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Abstract Mesoscale convective system (MCS) is the main cause of lots of convective weather, which can lead to severe
meteorological and hydrological disasters such as thunderstorms, tornadoes and flash floods. Accurate identification and tracking of
MCS and the realization of MCS classification based on the tracking trajectory as well as understanding the MCS features are of great
importance for the analysis and forecast of catastrophic weather. Based on the radar composite reflectivity mosaic data in the Beijing-
Tianjin-Hebei region from 2010 to 2019, the support vector machines (SVM), the random forest (RF), the Extreme Gradient Boosting
(XGBoost) and the deep neural network (DNN) are used to develop an automatic recognition algorithm for MCSs in Beijing-Tianjin-
Hebei region. Secondly, the tracking and matching of identified MCS slices are completed according to spatiotemporal overlap
tracking, and a tracking database of MCS is established, which includes MCS intensity and spatial and temporal information. Finally,
on the basis of distinction between linear convection and non-linear convection and starting from three conceptual models and
structural characteristics of thee classical quasi-linear MCSs, i.e., the trailing, leading, and parallel stratiform precipition, an
algorithm for quasi-linear MCS classification is established based on the area ratios of stratiform and intense convection on both sides
of the approximate major axis of MCS and its movement direction, which is calculated according to tracking trajectory. The
recognition of MCS is subsumed under binary classification. Taking POD, FAR, CSI and ACC as evaluation indexes, the DNN model
is better than the SVM, RF and XGBoost models in MCS recognition after comprehensive comparison. Spatiotemporal overlap
tracking is used to track MCS slices identified by the DNN model. The analyses of two tracking examples suggest that the algorithm
used in this research has achieved good tracking results, which further demonstates the accuracy and advantage of deep learning in
identifying MCS. The accurate realization of MCS classification including TS, LS and PS provides a technical idea for the life cycle
prediction of quasi-linear MCS and objective prediction of disasterous weather, especially the intensity, location and duration of
short-term heavy precipitation by combining the movement direction of MCS at a single radar snashot with the distributions of
stratiform and intense convection in MCS slices.
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Table 2 Various thresholds used to segment MCS in
radar mosaic data
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Fig. 1 Original radar mosaic data
(11:59:36 UTC 17 June 2014)
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Fig. 2 Demonstration of segmentation steps for candidate MCS slices using radar mosaic data (11: 59: 36 UTC 17 June 2014)

(a. convection areas greater than 40 km? with intense convection; b. connected convection area within a specified radius (24 km), and the

connected area is considered to be the MCS core if its major axis length is at least 100 km; c. candidate MCS slice is identified

by connecting the strtatiform pixels that are within the specified radius (96 km) of MCS core)
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Table 3 Sample features of MCS
FHIE E SL
[l IR SR (km?)
T BURHE SR TR R R (L1 5 3% 9 7 2 T AR (k)
ot I AR R X VA B 1R 2R I 5 T AR (k)
T AR A T AR LA SER SRR L
» SR 2 LR SERXT AR SR Z L
ML AR AL SRR S AU I
X-ER = L AE XA S SR L
Wl i Yl e A A IR B4l B (km)
. A IR S Al < PR B AU A AR I A S B B (k)
JLTHS WLk Y1 AR B .05
YN Yl (AME 2300 178 5 1 T A (km?)
E YIRS R e 2
GETHRHE T Yl XIS R (A9 {E (dBz2)
KA Y KIS R B i KA (dBz)
42°N 42°N
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B3 MCS PR (a) AEIGHER (b) R
Fig. 3 Convex hull (a) and fitting ellipse (b) of MCS slice

SHY MCS 545 Bt 5, I AR 48 38 I Bl 5¢ I 2k
P4 MCS H1 TS, LS Fl PS = F 5 8 (R R 1F 2025
AR 5 i FH B 25 35 & B B 7% (Lakshmanan, et
al, 2009) #E4T MCS 38 ¥5, 1% 77 1 X P A~ A6 25 B 1
FIAPFE S ] LA E S KR EATICEL . X F
2018 F12019 4 5—9 H 0 Fr A B [ [A] B 4 6 min /Y
R A 5 A%, AR 3 DNN A LH 51 MCS f93FAib
25 B0 2 4 25 BIE A 0.5, MK I 3 R 328 % 24 iy i)
ZIFE —HBE 200 MCS Y1l o VG RC 3 7 rpels el v —
AR, R T RN 7R B I8 BEE0E —

A HT 2 MCS U1, “HE 8" R R T — i %) R
Z2ICTCHY MCS Y R o 20 BRI L J5 2 S %) 5
B[ MCS U F 1 AR BLEE , AR 5 /N AH AL JEE 2 A7 DT
e I 7 GE B B9 MCSS [T 5 38 o 1o A g 4 DR
5 28 id e RAE A — )5 BN BE O 14 B REA SF
ik 2Z (6] R L B AERE B o X T — 4> i 2 R DT ]
9 MCS YIA, TR AL 3738 B I8 B2 iR, I8
HOrBEHT B MCS 75 TR 2B BR PR T

wniE 4 Fis, 2 ulitE MCS YT NS S, S, 1Y
BRJL PR EE S, AT 2 U1 N5 — k9] A
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Table 4 Training and testing counts by classification

and year
Ay MCSHEAEL non-MCSHFEAZEL
2010 741 635
2011 1606 903
2012 1367 1018
2013 2278 1070
VEZ 2014 965 1042
2015 516 323
2016 2145 1848
2017 1445 1644
At 11063 8483
2018 967 1737
iR 2019 1765 1211
Bt 2732 2948
S
N
S

4 GBEIRERE (N YRR %I MCS VTR, S FLS, A
T—AFZIfg 2 4~ MCS VI F)

Fig. 4 Tracking process (N is a MCS slice at the current

moment, S and S, are the two MCS slices at the next moment)

Sy SEARARL, BT LA 3B R B0 48 S, (IRl o 2 17 Sk
orm) . YIRS, W ARic A i) MCS It F s
T AR B, AR S . AR, X T RS 2 Atz ]
H—AEEWY R, MZE LR BT RN EE
VERL; AR AFAE A YA, )k 8 55 ALY
YR 5 BUA 038 B B0 AR DG
3.5 LM MCS o

FRAJE 2 Mk MCS 1958 3L, 1 5 FH 32 00540 7 72
A MCS Y #0551 [ 967 P v 3o 3 5 2 S S o
2R PE MCS; FAR 5 38 B2 15 21 () MCS Bl & =, i1

B MCS IE 77 1] 5 #0300 % a5 14 9 £y DL K2 AR 2 F
XL 2 A A0 5 A0 TR 0 000 1 o5 L, DT 2 ST R
PEMCS 4028k

(1)MCS 1EJ7 Il 5E L

FE SCHT x Bl 1E Oy ) S R, AR 4E MCS U1 i
F14) 5 A A0 5 0 Rty %) A1 38 e R A A (B0 6t 2 ) 1
J5 e A5 k=0, W LLAT R 4 oy 1 5 w5 #F £<<0,
WU AA ) e Bl A 2 7 1), AL S BT .

(@) (b)

El'5 MCS IEF M ME X
(a. k=0, b. k<<0; ZLEAHF kK BBl i 1E T 1))
Fig. 5 Definition of the positive direction of MCS
(a. k=0, b. k<<0; red arrow is the positive direction

of the minor axis)

(2)MCS 43 B HFEITE

RYEHTIAR TS, LS Fl PS =Fh2E I MCS (954
SEHRAE, TR E X3 AN FRIE K SEEE 3 28 MCS 1943
25, 43 3R Sl E O 1) S R R I A () | KA
PR J200R 2= DX 3 T A L A (R ) AR a9 A0 i XoF 91X
B A AR (Ry) o R AR, 2 IE 7 1] — ] i) 1 R =
B 77 1) — 0 4 TR AR 2 L o A % R 2 i MCS &
T8 2 MCSHYiz 8 J5 1), fE0: b, Je i i B
JLHL0, 180°], IbAL A T X431 6 7 [ B F 1, 24 6>
90°H, ¥ H A 4k 6-180°, I, Je £f (0) (9 BUE
4 Bl [-90°, 90°1, Hirf1[0, 90°] F /R MCS ¥ 4 %l IE
J5 1132 3l , [-90°, 0] & 78 MCS ¥ & il 7 J5 ) iz
. MY E A IR FRAEXT TS, LS A1 PS %Y MCS
PEAT 4025, an e 5 BT on (R i thre J2& 20 25 BIH,
G R, 1T 545 5 Kooy FEIE 3, AL thre (19 HX
B} 10).

%5 TS.LSHIPSE MCS (432550 |

Table 5 MCS classification rules for TS, LS and PS
Rg~1H.
Ri=th Ri<1/th
i=—tre ! e 1/thre<<R;<thre
0(0,90°) TS LS
PS
6(=90°,0) LS TS




1010

4 PRI R

4.1 WA

SCHIR G TR T W LA 2 S R 4 28 )
JIT LA 3T W00 5 S0 7 e S0 43 28 5 B s AR
RFMATGA, 5 Z RN IR VE H B (Zheng,
2015), W3R 6 iR o R TP R IR 5L bR A Ay
MCS., A& &I i il 2 o5 MCS; FP /R 52 b e A
non-MCS ., {H 5 ALK 15 1 % MCS; FN %R SEBR
FEAS iy MCS . (H AL L HUM - non-MCS; TN
/N 3£ bR A non-MCS., # AU 71 il 2 5 non-MCS.
gt S Ui, TP A TN #5240 25 1E i 19 B o {8, i
FP Fl FN #5243 S5 1R 1 B .

6 TN AT BRARSE (14 1R 15 I

Table 6 Confusion matrix for predictions and actual
labels
bR
MCS non-MCS
N MCS TP FP
gl
non-MCS FN N

AR REEEN SR, it e bR
( probability of detection, POD) . K % % ( false
alarm ratio, FAR) . Ilfi & 1% 2l #8 %4 ( critical success
index, CSI) FIE#fi % (accutacy, ACC) ¥ &% J b 17
N A < A g A e T R/
TP

CcSl= ——— (8)
TP +FP + FN
FP
FAR= — (9)
TP + FP
TP
POD= — (10)
TP + FN
TP+ TN
ACC = (11)
TP + FP+FN + TN

4.2 MCSIRANER D

i FHIN 254519 SVM. RF . XGBoost Fl DNN 4
AR 53 ) e I 4 AR AR R AT MCS LU, 45 B 45
AR R E L, I3 7 FToR o AT LA & BEAE I
4E I, XGBoost B B Xf [ (9 TP {H iz K, SVM #5 #l
XTIV TP A f /)y, H =M 228K, 1] XGBoost
B MCS 28 14 1R 501 R0 B 4, 3k 31 91.22%, i
SVM HEAIN; MCS 2R RIRCR e 2%, {Uh 88.10%
XFFIX— 8, 7E FN A5 IR G i iR B, 76 it 42
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[ 2732 4> MCS ZeFEA Hr, SVM ALK Ho b 325 4
BEA I A non-MCS, 1Mii XGBoost 5 % % 17 (1) %
{5 4 240, XF T non-MCS ZEEEA il 5 ], DNN 4%
RIUBCAS T 5 v A9 E AR 2, 38 46 non-MCS &
B E R FRIEE] T 90.16%, SVM BRIV IR Z .

%7 SVM, RF, XGBoost Fll DNN B 7E 8 4 L1
TG

Table 7 Confusion matrix of the SVM, RF, XGBoost
and DNN models on testing set
TP FN FP ™
SVM 2407 325 303 2645
RF 2470 262 408 2540
XGBoost 2492 240 409 2539
DNN 2428 304 290 2658

TR VA B AR 7R 1 A5S80S A58 S (0 A R, Ay
TR A LT L X 4 N BERAY S SE v R TRVA
FEFEIHE 14 A B CSIL POD. FAR Hl ACC, 40
8 Ir/n . DNN B ) CSIE 5 5, 15 %] 0.8034,
XA T DNN AR R b X MCSZEH 51l ) P
AEDL T HABBE R, FL454 ACC, BRI 1 DNN 45
ML R PEBE. POD fH K B T BRI IEFEAS MCS 26
A9 5 R, XGBoost # #Y ) POD 18 #x & , ik 2
0.9112, 5 i 171X TH V8 6 B 04 0 BT AR JE W) A o T
FAR {H B K /NS e 7 B R 671 BE AR non-MCSS 2851
P MCS 2807 5 A9 L 5, DNN #5275 1Y) FAR {H 0
/N, BEBH X non-MC'S £ 1R &5 iR 1 2%

#£ 8 SVM. RF. XGBoost #l DNN ##I 75 it 4 [ 1)
4

Table 8 Scores of the SVM, RF, XGBoost and DNN
models on testing set
CSI POD FAR ACC
SVM 0.7931 0.8810 0.1118 0.8894
RF 0.7866 0.9041 0.1418 0.8820
XGBoost 0.7934 0.9122 0.1410 0.8857
DNN 0.8034 0.8887 0.1067 0.8953

Zi4 ok F , DNN AT MCS B8 51 M gE 1 T
HoAhy 3 AL &5 2 ) B, (H % RS R A A — i
A XF MCS Z& 51 IE 5 R K T XGBoost Al
RFE #8028 3] J5 1 A MCS BB &, 258 AR
non-MCS ZE Tl & MCS Kk i &, W2 T3
U B B B — S8 TR MCS 364y, I8 B 4G
T TE AV 0 52 e 23 AR 8 B AL AN ) B 221 7 3k
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4.3 MCSEBERERSH

A BB 2 AN HAR A MCS ANk 43 B B
BEAE R 9 AR 2019 4E 5 A 17 H 09 B 24 43
— 15} F1 20194F 7 A 13 H 13 B 42 53 — 22 i
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A A VG T (14 38 7 45 SR A 4 252, W) 07, 43 A T A Ak 1
TIBPFENE T MCS; (2) 25 AR VT B )38 B 25 3 2
LY, 0 EE 0 B A A 4 Ak Y B A P R A
S MCS. #EIt, XF MCS A= iy 8 9 (1438 B2 25 R ik 47
FMAHT -
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6 8 T 20194E 5 A 17 H Y MCS & & i
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DNN BRI, IF B o R B 0.5, 4
X FE A B UM AE AS /N T 0.5, 3% B A< % 1 1Y)
foe ik MCS YJ i #4738 55 Jf . 1% MCS 45 T 09 B
24 4y, SO XS 2 P 6 AR b F b 5t A6, I — B 1)
M3, 2 13 0F 06 73253, Rp4lif 4 h, FZ5 ML
a R AR S

Z B MCS Bl & AN i 22 1 (I T 1 A P
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13 B 06— 56 43 1Y H7 3k Bf & £ 4l Bk 2%, (2 13 B
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Fig. 6 Tracking path of MCS during 09: 18—15: 00 UTC
17 May 2019

56 7r — 14 I 30 43 19 B 3k B8 1E R, T ih B n
K7 fT 7w, 43 B )5 MCS B n 18 8 i, 3 H.
DNN #5055 H AR 51 g MCS, A= il Y 38 B 50 o
B MCS $EAT T B

IR 25 R R WY, W SRR B 2 o A5 RN TN ik
MCS B A (1 1 A 35 5 0.5, W] 23 3% 5% MCS 19 A 3%
gL, [ B, BT BB Ik DF B8RS i Bk 2 2 8
MCS BT I8 B T, 76 3 PRI 50 B L 28 DG e
I R JCEE B E SR Y MCS 4571 . RV i
HE B E (9 B A9 8 2> non-MCS 38 (1) 4l 15 1
), AESE B 0 26 B, 1 vk L RT R s A 85 R
A HL MCS K3, VG e 3 R SR 25 Y iy s )
AR —A4~ 6 min BF ZI A9 MCS Y] /- DEEC, K ik, 4nsf
HEL AL X S — A~ s PR R g MCS 1 R B T A A
T 32 A, W) 3E R A

iff TR 32 [ T 1) — o 3% S BT 40 BT 38 I AR 0
VK % 4 DA ORI 42 I B0GE, a2 2 i s &
2 YIRSl R i (RFZEA [R] O 12 min) 3% 4%
FNEA 2D 2N B 5 iR . SR BNGE 1Y
DE BCI0, RH A2 A0 LR A5 (1) DT B G i 1k
MCS 55 B9 G R — > MC'S Z5447 B9 25 it
[ A B 1t 60 min; (2) VE L 9 i % MCS 2571 155 —
ANV R 5T — A5 B B E — A V) i a0 40 & 6l
HHIE 100 km Z N . & 9 J&—A~Zad DT I Y 38 B2
B, UE BT MCS 19 & 1k B [8] 23531 Ok 09 B 24 43 Al
14 1F 30 43, 1R B S3% MCS 4545 358 K DT e Jiy 76 45
b A HE A (E] 9 2T 0 jig e b v IX k), A0 2
(5B 6 X)) .

(2)2019 47 A 13 H MCS 4~

10 S8 17 201947 H 13 HAY—> MCS i
2, FIE I Z MCS K28R T 13 i 42 45, JF— %
IR 8, At st . REEITILAR TS, I 4
WS HE LR BRI, B 22 B 54 433 W5 T
iR, FrL M 9 he

X DNN A& LR 5] () MCS U1 | #E 47 558 20 #r
PEEC, B BB AN 11 fis o 4R, 1% MCS %1
6 558 K DT HE i AT BT SiE K (40 40 g R v IX 0, ZE K
PN SR T SR | o O o 1% i 9 e 98
X J& i T DNN A AL B i5F %) MCS 43 28 4 non-
MCS S o W7, DT Je o HL i Sy T .

X iR MCS AN 1] B3 38 B 18 1 42 43—



1012 Acta Meteorologica Sinica K54  2021,79(6)

40°N

39

38

116 117 118 119°E 116 117 118 119°E

40°N

39
38
116 117 118 119°E 116 117 118 119°E
0 10 20 30 40 50 60 70 dBz

K7 20194F5 A 17 H 13 B 56 43—14 B} 30 43R UG E S PRE S
(a—f, B8] (] F%: 6 min)
Fig. 7 Original radar mosaic data at 13: 56—14:30 UTC 17 May 2019

(a—f, interval: 6 min)
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Fig. 8 Display of MCS slices during 13: 56—14: 30 UTC 17 May 2019

(a—f, interval: 6 min)
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Fig. 9 Tracking path of MCS during 09: 18—15: 00 UTC
17 May 2019 (rematched)
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Fig. 10 Tracking path of MCS during 13: 42—22: 54 UTC
13 July 2019
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Fig. 11  Tracking path of MCS during 13: 42—22: 54 UTC
13 July 2019 (rematched)
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Fig. 12 Original radar mosaic data during 18: 41—19: 11 UTC 13 July 2019 (a—f, interval: 6 min)
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Fig. 13  Display of MCS slices during 18: 41—19: 11 UTC 13 July 2019 (a—f, interval: 6 min)

(there are two MCS slices in the b—e panels)
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9 2018 120194 MCS Y " TS, LS 1 PS # g
gt
Table 9 Numbers of TS, LS and PS in MCS slices in
2018 and 2019

0y 2018 2019 St
PS 41 57 98
LS 26 63 89
TS 112 356 468

(3)PSAY. 20194 7 H 25 H 051} 47 4y —
07 Bf 05 43 MCS Y i J& T PS B . AR #lE % 5 4
HRE, LS R A1 R HEE o 2 10 H1ix MCS A~

%10

1017

B Ry fH Y 8T 1, H R fHAE0.1, 10]; 454 MCS
PIH (& 16, 2019 4E 7 H 25 H 05 i 47 4% . 06 i
11, 4143107 B 05 43 4 A ZI 0 MCS YT R ), &
PR 55 X6 9 2k AR G 1 K 43 2 R = B OK XSO AT T
BT, FF G PS BURRME .

ZEA UL BT &I, S TS, LS A1 PS
Y RFEBUR T AP R IEMZ R A 2
M5 R AT, R LR MCS B H 3h % W43 2 i 3t
T —FOEr 0 7 vk, T 7 S X K SRR ) R 5 R UK
B | 28 R fIE 00 SR H A5 30 0 o

S BY LS, TS Fl PS BIAELk ¥ MCS B % B9 R R, FI1 6 BYHE{H

CLEARL B4 23182 O I 1 -9999.000 K7 T+ 3 {H; teab Rk #5717 3 A mffa] Be)
Table 10 Calculated values of Rg, R; and 6, which correspond to the classified LS, TS and PS of Quasi-linear MCSs

(—9999.000 is used to represent their values when the denominator of Rg and Ry is 0, only three time periods are selected here)

A A B (UTC) Rg Ry I MCSZER || A A B (UTC) Rg Ry 0 MCSZE7Y
20190517 12: 41 1.161 0.002 66.626 LS 20190713 15:23  0.711 880.000 32.700 TS
20190517 12:47  1.217 0.016 18.913 LS 20190713 15: 47 0.661 53.773 3.644 TS
20190517 12: 53 1.223 0.002 13.530 LS 20190713 15:59  0.703  —9999.000 7.494 TS
20190517 12:59  1.195 0.017 27.797 LS 20190725 05:47 0979 1.614 64.397 PS
20190517 13: 05 1.195 0.023 52.510 LS 20190725 05:59  0.963 1.749 —73.618 PS
20190713 14: 17 0.669 81.250 84.425 TS 20190725 06: 11 0.853 2.461 39.279 PS
20190713 14:29  0.625 322.500 50.068 TS 20190725 06:29  0.860 5.632 33.337 PS
20190713 14: 47 0.659 344.500 15.620 TS 20190725 06: 41 0.834 3.686 12.589 PS
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Fig. 14 Classified LS MCS radar reflectivity on 17 May 2019
(a. 12: 41 UTC, b. 12: 47 UTC, c. 12: 53 UTC, d. 13: 05 UTC)
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Fig. 15 Classified TS MCS radar reflectivity on 13 July 2019 (a. 14: 17 UTC, b. 14: 47 UTC, c. 15: 17 UTC, d. 15: 47 UTC)
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Fig. 16 Classified PS MCS radar reflectivity on 25 July 2019 (a. 05: 47 UTC, b. 06: 11 UTC, c. 06: 41 UTC, d. 07: 05 UTC)
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