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Abstract: A rainstorm in the west of Sichuan Basin was closely related to the occurrence and

development of overshooting convection on August 19, 2019. This paper used the ERA5

reanalysis data and high-resolution numerical simulation results of WRF to reveal the formation
mechanism of this overshooting convection. The results indicate that this overshooting convection
process occurred under a special background that the large-scale tropopause folding in the coastal
areas of China resulted in the downward of stratospheric potential vorticity (PV) over the east of

Sichuan Basin. Meanwhile, there was a Tibetan plateau vortex on the Tibet Plateau and a

Southwest China vortex in the basin. The overshooting convection process can be divided into

three stages. (1) The convective initiation. The continental high extended westward, which led to

the enhancement of pressure gradient near Sichuan Basin and then caused the low-level jet (LLJ).

The cyclonic shear produced by LLJ made the airflow orthogonal to the southeast of the Tibet

Plateau strengthen. In the case of the atmospheric instability, the dynamic uplift of terrain and the

convergence uplift of airflow triggered the convection. (2) The development of ascending motion

in the upper troposphere. The ascending motion in this case mainly related to the PV air-block
developing with the diabatic heating. And the generation of PV air-block is from downward
transferring of the stratospheric PV persistently resulting from the turbulent activity. The diabatic

heating caused by convective development in the west of Sichuan Basin led to the enhancement of
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the vertical gradient of temperature net increase in the upper level, and then led to the
enhancement of upper-level local positive PV. The right side of the positive PV anomaly under the
easterly flow is usually upward movement, which led to the development and enhancement of
ascending motion from 300 hPa to the bottom of stratosphere. (3) The updraft of upper-middle-
lower level near the basin was coupled and superimposed to form overshooting convection. The
stratiform pattern of Mesoscale Convective System (MCS) and evaporative cooling of water vapor
in dry environment caused the downdraft from 300 hPa to 600 hPa. The atmosphere maintained
the ascending motion in the upper troposphere, at the same time, dry intrusion occurred in the
middle troposphere, which not only intensified the unstable stratification of " upper-layer dry and
lower-layer wet * over the basin, but also enhanced the convergence of air flow in the middle and
low troposphere, resulting in the downdraft near 300-600 hPa in the middle troposphere turning
into updraft. Due to the slantwise vorticity development in the lower layer, the ascending motion
can be maintained. As a result, the ascending motion over Sichuan basin appears vertical
superposition and coupling, which shows the consistent ascending motion from the lower
troposphere to the lower stratosphere and means the formation of overshooting convection and the
enhancement of precipitation.

Key words: Sichuan Basin, overshooting convection, PV thinking, diabatic heating, rainstorm

1. 5§

BN HER AL H R X I i 3 5 — ORI, I e e
% 7 o R 2 T 2134 PR 2 . (Highwood and Hoskins, 1998; F %31 = 1=
&, 2007; XUMSSE, 2012). FHHTEEE S PERER, IRINER A SEEE,
MR CIE I B . HAT, FEAE T B H mseaE, B sk
J&, ZEBEVEXT BN R AL E ML (Alcala and Dessler, 2002;
Liu and Zipser, 2005, XI5, 2012; #ik#%, 2019).

ZEAE MRS 5| R E SX R Z B BN e EAS # (STE),  [H]N
45K BENAEE SR BRARGERRERNZEE I isshiE se) STE ML,
Jr b A £ 2 39 0 VAL DT RR AR N, ABRATS A VR BT U om I 1 5 A PR R
STE I FEATEE/ER (Dauhut et al.,, 2018), FFH&X TP /2 K IZ A4 I R

(Wang et al., 2003; Grosvenor et al., 2007; Corti et al., 2008; Avery et al., 2017 ).
PNTEE (2020) SEEGEFEMEXRANE], 0B 1B T 2R 2R XX A 2 R AR
T BN X U = AT T TR 22 18] ) J5 AT RE B A R i RS . Dauhut et al.



(2018) FIH 100 m 73 #rR A RE A0 AR AU 45 SR A 4878 5 B VX P =
KEAER RIS ML . Hu et al. (2021 BFAL T XHRE LEMZES S =46 5 R
FHELAE HL0 s 2 i R SE M . HAT, XS T 5@ P i o0 iy 2 AE b 1
#ar. @G HX (Sherwood and Dessle, 2001; Hassim and Lane, 2010; Frey
W et al, 2015), X FZR T R HLX B I TR B, B
HHBOIERR, SRR s, FIEVERCER S IE (5Yb, 2012). Ut
A, DMEXS Z i X i T 70 B R EAEH i) STE W2, A HE TR
VXA BGOSR AN LEE B A

VU)o CRAN PR “ 2t ”) R ER ARG S BV E X 2 —, fEi
JEU I AN PG R e 1 N I BN R (R S 5, 19805 feE, 2012; 255
%, 2016; F[E-PAE, 2018 JARKE S, 2019). XY )1 b 5 W I 7 1 4
Fi, T BROCEVE RIS e AR G R AR LA A B v D A U e
1 T U B AR B K AR R RN G ORI AR A (RS WIS, 2004 {H1H B4,
2011; ZFHESE, 20155 fROCRAMAGHLE, 20185 Jf TilSE, 2019; Z=ims%
2020). E &=, FHilmm A ER G, XSS IR, 2R AE R R AR
Ko ABSREAEDT N 3 P00 2 55 60 L JE A8 45 A AT S0 IR JR V HAIT 2 AH G
B [N, SAE LA IR E AN T REX R RS (MCS)
HIRE T, Fritsch etal. (1994) AL BEAEE 1 MCS H i Hh RUBE IR A% 0 Jig ) 45
RS HTT R R HIMLA] . Zhang (1992) AN MCS A () Hh i Jig & 28 R 4 )
FELAL A H S EA I 45 . Huo et al. (1995) FI FH A7 i i g M 3H T T 12
W, R B 2 X R FR A T 3 iR 0 IR TG S B A A R = R e
WIS TFUUE . RSGER 2019 4F 8 A 19 HAZMPHE N F 1, KK
AL 1 JEE 0T SR 2 R PP ) 2 S M IR O B EAT B AT, AR R B aE )
TR AR FEALEE

BN K B E T e B2 TR R, B R, T = T E AR
%, AP ARIVFERTET . 35000 A SR R T 8 iR T
el G By, — Ml A 2 122502 Tt 47 2 3¢ (Shapiro, 1980). 3l /1%
ST 2 T s AT A% (Potential Vorticity, PV=a C, V 0, a NEHLE, .
NLAIHIREE, 0 AR, #A 1 PVU = 10° m? K st kgt) #hiE (Danielsen,



1968; Shapiro, 1978), R —#%} 1.5-3.5 PVU (Holton et al., 1995; Wernli and
Bourqui, 2002). Holton et al. (1995) K i J5 I 7R FH I 2 2 PVU BI%EAiR
T ABNII2EXSHZ 0. Skerlak et al. (2015) 238 7 & Z4Hi . R 1) 3-D A2t it
Bk, RJEMLL 2 PVU ABIME. Bit, &SGR 2 PVU AL E AR 2
Tt

2. BORLNIRRAT RN A

A F R A 3 R A, TR A0 (the European Centre for Medium-Range
Weather Forecasts, ECMWF) &4t 28 T/ 0 BE kL (ERA5, Hersbach et
al., 2018) X HLUGEREHEATIRRE b, LAy 7 HE R A 4R )
BT AT, BN 0.250.25% W F#E) 1h, EE TN 37
JZ, M\ 1000 hPa F| 1 hPa. {88 IIFE/K BERHE i B G R E X k&
BEK M= i, K3 #5360 0.05S I TR) 23 #5059 1 h.

AR SCAE B HT BOR IR IR A A 26 aE |, FERIAH WRF (Weather Research
and Forecasting Model, V4.0) FEzUx} 2019 4F 8 A 19 H-21 H 7 75 &5 1) 5 W i
FEREAT T a i PR O BUE R . IEX I 1, g7 Rtk 1, BXIX
SR FIXUZ R BRI, AT 9525535008 9 km A1 3 km, HHZHL 55 /=, s
JZTN 50 hPa. BEHIAARTZIy 2019 4 8 H 19 H 00 W (AP AR, T
), FBUrEKAN 60h, U bKN 48s.

40°N
35°N
30°N
25°N
20°N

15°N

80°E 00°E 100°E 103 120°E 150°E
1AL X ok
Fig. 1 Model domains
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Table 1 Model configuration for simulation
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X% do1 do2

KFo P 9km 3km
FEEHEH 55 55
gty 733>388 421361
. i New Thompson et al. Morrison double-moment
B (Thompson et al., 2008) (Morrison et al., 2009)
_ RRTMG
i RRTMG
AR (lacono et al., 2008)
YSU
= Y
G (Hong et al., 2006) sU
s Noah
[GRIpRE e S . Noah

(Tewari et al., 2004)

3. BAKIBEMRIERDN

3.1. KR

2019 ¢ 8 1 18 H = 22 HRARFrEERFE K fErd, 18 HRIFEK FEE KL
fEmlR b, FEBSRRSIE. Ao i 19 HRERE, iz B2
1 iR 7R S AN R AR 5 2 b 00 RS0 (e I e 51 A R WY R AR LR T AN
K 18 M 24 h BREK B, ARBEBRFEK

AR R, K XA R A, A=A KL, Oy dRB. B
MR BL, feom K o MIAE R B, L 120 mm. FEK I S Boly 14-20
i, EKFKHRE N 6 h BB KK T 60 mm (& 2b).
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Fig. 2 Actual Precipitation distribution. (a) 24-h accumulative precipitation from 08: 00 UTC 19 to

08: 00 UTC 20 August 2019 (b) 6-h accumulative precipitation from 14: 00 UTC 19 to 20: 00



UTC 20 August 2019 (Vertical bar, units: mm), the horizontal bar denotes terrain (unit: m,

similarly hereinafter)

3.2. REHFWMB R

B/ 3a AT, 200 hPa b, R EAmAR, DY) AR E 2 R T
m R RA MR R, FARKREEAWREE (B 3b), MRz ZE A
R BT INGR . [FRIR, RV IX, R0 I AR A0 5 R AR S v
b EEM AR AR B A YIRS Rk MR IR R R
H, XA RARERERRRE, ek 7R B2 feim 20 &, JIf
RS E R E R 2 PREN R PV B MME, 5LEXE B & 25 1A
.. 500 hPa I (I 3D, P52 ARG ¥ A [ R34 X 32 Kt v IR 45, KR e
JEEAARA T TN ZR X, D NPEIEEA — s R KR, BT KE SRR
PELAS, SR e 372 DY )1 ph A6 H0 B3 Aa g D3l . e K B s H 32 PG A n i,
e D5 5 R Il vy He o TR PR H B B2 g 3G 5, R gl H ILAE L DX DY )] DA ZK
[X ) 700 hPa (&%) A1 850 hPa (& 3) #BAFATEIA W 1R S BE i, 77
b 7 358 0] 2 AR T BRIy T IR R O UK, K R 00 B e e 0 4D sl e 1
SHEIEN Y ) 7 4 o
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Fig. 3 Geopotential height at 200 hPa (brown solid line , units: dgpm) , wind at 500 hPa (windbar,
units: m/s) and 850 hPa (arrow vector, units: m/s) and terrain (Grey shaded, units: m) at (a)10:00

UTC 19 August 2019 (b) 18:00 UTC 19 August 2019

M ERAS FLor#r BORHE) PV A7l DA LGB A al I G 29 N D 34
AP (] 4a), 120E FHxm 2 BE B T BSO8R E B3E BRI iE T
& . ZUWXTRETHTSHN, 106E i E2SxHi 2 T H BN G F 58
B AR E . EEIEA R 5 W AT SR A R N, SR SR I B)
(Hoskins et al., 2003), Y JI| 73 1F G747 F SR A7 3 57 XA JE 58, MR R E
s bE S IEALI S XS R R YOS S A ISR 2 AU B A



B B, ERTAEN, 8T B B E N KA, R T
XA Z8 . WRIRZEE XN Al A, WEZ IR R (Browning et
al., 1996). fEFM B2 RIS TAFRZIR, PV BEEOR, BIEX R
RTRSR iW =3 [ Pl 121 8 R 1 8 LW n s RO W =E =10 = e o = M A VAA N 7 I B
s0f Rt ETHE B A R
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Fig. 4 The zonal-verrical cross section at 29 N from 100 E t0130 <E.(a) 08:00 UTC 19 August (b)
16:00 UTC 19 August (shaded: potential vorticity (PV), units: PVU; black line: potential
temperature, units: K; green line: water vapor mixing ratio, units: g/kg; yellow thick solid line:

tropopause, 2 PVU)

3.3. BRI

TBB @ =TI BRI, Refl O K R R AL, TBB /N Iy ik i
#&. Maddox (1980) ¥4 TBB jifi 1K T-32°C (8-53C) W = B IAK T4
F 10° km? (8 10* km?), [FII A= B OFIE 0.7 UL . 4ERFIRIA 6 h &
P B E R, AR B R R A (MCCD (R i A1 RS
fiE. F#B7KIE%E (2008) LA TBB ik T--52°C Jubnifk, i [ F & i i [X i b RUE
SR ARG (MCS) #HT4ii. FY-2G [f] TBB 70 Afifizn, 20194F 8 A 19 H 14 i
£ 20 H 04 I Be N AE DY )1 B PE AT — REEBCRH MCS A IR (K
%), P Sa 4 A RE A I BRI % pE UGS AR R, R R AR SR I



TBB {%7-80 'C, HAKT-55CH¥ = B/KPE i HIARL )y 4X10* km?, Wi
LR LN 0.7, BAEZ G/ TBB (B S), (HARME KT -
75 C, A nEKCPEE IR ERA IR, (HEARLERE 10° km® £t Lk
RS FFEEIS B, 2 MCC 158 SCRI BRI IR, B3R B R A Xt
WA JEsmAR . 18] Sb 25 HY B EE A Rk o mran, RO R A A SRR i R AE
JEFEUA OGN E, LT 250 hPa ftin. ARidfEd TBB KA
W, FTHERR S =M, RAKK TBB {E (KT-80 'C) KRBT thiidFE
MR EREEA EOAERFRZER. H A 5b 15 B A R E L ae
&2 ETHESRAE 200 hPa DA SR AT Firdss, (EXSIiRens — B Bk g% 100
hPa LA ERFRUZE. FrbL, alAYIIR MCS ke b I 1 & iE thxd i
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Fig.5 (a) The image of Black Body Temperature from FY-2G (units: K) and (b) the profiles of
vertical velocity (units: Pa/s) and temperature anomaly Cunits: K) at the point (30.5<N,
103.75E) from ERAS data at 19: 00 UTC 19 August 2019 (The red line represents the domain of

calculating temperature anomaly)
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Fig 6 The same as Fig. 2, but for the WRF simulation
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(b) 2019-08-19_16:00:00
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Fig 7 The same as Fig. 4 , but for the WRF simulation
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Fig. 8 The zonal and vertical cross section of disturbance vertical velocity along 29 <N at different
times (units: Pa/s). (a) 1300 UTC 19 August ( The time of convection triggering) (b) 1400 UTC
19 August( The time of ascending motion developping at upper level) (¢) 1500 UTC 19 August
(The time of overshooting convection formatted) (d) 1600 UTC 19 August (The strongest time of

overshooting convection) (Black thick solid line: tropopause, 2 PVU)
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Hr, FEHFFRXIEA (24-34N, 100-110FE). fEF/KET (19 H 08 i, E#g)
Fh I 850 hPa A1 700 hPa -2 LRI RN T FEKIX BT 3 M1 PV
W AE A (B 9D, G AR B R R v R M I ai PR A, 2 1 N e XL BB
Insg, BT AR B NG B IR AT 5, D] 2 M P IR T I A R K
R BT HILZEDY )1 G AR s M K26l yTh—s (& 9a), B
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JERRMER G, AEHEE R R ) 7R B AR 2 AU Y 0 . FER S S A )
SR 2 N ) Y e i 1 R 52 7 TR S | N = R
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Pk BRI, PR, REA LA TR ES EINARE, B
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Fig. 9 The wind (vector, units: m/s), the potential vorticity (left color bar, units: PVVU), the low-
level jet (bold vector, units: m/s) , the topography (left color bar, units: m) and the 1-h

accumulative precipitation at (a, d) 1300 UTC, (b, e) 1400 UTC and (c, f) 1500 UTC 19 August
5.2. WiRERRER LAEINKE

MR 7 Al 0, 13 I ek,  EHEsh &k E 3 200 hPa,
15 W5, EHASIiERE DT maksk ke, =T 100 hPa, HXHZ RS
) EFEB XL T EE SN, MU )5 E 100hPa BL BRI — 2 E
THEgh, FFEMERE R Kk, ARTE SN 13-15 W58 53 M A R B
AT VEA 73 4T

M PV AR AT L (B 10), i PR E T AR G5l 3 e SR 724 |
7 — HARE RN R BRSSO #0 . R I 2 T /N RUBE Vi I 9™ 10K~
EHRFIR PV S RHEFARRE, 13 B, TER PV LEXTIX 2308 2R 1)
AL BT BAHX SIS PV S, BAFRZEARA I IE PV B#HEARZ PV
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At EEEmRARERT, ZARMN PV R X W m i s, ik PV
SRR IR S B b B2 200 hPa A4, AL TREM X L2, 15
B, SEEZIE PV XSERE KR, Xal e i RE . — = TR
TEBNIE IR E WA BN IE PV RERXRE (41 14 BFAH 200 hPa ) PV Bt
5P RZEME), ff 200 hPa ERIIE PV SEHGRHTE . H—MREEFEZE
RN Z PV 35 (B 1),

E R ARG B REMR RS (MCS) MIEREA K. hRIEMRAS
(MCS) AFEX X AR X B Fl (RS, 2016). T ZARBESFX
AR E FTHE A FREAFEE R, M E R PR 4 FEAR
Rl AR RN FEE 28 (Houze et al., 1982). M Fg B R /K H 0 X 351 257 f AR 446 4
MMEREEFL (KB 10 "W, BKKAESS, 850 hPa LA N IEZE R Jy fit
6, HIRGHIMAERIT I HIAEXRRZ I . BRI R, @RI R #E
WE, 13 P& 14 B m 2 AR RN A KR E I R, o S TE R RS L
ARG . FIEBERRIE LG, w2 ARG A AR B T T
2, Bz A et O BB AR &, s R I 300 hPa. JE4EFA N
ForbrO (o BB RS, U0 ] AR 2 1 R TR BB ROR,
AT IE PV R AR B R (FFASC5, 2016). fEARUGERET, mRdRLai
AR 5 200 hPa [ PV Huillid 3 sif BUH— 2, 7T RL R ARZa#ivlin g
ST ZAL PV MIREIG SR, IE PV RKELE, EAXNSRE ST, 1EPVHL
Wt Il EAES), 7 PV O AR . B, RO R, FETE AR
PV Z AT FFHEZN IR E . B SCRRBDIRE T & S E PV M ELENY )| ZHh
b RN, WA 12 B, BRIE R IR BIKR FEEAE T AE 500 hPa LL T
XHEHIRJZE, 500 hPa L 1% 250 hPa & T-[X, 250-100 hPa FAHIAE “
T KEGIRGL. HE)E PV lVE A&, 300 hPa i) BTtz sh#ishfE1X
FERIA e 245 4 T LUK, 7E 300-100 hPa 22 [ (5% 2 e J2 T R 4 =
FHig 3.
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Fig. 10 The zonal and vertical cross section of potential vorticity (shaded, unites: PVVU), potential

temperature (black line, units: K) and vertical-zonal wind along 29 <N at different times. (a) 1300

UTC 19 August (The time of convection triggering) (b) 1400 UTC 19 August (The time of

ascending motion developping at upper level) (c) 1500 UTC 19 August (The time of overshooting

Pressure/hPa

convection formatted) (Yellow thick solid line: tropopause, 2 PVU)
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Fig. 11 Vertical profile of regional average diabatic heating rate at different times (units: 1.e-4 K/s)

(solid line: 11:00 UTC, short-dash line: 12:00 UTC, dot line: 13:00 UTC, dash-dot line: 14:00

UTC, double-line dash line: 15:00 UTC, double-dot line: 16:00 UTC and long-dash line: 17:00

UT 19 August)
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5.3. BN IRBITERR

MCS B A MIEE, HPFEER EAEsh B ESAAF (Houze et al.,
1982). I XTLL R, MR FEFEER R AEL RN EE LS Schumacher 45
(2004) # H A EARAL AR A R AL ¥ ORI A AL, ELAE e E AR 135
KT 70%MERARALER 2R, i BH b O 2 b DUZRBAS B I #A DTk v 3. 14 B
(B 12¢), 7E 300 hPa LAN, B&/KIX Bz hu RT3, F¢HAEXHR X T
SHE AR A I B ks (FUIXFilE), XEWEBERE IEER
Je. BIRZMIREER T AT EESEZNTASRETSZES,
o) B ETREs A, m N N tiEE) . i ¥ 500 hPa BA R
BEIRBAE R KIRR 5 RAEZE AR R, 28 RGS FR I AR A E10h &, X
R T FULEEI . AR L (B 10D e E s, JELRm
FATE 14 B (1 400 hPa PRHIT I/, B UEBHHbE SRR R, A JE A
A ST E N b ) B eI Pale S IUE | 2 CE D) IE SN s

L PV IERH, W SERARE RN E (Hoskins et al., 1985),
WRFRER AR, Fik, mERIE PV KBRS &R 2 850 hPa
% 500 hPa b2 5IEEgS MMM AR, £’ 11 ¢ MR RETRESR
IE PV 35, (RZABEMEI R R R, 5l EAEE Y AT . 14
I B N UUE s TR AR RS, SR MRS SRAHEAEH, B
75 15 WOk BRI, HMRE BT Esh S R L HEsh R E T S
AT, XX B REEARYN EAEE, FEERN R R (E
12d).
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Fig. 12 The zonal and vertical cross section of relative humidity (shaded, unites: %),water vapor
mixing ratio (blue line, units: g/kg) along 29 N at (a) 1200 UTC (b) 1300 UTC (c) 1400 UTC (d)

1500 UTC (Red thick solid line: tropopause, 2 PVU)
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Fig. 13 The same as Fig.10, but for moist potential vorticity (shaded, units: PVU) and equivalent

potential temperature (black line, units: K)
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Fig. 14 The regional average vertical wind shear from 1000 hPa to 400 hPa (a) zonal wind (b)
meridional wind (c) wind speed (solid line: 08:00 UTC, dash line: 13:00 UTC, dot line: 16:00

UTC, dash-dot line: 18:00 UTC, double-line dash line: 21:00 UTC)
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Fig. 15 Conceptual diagram of the formation process of this overshooting convection
(a) Special background and the stage of convection triggering (b)The process of

formatting the overshooting convection (c) The overshooting convection formatted
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