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Abstract Results of the analysis based on observation and simulation of a squall line that occurred over Liaodong Gulf
of China on 26 June 2014 are shown. The synoptic forcing was strong with a developing trough in the middle troposphere

and a convergence line caused by the collision of moist and warm southerly flow and dry and cold northwesterly flow on
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the surface. The squall line was triggered and developed in the southern part of the surface convergence line. A
high-resolution simulation of the squall line is carried out, which well reproduced the life cycle of the squall line. The
study demonstrates the mechanism for different behaviors of the northern and southern parts of the convection, namely,
while the northern part of the convection dissipated quickly, the southern part kept growing and evolved into a squall line.
Results suggest that compared to that in the northern part, the moisture was more abundant and the environmental
stratification was more unstable in the southern part, while the wind shear there was also more favorable for the
development of the squall line. In addition, the sea-breeze front in the southern part helped to increase humidity, reduce
temperature and induce weak updraft due to the convergence. All the above factors were accountable for different
behaviors of the convection in the northern and southern parts. The pressure field of the squall line exhibited a significant
“high—low” pattern in its mature stage. Namely, a meso-high was located in the convective region and a wake low was
found in the transient region between convective and stratiform clouds. Strong divergence occurred in the rear of the
meso-high, producing large surface winds. There were mainly two branches of flow in the squall line in its mature stage.
A front-to-rear (FTR) inflow approached the squall line in the low-level from the front of the squall line, bringing in moist
and warm air. The FTR inflow was lifted in the convective region, and split into two branches: an overturning outflow
towards the front and an ascending outflow towards the rear in the high level. A branch of mid-level rear-to-front (RTF)
inflow descended as it approached the squall line from the rear, bringing in cold and dry air. When it approached the
surface, strong divergence occurred. Besides, simulated soundings of the squall line in the convective region, the wake
low, the stratiform region and behind the squall line displayed different environment features in different regions of the

squall line.
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Fig. 1 (a—c) Observed composite radar reflectivity (shaded, units: dBZ) and the surface auto weather stations where the wind is larger than 8 m s~ (wind
barbs), (d—f) 1 h accumulated precipitation (shaded, units: mm) and surface wind (wind barbs) on 26, June 2014. (a, d) 0900 UTC, (b, d) 1200 UTC, (c, f) 1500
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Shenyang station, respectively. The thick black lines denote the surface convergence line
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Fig. 8 (a) Simulated composite radar reflectivity (shadings; units: dBZ); (b) area averaged wind profile normal to the convective line, and the solid and dotted

lines indicate the averaged wind profiles in black rectangles A and B in (a), respectively; (c) cross sections of radar reflectivity (shadings; units: dBZ ), relative

humidity (blue lines; units: %), and the storm-relative wind component (black vectors with vertical velocity amplified ten times; units: m s ') along the grey

line CD as shown in (a); (d) same as (c), but for cross sections along grey line EF at 0900 UTC, 26, June 2014
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(c~d) Simulated 1 h surface temperature change (shadings, units: °C), surface vertical velocity (red lines, interval: 1 m s, with the outmost line 1 m s '), and

wind (arrows, units: m s™) on 26, June 2014: (c) 0430 UTC; (d) 0500 UTC; (e) 0530 UTC. Black dashed line and solid line indicate the position of the

see-breeze front and the leading edge of the cold pool, respectively
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Fig. 10 Simulated composite radar reflectivity (color shadings; units: dBZ), surface perturbation pressure (blue lines; units: hPa, interval: 1 hPa), wind at 10

m above the ground (black vectors, units: m s ') and wind speed (dotted area denotes wind speed larger than 10 m s ') at (a) 1200 UTC and (b) 1300 UTC 26,

June 2014; (c) cross section of simulated radar reflectivity (color shadings, units: dBZ), equivalent potential temperature (blue lines; units: K, interval: 4 K), the

storm-relative wind component (black vectors with vertical velocity amplified five times, units: m s '), and perturbation temperature (dotted area denotes

perturbation temperature less than —2 K) along the black line shown in (a) on 26, June 2014; (d) same as (c) but for cross sections along the black line shown in

(®)
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Hﬁ&ﬁﬁﬁ%%mow%%&%ﬁ%ﬂﬁﬁﬁ%

IR ai A, DU R BT SRE
ﬁTFAﬁ FFIE, 55 RTABE I Z S5 R AR -
FORFRS A=A i TPAUE L e R AR TR
BTN, S BN IR oAb — gLk
TERE, o ) s M T R XX G A B

P2 55 S AR AT DN SR ks T AR R MR ke i REAE D
S9030), TR A R, e T A R R I AT F
TR NG, MR X R A K ?"V@
S Jn, IR TRGE, WA R RE
Ny AR RE R I RE 5 5 15037 (A6 A 2 REAK
IREK



51 SRYTEE: — UL RIS Rl R A R 55 HH R 23
No.5 ZHANG Zhe et al. Observational and Numerical Analyses of a Squall Line Occurring over Liaodong Gulf of China 1173

SR R0 RS R LI T T AL AR T B I
R ek LA BORHAL R R IR 22 S S SRR AL, X R
B R R M FE 2k R G R T W 945
T RO B2 1) — e i RBERFAE, W TR N BEf#
KE P kAR SR A B L T AR
e 2 o R P ik A LR AN 2 U B, DA R T 1
I AR 5 P K R 1) A A T R 5 R TN HL
HIFRFIEM R R, R TRAT T — W5 .

Sk (References)

Biggerstaff M I, Houze R A. 1991a. Midlevel vorticity structure of the
10-11 June 1985 squall line [J]. Mon. Wea. Rev., 119 (12): 3066-3079,
doi:10.1175/1520-0493(1991)119<3066:MVSOTI>2.0.CO:;2.

Biggerstaft M I, Houze Jr R. 1991b. Kinematic and precipitation structure of
the 10-11 June 1985 squall line [J]. Mon. Wea. Rev., 119 (12): 3034—
3065, doi:10.1175/1520-0493(1991)119<3034:KAPSOT>2.0.CO;2.

Biggerstaff M I, Houze Jr R A. 1993. Kinematics and microphysics of the
transition zone of the 10—11 June 1985 squall line [J]. J. Atmos. Sci., 50 (18):
3091-3110, doi:10.1175/1520-0469(1993)050<3091: KAMOTT>2.0.CO;2.

Braun S A, Houze R A. 1997. The evolution of the 10-11 June 1985
PRE-STORM squall line: Initiation, development of rear inflow, and
dissipation [J]. Mon. Wea. Rev., 125 (4): 478-504, doi:10.1175/1520-
0493(1997)125<0478:TEOTJP>2.0.CO;2.

FREEEF, Tl 2012, {2 10 BRI AR ik 1 520 A X
TR LR R R BRI [J]. B AER, 70 (3): 371-386.
Chen Mingxuan, Wang Yingchun. 2012. Numerical simulation study of
interactional effects of the low-level vertical wind shear with the cold
pool on a squall line evolution in North China [J]. Acta Meteorologica
Sinica (in Chinese), 70 (3): 371-386, doi:10.11676/qxxb2012.033.

Crook N A. 1996. Sensitivity of moist convection forced by boundary layer
processes to low-level thermodynamic fields [J]. Mon. Wea. Rev., 124 (8):
1767-1785, doi:10.1175/1520-0493(1996)124<1767:SOMCFB>2.0.CO;2.

T, A, B, 1982, IR R ALV [0 K
S B}E, 6 (1): 18-27. Ding Yihui, Li Hongzhou, Zhang Mingli, et al.
1982. A study on the genesis conditions of squall-line in China [J].
Chinese Journal of Atmospheric Sciences (Scientia Atmospherica Sinica)
(in Chinese), 6 (1): 18-27, doi:10.3878/j.issn.1006-9895.1982.01.03.

Evans J S, Doswell III C A. 2001. Examination of derecho environments
using proximity soundings [J]. Wea. Forecasting, 16 (3): 329-342,
doi:10.1175/1520-0434(2001)016<0329:EODEUP>2.0.CO;2.

Fujita T T. 1963. Analytical mesometeorology: A review [J]. Meteor.
Monogr., 5 (27): 77-125.

Gallus W A Jr, Johnson R H. 1991. Heat and moisture budgets of an intense
midlatitude squall line [J]. J. Atmos. Sci., 48 (1): 122-146, doi:10.1175/
1520-0469(1991)048<0122:HAMBOA>2.0.CO;2.

Gallus W A Jr, Johnson R H. 1992. The momentum budget of an intense
midlatitude squall line [J]. J. Atmos. Sci., 49 (5): 422-450, doi:10.1175/
1520-0469(1992)049<0422: TMBOATI>2.0.CO:;2.

Gao K, Zhang D L, Moncrieff M W, et al. 1990. Mesoscale momentum budget in
a midlatitude squall line: A numerical case study [J]. Mon. Wea. Rev., 118 (5):

1011-1028, doi:10.1175/1520-0493(1990)118<1011:MMBIAM>2.0.CO;2.
FREL, MRAOME, FZK, 5. 2014, HERGIEDK R FT P — R 1 RO A
[J]. #M95%, 33 (2): 171-180. Guo Hong, Lin Yonghui, Zhou Miao,
et al. Mesoscale analysis on a squall line in the warm-sector heavy
rainfall over southern China [J]. Torrential Rain and Disasters (in
Chinese), 33 (2): 171-180, doi:10.3969/j.issn.1004-9045.2014.02.010.
Haertel P T, Johnson R H. 2000. The linear dynamics of squall line
57 (1): 93-107,
doi:10.1175/1520-0469(2000)057<0093: TLDOSL>2.0.CO;2.
Johnson R H, Hamilton P J. 1998. The relationship of surface pressure

mesohighs and wake lows [J]. J. Atmos. Sci.,

features to the precipitation and airflow structure of an intense
midlatitude squall line [J]. Mon. Wea. Rev., 116 (7): 1444-1473,
doi:10.1175/1520-0493(1988)116<1444: TROSPF>2.0.CO;2.

Johnson R H. 2001. Surface mesohighs and mesolows [J]. Bull. Amer.
Meteor. Soc., 82 (1): 13-32, doi:10.1175/1520-0477(2001)082<0013:
SMAM>2.3.CO:;2.

U, AT, FAT s, 2013 ARARMIX RO R R R B AN S 2
Wrar#r [J]. RAEFE, 37 (3): 595-608. Li Na, Ran Lingkun, Gao
Shouting. 2013. Numerical simulation and diagnosis study of a squall line
in eastern China [J]. Chinese Journal of Atmospheric Sciences (in
Chinese), 37 (3): 595-608, doi:10.3878/j.issn.1006-9895.2012.12007.
P, VEETE. 2012, 2009 £E 6 H — IR IE LRI FE 9 55 1 KR T B LAY
[31. KA FF2, 36 (2): 316-336.  Liang Jianyu, Sun Jianhua. 2012. The
formation mechanism of damaging surface wind during the squall line in
June 2009 [J]. Chinese Journal of Atmospheric Sciences (in Chinese), 36
(2): 316-336, doi:10.3878/1.issn.1006-9895.2011.11017.

X, TIE, BRUER. 2015, HUEESE— RMQZ I Fat AR A0 I 2 B0 ke
TEAY BT (7] R%, 41 (12): 1433-1446.

Chen Mingxuan. 2015. Spatio—temporal evolution characteristics of a squall

Liu Lian, Wang Yingchun,

line in Beijing-Tianjin—Hebei region [J]. Meteorological Monthly (in

Chinese), 41 (12): 1433-1446, doi:10.7519/j.issn.1000-0526.2015.12.001.
IR, IME, #5181 2007. LifE 2004 4E 7 12 HEL R S8 H L)

IS (9], (5l 65 (1): 84-93.

Yinming. 2007. Structural analysis of meso-scale convective systems in

Liu Shuyuan, Sun Jian, Yang

the squall line process on 12 July 2004 in Shanghai [J]. Acta
Meteorologica Sinica (in Chinese), 65 (1): 84-93, doi:10.3321/j.issn:
0577-6619.2007.01.008.

XTI, F627 RL 2012, JF MR KUK LML 55 R 2 45 M RFAIE 1R /81 73
BrBLUREST (7] KR, 36 (6): 1150-1164.

Xueliang. 2012. Analysis and numerical simulation research on severe

Liu Xiang’e, Guo

surface wind formation mechanism and structural characteristics of a
squall line case [J]. Chinese Journal of Atmospheric Sciences (in
Chinese), 36 (6): 1150-1164, doi:10.3878/j.issn.1006-9895.2012.11212.

Markowski P M, Richardson Y P. 2011. Mesoscale Meteorology in
Midlatitudes [M]. Barcelona: John Wiley & Sons, 430pp.

Meng Z Y, Yan D C, Zhang Y J. 2013. General features of squall lines in
East China [J]. Mon. Wea. Rev., 141 (5): 1629-1647, doi:10.1175/MWR-
D-12-00208.1.

Morrison H, Thompson G, Tatarskii V. 2009. Impact of cloud microphysics
on the development of trailing stratiform precipitation in a simulated
squall line: Comparison of one- and two-moment schemes [J]. Mon. Wea.

Rev., 137 (3): 991-1007, doi:10.1175/2008MWR2556.1.



X A B % 42 3%

1174 Chinese Journal of Atmospheric Sciences

Vol. 42

Newton C W. 1950. Structure and mechanism of the prefrontal squall line
[J]. J. Meteor. Sci., 7 (3): 210-222, doi:10.1175/1520-0469(1950)007<
0210:SAMOTP>2.0.CO;2.

Ogura Y, Liou M T. 1980. The structure of a midlatitude squall line: A case
study [J]. J. Atmos. Sci., 37 (3): 553-567, doi:10.1175/1520-0469(1980)
037<0553:TSOAMS>2.0.CO;2.

W, B, AR, 2012, R W EIA AT R — IRk R
G RS S AFIE [3]. B 2EH, 70 (4): 736-751. Pan Yujie,
Zhao Kun, Pan Yinong, et al. 2012. Dual-Doppler analysis of a squall line
in southern China [J]. Acta Meteorologica Sinica (in Chinese), 70 (4):
736-751, doi:10.11676/qxxb2012.060.

Parker M D, Johnson R H. 2000. Organizational modes of midlatitude
mesoscale convective systems [J]. Mon. Wea. Rev., 128 (10): 3413-3436,
doi:10.1175/1520-0493(2001)129<3413:OMOMMC>2.0.CO:;2.

Parker M D, Johnson R H. 2004a. Simulated convective lines with leading
precipitation. Part I: Governing dynamics [J]. J. Atmos. Sci., 61 (14): 1637—
1655, doi:10.1175/1520-0469(2004)061<1637:SCLWLP>2.0.CO;2.

Parker M D, Johnson R H. 2004b. Simulated convective lines with leading
precipitation. Part II: Evolution and maintenance [J]. J. Atmos. Sci., 61 (14):
1656-1673, doi:10.1175/1520-0469(2004)061<1656:SCLWLP>2.0.CO;2.

Pleim J E. 2007. A combined local and nonlocal closure model for the
atmospheric boundary layer. Part I: Model description and testing [J].
Journal of Applied Meteorology and Climatology, 46 (9): 1383-1395,
doi:10.1175/JAM2539.1.

Rotunno R, Klemp J B, Weisman M L. 1988. A theory for strong, long-lived
squall lines [J]. J. Atmos. Sci., 45 (3): 463-485, doi:10.1175/1520-
0469(1988)045<0463: ATFSLL>2.0.CO;2.

WRTE, IR, Xk, S5 2016a. S AR ORI M HOE B0 — IR
JELE R [J]. X5 RHE, 36 (6): 709-720.  Shen Xinyong, Yue
Sujia, Liu Jia, et al. 2016a. Effects of latent heating and surface heat
fluxes on a squall line process [J]. Journal of Meteorological Sciences (in
Chinese), 36 (6): 709720, doi:10.3969/2016jms.0013.

AT, KRR, D, 4% 2016b. —RVLMEMEL KA e i 7t 12 i

VUAIERRAE [T MR B TR (BRI, 18 (2): 103-110.

Shen Xinyong, Zhang Xiaochen, Ma Zheng, et al. 2016b. Characteristics
of boundary-layer turbulenttransfer during a squall line over Jianghuai
region [J]. Journal of PLA University of Science and Technology (Natural
Science Edition) (in Chinese), 18 (2): 103-110, doi:10.12018/j.issn.1009-
3443.20160922002.

TS, DR, EIRE, 45 2009. HORERAB) IS M) dbnt:

S E AL, 385pp.  Shou Shaowen, Li Shenshen, Shou Yixuan, et al.

2009. Mesoscale Atmospheric Dynamics (in Chinese) [M]. Beijing:
Higher Education Press, 385pp.

Skamarock W C, Klemp J B, Dudhia J, et al. 2008. A Description of the
Advanced Research WRF Version 3 [M]. NCAR: Boulder, Colorado,
USA: NCAR Technical Note NCAR/TN-475+STR, 113pp.

Smull B F, Houze R A Jr. 1987. Rear inflow in squall lines with trailing
stratiform precipitation [J]. Mon. Wea. Rev., 115 (12): 2869-2889,
doi:10.1175/1520-0493(1987)115<2869:RIISLW>2.0.CO:;2.

PN, PERE, 5RAK, 4. 2011.2009 4 6 H 3~4 [ 2k X R a 4
IR BAFREAIHT [7). KRS, 35 (1): 105-120. Sun Hulin, Luo

Yali, Zhang Renhe, et al. 2011. Analysis on the mature-stage features of
the severe squall line occurring over the Yellow River and Huaihe River
basins during 3-4 June 2009 [J]. Chinese Journal of Atmospheric
Sciences (in Chinese), 35 (1): 105-120, doi:10.3878/j.issn.1006-9895.
2011.01.09.

NS, AR, X IERE. 2014, JKIEE R Rk 21 £ G5 A R S S
PIHE RS [J). KRARFY:, 38 (4): 742-755. Sun Jianhua, Zheng
Linlin, Zhao Sixiong. 2014. Impact of moisture on the organizational
mode and intensity of squall lines determined through numerical
experiments [J]. Chinese Journal of Atmospheric Sciences (in Chinese),
38 (4): 742755, doi:10.3878/j.issn.1006-9895.2013.13187.

R, d 5. 2013, 2007 4 4 H 23 H) ARG KRS 3l A0 i o RS
SRR AT ] JERURAEAR (BRRHERR), 49 (3): 463-470.
Wu Duochang, Meng Zhiyong. 2013. On the motion and mesoscale
surface structure of a squall line on April 23, 2007 in Guangdong [J].
Acta Scientiarum Naturalium Universitatis Pekinensis (in Chinese), 49
(3): 463-470, doi:10.13209/.0479-8023.2013.065.

Yang M H, Houze R A. 1995. Sensitivity of squall-line rear inflow to ice
microphysics and environmental humidity [J]. Mon. Wea. Rev., 123 (11):
3175-3193, doi:10.1175/1520-0493(1995)123<3175:SOSLRI>2.0.CO;2.

Yang M J, Houze R A Jr. 1996. Momentum budget of a squall line with
trailing stratiform precipitation: Calculations with a high-resolution
numerical model [J]. J. Atmos. Sci., 53 (23): 3629-3652, doi:10.1175/
1520-0469(1996)053<3629:MBOASL>2.0.CO;2.

B, s, A, AE. 2016, IR SR RS RG],
K4, 42(9): 1079-1089. Yang Shanshan, Chen Yun, Li Shenggi, et al.
2016. Analysis of squall lines under the background of cold vortex [J].
Meteorological Monthly (in Chinese), 42 (9): 1079-1089, doi:10.7519/j.
issn.1000-0526.2016.09.005.

TR, FENRL 2001, AR 8 L AU R 2 B 5 R g w [J].
SE R, 29(1): 39-41. Yu Xili, Yan Lifeng. 2001. Severe convective
cloud cluster and local storms in the north coast of Shandong Peninsula
[J]. Meteorological Technology (in Chinese), 29 (1): 39-41, doi:10.3969/
j.issn.1671-6345.2001.01.009.

Zhang D L, Gao K. 1989. Numerical simulation of an intense squall line during
10-11 June 1985 PRE-STORM. Part II: Rear inflow, surface pressure
perturbations and stratiform precipitation [J]. Mon. Wea. Rev., 117 (9):
2067-2094, doi:10.1175/1520-0493(1989)117<2067:NSOAIS>2.0.CO;2.

Zhang D L, Gao K, Parsons D B. 1989. Numerical simulation of an intense
squall line during 10-11 June 1985 PRE-STORM. Part I: Model
verification [J]. Mon. Wea. Rev., 117 (5): 960-994, doi:10.1175/1520-
0493(1989)117<0960:NSOAIS>2.0.CO;2.

TR, EKT, BhEE. 2016, RO A UL RN BRI E X D) AR RIK
IR [J]. KSR, 40 (4): 689-702. Zhang Jianjun, Wang
Yongqing, Zhong Wei. 2016. Impact of vertical wind shear and moisture
on the organization of squall lines [J]. Chinese Journal of Atmospheric
Sciences (in Chinese), 40 (4): 689-702, doi:10.3878/j.issn.1006-9895.
1505.14337.

Zipser E J. 1977. Mesoscale and convective-scale downdrafts as distinct
components of squall-line structure [J]. Mon. Wea. Rev., 105 (12): 1568—
1589, doi:10.1175/1520-0493(1977)105<1568:MACDAD>2.0.CO;2.



