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Evolution Process and Mechanism Analysis of the Mesoscale System of an

Extreme Summer Rainstorm in Shandong Province
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Abstract Synoptic circulation pattern and mesoscale system associated with the extreme torrential rain occurring
in Shandong Peninsula on July 22, 2020 are analyzed based on conventional observational data and high
resolution numerical simulation by using the mesoscale model WRF. The simulation was verified to agree well
with the precipitation process. The results show that the rainstorm process has the characteristics of mesoscale
features spatially and temporally, represent in its high intensity of short-term rainfall, severe locality, etc.
Precipitation occurs in the southwest airflow between the subtropical north elevation and the bottom of the low
vortex. Strong vortex and low-level jets are important weather systems that affect this precipitation. The southwest
jet stream is the main carrier of extreme water vapor during this heavy precipitation. Under the high-level weak
divergent field, the main influencing factor of this rainstorm is the deep low vortex extending from the surface to
the 500hPa high altitude. Its temporal and spatial evolution characteristics are consistent with the mesoscale cloud
cluster changes shown by the FY-2E hourly TBB data. It is directly related to the occurrence of heavy rain. The

interaction between the vortex, the low-level jet and the subtropical high strengthens the development of the low



vortex. There are warm; wet air flows in from the north and cold dry air flows from the south of the low vortex.
The specific humidity gradient is roughly distributed from south to north, which is a typical flow field distribution
of the vortex accompanied by a low-level jet. Convergence of low vortex and its interaction with the strong wind
speed belt at the edge of the subtropical high together lead to the development and maintenance of strong vertical
motion, together contributed to the persistence of extreme rainstorm.

Keywords Shandong Peninsula, extreme rainstorm, low vortex, low-level jet, developmental process
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Fig. 3 Distribution of geopotential height (black solid lines, units: dagpm), temperature (red solid lines,
units: <T), wind faster than 1.5m st (black vectors), relative vorticity (color shading, units: 104s!) at 850 hPa at

0018 UTC (a) and 2300 UTC (b) on 22 July, 2020, the grey shading shows the terrain (units: m)

45°N 45°N

40°N 40°N

35°N 35°N

30°N 30°N

25°N 25°N ]

20°N 20°N

15°N 15°N

10°N 10°N

95°E 105°E 115°E 125°E 135° 95°E 105°E 115°E 125°E 135°E

| l | | [

[ S W—
25 -1 1 25 5 75 10 10%gm's'hPa’

1000 1800 2600 3400 m

Kl 4 850 hPa /Ky B R (Etjid) AUKREERHRE (a0 7 H 22 H 188K, (b) 23 H 00 i CEEI,
Hf7: 108kg misthPal) , KGR ML (AL m)

Fig. 4 The moisture flux (black streamline) and the divergence of moisture flux (color shading, units: 10-kg



m-sthPa?) at 850 hPa at 0018 UTC (a) and 2300 UTC (b) on 22 July, 2020, the grey shading shows the terrain

(units: m)
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Table 1 The main arguments list of simulation

X35 BADLIX 51 BADLIX 4282
IR 15000m 3000m
Rk 155130 571>621
(HCUBEES Thompson Graupel Scheme  Thompson Graupel Scheme
(Thompson et al, 2008) (Thompson et al, 2008)
XS TT % Grell 3D Ensemble Scheme Grell 3D Ensemble Scheme
(Grell etal, 2002) (Grell etal, 2002)
ST pES RRTMG Scheme (laconoet RRTMG Scheme (lacono et
al, 2008) al, 2008)
VSR IS RRTMG Scheme (CloughS, RRTMG Scheme (Cloughs,
1997) 1997)
IR T % Monin-Obukhov (Janjic Monin-Obukhov (Janjic

fifi L 7R 7 5

Eta) Similarity Scheme
(Monin et al, 1954; Janijic,
1996)
Noah Land-Surface Model
(Chen et al, 2001)

Eta) Similarity Scheme
(Monin et al, 1954; Janjic,
1996)
Noah Land-Surface Model
(Chen et al, 2001)
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Fig. 6 The hourly brightness temperature from FY-2E satllite (color shading, units: <C) and distribution of
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Fig. 9 The sounding of Qingdao station at 0000 UTC(a), 1200 UTC(b), 22 July, 2020. Green heavy line is dew

point temperature; red heavy line is stratification curve
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Fig. 15 Vertical cross sections of temperature perturbation (color shadow, units: <C); temperature (red solid lines,
units: <C) ; equivalent potential temperature (blue solid lines, units: K) cross the low-vortex center (red line in Fig.
11): (a) 03000 UTC; (b) 0700 UTC; (c) 1800 UTC; (d) 2200 UTC on 22 July, grey shadow indicates terrain, the

red triangle indicates the low-vortex center in surface layer
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Fig. 16 Vertical cross sections of the relative humidity (color shading, units: %) and specific humidity (blue
solid lines, units: g kg') cross the low-vortex center (red line in Fig. 9): (a) 0000 UTC; (b) 0500 UTC; (c) 1400
UTC; (d) 2200 UTC on 22 July, 2020, the grey shadow indicates the terrain, the red triangle indicates the

low-vortex center in surface layer



(3) ULk EEMEAE S I ERIN R, (R BREARBEN I RN HRERS. RE2s e+
FUBE g A RV i 2R pa P 1 0, AR b ROBE R B A e, AR A RN 7 B B VA e = AR PR AT A £
RA, RN T B ARSI YA, SONsR THREIT. RN, K355 8l e 18] 1 95 1)<
o ofs FE (AR 2 St S S A o S ) BT s s i, 9 b Ha sh s AR SO0 R A 2t ok R A
[ BT, BT i 2 N A R o TR ARG PRI 2 JE AR R AL 5 2 R O O RS B M 9 98 PR AR A AH — B

ARSI NS BRI L AR i i e L A AR A5 2 Wi 0 A, S5 82 AR B kel — 2D HR 7l st R R i I
PR o R R G RRE A AR R AT R IR L . S8 T AR BRI I, = ) B R A e ) B
T EE, MBI RS KRR R RN A SO AT 1R &, AR AT SR8 AR . BkAh, i3
RIFRIE S5 A R R G I AR R AL AE L AR B X R R B R T B W B, XA AR R 2
LM s PRI REN LB AT RE R — e ad tE, EAREIRIURNIE AR A EPom B, Rk AL
RLAE SRR T REER A AT, DI aR Ll A bi i B P LB IR, e 2R 55 Ll 2R L 2R i 2 W T4

B

Browning, K. A. 2010. The dry intrusion perspective of extra-tropical cyclone development [J]. Meteor. Appl., 4: 317-324.

HANEE, SKER, KREE, 551986, AR STIRIM]. db50: A& HihA:, 180-192. Cao Gangfeng, Zhang Sahnjun, Zhu
Guanzhong, et al. 1986. Weather analysis and forecast in Shangdong [M]. Beijing: China Meteorological Press (in China),
180-192

CloughS A. 1997. Radiative transfer for inhomogeneousatmospheres: RRTM, a validated correlated-kmodel for the longwave[J].
Journal of Geophysical Research, 102(D14), 16663— 16682.

Chen F , Dudhia J . 2001. Coupling an Advanced Land Surface—Hydrology Model with the Penn State-NCAR MM5 Modeling
System. Part I: Model Implementation and Sensitivity[J]. Monthly Weather Review, 129(4):569-585.

T—iC. 2005. HE&RSZEM]. Abst: SR AR, 309-315. Ding Yihui. 2005. Advanced synoptic meteorology [M]. Beijing:

Science Press (in China) , 309-315.
Grell G A, Devenyi D. 2002. A generalized approach to parameterizing convection combining ensemble and data assimilation
techniques Geophys[J]. Res. Lett., 29 (14), pp. 1-438.

HTE, AN, 2, 55 2013, HEA SN RN TR A S K E, 32(4): 289-302. Gao Shouting, Ran Lingkun,
Li Na, et al. The “Ensemble Dynamic Factors” approach to predict rainstorm [J]. Torrential Rain and Disasters, 32(4): 289-302
ETE, R, B4 2018, FRIE £ N MALEE K TR AR TR [I]. RSB, 42 (4): 833-846. Gao Shouting, Zhou
Yushu, Ran Lingkun. 2018. A review on the formation mechanisms and forecast methods for torrential rain in China [J]. Chinese

Journal of Atmospheric Sciences (in Chinese) , 42 (4): 833-846.



S B 2019, AR o RBEIR BN 1S At R[], BN K5, 38(5): 431-439. Gao Shouting, Zhou Yushu. 2019. Progress
in dynamics of mesoscale vortex in recent years [J]. Torrential Rain and Disasters, 38(5): 431-439.

Hersbach H, Bell B, Berrisford P, et al. 2020. The ERA5 global reanalysis [J]. Quarterly Journal of the Royal Meteorological Society,
146:1999-2049.

lacono M J, Delamere J S, Mlawer E J, Shephard M W, Clough S A. and Collins W D. 2008. Radiative forcing by long-lived

greenhouse gases: calculations with the AER radiative transfer models[J]. Journal of Geophysical Research, 113, D13103.

VAL, AN, Fk/DAK. 2005, Ll AR IR RN 2B R TR A 258 0], I AR, 25(2): 4. Jiang Boren, Sun Xingchi, Zhang
Shaolin, 2005, Review of Analysis and Forecast Research on Rainstorm during Monsoon Season in Shangdong Province [J].
Journal of Shangdong Meteorology, 25(2): 4.

Janjic Z 1. 1996. “The surface layer in the NCEP Eta Model,” in Proceedings of the 11th Conference on Numerical Weather
Prediction[C]. American Meteorological Society, Norfolk, Va, USA, pp. 354-355.

R, ek, FIREn, S, 2007, H EMERY I B A SRR [0]. "B, 27(4): 464471, Liang Ping, Tang Xu, Ke
Xiaoxin, et al. 2007. Review of study on influencing factors of China Meiyu [J]. Scientia Meteorologica Sinica, 27(4): 464—471.

Koxik, LR, 2010, FRAXSHRR 7.18” FMMIMEHI[ J. KFHY, 34(2): 374-386. Liu Huirong, Li Chongyin, 2010.
Impacts of the dry intrusion on Ji’nan torrential rain occurring on 18 July 2007 [J]. Chinese Journal of Atmospheric Sciences (in
Chinese), 34 (4):374-386.

Monin A S and Obukhov A M. 1954. “Basic laws of turbulent mixing in the surface layer of the atmosphere,” Contributions of the
Geophysical Institute of the Slovak Academy of Sciences, vol. 24, no. 151, pp. 163-187.

FhgkRA. 2005, dbtHbIX B 20 A2 SR M IE AL XL AL T[], KSR, 29(3): 445-452. Sun Jisong. 2005. A study
of the basic features and mechanism of boundary layer jet in Beijing area [J]. Chinese Journal of Atmospheric Sciences (in
Chinese), 29(3): 445-452.

Fhidte, TR/ANS, TAE, 4% 2005. 20 tHaD 90 AEACEAL R B ML AR IE R 0 AT AT ST [3]. RS FREEHFFE,  10(3): 492-506. Sun
Jianhua, Zhang Xiaoling, Wei jie, et al. 2005. A Study on Severe Heavy Rainfall in North China during the 1990s [J]. Climatic
and Environmental Research. 2005, 10(3): 492-506.

Skamarock W C, et al.2008. A Description of the Advanced Research WRF Version 3 NCAR tech. note TN-475_STR[Z] 113

Shen Y, Xiong A, Ying W , et al. 2010. Performance of high-resolution satellite precipitation products over China[J]. Journal of
Geophysical Research: Atmospheres, 115(D2).

TR, B, FUEEE, . 2013, H [ XN B K B R A T R R PR D], KRN R, 36( 1): 37-46. Shen Yan, Pan Yang,
Yu Jing-jing, et al. 2013. Quality assessment of hourly merged precipitation product over China [J], Trans Atmos Sci, 36( 1):

37-46.



PG, FRIRE, TolkgE, 55, 2015, iR AE] F 5 R 3L [F s 0 R BRI VE X 0[], 4, 41(4): 401-408. Sun Xingchi, Guo
Junjian, Wang Yehong, et al. 2015. Analysis of the Common Effect of Vortex and Subtropical High on Rainstorm Fall Area [J].
Meteorological Monthly (in China), 41(4): 401-408.

M E 5. 1980, HIEZ WM. dbat: K Z HikR4k, 225pp. Tao Shiyan. 1980. Heavy Rain in China [M]. Beijing: Science Press (in
China), 255p.

Thompson G, Field P R, Rasmussen R M, & Hall W D. 2008. Explicit Forecasts of Winter Precipitation Using an Improved Bulk
Microphysics Scheme. Part II: Implementation of a New Snow Parameterization[J], Monthly Weather Review, 136(12),
5095-5115.

VRIS, 2R # DR 1. 2014, CMORPH T2 B /K B4 76 v B DX 3 iR ZE R AT FE [J] IR B AR 5 R, 29(02):189-194.

KEZAR, MERHG, A, . 2000 RAFEFEIMAGEML dbnt: K% HRH, 40(1): 86-93. Zhu Qiangen, Lin Jinrui, Shou
Shaowen, et al. 2000. Principles and Methods of Weather (in Chinese) [M]. Beijing: China Meteorological Press (in China),
40(1): 86-93.

= [E A4, 2004, 3 [E WRF #2035 8 A s BT SE[0]. A5, 30(12): 27-31. Zhang Guocai. 2004. Progress of Weather Research and
Forecast (WRF) Model and Application in the United States [J]. Meteorological Monthly (in China), 30(12): 27-31.

B, EREMS, &SFS.2010. 51 R LR B I FE Y s R R R A S MR E AL [J]. KSR, 35(5): 945-962. Zhao Yu,
Cui Xiaopeng, Gao Shou ting. 2011. A study of structure of mesoscale systems producing a heavy rainfall event in North China
[J]> Chinese Journal of Atmospheric Sciences (in Chinese), 35(5): 945-962.

JER, R, P 2004, (LR BRI R AU TERIER IO GETHRRE 204 [J]. L4, 40(6): 744-753. Zhou Xuesong, Wu Wei, Sun
Xingchi. 2014. Statistic on Physical Indicators of Rain storms in Shangdong Province [J]. Meteorological Monthly (in China),

40(6): 744-753.



