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Abstract The strong cold pool is pivotal in the genesis of severe gales associated with squall lines, and its intensity simulation is
closely related to parameter settings of cloud microphysical and boundary layer processes in the model. Despite parameter
uncertainties, it remains challenging to apply reasonable parameter perturbations to squall line systems. To improve the performance
of convective-scale numerical models in the forecast of squall line systems, based on the WRF (The Weather Research and
Forecasting Model) model, five key parameters are selected from the cloud microphysical process and the boundary layer process to
carry out sensitivity tests for the weak simulation of the cold pool associated with squall lines. Subsequently, the joint perturbation of
the sensitive parameters is carried out, and the influence of this method on the simulation of a squall line process in Jiangsu is
discussed. The results indicate that adjusting parameters that influence evaporation can significantly affect the estimation of the cold
pool. Specifically, the parameter CONSTB, which reflects the impact of raindrop size on its terminal velocity, and the parameter
VF1R, which accounts for the influence of surrounding airflow on raindrop behavior, exhibit the highest sensitivity to the cold pool
dynamics. In the single-parameter and multi-parameter combined perturbation experiments, the simulated 2 m temperature in the cold
zone of the squall line is 1—2°C lower than that of the control experiment, which effectively overcomes the problem of weak
simulation of the cold pool. In addition, the joint perturbation of CONSTB and VF1R parameters has a notable positive impact on
forecast accuracy, with the simulated 10 m maximum wind speed being the most accurate in comparison to actual observations.
Results show that the multi-parameter joint perturbation method for squall line cold pools effectively captures the uncertainty of
parameters within physical parameterization schemes and improves cold pool simulation, thereby enhancing the accuracy of squall
line gale predictions.

Key words Squall line, Cold pool, Convection-permitting ensemble forecast, Joint multi-parameter perturbation
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76 TR BE R 19 240 CONSTB 175 [ i1 T 9 B ] 151 25 0109 38 21 %8 TR 90 52 00 199 2 50 VE TR X b TRT ¥4 st 1) 08 M 535 76 SRS 400R
Z SR G RS g, R ZS KRB 2 m SR A B X RO 56 R 1—2°C, A RLSaE T v T A O 5 A R ik At
CONSTB FI VFIR BT 5 30 2l %f F 42 60 52 ey 5 8 25, ELHCBEADLAY 10 m i RO B B 92 00 o bR 5 SR R B, A X4 v iy 2
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1 5 5

Bl 58 BE IR A A, XU RBE OK 43 B 3
1—4 km, AR B XS H AT % Kain, et al,
2008; Romine, et al, 2014; X545, 2018) 4 4R
TE 46 Tt DR X i RO JRE 9 4 0 AN B o 1, LR S
e B AR 4 PR R R 25 19 PR S K (Hohenegger, et al,
2007) . WEFEERW, 5 Y H7 RO 55 32 EAK Y %L
B FiH (Ma, et al, 2019) A Lt X i KRB S5 4 Fil i AT
DLTERS B M F R S X R R G H E A3 1 W
PRk R RN R I8 AR, I © 9k 2 WA 5Tk B e 6% B 4y
b Z1 i 5 RN o AR Y i O H AR AL R AE (Duc, et al,
2013; Yussouf, et al, 2013) . H A AERf A9 VLI 7
BE, AR TEE OB R AL T 3R S T B8O iR A IR 2
T 25 HCAb R AN 58 38 1 IR A RUBE S 804k T S8t 25
SO A R A R 25 (ISR, 2008), TEE &
Tt v 51 A5 B ) IR B 3 A B Bt B AR
SE L H O R AR PR S A B A T
DUHLES Hb 53 78 3 B 55— T R TR 2 Fhss =Cr
Y B ST RAE S, LIRERE 30 )
J7 #E5 Wy B #E AT ORE AF AR B O B A2 %k (Hacker,
et al, 2011) o 5 R0 5 ik J2 £ 134> ROAR 0 R 8]
K BEALIE B iy B, X S T DR L E S 8
( Kober, et al, 2016) , 1 7] LL & ¥y B & /) i [7]
(Jankov, et al, 2017; B, 2020) . RIFE RN
FE ML 81 S 50fk 75 % (SPP), J5 & PR oM BENLIL 2 =
AR 77 % (SPPT) o 5 =Py ik 2 4 sl A = B
Y R S B O R T 2 8 (Bengtsson, et
al, 2013; R&J& 4%, 2021; Thompson, et al, 2021)

2 HAETR 1k, 33X Le P 3 77 5 78X R E A T
e AR L 2R AT N R AR 56, I HLAE M e T T A AL
PO AR ZIAA] . WE XA (2015 MR E
W, Z 9 B B AR BB 08 AT R rh /N ROBE SR 45 Tl

WA, 2 PR 51, 2. 29
P R AR A A AR — S E L TR 3kt A ko, RPAE B B
Z IR AW 5| AR — B, B0 R G R A T O 22
FL 45 R #E (Jankov, et al, 2017) . T B Xk % (2021)
A 5T 25 S 2 B SPPT J7 ik AT LA AT R0 ek 5 v [ 7 5
by DO U0 RBE £R 5 T ) B O o (HOR B AL AR 3
D7 RS TE R A S BT B T — A
JE 56, B A2 8] T HEPE (Jankov, et al, 2017), HF
SR T B SEUR A —, H LT 2 e 1T
RO 0 S O Bl S L (R B4, 2019;
Xu, et al, 2020) , ¥ 5 G 2 B0 1 1ok J5 2R T
TSN . HA S — 4S80 R
BFRCR AR, AT (2023) 8 il H 2 2508k
BB BURS BOF TR G 3, 45 R R VIR
SRR TT 5 0 22 SR8 G 3 B R USROS S A A
AL X5 . ZITERI 51T, (B 2 S8 G TE iR
B 1 T A ) 240, P AS B AR 3R 5 4 2 B0 i
25 )78k (Wang, et al, 2019; Stratman, et al, 2024) .

JE 2 2 R 22 X T AR HE S B R s R L 4l
LUPE s 1y b RUBERT L 2R 8, HOAE AR 0 A v 1 KL%
Gy 38 N BT RO P o Hl TV b R i 2k
HEENF BRI Z —, B0 T LG KR+
M 78 RRHVER, 5808 25 S A H T B OE AS R
UL, JE L — 1> 5 ¥ 25 SME (Weisman, et al, 1988) .
C A B 5E 2 B, b TR 74 55 92 it 5 RE R T A R
(] B 8 A i 190 7K S U B B8, AN ST i G 2k i B2
I Sy b T AR i R XU R B4 A F1) 25 4 (French, et
al, 2014; PEAUEE S, 2019; 2 HHE, 2021), 2 b
S KX Z AR R . 58 =, & XT
T 2= PN R KO - 1) 78 R 5 IORL - 19 Rl Ak e 7= 2B
7% F AR DA S B 34 AR, 1 = s SR
[ (3 o | Bl N TN R VTR W A B LTI =) ) R L
I T ) 0 AR, S B8 T B TR XL (5
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ML, 2023) o X = N5 55 X5 = 1Y) 3
WA F B BT SEOCR %Y, AF o
TRl B T 8 ) ol AT B G 4 B A ) TR BSOR AR
ME, H B A R 5 A F 4K 6 P (Jiang, et al,
2023) . FESBALTTEh, A SR LSRR
0T LI v Y Y B 55 . AN 4 SR AE (2017)
T8 Hh B 7K 2% 2 5 i) R 2k Ml T ¥4 L S8R R RN A3 A
HIPZR, B K 28 R 8 R, Hb THT ¥4 Yt 1) 56 38 B |
BB )™, 15 0 R 7K 78 & 232 0] Dl 45 b e UG K
gk A (2023) Kk 3G R K 78 it 8 2 3 308 LT
Je, MR RG A5 KA W . BRTRIIESR B4R
XF G LA 91 3547 4R 5 PR R 5, B A i g A HT 1Y
EEWME B 7k, BB B Oy ikl A5 A b
(Feng, et al, 2019; Ma, et al, 2019) . /X4 Jankov
S5(2019) HI Z T BEAL YL 3 J7 % (9 24145 0 B 2k E A7
A TR, (H HJ 5 PP AL B LR 3 77 1 19 il
HRAOCR, B = A1 XV, TR s IR IR M 5R 55
X B2 7 A 0 b TR XU R /N B2 PR, AR E
8T WRF £50, % &) 3 i 8 2 504k Jr X0 e
Ay WEEL W, EHNSEUL T R h 5 A KNS
B AT USRI, 5T S8 R B X TR] Y U
PR, DU 5 X ¥ i BT ROR o 22 0 B O 2k Y
TR 5 () 2 B AT IS 30, 0 B HORT T4 e 2
AR KR R, BRIEIZ T A X it REE 4 4 Tl
PO R 2k e R 1 R AROR
2 R TR
2.1 MEIESY

2019 4E7 H 6 H 06—12 B (T F 6, ), VL5
B b ) g — Y R L i ) K Ak L 6 H
06 Fif 5 0 3t F A T8 I 2 05 K J B BER, T 1B
b & S NN SRR DSB8 T DO RPN
o ®175(500 hPa) N ARILERAEAE— ¥R, 3BT iR iR
MY LA R B, VR R GR IR, 7E 700, 850 hPa
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Y b, ARV L BRI AE — A B i AUE, A L
IR BIVL I3 A7 AE 5 1Y) IR B 2, X 6 R 3 2 ] i g
TR R AN 7 A TN
22 ERARE

J o Wy B RS B T R I R Gk
K JEHIFZMR, SCHR IR REZAR#E /7 WRE V4.3 5,
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T H I 34 )2, BB K200 30 FiT 10 s, 24
) DXk a1 1 TR, Hh D02 X 3 il 2k & A IX
o AR UG i A SRR 3 B A 6 h
NCEP/NCAR ) FNL F 43 #7 %% Bt (0.25°%0.25°)
T FNL BBV & (4 o B S5 o s ok D, B
SeHEATRRHE b, SCHR R T = 4R AR Ay R AR T s
NCEP & #L UL % kL (PREBUFR ¥ ), Hodb 4 &
A LI 3 | TR L M DA B TR R AR TR
k. % WRF B0 B 90 16 3 v, DA SCsE o B3 56 7 il
W, [FALBB R 20194E 7 H 5 0 12— 18 i,
Xif BRI U A 2019 4 7 H 5 H 18 Af R4, Rl
43 18 ho FEXT FRIR 58 AT S BT R 5, A
SN G A B B (5 A R 0 o BE S Bfk O 6, A4
Lin =¥ %, YSU LA Z S8 R, RRTM
U 48 I8 48, Dudhia B 3 48 3 58 DL & 5-layer
thermal diffusion J52¢ . 7F 18 km 43 3¢ 3 [X 5 i J1]
Kain-Fritsch fH = X %= .

[ 2a, bJ& 20194F 7 H 6 H 09 Af 52 4 5 Xf &
TR 6 AR DL B AT M T 2 m AR . TR R S i
W12 76 1L 2R 48 B D9 i & 1, PR ok B e 56 X6 3 o )
SR TVLHIEN, EILRTIR AT — D RERmNe
X o AHEESEOE, X BI040 10 ¥4 X D 55, 156 I AL
SO Tt I AN BEAR G- M ASC 4L, 1T ¥4 b 588 85 R T0R

105 110 115 120°E

1 50 300 700 1100 2000 3000 6000
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R, Bfi: m)
Fig. 1 Model simulation area (the inner area (D02) is the

study area; color shadings show terrain height, unit: m)
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Fig.2 2 m temperature (a, b, shaded, unit: °C), composite reflectivity factor (c, d, shaded, unit: dBz) and 10 m maximum wind
speed (c, d, black contour, unit: m/s) at 09:00 UTC 6 July 2019 (a, c. real-time observations, b, d. results from control test; blue frame:

strong echo center over (32.5°—33.5°N, 117.8°—120.2°E) )

TR R R KRR BRI E TR, FEKR
T 78 RV HIXT A Tt B () 2 e 4y EE L, HLREOK
LR 257 Ak T B ¥ 20 3 (1 15 b TR R R R
AT b R KA T (X A Bk 4, 2012) o 8] 2c,
d S 1% 20 9 20 G R AR B A 10 m R R XU Y
S 55 B B0 BB X FL L A EE SO, X R 06 0
AT TR A i R, (R R AR d5 R R
H/NT S0 X e f T B 06 X b 1 A Tt B9 £
T 55, JE A AR Bt 10 m KA. Rk, £
TR SR WS R T AN E PR SR

2.3 IR S

Xof 725 g (1 G 56 i T MIC APS Ml 1 3 st %% R} 1
Sy 3 b T A B A RO CT) L il R () L 28 ) XL
(V) ISH B . K5 mr il A 2 M4 (5K MICAPS
OB 2 28 26 BE A% ol b, AR b BAE SR Bk
B HEAT X LG o X 4 B o 22 R 1 e 06 it 4 [
TIAPFEITERL, Hor #8501 kmx1 km,

£E A TR A 36 7 1 SR FH DX 3 ) g 22 6L g
& ( Difference Total Energy, DTE) . B #{ &
(Spread) . ] J5 # i% 22 (Root Mean Square Error,
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RMSE ) Fil #if % T g 7 ¥ 3% ( Probability Matched
Mean, PMM ) >k X 21 & 5505 7 FI2E R k17 K
55 . DTE J& H ok a2 i o P A 25 (S [l g 2 3%
Yy fem 22 {H) 45 45 (Zhang, et al, 2003 ), 7] L) fif
TP B B 5 X R 0 BURAR B, i — 2P T R AR B
J D6 BEAS TR S WS i AR B . — ik DTE B OR 35
WL Bl 0T T4 0 52 0 R, o SR

1
DTE = ?(u’2 +V? +kT7?) (1)

A, w s v T B R R 8 g RUR L A G
SEWMNME . k=c, T, ¢,~1004.9 J/(kg-K),
BEIRETH 270 K.

B UE R 5 Z A R HORE B, A — o R
b A B R T R, Xt R K B L
FETA R TR EE . BB E XAl

Spread = J min ZZ{% Z [fmem(i,j)—m]z}
=1 =1 mem=1 o
o, NI BT EL, frem (@, HARRAS R LB B4 951
WG, FGDREA T, m M n 53 53R 2 i F £
[ A% R
¥o7 MR 22 T R WU Mo A g i 25 5
VNS

RMSE = J ﬁ zmlz [F(i,j)—O(i,j)]2 (3)

i=1 j=1

K, FGi, ) HEG TR, 03, j) %5 1 43 A
1, m F n 435000 5 1) RN &8 1) M 0 50

PMM J& X 45 5 B 03 T4 45 SR R A7 25 6 A B 1Y
— )75 (Ebert, 2001) . A5 PMM, ¥ 5445
S BT A B B R BN s B HE Y, R N
(N 5 G 5L R0 e B — AN TR (B 45 2057 17 515 7
W5 G138 N B HE R, I o 5 651 XX 1z Y
WA s Z 05, M B T 2 A% BT i 43 T B
o TR AR, MR 2 . A AR BT I TE A R (E
2 0, WiZ & PMM 2 0, LUK ORIEAE L4 & F
Y 0y AR GE R . A AR G A A Y Y ik,
PMM [ DL 25 B i RO R AR 48 N i 28 A8 A PR
R, 25 A T A SR A L0 1A S TR (A, BB 1
ARG TR A B L e T KR N FR A
B, WA AR B B VR DX TR 14 RS 1 25 B P I AR
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H (Berenguer, et al, 2012; Schwarz, et al, 2014) ,
3 It

P AT SCA A AT, AT X v B R Y SR IR
AL IS 28 & A BAH G S 5. ARSI
R R AR Lin TR, EZ T BT P, 5K
i A X (Chen, et al, 2002) . o, ML R ES %L
R YSU 7 & Ak IS 28 & i R AH G 1
ZH. T X X SRR A A . E e Ul
Lin TS, 55— & CONSTB, ‘& 2 MR ii%
/N LT ¥ A I T R T S ) T R S A
AR R, R RS W 2R R R FE S PR B,
T A — R, BRI T 2 A R )
BRI 9545 T b, (U R R ORI R Y, i 2
B 5 B AR 3E K8 /N, CONTSB gl 2 FH S 3 i i Fib
LR RM . 5 ASHUE CDRAG, HoHFH
2B, AT ERF (N, S, &) fEER
iz g 3z 2R B T K/, B S RFIEAR . KNI
AR MR NS B REBR, FR
23 SRR I BE T R, R0 U TR R 2
XA R R A — R . 5 =S R VFIR,
R iR 38 KU, PR R R S P T R
KM E, Z S T W TR S SR B
XoF RRI G DS 0  RRTIRE TS I B R, S B A R
()3T Bt 2 16 5, 26k i ) T i 7 A 5 A G B
R ZR B0 2 AR S A X RN 1 o 5 DO AN S HOR:
NOR, ‘B J& F 1% 1 #5152 85, W B4 52 ) 45 500RN T
#7243 4 (Hacker, et al, 2011) . YSU ¥ ZH 2
$ PFAC J2& 3RAE 3l i 47 10 R $5 b s B2 722 fb 1 S 48K
MR A2 NS B8R L E KR
52 e I TR G SR B, O LB R e X A R
J&(Di, et al, 2015) o ZJ& & X DL L B ik 09 2 50k
T HURAE RS, RS EE S R 1.

£ 1 SHEFE SRR R BE

Table 1 Parameter selection and settings of the sensitivity test

K2 PR KHSH BIAE RAKAE HR/AME
LIN_CONSTB CONSTB 0.8 12 0.4
LIN_CDRAG CDRAG 0.6 0.9 0.3
LIN_VFIR VFIR 0.78 1.17 0.39
LIN_NOR NOR 8x10° 12x10° 4x10°
YSU_PFAC PFAC 2 3 1
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TIN5, A L KAE X 3 AR P A2 KA, Rl
J& 700 hPa [ff i, X 5 MorrisonZs (2009) 11y 28 5 2
—E(H . CONSTB X} = /K . WK BIIR A L fi Sl

H Bl 5 S 508 KIR A B #imo, ﬁﬁ@%ﬁﬁ@ﬁ*ﬁ
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Fig. 3 Differences in near-surface upward water vapor flux between the sensitivity test and the control test at 09:00 UTC

6 July 2019 (unit: 107° kg/(m*s))
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Fig.4 Vertical distributions of average mixing ratio values of hydrometeors in the strong echo center in different tests at
09:00 UTC 6 July 2019 (Figs. a—e show the LIN_CONSTB test, LIN_CDRAG test, LIN_VFIR test, LIN_NOR test, and YSU_PFAC

test, respectively)
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Table 2 Parameter disturbance test settings
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Fig. 11 Probability matched mean of the composite reflectivity factor (shaded, unit: dBz) and 10 m maximum wind speed

(black contours, unit: m/s) at 09:00 UTC 6 July 2019 (a. observation, b. control test, c—e. each group test)
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