS — 8, ANEeA R S fi s
Bt T, B RT3 LA T XA il A R S5 R R BE R, BRI B oo It s FE B ik 21 3 km,
XA IR FR A A FH X

75 _EIREUR R 0 At _E, BE— 2RI 20 B BT RIS AL R W A2 0 AR T, I f
KFoRHE T AR, W ffEHEHER Tl RN (Stein and Alpert, 1993; Horvath et al., 2006):

fter—thermal = ( fctrl - fnoxianxia—shan) + ( fctrl - fnoheat) - ( fctrl - fnoboth) (3
R

f f f foonear + T €

ter—thermal — 'ctrl — !noxianxia—shan ' noheat noboth

Ferbt, frovotn ZR7N [R5 45l R s -AZ e K 5 P A SON O BBURPE IR 6, il )R] L, At
HTE I AT F BIR AL S I - A2 0 AR AR I A AR o (3D AT =T 70 35 SR A A
(A). BN (B MR (AUB), WALBERMIZHHIER (ANB). £ (3) 5
(4 SRR, WK DU R RE A S R R R Cgbr 5. B 9 Ja—
FgE T IR RO B2 Wi I BT . AT L, 20 AR R0 1 R KR A ) kA
Ny KR AR URIR B ERR T AR ik . KRS LB 7ER (B9 db. (B, Ktk
PAE o B B 2 AR S NN, FE XA A Ao B AR T B O AL B T34 0/E FSR 5l 1 B SR
B, R EGIETIM ETHEE) LIPS CTRL SREAH Y (& 9 d2-d3), HMERIE IR IR
T CTRL Az A 2 5 AR AL 02 7 2 IE I LA K (181 9 d4-db), X845 AR B e
IR B NS 5 18 G R AR RIS RERTL AR Geda ik (1 32 280 775
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3.3 AWML

L BURME T (Ensemble Sensitivity Analysis, ESA) 7512 LUK I 54 TR 45 LA X T 17 1
TR AL B AL PEAH 5PE (Ancell and Hakim, 2007; Zhang and Meng, 2018), #rvi:Akiz 4 & UK
PERD Dy pearson #2818 10 45 HH T B4R A RITEAA B AEXS LA ZIAEXS T 2 h BTUC L 2 m
TR UR Z AR (b ERA B MBS BURIE AT, o, KA E SOy (SR 58

4, 2014):

R
oT 00
=C +V, -V, T+ "o (5
Q [at +(— ) ap]

0
B, Q MRAMII: Ty py 00 Ve o 73BIBIRE. Sk. AR KRR p A ks 3 &
FZ; R AN Cp M HAMH BANE IS IA po AMIIARAE S, RIS AT RAL B A 5 B 22

MIBUBPERSAS ERT L, AR A AN B il A I 1) S 368 S b A BT A 537 1 2 m I A U=
MR IEA DG, HXS 2 m iR B BB S R BN AR AL-PE r T PR AR, AR S Al BRI AT A2
W fi A AR — 250 P ELIE] 8a), TS U2 MR A U E LR SR T 2 m iR fE Y, [RIRE St
TEXH RPN RSC AR, R R e &

3.2 I BUBE RIS S AT R S BURME T 45 Rt — P U], . (BRI A2 UG
VEF TSR B i) o R S 36 T2 S e G AR A PR S B 3R, BExT SRR, AR skBn il 5%
N RO IR P AR AL D R O IR b AT AR AR R 7 30 S R S AT L
LAY D) 3E Bt i A RIS TR AR [X o
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Fig.10 Ensemble sensitivity of cell A’s composite radar reflectivity at 0400 UTC to (a) 2 m temperature,
(b) apparent heat source at the bottom of modle level at 0200 UTC, and cell B’s composite radar
reflectivity at 0500 UTC to (c) 2 m temperature, (d) apparent heat source at the bottom of modle level at
0300 UTC. The slashed area passed the significance test with a reliability of 95%
4. A FERPERT T
4.1 HMEFRMINE

B e IR 2, IR 52 A (Johnson and Wang, 2016), 38 i 4B MU R 6 IR
TR B 2 MR 25 A1 W DX ATt A5 R S B A P A T R P R HL 5 B I R OR B T R R 22 57
%% Melhauser and Zhang (2012). Wu et al. (2020) i, T#IUERZ] (2020 4£ 6 A 22 H 18
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Fig.11 Model-derived composite radar reflectivity (shaded, unit: dBZ) and 10 m wind field (vector, unit:
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4.2 BEXFNEEXTRAA TR
FH DX 3P 34 P s 22 A i

& (Root Mean Difference Total Energy, RMDTE) 3 4¢ &1 & A [X Ik
RS ) ) i 22 e, Hogl K800 (Zhang etal., 2003):

l 1] 1
RMDTEt :{HZZ[(U}H _uiz,j,t)z + (Vil,j,t _Viz,j,t)z +K(Ti,1j,t - i,zj,t)z]}2 (7

i1 1
X, k=CpTrt, Cp=1004.91 kgt KL, ZHEREI T, =270 K, u, v, T a5 m X,
LA WAL, |\ I 23 392 e A ] RO A R 8

53 BT AT RS 1 52 2% M TR TS I DX ok 42 1 P4 £ 7 TR A 1 12a-c 23 il th 7 1 XORRIARL IX
BEHDAX . AEXHALIX GTOPO-GTOPS (R {15:2k). GTOP1-GTOP4 (i {154k ) 1 GTOP2-GTOP3
(LLEA5228) (f) RMDTE B IR] 5 81 2R . Forb, SERER = A DX 3 B Rz DXt b ) % <R i ) AL
PRALE 5y 3 W 11d BB AE RIS (i 2. IR AT L, BEEAI MR 2 5 4/, BT X
(B 12b) FEXRIX (B 12¢) 1) RMDTE RERSHFEEMERRAR, R II3EA XHIRUR AL SO B AR
I, ORISR FE 52 SR AT R PR PR A TR XN IX (B 12a) FEflR B XA E M 7 7 =
BB, BB 1 OAREX R AR R B (04-00 I, B 04 BHIEIX WMk, RMDTE Atk
WUE 37 22 5 A /NG VE BRARG ST 2 I )7 31 1T 2 0 328 3 L B A 4 1 AR 4RV RFAE, %2 06-00 i
B, LR A /NP R ZE M LA TR SR SR B I TE AT TR 35 2 PR BB 2 IR IX
ST ELO B (09-11 ), LI B B FBEDXOGH IR #, AT PR ME AR BB 3 AT NS
B (11-12 1D, Bz X g DXORHiAR LV Al e i v e, BRI B S 1B 12b 2L, 2852 SERR AT
TR AR A

ZF TR, MG R 2 MK =, B DO R () AT Tt v S S T T i e . TG
A P R 2 BT AR BT S SO S B o] TR PR, RIS AR R 2 AE BRI, R imid n
S8 AR A B 7 25 T B N A R 22 R B ol TR R 1 B s T X AU R BRIt 2 e 2
3l KA AR MR P BT 3 300 N TE T BRE R, SRS B NI AR A 2 1 R RE HE T
AR ZEK 2 5 FKPAHIZ AN CaniEl 12a BrE: 1), &5 S ECR—1 e MR R, BTmRS
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