%46 % 5 2 W A % Vol. 46 No. 2
20204 2 A METEOROLOGICAL MONTHLY February 2020

AFE) XU BI85 ,2020. 0 AR 3 UROK 2% T A R 2 1 1 38 WD R AE B HAE 23 A L) . U4 . 46(2) :179-188. Diao X G, Liu
C,Wan M B, et al,2020. Analysis on cloudstreet echo characteristics and effects during three severe rainfall events in Shandong

Province[ J]. Meteor Mon,46(2) :179-188(in Chinese).

WZR 3 X KFEMILE = & E L B FFE
REAERGH

%57 X W ZWHKk 1ERME
WARE AL EHFE 250031

B’ OZE: MAREZ S RE R SRS R X2 3 Y22 T 7 b 2 85 75 3 [0 98 457 AF 7 25 45 %) T 3 e
MER AT T 0. 45REW AR FSMZRF RN T L ZERINZ K40 B E 1 5182 K3 5EAR —5
FRLLAF A2 6~7 h, SR EERATE 5~20 dBz, = FXxd 3 WORKEK M/ ELRINAE 3 0 — 2 AR AL 2= 5 1] fil & X it 5
T R 5 S AEVE F 25 0 A5 X I B A A U I 2 1 1) 1) VG R 1) A% 4 EL A B S A% B R AR L 5 O U AR G 1 T A
T3 ] & Je 5 e K DAL [n] 74 i e 1) 3% 3 5 = 0 ) T e Kk R B DR R I () A 2 455 L R SR T Y o B ORI o R TE RS B i R
PRSI T R RIS X R G ARG I AR A LUK R S AR ™ AR KR R L 9 15 2 A B AT 5 B0 il 5 R T
KA. Xl 3 YRR K o RN 2R G 00 dE 47 5 kR AR it 58 R R R ™ AR R 3 TSR T, 2007 4R 7 J 18 H il R = 1
fink B R A AT ) L T LA 2 YRk AR L T D DR N A A A G S = B ] N T A 2 OGS R T S TR R fi
Ko
KR : =40k 5 %S K

FESES: P458 N ERERE: A DOI: 10.7519/j. issn. 1000-0526. 2020. 02. 004

Analysis on Cloudstreet Echo Characteristics and Effects

During Three Severe Rainfall Events in Shandong Province

DIAO Xiuguang LIU Chang WAN Mingbo HOU Shumei

Shandong Meteorological Observatory, Jinan 250031

Abstract: Based on Jinan Doppler weather radar data, sounding and automatic weather station data, the ra-
dar echo characteristics including the effect of cloudstreets on three heavy rainfalls in Shandong Province
were analyzed. The results showed as follows. The cloudstreets appear as narrowband echoes oriented in
the direction of mean low-level wind in low-level base reflectivity, the duration is about 6 —7 hours, and
the intensity is about 5—20 dBz. The main effects of cloudstreets on three heavy precipitations are as fol-
lows. First is the triggering mechanism. Cloudstreets can trigger convection cells. Second is the backward
propagation mechanism. The new storms triggered by cloudstreets spread to the southwest in turn along
the orientation of cloudstreets. This backward propagation characteristic can lead the convective system to
move toward west by south direction and lead the severe precipitation area to the southwest direction.
Third is enhancing precipitation intensity and duration. The continuous storms triggered by cloudstreets

develop northeastward under the action of the pilot airflow, and merge with the main echoes of convective
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system. Therefore, the main echoes will be strengthened, generating large rain intensity and lasting for a

long time, finally resulting in extreme severe rainfall weather. The cloudstreets play an important role in

the maintenance and development of the three convective systems and in the generation of extreme severe

rainfall. The frequency of thunderstorm triggered in the 18 July process is significantly higher than that of

the other two processes, and the main reason is that the convective inhibition energy (CIN) is significantly

smaller than the other two processes. Small CIN and lifting condensation level are easier to trigger the out-

break of thunderstorms.
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Fig. 2 Jinan radar reflectivity factor (a, c, e) at 0.5 elevation at 12:46 BT 18 July 2007 (a),
13:13 BT 26 July 2012 (¢), 15:58 BT 2 August 2015 (e), VWP products (b, d, {) from 13:04 BT
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0718 L FEFN 0802 1ok 8 = 15 7% 47 [a] ¢t B[R]
W T 1] 0L 5 BRI 0726 3 FL L T 1 0ok 2 & 4%
fiE+ 3 YR AR 5 o AR A D R B T R Ok
L FEE W E T R LA R . ] Lot =
JE N BRI A A ) THE SR R B R
AP T KA IR 78 Al 101 AT X i 4 ) B T
15 g XN B AR R B AR YR 1 SR A 3 S U
BEE (Kelly, 1982 ; Puhakka and Saarikivi, 1986 ; Ey-
mard and Weill, 1988; Christian and Wakimoto,
1989),

7/

3 A AR AL AR

3.1 0718 iTiEEFEK

2007 4 7 H 18 H 08 I ¥ 1 75 15 WL R B L 78
b A8 AT B 22 30— A AR [ AR #% e s, 10 1)
HIJG A T AL s YL 8 2 il —F . Z 05 e i 72
H 7K 2 A P 0 AS DT A 0 i R R A R R T AR
PU ] HE S ) H RO X R 58 (MCS) . 12:08, 3 1



184 A

% 5 46 45

TS R R R R LE TN PG A 55 ) A AR
A (FY-2C 7] W6 = B Bon o= i & T8 A%
W) 2% 1% kL 12:52 [l JE HATIH T (B 3a, X
Do 12:40, X =W/ 7 75 iR w7 2 B b s
BB A= R 2 (L 3a 2168 15 B8l D) 5 A2 X U AR AL
] % 2l ik B o B Wk R T R 2 A X T R
(B 3b), 14 Bf wf J5 5 & I ¥ # & I (B 30),
13:16, X9 2 1) 74 7 M S 2 i Mk & T 1 6 3
B OCH XTI 3. B 3b) s ZJ5 w7 m B sh & R .
13:59 7EH PG RG 7 ] BT 4 (& 30>, 1437, %
i 4 BRS04 G T A P R 0 S BT Y
X 5 3d) . 15:01, %3 5 BB 5 101 3 44645 F
CE I Ja 58 B A T o, 15—16 i 8 i ¥ sl o 31
104, 2 mm [ 5R FE KD, G R 00 W8I 2 %5 378 6 i XF
W 7CE 3e),15:50, X 6 FIXFIR 7 W L RS
FAAR L HES ] — By | AT (& 30),16:09 S8R
TR G I (B 3g) . A I J5 58 B s, A i

T UF BRI & = b Z 8], 16— 17 I ifh & 5 FH 2
i (R 7K 43 51 R 30. 4 T 29. 6 mm, 5[] 7 IX Gk
D I Bk 1617 I e R SE PR K AT, (A
B, 15:50 g 2 5 2 1 8 ) HE 51— 00 8 A %t
TR CE 31, J5 24D . PR R R R K Y
100 km 9% 3t =1 47 (Bl 3g.3h).17:04 5 MCS
By NI AN R N 1 S T il A
17:20—18:20 ¥ g 17 BUM 5 7= 4= 151. 0 mm f /)
Bt R i 548 A K

TR SR I B K A AR L 2 A i R T R AR
XU AR B B S A R R AE, R R R b 5
Wl A I as ., BT (12.40—15.50) KWK . =
17 fioh & B A T 2 1 5 BAE A2 A 1 ) A . 2
Jii BT A B AR T 2 1 ) 32 W ) VY R ) A% L B K
3, 1] PG g 75 1] R (IR 1) 397 AR SR 2R A b T ) 7%
3 KIS FREECG I 5 I S [ s BE i
[) bof = A e B R R K L JE B (1550 2 J5) R BLK -

B3 200747 H 18 H(a)12:40,(b)13:16,(c)13:59,(d)14:37,(e)15:01,({)15:50,
(2)16:09,(h)16:27 &L 0. 5" A F R H T
Fig. 3 Jinan radar reflectivity factor at 0. 5° elevation at (a) 12:40 BT, (b) 13:16 BT, (c¢) 13.59 BT,
(d) 14:37 BT, (e) 15:01 BT, () 15.50 BT, (g) 16:09 BT, (h) 16.:27 BT 18 July 2007



el

AFETA AR 3 YR BT I 72 2 1 76 3 [ R Ak B A T 20 # 185

T 2 B 1) 8 R AR G O DR TR 1 B R R X
R 15 R M B 2 [l s 4 9 R [l BT B E
B ARG R T DX AR R i 55 K

3.2 0726 iE 2B PEIK

T BRI 2,26 H 08 BT, T b v
PG 2 I — A A I R R I E S R L 12 B
i J5 7 B R B 2 BN R AR . 12025, R0 MR
RSB TR I3 ) 1Y) 2 7 24 el [ 9 A i L 0 06 B
B da, B AE X D) AR b J7 10 8% 3l 72 o 34
K&, 1237 G A R 1 a0 SUA BT AR X 2 B
B CE 4b) . 13:07, %F 5 1 M 2 #RA5 2 % J& . [F)
i A JEL A ) 2 I R R R B 3 (] 4e) . 13:30, %t
T3 A 1 & PR, W A () B A
WA FEVEON B Ad) . Bl GO A0 R s X 1
X 2 R 3 KR 4 AR 5 B i AR K g R R
AR [0 3 5 2% 12 B R A9 MICS 1] 3 3= 4 3% I 58
i 4e) 14 BT JS JF 06 A 07 g . & g, 14—15

I DG 25 AR B2 3 43 90t B 53. 0 1 46. 8 mm fY 55 [
] R 1 P TR 0 ) [ 2 = i (1 =0 e S Rl
BT AT 1 O R4 2 A el g CIRL A Bl 25 R RUAE 1Y)
PaRE Iy 1M 85 38h , o5 2 1 580 7 9 B K A A7 ) AS
WA X I8 B % . 5 B0 R K X 1) Y R E R (R Le) s
FEA TN RN, 15—16 B K 2 uli BB 51, 4 mm
588 B K o S T X st Y B 46. 0 mm 5 B K (] Af,
dg.4h) . 18 B Z J&5 . B /K WA A Bl 55 . % sh & 12 .
19 WA S 5 5 F8 0 3 5% 3l 19 X I R 48 (MCS2) &
I Al MCS2 & J& , 37 A 3 — e i F i K< (&
W)

7 H 26 H Il AR b X S 5 B TR AT 4 R AN B
B H—BrB13—17 i) e R R K &R 105.5
mm , 1 IAE R = 0 1% B B T 2% A R AE R
H = B B X I 2R A ELAE R AR O R &
M5 55 R R AR B O 03 7 A 8 R UK B R IR
T RN PRI A W BE KUV S 2 A AR R
X3 T BO U R G5 B R PG A B K DX R 0 2k B

K4 [EE3,{HK 201247 A 26 H(a)12:25,(b)12:37,(c)13:07,(d)13:30,(e)13:48,
(1)14:48,(g)15:41,(h)17:24
Fig. 4 Same as Fig. 3, but for (a) 12.:25 BT, (b) 12.37 BT, (¢) 13.07 BT, (d) 13.30 BT,
(e) 13:48 BT, (f) 14:48 BT, (g) 15:41 BT, (h) 17:24 BT 26 July 2012



186 A

% 946 %

Z T A AT T 380 728 BCE AT 1) 2 50 1L 11 5
P S EUR R i R K R 5 T Br(19—22
) e KRB K & 78, 8 mm, ) BLAE AR B B4
PR DX St 2 — B B 0Bk 59 149 X 3 AR 4 I T PR 3
m N X R G IR RT3 2L

3.3 0802 iTiRIREE K

TrrE B A I R WYL 1230 | J5 7R b4 s B
EEW A RREEN. 2GR LR 15:46 Fi G
] - 3 A R s [ s A S N N A B R
([l 5a), 15:46, 3 [a] 3% 75w M0 F 46 o B0 9 o 4
(F Sa B AEXT I 1D 2 MR Z )5 (15:58) X #
55 2 X AR (B S B A XTI 2) 5 16:04 H BT
it 3CE 5¢),16:15 HFXF 3 4 FIXTIE 5B 5d) B
AL R AR U 1) PG R 5 T AL G o R T O IO 3 R R X
PR R IR B ARZE SRR RN B
fiE fH FY-2E fil FY-2G 0] WLy = B b A7 16 1 Wi 19
o AEX R E A S kT (KR,
16:33, 0] LAE i B 5 1 2 B0 1] A5 243 AR 0 i

LA Se, JEEEHAEX T . B AEX W AL 10
shid v Se e 5 BRI A IR R 17 B 225 %
T8 8 BUAR PG ) 43 A1 Y 6 At (8] i, 17243 (I 5D )
EEE R N TN DG < 7, 2 s e 1 N Pl <
Uk Lk 5 R R A I FRk e A R R R R K, 17—
18 B Tokf B B X i 7K 3K 76. 2 mm, 18 B
22 JE IR (8 G e 0 8 AR T 1 A I e R XU
il %2 VEE M B 38 7 17230 22 S A bR 81 38 RV I i
HE I P DR CIET ) o I DRt P R ) B8 2y, 5 1 i
A S R KA T B B A E 19234 W 3
T T 174 1 XU (J&1 Sh) o IR IRUABE B8 1940 %0 Y 2 A AL
A% 30 I & i 5 3 A 5 0 5 803 R TRl i 4k 2
T JE PG 1 (J&] 5g.5h R 1D FF4k 2 7= A s ok L 18—
19 B s KR 7K B 2R 734 mm, HBLAE W (L HE B X
B 19—20 B e KK 52 102, 5 mm, 1 BLAE 2
RE RS A 35 MM 3, 20— 21 W e K K B H
e R E R A Xl (104, 1 mm) , 21—22 I B
R K i HE B AR T B RS DX 0 (82. 6 mm), 22
I 22 J5 T BA W55 5 23 : 30 22 J HEAS T .

i 4, 5 R e

5 [FIE 3.{HK 20154 8 A 2 H(a)15:46,(b)15:58,(c)16:04,(d)16:15,(e)16:33,()17:43,(g)18:36,(h)19:34
Fig.5 Same as Fig. 3, but for (a) 15:46 BT, (b) 15.:58 BT, (¢) 16:04 BT, (d) 16:15 BT, (e) 16.:33 BT,
() 17:43 BT, (g) 18:36 BT, (h) 19:34 BT on 2 August 2015



el

AFETA AR 3 YR BT I 72 2 1 76 3 [ R Ak B A T 20 # 187

PRI K G B L R Il A B 152 50 i
JED AR S » 2 5 i ) AE A R A L AR i e L G
MO X . 5 ) B R A S A A A B
PO I . 15:50 Z 5 = 1 filk & 8 JCH B A R 2
3 A 1) 1) DY R 7 16 % B O ) %488 » 28 D K T 1)
Mozl A So )R 5 2 Il I TS AR P IR [l
B FEFEAK R GV R 518 I Z 5 » = B R AR TH
2K o B XA 5 0 )2 94 i W U P S R i e ke
T 2% K R Gt — 2 PR [ (B 1D IR 7= A 1
AL Y SN

1 g e

LA UL LN A B DL 4S8

(D 3RKBWIHKELEAFYAELFZMNT,
CAPE Al K 45 ¥ #f H A % K . CAPE 7£ 2400 ~
5400 J « kg ' K IRETE 31 ~42°C JZ IR B K,
B2 8, 925 hPa Wi 7F 16 ~20 g » kg ', 0~
6 km & BE A B YIS AR /N # /DT 10 moe s AR
25 AETE VY M 2

(2) TERAWIMRZ R R E T Lo RI A
VTP PAT I 22 4525 4 T L O 1) S5 IR 7 3 K37 4R
AR —Z L KSR 6 ~7 h, 5k B I ATE 5~20 dBz,
VWP 5= 5 FARJZE (0. 6~1.5 km) 75 % K 74 5§ R 5§
VOrE SR ETE. TET WA BB L a RN — 5%
HEOI RS 2 Rl i ) A K FRA TS o HAE
e 18] 1 4 S [

(3) 3 WKk B 7K 3 B vy 2 8 % v RUBE X I &
B A 5 R R TR i R I R A 7 AR R B T A
Mo =858 52— il & BLE 2= 8 il & T2 B B
A N B AR YR ) P4 e 7 AR 4 AR AR T ) 5 R AR
BARFS 7 1) AH B H A B S G RR RRAE S 2O
T FR GV RS 7 1) Kk R S A K DX VS i R O 1 RS
8. FFEEAWTIY = il RO BUR T 2L 7E R AR
YERIR 1 A b 05 10 # 2l » #% gl 3o 7 vk Ji8 0T 5 [l i
FWAIE FRE A GRS LR, =R KW
S, I FRES B T R] B By 5 S5O o 2 B TR

(4) 0718 3 7 = 15 fuh & 7 T 2 19 40 1K B ik
w2 Wk RE, OC B R B ) B A 2 CIN Al
LCL, 7 & &R U 8/ F oA 2 W Be TR 5 T 7 2 11
il %%

3 YR Wi o R L 2 T A R A AR AR R T
2 5 1] [0 P4 e T[] A% 1 o 3 OB A B R 4 1 BL
MR A7 BTAES G AT IR A B E5E

2%k

AFT TR A5, 2009, P15 R 56 A R AE R L 0R KRR I ST 5
ey i FAL)]. A5 535(2) :29-33. Diao X G,Che ] H,Li J, et
al,2009. Application of boundary convergence line in nowcasting
warning of severe convective storm[]]. Meteor Mon,35(2) ; 29-
33(in Chinese).

AL A de X — B, 55, 20180 JCH I T AR 5 800 X i R (B 3R
R B AR AR IR (], K% . 44(6) :825-836. Dong G H, Li
Y H,Liu Y W,et al,2018. Numerical simulation test of Tianjin
urban heat island effect on sea breeze (front) circulation[]].
Meteor Mon,44(6) :825-836(in Chinese).

UM, 1 75 W] R 94, 55,2018, LI R A8 0 Bk — IR KA TR R 0 A 5k
Tk v DXORER T Ak & BLR 43 BT L0 ). A4, 44(1) :80-92. Hou S M,
Wang X M,Wei Y H,et al, 2018. Analysis of an extensive se-
vere convection falling area and lifting trigger mechanism in ear-
ly Autumn at Shandong Province[ J]. Meteor Mon,44(1) :80-92
(in Chinese).

A HISCH T30, 45,2007, B A4 10 X _E 48 2 B8 )8 3 F i 0 X
I 3 i P AR BCE BT . KR 5 4, 65(3) : 341-352. Huang Q.
Tian W S, Wang W, et al,2007. Idealized simulations of vertical
velocity fields and thermal convection over a complex hilly ter-
rain[J]. Acta Meteor Sin,65(3):341-352(in Chinese).

AEE R AL, £, 5, 2006, [ RUHE 7E B I R KT i
[J].%:.32(8):36-41. Li G C,Guo W H,Wang L R.et al.
2006. Application of gust front to damage wind forecasting[ J].
Meteor Mon,32(8) :36-41(in Chinese).

PO TR T AT/ 452008, T I UL I B E IV T B RUBR A R
5 Al GRS H BT . A%, 34(9) :57-64. Lu H Z, Zhao
Y J,Yu X D,et al,2008. Comparative analysis of sea-land breeze
convergence line along Bohai Gulf with radar CINRAD-SA and
automatic meteorological station data[ J]. Meteor Mon, 34(9) ;
57-64(in Chinese).

BHEL L ARG . 2012, Hb 2 BAGE A AY 8 A0 X 12 S BT R Y 5 )
(U] B2 AR5 T#,12(26):6720-6724. Luo X, Huang Q.
2012. Effects of surface heat flux on convection rolls[ J]. Sci
Technol Eng,12(26) :6720-6724(in Chinese).

WA R EETT . BB AT, 5, 2018, V195 3T 1 2 53 2% A 2% 06 R4 R AiF
e R AL A W A L] KR 2 2 41, 41.(6) £ 838-849. Miao
C S,Zhang Y T,Wang J H,et al,2018. Characteristics of two
types of sea-breeze fronts along the coastal areas of Jiangsu
Province and their triggers on strong convections[ J]. Trans At-
mos Sci,41(6):838-849(in Chinese).

TR BRI WRARLL L X 3R 75, 2006, 55 7% afF 1] 38 78 43 B R0 T4 58 6 i K<
s ], RG24 ,64(1) : 112-120. Qi L B, Chen C H, Liu
Q J,2006. Application of narrow-band echo in severe weather
prediction and analysis[ ] ]. Acta Meteor Sin,64(1);112-120(in
Chinese).

S L1997, KAWL A2 i s i LI ] A4 ¥, 55(3)
285-296. Sang J G, 1997. Vortex motions in the atmospheric
convective boundary layer[J]. Acta Meteor Sin,55(3) ;:285-296
(in Chinese).

FARE L TR B 1997, =2 ) I AN U = B R S AL R



188 A

% 5 46 45

[J]. K= R ,21(1) :10-20. Sang J G, Xie A, Zhang B Y,1997.
Three-dimensional internal gravity waves and initiation of con-
vective cloud streets[ J]. Chin J Atmos Sci,21(1):10-20(in Chi-
nese).

INELE, £ R L 4, 2018, AR L — U X 5% T 4% i K K A% 7
BLRIEZE )], K4, 44(10) :1255-1266. Sun M N, Wang X M,
Hu L, et al, 2018. Study on initiation and propagation mecha-
nism of a warm-sector torrential rain in North Chinal J]. Meteor
Mon,44(10) :1255-1266 (in Chinese).

Bl B B BT 55 2009, — YR 2 V8 UL PR AR SR K i XU 11
ML ] K%, 35(3):29-35. Tao L, Dai J] H, Chen L, et al,
2009. Case analysis of a severe pulse thunderstorm triggered in
the outflow of the previous thunderstorms[ J]. Meteor Mon, 35
(3):29-35(in Chinese).

P JR L U AR T L 55, 2016, g Hb X FS B B TR A% B R B R AE 4
ot ()], 4. 42(10):1197-1212. Tao L.Dai ] H,Li B P,
et al,2016. Characteristics’ statistical analysis of gust front ge-
nerated by moving thunderstorms in Shanghai[ ] ]. Meteor Mon,
42(10):1197-1212(in Chinese).

EE LRSS RN, 2014, 19V Y IR il A R A 1 UL N R 41 43
BrlIJ. w54, 33(3) :848-854. Wang Y.Gao S T, Liang Z M,
2014. Analysis on the observation and simulation of thunder-
storms triggered by sea breeze front in Bohai Bay[]]. Plateau
Meteor,33(3) :848-854(in Chinese).

BB B AT REDE , 45, 2019, I VY 5% A AR RN R T ) b K 2% T
MM 3 HELT]. 042, 45(1) :61-72. Wei Y H, Chen H, He Q
Y, et al,2019. Influence of easterly winds from west coast of Bo-
hai Sea on local heavy rainfall in Tianjin[ J]. Meteor Mon, 45
(1) :61-72(in Chinese).

TS R AT /N PN 58 2015, R [ XL S B 7 AR LR 43 BT R
HEMR S 7 (T A% ,41(2):133-142. Xi BZ,Yu X D, Sun
L,et al,2015. Generating mechanism and type of gust front and
its subjective identification methods[ J]. Meteor Mon, 41 (2):
133-142(in Chinese).

Syl ) — 2 INEE IR L AF L2014 1 RUR A SO0 R R SR BT
s RE[)]. K4 ,40(12):1539-1548. Yi X Y, Liu Y W,
Sun M N, et al,2014. Analysis on dynamical and thermodynamic
process of thunderstorms triggered and merged by sea-breeze
convergence lines[ J]. Meteor Mon,40(12):1539-1548 (in Chi-
nese).

AT/NAL,2012.2012 4 7 21 H AL st R B W R 48 Br[J]. A4,
38(11):1313-1329. Yu X D, 2012. Investigation of Beijing ex-
treme flooding event on 21 July 2012[ J]. Meteor Mon,38(11)
1313-1329(in Chinese).

AT /1N 2 2013, S N 358 e A I AT 9T 10 8L g 5 O R L0 ). BRI O L 32
(3):202-209. Yu X D,2013. Nowcasting thinking and method of
flash heavy rain[ J]. Torr Rain Dis,32(3) ;202-209(in Chinese).

KA 2015, I il DX i XUBE O 3l B 5 B 2R A8 IGO0 T Y 8 T ERFE 23 BT
LC// 55 32 Jai v B g 2 2 4 2x S1JCE KAWL 43 #r 5 931
e KH: o E S 4% 42 2208-2225. Zhang J. 2015, Statistical
analysis of sea breeze and convection the in summer afternoon in

Shanghai area[ C] // Proceedings of the 32nd Annual Meeting of

the Chinese Meteorological Society. Tianjin: Chinese Meteoro-
logical Society:2208-2225(in Chinese).

AR RRE A, 52012, B8 BT R AU BZ R A L ik
S 3o RN A3 (], A% . 38(3) £ 336-343. Zhao | X, Xu L
Z,Lu H Z, et al,2012. Comparative analysis of boundary layer
convergence lines triggering convective storm in Bohai Bay[ ] ].
Meteor Mon,38(3) :336-343(in Chinese).

Asai T,1970. Stability of a plane parallel flow with variable vertical
shear and unstable stratification[J]. ] Meteor Soc Jpn,48(2):
129-139.

Asai T,1972. Thermal instability of a shear flow turning the direc-
tion with height[J]. ] Meteor Soc Jpn,50(6):525-532.

Brown R A, 1980. Longitudinal instabilities and secondary flows in
the planetary boundary layer:a review[ ] ]. Rev Geophys,18(3):
683-697.

Christian T W, Wakimoto R M,1989. The relationship between radar
reflectivities and clouds associated with horizontal roll convec-
tion on 8 August 1982[J7]. Mon Wea Rev,117(7) ;1530-1544.

Etling D,Brown B A,1993. Roll vortices in the planetary boundary
layer:a review[ ] ]. Bound-Layer Meteor,65(3) ;215-248.

Eymard L, Weill A, 1988. Dual Doppler radar investigation of the
tropical convective boundary layer[J]. ] Atmos Sci,45(5);853-
864.

Hauf T,Clark T 1, 1989. Three-dimensional numerical experiments
on convectively forced internal gravity waves[]]. Quart J Roy
Meteor Soc,115(486):309-333.

Kelly R D,1982. A single Doppler radar study of horizontal-roll con-
vection in a lake-effect snow storm[J]. J Atmos Sci, 39 (7).
1521-1531.

Kristovich D A R,1993. Mean circulations of boundary-layer rolls in
lake-effect snow storms[ ] ]. Bound-Layer Meteor, 63 (3);293-
315.

LeMone M A, 1973. The structure and dynamics of horizontal roll
vortices in the planetary boundary layer[ J]. ] Atmos Sci,30(6) :
1077-1091.

Lilly D K,1966. On the instability of Ekman boundary flow[J]. ] At-
mos Sci,23(5) :481-494.

Puhakka T, Saarikivi P,1986. Doppler radar observations on horizon-
tal roll vortices in Finnland[J]. Geophysica.22:101-118.

Sommeria G, LeMone M A, 1978. Direct testing of a three-dimen-
sional model of the planetary boundary layer against experimen-
tal data[ J]. ] Atmos Sci,35(1):25-39.

Sykes R I, Henn D S, 1989. Large-eddy simulation of turbulent
sheared convection[ J]. ] Atmos Sci,46(8):1106-1118.

Weckwerth T M, Wilson ] W, Wakimoto R M, et al.1997. Horizontal
convective rolls: determining the environmental conditions sup-
porting their existence and characteristics[ J]. Mon Wea Rev,
125(4) :505-526.

Wilson J] W, Schreiber W E, 1986. Initiation of convective storms at
radar-observed boundary-layer convergence lines[ J]. Mon Wea

Rev,114(12):2516-2536.



