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Abstract

Abstract

Tibetan plateau vortices (TPV for short) is a type of mesoscale vortex unique to
the Qinghai-Tibet Plateau. They occur frequently during the warm season (May-
September) and have a significant impact on the precipitation in the plateau and its
surrounding areas. In addition, catastrophic weather in the downstream areas of the
plateau is also closely related to the activity of the TPV. The diversity and complexity
of the TPV make the current modes have many deficiencies in its precipitation forecast,
which needs to be improved urgently. The systematic study of the TPV is a key tool to
improve the related forecast. At present, the statistical research on the TPV is generally
based on the reanalysis data with low resolution and short study peorid; the evolution
mechanism of the TPV is mostly a case study, and it is difficult to reveal the key factors
that dominate the evolution of these vortices from a common perspective; The research
work on the TPV and plateau mesoscale convective system (MCS for short) is isolated
from each other and fails to establish a clear connection. To this disadvatanges, this
paper established a TPV activity dataset in the warm season from 1979 to 2020 based
on the reanalysis data with the highest temporal and spatial resolution by designing a
high-precision three-dimensional objective identification algorithm for the TPV; based
on this data set, the main activity characteristics and long-term variation trends of the
TPV were studied by means of statistics, synthesis and dynamic diagnosis.The main
similarities and differences of background circulation field, precipitation distribution,
three-dimensional structure and other characteristics of various types of TPV are
compared; the generation mechanism of various TPV from the commonality was
revealed; the relationship and interaction between the TPV and the plateau MCS was
clarified. Finally, based on the statistical results, a synthetic semi-ideal numerical
experiment was carried out using Weather Research and Forecasting (WRF for short)
model, and the evolution mechanism of a class of long-lived eastward-moving TPV

was deeply studied. The main conclusions are as follows.
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The 3D objective identification algorithm of TPV developed in this paper has a hit
rate of 95.3%, which is applied to the identification both TPV and other types of
mesoscale vortices. The dataset of TPV in the last 42 warm seasons was objectively
identified by this algorithm and revised with artificial assistance, contains a total of
15,644 cases of vortices, with an average number of 372 vortices generated in each
warm season, among which 118 vortices with lifespan greater or equal to 6 h, which is
a very active mesoscale system. In general, TPV are mostly short-lived, quasi-stationary,
and vertically extending shallow mesoscale systems. The TPV with lifespan greater or
equal to 6 h accounted for 34.47% of the total, of which 38.3% were mobile, and only
24% of the TPV could extend to 400 hPa and above. From the long-term trend, the
annual generation number of the TPV with lifespan greater or equal to 6 h shows a
significant increasing trend, and the climatic trend rate is 10/10a. The interannual trend
of the number of the TPV shows an "altitude-dependent™ phenomenon, i.e., the
warming rate is faster at higher altitudes, and the interannual increasing trend of the
TPV number is also faster. The diurnal variation of the the moving and quasi-stationary
TPV is "single peak”, but their peaks appear at 19:00 and 22:00 (local time),
respectively. The quasi-stationary TPV is more dependent on the ground thermal
conditions, while the moving TPV can be generated earlier due to better dynamic and
thermal conditions in the environment. More TPV are generated in the western of the
plateau than in the eastern, and the TPV mainly follows the east and northeast paths,
and its moving path is related to the category of weather systems and the guiding airflow
at 500 hPa.

There are significant differences in the background circulation field, structure,
evolution mechanism and precipitation distribution of various TPV. The moving TPV
has better upper-layers divergence conditions with strong upper-level jet (wind speed
greater or equal to 32 m/s), and better mid-layers dynamics conditions with stronger
short-wave troughs accompanying them. Most of the vortex moving out of the plateau
(MV-outs) are generated on the east side of the plateau, with a deep vertical extension.
The wind speed near the center is higher, the humidity layer is deeper, and the vorticity

column is inclined to the cold air side. The vorticity budget synthesis diagnosis shows
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Abstract

that the divergence term (convergence) is the most dominant factor in the generation of
the three types of TPV, followed by the vertical transport term, while the horizontal
advection and tilt terms mainly delay the generation of TPV. In contrast, the MV-outs
TPV showed the fastest cyclonic vorticity growth process, indicating that this type of
vortex developed most rapidly. In addition, this type of vortex is accompanied by the
eastward movement of the upper-level low pressure system, which also makes its
vertical extension the deepest and can resist its decay process during the process of
moving out of the plateau. Quantitative calculation of the contribution of the TPV to
local precipitation shows that the contribution of the TPV to the total precipitation in
the warm season is more than 20% in 21.75% of the plateau area, and can reach 40%
locally. The contribution of TPV to light rain is relatively small, and the contribution to
light rain and moderate rain is relatively large. Since the sources of the moving TPV is
easter than the quasi-stationary TPV, the influence range of the moving TPV
precipitation is larger and more eastward than the quasi-stationary TPV. After moving
out of the TP, the precipitation of the TPV tends to be stronger with more abundant
water vapor conditions.

Based on the synthetic semi-ideal numerical experiments of 17 cases of long-
lifespan, heavy precipitation, eastward-moving from moving but not out of the Tibetan
Plateau (MV-noouts) TPV, it is found that the divergence term and vertical transport
term are the main sources of positive vorticity for this type of TPV, while the horizontal
transport term and the tilting term mainly has the opposite effect. Due to the low-level
convergence in the vortex generation stage is weak, its vorticity grows slowly, and the
vortex develops slowly. During the eastward movement of the TPV, the low-level
convergence and high-level divergence, rising motion, and latent heat of convection
condensation forming a positive feedback, the low-level convergence continuously
creates cyclonic vorticity through the stretching term, and the vertical transport term
transports the low-level cyclonic vorticity to the higher level of the vortex, both of
which make the TPV continue to develop and the intensity of the TPV increased rapidly
and then remained stable, and the precipitation caused by it also maintained strong after

the rapid increase. During the extinction stage, the lower-level convergence and

Vil
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ascending motion of the TPV were weakened significantly. Under the action of the
strong inclination term and horizontal transport, the TPV quickly disappeared, and its
precipitation also decreased rapidly. In general, this type of TPV is not accompanied by
a deep low-pressure system in the middle and upper layers of the troposphere, and its
vertical extension is relatively shallow, so it eventually fails to move out of the plateau.

There is a close connection between the TPV and the plateau MCS. The diurnal
variation of their interaction is mainly affected by the diurnal variation of the plateau
MCS. In most cases, the plateau MCS occurs before the TPV and triggers the TPV
generation. This is mainly because the diurnal variation of the plateau temperature first
drives the plateau MCS to form in the afternoon, and the release of latent heat of
precipitation condensation affects the thermal and dynamic fields of the plateau
atmosphere, making the TPV subsequently generate at night. Due to the action of the
plateau MCS, the vertical motion and convergence of the TPV are stronger, the low-
level convergence rapidly creates positive vorticity, and the vertical motion transports
the low-level cyclonic vorticity upward, which together lead to the generation of the
TPV. The TPV provides more favorable dynamic field conditions for the generation of
the plateau MCS. Due to the effect of the TPV, the plateau MCS in the generation stage
develops vigorously, with a larger range of positive vorticity, stronger vertical velocity,
lower minimum black body temperature (TBB for short), cloud area and maximum

TBB gradient is also larger.

Key Words: Tibetan Plateau vortex, Plateau precipitation, Plateau mesoscale

convective system, Evolution mechanism, Objective identification
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4%, 2012; Li 4%., 2020a, 2021a). W] Uy s ] e Jl K L FA A 4 X F R ARG R
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RK (Yao 5., 2019; Lin %§., 2021a), Pt 5wt A TAEZ 2 E WA S
(10 1 A

BT B A 5, RGOk s H A s AR, 3459 IR
JE 20 - DX [ 00 B ARk BT 23 43 B A, 3 B ) 240 v SR T T R R I R BRI 3R 2
—o AR, RETFE T — R E IR (Zhao %., 2018), IR T —
R SRR IMEAE . FR, BE DR, FHIAESMRINE AR, LA
HRUER A S IOHET RN, WA — e FERE Lok T SR ST BORMAF X B = 1
AR, A B TR R N m R AR (Lin £%., 2020; Curio 4., 2019;
Feng %%., 2014).

Hil, TERZFHMAME T, iR e ms 7 —R/IR,
SR, %o SR IR R T RFAE BT 72, A B 78 BT A8 FH SR} AR 22 0 2 i (1K
DR LR 308 T2 P VLS DA B = 4 435 W R U S5 F 72 7 T A — S8 AN 5 0 et JRL i A
BEASHLER 0 5 2 22 TAMGNTT J , AELAMIEE 487 & 2 B3] & it i L Vv
AHLEE; ghAh, R RIS R MCS RS BANLTTRE, KRR NPT 2]
MR R G HAEAER . Nil, ARSCHETHR s i 28 70 HE A 1) ERAS AT B0}, &
THAB B R s R B IR R 456 N T UE, @57 7 42 F 5 iR
AR ET RS, RN B SR AL TR
MBS i SR IR AT A B 2805, MRRAE 5 Rk B H A s T 4B 7 5 2 iR
IR SURAIE . PEKARFIE . 4RSS MRRIE . SRR BISE . Jf 4R T S i
Hm i MCS FESIEUE SR, IS & a5k S R MCS o6&, FIRBh
W5 2B s P 1) RO EL A FA ML S5 o) SR 28 500 1 1 ST T J 5 A
PHEAEHUEBRRIREE, 4563 Wir NI R R R RS R R . A
S A2 SR BT & H ot s R RS B, R DLy v R PR A DG T
AR S, A7 B4R T 0o e S B HL ) 20 b X HE 0 7 R R 43 AT R TR K P

1.2 HXMHRAEEH
121 =SEARETNEHE
Ji e T ek = I B I — R RE R R RS, Hm R AR EB b

B
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PSR (1981) 4A i EIRAE X, Rl 500 hPa &5 T LA AR R T Rtk
XA ELAT DA S5 2R R B =3 XU 2 B0 M e 5 A, TR 2 A1
H R B A BRI AT R R . B 4E%E (1993) F8 H R IR 3 E
PITE 30°N-35°N £H 5 Py, K 2 4 R IR TE i JR P i AR i, TEm AR 1, v
U A X . AN AR (1994) YN E i iR B BER BiE, A
P A AT 2R 0 KA 3% 28 G0 i S5 A P v AT s o R HRLAE A 7R SC
K (2006) fi&H KEB 8 H B S IR E 92°E DAZR I SR X A e, 32 B4 T it
RS SR BT, JEREMRAE IR, R, &t a e Fom A Tt R AR A
. £ (2009) #—BHH A A7 41 1) 5RSE T T 1980-2001 4 5-9 H
KAE, RINE 2= 58 I AE BRI 25 AR BRAR . AR BRAR e FIZE T P
AR, e B R R AT Lo S AR A A ARG DL S AR i
DX, % Hh 28 v T PR R e T IS TR 7 S B (2006 ) 2 38 (1 1T B 31 R A2 A% B
A TS AR ARG — 7, B s RS R G A 1 AR B Bl , HOR AR L.
HREREE).

HI T S S R RSN, ZHONIA TR NIRE R S0, TR AR PRk
PRI, R R AR A AR R0 58 = BRI, DRI T BT B R S B 5 e
JFRTE S I E B TOR . N TR s R IR BT, WA EE (2014)
HIH] 1981-2010 4 NCEP F-73#r B Rbad i it 4T 7 N TR, A TR E 2=
G IR T R 2 LA P PR BOOGH . A8 R I LA T . AR TR BE R B
(RO PR R, AECRE AT L 3 WM, DRI i 22 00 09 £ v S T TR R T 1l A
E R R B, ARESRSE (2013) FJFH 2009 4F NCEP-FNL 75
T S TR = BRI, 127V T 53 MIKIR, AR 57 MIKIR,
HEMGERGESEERKRZES, HIEHIRHIEH N 34 1~ Feng %5 (2014) f#
JiI NCEP-CFSR Fi- 4 4 9 BHIJIR FE A FIR A AT IR, AR BE AR SR, FRIR e K
SRR T 200 km S22t [ I 3 /N, ~F 358N 2= 1R 1 103 A 1wy S it
FEAC R0 1 e T e Ll BB P v FE S R AR B s R IR 2 . AR E R (2015)
HIH] 1979-2013 4F ERA-Interim Fi7p 4t BERBEL 2 B 7 ik Ge it J s, R0
A v D I 32 A TS ot P RO BLAEES . X5 T aE5E (2009) $2 21 PYANIE
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Hb e (AR AR AN, 32 B DR R I s o P I s i, AR
JE B S S S PR R FR AR AR A1) HE Sk, [ o S8R o 2 0 3 BT Al A4 T v JE 7 8 (1
TR TRUA H R, G SR I R U 6 B A I SR B A e R g v S (AR
E5R, 2015). PRI EE TP B B0 RF AN 2 AR A1) vk LA S AR 31 1 v JER 30 A A
EfmrE (K1 2016; #—Mi %5, 2018; Curio %%., 2019). Curio %% (2018)
TS A BRI IR B I HUR T A MR S A N TV v SR T R IR 22 5 R IR
RRHA R JBERTE,  DAR A B BORH AN [R] #8200 5 SR 3 il i€ [R5
Li % (2020b) F|FH A% 1Pk T 2000-2015 4= 5- - NCEP-FNL A1 NCEP-Interim
ST FORN RS R R R ZAEAE . FE B BORBY A BRI, (2 NCEP-
FNL £t NCEP-Interim FILHAR . Lin 55 (20200 FH =B 1 Tufh 7 i 5%
B A3 % v JE W HEAT A AR, R BIAE P B v B 2 43 R A R AR 1Rl H B
ZIMRE RS, 18 H & R EEAEWA XA E R, LA 34°N [ffi. 78°E-
95°E T, LAKRETRI 30°N Fffilr. 75°E-98°E [y .

B T 2 [RIRFAE 2% AT T s S i R 4 . R H B AEEAT T 978 Li 1 Zhang
(2021c) 4EHiI R L 250 hPa WYl 5 s R A 240 Ao B35 A o, JL
A LA % 200 hPa KRS 34 i 3 1T S Ml s SR 008 R A2 B v R Wb A2 R H SR B HY
BRFN BN, REREAEREARS, XREBES &2 KRN H A
5% (Li %%., 2014b, 2018; Curio %., 2019; Lin %., 2020).

B BRI, R I A G AR — A TR R MRl T, B T B
FK . BORM AR . VOREBR AR VR S S R v U B 2% (1 % SRR BT T

122 SRR =4S HHE

FipE sl (1981) f8Him R iRE TIREM RS RS, EEHITE 400-500
hPa, Bf/K 2 K AEAEARIR IR RG], AR (0 TG AL B /KA G 8520 o BROE 2256 (1984)
T I v SR VA BRI I 5 AL . RE B AR T 2 AT, R e TR P A R R B
5 AR A R v S IR . BV e 5F (1984a, 1984b) AR ik A R AR I
EERGHEAT TAME ST, S5 SRR, FE R TG AR B R TR R 2 B X BRI
MR PR AR A R R F i P 2 ) 2 SBEHE T30 03, WA IR E IR I 4 H), T
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TR R A IS, BT RIER . BRI, R PRy s R
W AP RZERN SRR, TEm RIS I T A UK R IR IRE R 4t
BU4ESE (1991, 1993) HFFL T &K m iRt 4k, 48t s R IR AR B s 288
AT ETHRR, RERES, mEfERL 500 hPa jmE K, 400 hPa it i & JC4m i
2o FrAIRIRE R (1994) M TUR 25 B U0 3 e S BAT 5 HAs SRR I 11
W LER, ZEE A (2000, 2006) MERIS FIRUE T R IIREE R, $5 H s R
WERG, RERE LI, mEEEG SRIRIRX, REEET mERES
BT (BRIhAIZEENE, 20105 RELLE, 20100, BT RN R AESE S R AR
R IR SRR AT 040, 2 A5 Hh B v S I S5 AR FE AT T
MRESE (2009) 48 HETE SRR AR A I R o, v SR B AN IR IR, 6 B AN 384
BHEER, @ERNEREAREES, @R, BESET B, B
SR, XS R G . MBS (2018) WEALERE, R SRE S
FEANREAL IR E RE S I J R S R 8, T foi 2 A HR A S o0 488 o P o i
Rk, BAFEOR RN ERARE. Li % (20192) XtEb T K
SRR R 5 P 7 ISRt 20 g SRR AR K R PR A ) o R TR SR B SR, ) AR Bl [
PRSI, HEEnAoRm EIgEshh R, Lin %5 (2021b) T ERA-interim
oM BRI AT T IR I A5 A, TR R 15 2 A B SR T LK SR F)
400 hPa, T 51 e JEL i L 1 e SR SE S D Bt v i ) o LB 2 S i)
BETL S R M B 2R

123 =EREARIIMEFHERETHIE

—HE LK, IR PR SAIE 5 AL B R R R A E A X
RRIIRARLE (1986 gl T Z- K iy SR o BRI =R B35 s a3, 7 X
FERRTR A DIAR LR, e R U s R IR AR B 1 R R R . TR 4% (1987)
i HAE v SR G A VR B, SR A e RS, AR AR 52 v J= 200-300 hPa
1SR . FhNE R FRAEEE (1988) F5 i R 300 hPa L ihr M a2 S
BURIR R B R BB IR R, JHEECRIE S AL R B R R . M AEA
74 (2001, 2003) fi HFTHLAdE BRI E BRI AGRA R T m R iR R e . AR
5% (2007a, 2008) 7r#7 7 ¥ G sl ] LARC IR IR e s R RS e SRR AR
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F A 45 46 10 T s R T A% e

FHEANVE KRR 558 BT T RARGON & i I RE R o Al
%5 (2007b) Giit T 5 KRR AR RS m R, KRR R IR R T 3 0y
UL VYRR P8 XAE R AT, JAERE IR, VIR LR e U1 S AR i SC R (2007)
RE— 255X DU SRR AT A T, Sgh 7 R m IR AL R M =3
%M 500 hPa SLMIREE BN R SRS (VIARLk. (KA fnse, A Fiihneg,
Al TEAR: b LSRN sE, mE SO SIRIE KV 200 hPa 7G XUE A
1300 hPa i i KUIN5E . & IS (20100 XFEL T 2000-2004 4ETH A AR %
HH v R R P 2K e SRR PR IRUARRAE I LR MR AR A . AR KAl 5t R o
FERS 8, R TG A, S Vv IR T, 6 R T R AR o AU R /R 3L R (2016)
AT R IR H e S gk SR AERE IR 2 2 IR B R R R 2R A T
25-28°N, [ K 2 100°E, 200 hPa FH I 7>32 m/s v A O, HAEg
TP, ey AR 78 X A v SR R v i S E R PRAE 1 R ORI = AR e 2« AU
ERIE LR (2018) 8 MR IR RGN, S I SR A,
Rl i R R A TR KB TR, A28 S SR R R MR A R 1 e,
Mm%, TR X IR A 5, BRI N, Bk
FURIRINGE. Li 55 (2011, 2014a, 2018) WF7Cit— B 1A T m 5 i
(R REE R 564 500 hPa b i IS 14 25 IXURE 5 Sk 1) B XU 78 XUy R B R
4R, M 200 hPa b g MV iy Ho R PG RUEUARAT S 4R . Li % (2019b, 2019¢)
IS8T R RBERR I A6 A R SN 04 FL o v S i e sl B 25 L B8 2003 FE IR 6

TE & SR AR BT T, 3% 2 R BUE R AN E) 112 Wi & AT T
St AT, AT T R R . IR I A AN S e R R T A
K (fHBAR AT, 1987), SR AR SR Z5 &5 iR 4. RREH
HEFUM . Dell’osso &5 (1986) Xf & RGBT HUA R, KIUERINPHAF] T &
JEIRMIR . Shen 25 (1986a, 1986b) @i KA & i 7 FEA AT SR, F5
P SR v S R PR AR R, R A T LA S e A R, R iR
i HR A B R I AR RS FH  Wang (1987) $RHE T — s JRIE ML AR 30 & AL
o SRR ) RS2 R R BRI 1 SR A FH R 2 %o s R i = i, K
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HONFSG SR T H RS EE AT, (49 5 Rl FHZ P g, T E T A R
7H R 2= R KV A G N T v JE A SRR A IRV, AT BRSO R,
SRR R g . B PU4ESE (1991, 1992) i i BB FE AL AN RE &2 Wi (1) 7 7%
BEAT S0 HT, i b TR JBS A AR v S5 9 A B R (T R SR AR T 4
INFAFIVE R VB . B D045 (1993) $H T — R IR im r £ LE]: 28 =
XA RE I, AR AR SN o RN A AL RE . PRANA L R — D
WA BBIRE, ERshshaemmEER T OEA RIER T, T A B ik &
R¥. TIATEAE (1991, 1994) i MBI B 7R ey S ifn 2 BONT Z- B2 AL i it
AT THRFE, R I TSR RO v S P A e = AR T, ELs i i JER  Re o
AEREE (1996) H& HH— P v J i A2 UK R ORE B2, A g v S o — R AR T
SR, RS2 2 G R P R I ARGE R A T AL (R ) R M AR,
T EARANE PG 58 T R A5 AT, HEIMER W) A UL B e e i3l A UL e
HHRA RSN RE, AR T mEIRAWRE . BT (1996) 1048 H A
FATE v JEL R TR AR TR B 1) B AN ), v B P A 2 A S TR JRR A, 1 o R
TR R e T 2 2 AR G o 28 [P ARG AS (2002) Fi R w3 JE i P 2B A
B e BAT B BAE F, (R IR F R 75 A7 R T s s b R R A B T Sl it o 5
RO IIBCE . Li 55 (2011) Fi RS AR IR 1 5 FE FI2 3l 7 [ A R K
SO, TR HE B AT R o . AR . BUE I8 45 e R W T AN
JEIR A, BN T v B AR ORI R ) S AN TR (B 4%, 2015; Wu 4%,
2018). [ 1 M PR TR (PR A 0t 9 v LB, Liu &% (2019) 24T ECWMF
[¥] TIGGE £ MR GBI 7L 1 i S i IR P TR0, B 8 7 5 7 v S B LB K
RAEMKRERS RGO E TSR
FEANVENRSILW A0S A BERE T T R0 e SR A R I AT BB EH
PVE RS (1989) B ZNEEISWI T RERAT UM, Faib “HEHPAURIR” RGLMIRE
A B sRe, 7 LSS0 EIR AR RS . EIRBR (2002) KI5 o R
I TE PE 5P 50 B ) IE e DX AR S, T v 2R S PR ) U X 2% . Chen A
Luo (2003) Fi /It 9 1 FE DI AR IX A 0@ PR30 B2 1 45 I L H2 I i T 1) % e
FYERF . 4 A2 (2009) & B 500hPa z-H2 i B (117K ~F 43 A 1] LG 7 (i
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[RI7% Bl A1 K& [X o RG34 (2009) TAHBEZS & i Z- 7%, TR BB A 1%
R KA EREERL, L mE A R EENH . B ey Mo
(2010 S 795 Y i J D) AR 2355 % v SR TG B O AN HEA T IR FE WSS o T, R B B
Bk TRURI 7K P68 TOUKE R R o i A0 ) R JE Al = B P o T4 4% (2020) 3 —
IR e SRR S T U T R ASMBIEAT T AR 4 i, 48 HARL RO B H AR A
Do, 3E— DR JER IR AR R fE . WU 55 (2022) X — IR ) A= Fl LE
e R P R ) v SRR AT TR, R ABURR B R R B B TR R R AR
JEE S 0ot v SR A I = B2 AT S PR RIS, o DR e 0 £ 7 P SRR
R ST R, FEBESE K AARUER N, & 1R BN AR SRR, Tk
HIRERE. FIN, PO R RAT KR, R ICZSIE R, RS B
STV, 400 hPa FTITIE R 1 AR FINFAR KB F 0, AT A s AL, 3K
S5 e SR A 4 R

B ERTL, E T m R R R AN 2 R, v R IR AR LB T K 2 A
IR FT, AL T 5 2% 28 v iR 1) A R AL ER A DAy 2 WL, 837 THT AR5
A T4 ot v JE R TR A AL BT PRI A R, R v S5 A 10 IX ¢ 36 1 RS TR K P«

124 SERFSE MCS 3tpEKBIF M0

e SRR AR — S B o REEIRE, SEMANE IR BRI, i e R
HAD X FKEERS RS2 — (Lin %, 2021a). HREES (2012) f5H
It 5 v o A iy SRR, R TR R P Y Bl RN R P I e, KA o SR o R
R UK . B AR EEAE (2015) WRFCRH, 1T 30 HR-PIRELH 9 N
JFiRBe s R i, B RS R EASEARBAARIE, 20 R A SR
58.2%7F1 25.5%, % AL RIR 53 E AT, SR S 4R 10 & H X 1 B Ry 7 AT
ARIFIIARIG R M 50 5 P ra i T BRI, e 00 R iR BRI &
G, e I G R A A B P 5 0 i X R MY ) — P R A (RS
B 4%, 2004; JA&AE 55, 2009; OREfHE 5%, 2015; Chen %%., 2019). 4MHfji
&5 (2019 fi5 B i R IR K &7 4 R AR /K ) 66.8%, 11 BRI i B 7K 0] =)
KA B, HF 2EE LT EE. Li 5 (2021b) 4387 T 2020 E R N
e S FRVE B, 8 HE B e S RS v, 0 mT DL e O (R Ak 2 2
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BT 1 o Y R A 1 7 2R 3R AR BB /K (L 4%, 2020a). Lin 4% (2021a)
TeHERREE, SRR R R4 30%IK X SR TT R TR 5096 BE K, Xt R
FR B K R MR, PR R e S 2 e J B A K I E R R R G, IR
T JER TR ARV P S e v DR 5 R v i SR L PR K DT RR (Y 2 ZE R TR . Zhao 4§
(2021) I FT 1980-2016 F iy S its AR B8 S M T LR A Bk S0, R BN Y
HRASPEBEE XU R e PR R R R ELIE AN IR, B XA T e A
B, AT MCS Flii e £ e, JEdaim i AT KKV 2 5 80U VR X 2R
M EE RN, Fus (2022) 457 1954, 1998 il 2020 F My b # N 1 75 s HE
%, RIS T S ER . TG R AR LR =2 RO IR e 2020 415 T
[FITTHR -

E R MCS 2 H s R FERIE IR ARG L —, @l MCS AR 5l
R Ui FE N AR5k # (Tao and Ding, 1981; VI35 B AIVuMEEk, 2002; HIE %%,
2002; Xu %%., 2001; {RECAEAPRELAE, 2006; Zhao %5., 2019; % ¥, 2019;
Zhang 5., 2021). TEAFMIRRETRT, =8 MCS F LR H =R, 205 Tif
X ) R = 5 I, Bds ARV R, Amisgma U 1], 3P AT R X
[11F%7K (Yasunari and Miwa, 2006; {HfHE] 5%, 2011; AW 5%, 2020; Chen 4.,
2020). Hu % (2017) BEFE4RH, @R MCS it & i R Hh B /K smtie i 70%, &
JA MCS = ZEAE i BR AR AR AN TP A A A, b - B AR BT 1 IR MCS T A 20-3006 41
DIARLR AR AR R TR GAHBE R, 10 3B AE B i . MCS A 50-70%F1 K
ARG FR . Shou 55 (2019 B IT T — a5 AR 5 18 Fa (1K il & I 7= A i
B K AR I R, R v S T B R P v i o 2.5°90 1Bl P PRI 2 TR B L e
JE 5 TEA G, VA 22 THL A R 1) HE B P g v S A O %o U T e 7K 18 e PRI A 76
Li %5 (2020c) FIf FY-2E T2 TBB (BARFRD W7 TR & ER A <
FISHARRHE, TBB ARAR X H BUTE i JE iR I AR B, a1 ZR A6 7 g e i, S
X 2R, HPBKPREED R EY) 3°, &M 14 2°, B & EE
R i

Fu 5§ (2019) 183 - B ABARALL g0 AT i S sd T V245 70 1 i J/L MCS %}
R T R S R K IORE IR, R MCS (R HE T, R AR
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YEFFRGSR R MCS: B RfG, BT R T R R ERER, & XA
il kS5, m R IREEE T e SR s R, &R MCS R RLE I PR AL
At JEE R 8 e QR PR 0 B R PG e AR VR 1 A 1, B2 )R Ui K« Zhang
& (2019) #EH H IR AN = MCS IR F@ARH H 2L, oy J5im
AR R UL T A RIS E. MIEIS (2020) WFFLR I & RIRTE SR MCS B &
JE IR U P e e m AR B h 4k D AR

e SRR R MCS S i R I B K PR R ARG, B A 5
HOTRE TR, R, &R e R R A4 4K R, HETWHTH
b, AARAH IS .

1.3 BIRRAFE 6)RR

H A1, e S5 G TR 0BT P 10 7523 BT SRRk A Bt i 8 (i Ky 1979-2017
L PRI (el 0.5°). RAIEE R T H)= (500 hPa Jy3) HEHZ
N TSGR T A 52 B s P90 oo i 30 425 ) A58 D 190 7 BT R 2 ) 43 R A5G
PR sk v B TR A A = 4 5 A PR SR AE RE 0 PR s o SR B LB I T K 2 R A
], DA e DA 7 e 2R e I AR VR s RN T R IR B AR R R A R 4,
=R MCS 5 s im B gE vt TAER s, W8 [ A BEAE A AN . 2T
PAEAEHL, AT H LT R )

(1) BT s He ) ERAS M7 B RS ks FE 1 & R 50, ik 42
R R IR G TR R A 27 KRS R NN 4 2

(2) AIFZA i R ) = 4 S5 MRFE A T 22 572 S m IR BA BRI K
SWME =7 &2 m R B ILE R A, AR R 2

(3) T JE AN R MCS FEAE BRI AR 2 HLER AT 4 2

14 HRAR
141 ANXEARERZ

BEXELL_E SR BB R L, A SCHE S5 T ERAS B #r skt SRR 720
TR AN BT 45 & 1 7 i, B80T T 1979-2020 4 5-9 A = IR ki sh A 4 .
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FEBLIEA b, 45 R e i) B E SR, RIS ML N AEN LR IR T
o S B AR RIS BUE e ML 3RS 2 28 m BRI T o5 . = 4Eai M i
ARHUEE 7 K SOk S BRI e, A TR e S A v JsL MCS Hidia 48
JE ¥ B A L MCS [RISC &R, 4B s FL 5 A0 T A IR LB

AR SCHIBORBRE AN R «

ImERE
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Figure 1.1 Technical route of this paper.
(D Wit JT w0 P o b 3 6 e 5 e = 4k 2 R 5
o
(2) @I E IR BT I 5%, X% 1979-2020 4F 5-9 H i 5 imidtAT
WAALERES, BT ERAD i 23 2083 140 Bt YR 7 1 SR 42 4R 1A03E B Hdis
£ (AEAdar s, EEME. W, B3R, Bk, JEIE T & iR H o
AR KA R LN L
(3D AR i Jo i 1 B 20 0 0 R 5 8%t v S, 06 s i i i) 40 by e 1 2
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(quasi-stationary, T&#% QS). F£z3hdEF 7 (moving but not out of the Tibetan
Plateau, f#FX MV-noouts) F1# H A (moving out of the Tibetan Plateau, f##} MV-
outs) =5 J5i, HLBLA IS E IR it I 25 73 A | B2 3l A AN S5 M REAE 1) 57 [R) A
RO R S AT B B ORGSO R AT Fa% B H &, AIEE b
7R B2 v S AR L, AR A [R] 87K S5 2 g v B % 28 e i it o PR K )
TTHR

(4) M4k e B e M i J. MCS AR S 1 B2AE BLAE I 20 56 Ja e, S v
JFmiEE AT [F2P . A R MCS 2K k- = i MCS SR Jdla g, 2Tk
B2, gitgEmiint mld MCS B, HAALRHE, KHH
W& B H R b & TR R S K m R (R MCS) G RHIE AT 52
REAE PR S [ s, 38 v B 25 S v S iR i BE WS S 2 T S #5281 Ji. MCS = 124
AR, MIEVE B MCS S v Ji i A2 i) 1 T R R i ox e J. MCS A=
JRHIAE o

(5) K& a3 AR BUA I UL A B e W7k, W3 Bais KA b
SRS e R AR S R AL

142 AXETRHE

@i

e SR P 2 W AR 3] B e

e S RIS 2 3 A A SRR

ANTRI Y i J5 0 1) e 1 AR TREAAE B of e 7K P 2 i

o SRR 5 R MCS 1A ELAE

— KA A SRS I ) A ERARS AS AR  H

g

|

H ?”dli &

1]
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H

& &
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fF o e fE e e Ok
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Y

15 AMHIBIFT=

ARSI RIHT ST

(L Bt T RBER=ZEZWRM SBEREEFRILTIE 42 FRERES)
BARE: 2R FE B SOEM, YUNER R &, AR 2 A p BoR
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HEAT 2 R REE IR iR A o A SCHE T-1Z /N ERAL BEEE, I Z 2 LR ) &
L EBMBITEE S TS, @AL TR 42 TR EE R IR S Sh AR 4R

(2) M3t BHRR T =RBIERAE RIS R EFERF L @5 =%
e SR IR AT IR PR WSS RS BT H A B, HBR T =28 SRR SR A b L R
B A v S A T e 200 e SR 1 SRR 7E T I AE XU 2 AU R
B CIGE, = E AR RIERE .

(3) #|n T EERAEERE MCS MR R KA TAEANIE.: i g & J5ik-
=R MCS SR eIt et T3 D2 56 ORI, =5 MCS X s
T 0 B 3 g S5 K B4 S H ARG B S DR Bh SR MCS AR RTE 5 H B0,
8 B OB TR A VB RS T SR AN B0 Y, S80I R R R A A G
b, RIS mE MCS 1A A TR R ) 1 A, AR MCS A=
M B AT SE K, TBB S/ME /DN, TBB BAE K K.
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F28 BFEAEIIRA LI

21 3|8

H T e SR A% AR e, IR B =, i R (R 7 — L2 PR A A0
FIIGORE,  H BT S 2 R B BT R L A e i A 1) R
(518 4%, 2016; #—f %, 2018; Curio %%., 2019; Li %., 2020b).

ST R 1 o DR A T A SR TR ) B A, S SR TR DA S
BATFFRE . HAT, SRR S8R0 s N DI R &R . A iR
T T A B E PR 5 JE AN G AR R R L, R v i R HE AR IR vk RIS A
R, 2006; F#& 4, 2009; AESF &, 2014), &id AR KNS
A RLAE Sy 00 1) B0, 81, ) R 2 00 kb =5 1 O i e JR AR TR D) AR 2R 4 5 )
oA IR AU E B R (2] 2%, 2010). {E2, A TiRAEATR K ER
Ve, T BERE SR KR A RVARS 77, 3 LA SR FE 72 BT 0 R iR e 1) A
PR AP ) 2 e o v S AT 2 R R 3 7525 BB B, IR e i R IR 2%
W71 A LUR = (Dl B4 s BV UR  m dh 2 PG S 2R 0 (R
Hum AE, 2013; MhbiiE &, 2013; EERSE, 2019), ixJ7EEH T REERK
BRG, (HRER G IRIRN BRI R (2) A FH i B B i el e A1 T
Hr (Davis Z., 2002; Hodges %%., 2003 ; Curio Z%., 2018) Z&43i&EA/E HiH |
T, R R L R A RO ZE 45 (Hou &%., 2015; XIABIR 4%,
2017; HAKSZ, 2017), XL 7yknl DA R EERNETRTE, HWE2E 5 50 H K
BRERIRIE, FWER. (3) B BRRE BRRL, S7HE I AR AT I 4 A
SEREE S 2O R A iyt , 2017; Phvey 5%, 2019; sk B 4%, 20200, %77
V2T DA 4 B w2 ST R, (LR BT RS bR S, FLTHI I AR AT
BT R IR, AN AL RE S8 2 . DL EIRER B EE AR R R
%, IR NE 025 2 S AR B, B G R 2 o i A
WHERA (EFE, 2020; T @RS, 2020, (HiRHIMEFRRRAHER, HH
I I P 0T Rk N 1 e S B B I o R, IR TR i — D R R
TR 26 v HL 23 e 1 v i o2 AR 005
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B, ARRE T AE T2 TR R I I v i = 4E e DR
% (B 2.0, BB R SR, #EfR &, ATHER RS FIAR BAS A R
Ry e S » TEAVEE X AN [F) U 2 B AN (] BRARL, B AT BRI SEEIL g B (1 = E3E 7,
tHREIE H T At b RO e 1 R B B

A EHI M 1979-2020 FMEZE ERAS PR HT B kL, LIORREA g EEA, iy I b
NI VEHERA 2R AT 2 B VRS, R TTVE DL ok s S SR HEAT T 1 i
N JE ST e e S SR GE TR A AR 3 SR A AT T I S g ki

22 BH

ARFEAFEH T WM A IR SR (ECMWFD [ 1979 4EREZE ERAS Fiy
B % kL C % 4E #h HE https://iwww.ecmwf.int/en/forecasts/datasets/reanalysis-
datasets/era5; Hershach %., 2020), H/K-FV-7r#i % =ik 0.25°X0.25°, I [F] 7 # A
N 1lh, EETTIAE 37 F, & HBTE S0 HR RSN — BRI ER, XA
& IR I G SRR A A LA S A B SRl . Han 45 (2021) BFFR R,
ERAS K7 1E i Ji A B IACLF,  Re kRl H S i S s

AFEEH] T ECMWF 26t 1979 4% 2= (5-9 H) ERA-Interim #7537 5%
BE TR b S 2R ) SR A A P20 Bk R A

23 SFRREMRANEE

R R 2 TR TE 500 hPa AR R T s Ji B4 I . B P& 55 M R IR Bl =3
JRU T 52 B SOGE A Tie 2 FRAEG CF i e JR R B A ST b 22 4, 1981 2T 4%,
2011). XA R SRR — N T I, e R B I A A SO e R U
W45k (Feng %%., 2014;Curio 4., 2018), #TI/KTFRY GRER M RISAT
Acsr, WRRERE . BORESE) RIRDN e AT R R, DRI e SR IR A T A
RBOR T LR AR SRR RS . HAT, w5 i ROBE R ™ A e S, R AT 1t
TN e IR 1) R 2 S 300-800 km, {EL: 53 AT FH FD-FF 43 BT 8 MR (et i 43
HEFy 05° X0.5° ), FrRAAE R = i R A R N IR 2] 1 H o RIER
TFR, B 200 km.
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Figure 2.1 Flow chart of three-dimensional objective identification algorithm of the TPV

based on high-resolution wind field.
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WA T, X ERAS KIZHEAT JLRCT, JF 08 A A e 2207 s0iH S AR X
WARE CRRIARIAEE ) o ARG XA — MM BN IE RIS UG, ) R i R0 j 23 9 2R D8 1)
SrALF AR S B0, BEATIRARE WAL (Fu 5., 2020): Z5RERS (i, j) A H
PO B XU, g by T 26 1 G A2 IEAE A &0 u(i, j+1)<0, IERIA% A u(i, j-
1)>0, ZRPEJ7 ) B 28 i JAG A2 IEZR A R v(i+1, j)>0,  IEPEAE AL v(i-1, j)<0. BIERIE
A% LG, J) )L ER DRG BIV R e oo X A R — B N e RS, R R —E XS RR A
BeAh, B RERIR IR R 28 E, R 2 13 R ARZE X B u(i j+ 1) u(i j-1) | FH 2
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] M)A ZERHE Vv (i+1, j)Iv(i-1, )| AR A vE FElBCE 9[m,1im], Dy 1R AT e b g
LRk, AEURMERE K m=0.05 AR

BT R I 5 4, RV BRI v DU R0 e S oL, (RS 51T
T D R E SR G SR O IR B o 108 58 (I R SO A e A RS (T, AR v
WrE B, YRS HEAT DX ARAR 7, BN, Ha] DUROR KU T &3
FIRERERERE, KR —ANEMMME, SIRIEM AN (CREZIR %%, 2007).
T e 27 2 i e e S (1) JB 2, DRI mT LAl I 5% R - 351 U7 R A 2 AR P SR BR 2H~F- 1)
DT T B e S5 CAR2R3R0) SR EBRbhiale, XA RER 557 BARARIL 1 iR g
N L BT B e P R, SERR BRI RS RIBON T

B S SR e Tt 0" ATy, DARE B Ak 5 AR S a & b MK
YW RN REAE R, B RAGH A RSS20 n DMRIR, 58 B, (0 AR
W PR E AT . Bl 3 s, VURBRRIZBRE %445 Bo(0)={ v1 > 0,u; <
0,v3<0,u; >0}, NEIEXIHEE KM Bg(0)={ v >0,v, >0,u3 <
0,u; <0, 75<0,7<0,u; >0,us >0}, HAoRRIZZREHAMIFE,
WRRNZR IR R R TFY, FHRERERT 5.

CHla, BRNAEREMAIT A, BETEEA[-180°,180°, & XTIk % i
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Cn(0")={ C(41,42), C(A2,45),.... C(An_1.47), C(An, A1) PAZIRAF2IA
I IER, Hh A R R R IR M B, FARRR RIS .

ot T34 7 L e A R T DL 2 A o IR

1) i s R I R T e S, RIATIRIR (B 2.20), #HPURIRR
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Co(ONZH n AT S5, UG 2 DY IR £t et 261 38 =, Rl \RIR
(K 2.2b), [FFEHL, # )\ RIRXIGIRE %11 Bg (0" P A mg M 2 561, HI\R
IR 2FL S 24 IR i) 308 R 2% 2 A C (07) T/ B mg 4L 2 25 A UL A2 )\ 5% PRI el 4
JHet 25t o RIS 5 2 DY 55 PR3 P 4 AR AR R BRI e 4 A, 465 v L i 1% 3
VENE R0 15, 128 it PR ORI o AR5 2 v e SR iR e /N RUBE D 200
km, D/ NRTGEE R 100km (Re = 1°), B 1ox1oYa [ P IHE 5. B
W, = IR R T BRI SEOIM,=4, =4, me=T, ng=T.
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Figure 2.2 Schematic illustration of the four-quadrants (a) and eight-octants (b) vortex
counterclockwise identification method, where the large red dot at the center represents the
center of the candidate vortex (O'), and the identification radius (Rr) determined the wind
data from the center of the candidate vortex (O") used for calculation. The red arrow means
the octant-averaged wind should satisfy the cyclonic pattern, as shown by u (zonal wind) and
v (meridional wind). The thick black dashed circle with arrows means the average wind
direction of the octant group (for example, the first octant and the second octant, the second

octant and the third octant and so on) is counterclockwise.
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frty, FEREAS LRGN LA, BURTE

B 23 200947 H3H 148 (a-d) M 201046 A 1 H 23 B (e-h) 1 500 hPa %t
REFEL) E: () M (o) ARE (BIFX, B 10%D (b M () ARHNRE
(FAEX, HAL: 1051); (o) A (g) NEXIRE (AKX, BAL: 1051); (d) M
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Figure 2.3 500 hPa streamline field (gray line with arrows) at 1400 UTC 3 July 2009 (a-d)
and 2300 UTC 1 June 2010. Panels (a) and (e) show the relative vorticity (shading, units:10°
5s1). Panels (b) and (f) show the restricted vorticity (shading, units: 10-°s1). Panels (c) and (g)
show the effective vorticity (shading, units: 10-s%). Panels (d) and (h) show the geopotential
height (shading, units: gpm). Blue lines show the Tibetan Plateau boundaries and the black
crosses show the candidate TPV centers (for panels (a) and (e), they are determined by the
maxima of relative vorticity; for panels (b) and (f), they are determined by the maxima of
restricted vorticity; for panels (c) and (g), they are determined by the maxima of effective
vorticity; and for panels (d) and (h), they are determined by the minima of geopotential
height).

ANl 2.3 o, FF5 XT3 IE s 10X 103 [l A R e 2 R 1) e 2 PR AR R B
or 4 v BE IR /ML, DA AN 20 A 45, 38 5 e PR AR R AR VRl FD 0 T o o 23l
26 1 (&1 2.32) A1 18 4> (18 2.3e); ik PRI BZ AR R AE TR 30 e hote o 3
A~ (B 2.3b) A1 9 A4S (B 2.30). aeid iR 1A BRI EE R4, BERR 1 K E AR
JRE RIS 5, KORFRAR 1 R 8220 BRI AL PEAESE , W 1 (el sy S b o0 R AR (1 2.3b
5 2.30), EHESRKEERRRHT;T CWRERD, RRBUONRET O, FERKE
A, PRt — 2 v SR A S A PRI T SRR E S RIV PR R R 1 A A
b, S E R RO RS AEIR ) (& 2.3c 5K 2.3g). K] 2.3d & 2.3h &3 T
e E 7 ORI /IMEL5 - BRE R Py s B b e, S5 SRR, SIRILGURIR B3,
HAFAE D e o B I BLR o AR 55 A J i I o P Lo AR 5 (1 2.3¢ AT
2.39) HEbrmlRmt Qi) ik, R, NIk U IR 415 2
FHHUE .
2.3.2 IKFPIBERRIR

= 5 £ ZEE S T 500 hPa (Curio %5, 2018), AL AE 1 HL 500 hPa 1y
R IRFHE R AT KB . % RE3] ERAS B AT (1 i S 2 H e, m J5im
IKTIE R IR L KA Bl B AT 28 /D Rp 8 2 AN IR IR 2% F, 38 I <1k A 4k
% (Blender 5., 1997; 7K1#, 2016) X J5lipitAT BRESULHL -

D EHR t OB B E R IR S L I m AT EE S UL (B D,
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Identification area (red rectangle) of the TPV source (the shaded area means

terrain, units: m; the black sold line shows the boundary of the Tibetan Plateau).

2.3.3 EHBIFER

F00E 105E

450 hPa

JOV

550 hPa

K25 HEREHEERERSRE (201845 H 14 H 06 B 450-550 hPa #itds, BHEZNAEXT
WREE, Bfr. 1051, BEBELNFELAL REFABEERRER, CETRZE B KB
BENRERF L, CuRam T —BEBENEERPL, CuRrm b—REENER

L VD)

Figure 2.5 Schematic diagram of TPV vertical tracking (streamline field at 0600 UTC 14

May 2018 from 450 hPa to 550 hPa; the shaded area means relative vorticity, units: 105s%;

the purple sold line shows the boundary of the Tibetan Plateau; R is the vertical search

radius; Cx represents the center of TPV tracked by the pressure layer (pressure layer k); Ck+1

represents the center of TPV tracked by the next lower pressure layer; Ci.1 represents the

center of TPV tracked by the next upper pressure layer).

PAKSPIBER 1) 5 o, B3R% 50 hPa (%5 1& ERAS BERIEE /1% 4
A1 AR O S ) 5 HLR EATIZ 2 IEA0R ], A BB ER A 200 hPa
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ft, IR BB g, FPE, 78 550 hPa R 5 B & F iR Cryr» 2ES: U A0
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Figure 2.6 500 hPa wind field (black wind barb, a full bar indicates 4 m s*), geopotential
height field (blue contours, units: gpm), relative vorticity field (shading, units: 10-°s%) and
the center of the TPV (green dots) by the objective identification algorithm. The brown lines
show the boundaries of the Tibetan Plateau. Panel (a) shows the 1500 UTC 26 July 2002,

Panel (b) shows the 1500 UTC 27 July 2002, and Panel (c) shows the 1000 UTC 29 July 2002.
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Figure 2.7 Distribution at 50 hPa intervals from 200 to 700 hPa at 1500 UTC 27 July 2002
of wind field (black wind barb, a full bar indicates 4 m s*) , geopotential height field (blue
contours, units: gpm), relative vorticity field (shading, units: 10-°s) and the center of the

TPV/(green dots) by the objective identification algorithm.
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Figure 2.8 500 hPa stream fields (shading: relative vorticity, units: 10-°s; red dots: the

centers of the TPV) from 2100 UTC to 2300 UTC 25 May 2000.
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Figure 2.9 Lifespan distribution of TPV in the warm season during 1979-2020, the number

above the column represents the percentage of the number of TPV within this lifespan
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period in the total TPV from the objective identification algorithm (orange) and the TPV
activity dataset (green).
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Figure 2.10 Temporal correlation coefficient of wind field of TPV in the warm season
during 1979-2020 (the green line represents the value corresponding to the 5% percentile of
wind field correlation coefficient from small to large in this year, the gray column represents
the value corresponding to the 10th percentile, and the red line is the average value of all
temporal wind correlation coefficients in this year).
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Figure 2.11 Evaluation of TPV from the objective identification algorithm in the warm
season during 1979-2020. Panel (a) means the box-and-whisker plot (The lower and upper
whiskers are the minimum and maximum value, the boxes cover the 25"-75% percentiles, the

horizontal lines and the triangles in the boxes mark the median value and the mean value.).
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Panel (b) shows the annual variations (red line is hit ratio, blue line is false alarm ratio, and
the black line is missing ratio).
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Table 2.1 Validation of the effect of identification of different types of vortex based on

ERAS5 wind field.
FEAH B A ER A MR R SRR JRIRE
1999 #£5-9 A A (500 hPa) 3099 95.98% 5.29%  4.02%

2008 4F5-6 H  PHEEKI® (700 hPa) 413 95.72% 2.42% 4.28%

20154 7-8 H RAllitbia (850 hPa) 479 96.06% 3.34% 3.94%
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Figure 2.12 TPV generation position identified by the objective algorithm in the warm
season from 2014 to 2018, (a) represents the ERAS reanalysis data; (b) represents the ERA-
Interim reanalysis data.
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Figure 3.1 Spatial distribution ( 0.25° x 0.25°) of TPV in the warm season during 1979-
2020: (a) generation frequency; (b) occurrence frequency. The shaded represents the total
number of genesis at each grid point over the 42 warm seasons, and the black line shows the
boundary of the Tibetan Plateau.
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Figure 3.2 Total number of TPV in the warm season during 1979-2020: (a) different
lifespan; (b) different moving distance and lifespan; (c) different intensity and lifespan.
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Figure 3.3 Total number of TPV in the warm season during 1979-2020: (a) different
vertical thickness; (b) the highest level; (c) the lowest level. The orange columns show the
TPV with lifespan less than 6 h, and the green columns show the TPV with lifespan greater
than or equal to 6 h.
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Figure 3.4 Spatial distribution of genesis of TPV and monthly averaged streamline field
from 1979 to 2020 in (a) May, (b) Juneg, (c) July, (d) August, and (e) September. (f) As in
Figure 3.3, but for monthly distribution of the total numbers of the TPV in 1979-2020.
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Figure 3.5 Characteristics of monthly average surface field in different months during
1979-2020.
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Figure 3.6 (a) Daily variation of the total number of TPV generated in the warm season
during 1979-2020 (red line indicates all- TPV, blue line indicates the TPV with lifespan
greater than or equal to 6 h) and daily variation of the Tibetan Plateau (blue solid line

indicates 2 m temperature); (b) daily variation of the Tibetan Plateau, red solid line indicates

total precipitation, blue solid line shows surface sensible heat flux, blue dotted line indicates
latent heat flux, and each physical quantity field is obtained from the composition of the
plateau (78°E-103°E, 31°N-36°N) in the warm season during 1979-2020.

Kl 3.6 A& i IR TE — K I NI % A2 B A, 55T /00 HE 3 ERAS Bk}
BRI e 30 SE RS AL I F AR RRAE, BT 5 58 e R AR P B8 K, S 22 N I
X, AT Ik ML B S H AR (Guo 2., 2014), FRATH i 5 2B it
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BLIGER, 3-14 B —FrmIEIRAE R, 15 G e R AR RO H PR, R
FEAE 19-00 B, 7E 22 WHOERIEAE . A0 B IR A1 AR dy 52>6 h (175 iR H
AT —F, MR RBOLF] 0.97 GEIT 99.9%11 5 E EI I ). i T
ZIH9 B AR A I A i %) 5.3 CIRING D, A3 A B2 . o SRR L A
2m T E AL B K B B AR R ARt SR L L B, il #E 13 I 13 L 15 WA
16 Bk SR . w5 IR AL BT 2 H AR A 5 1T a7 v R R B A A &
AR R E Y], EEFENAR, @EERNERRIFEAENRE TR E &R,
AR RS o BRI JZ N B, AR JR R & 7 A H AT
IR CERVETRD, ZiAOEsEsh], ms S Rma A m i, SRR TR
R, DRl e S A O H B CRRZAR &, 2000 i J5E 10 1R UG B 220 240 H B0
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EREKL 6 h, XK, m R A R T 2RI, 35 Bt
BRSNS A o

3.4 BERRTFE B KHGEEHEHE
TEARRRRRIE S N, SEMENHER “ =87 2 —, REERSRAR 1 UK
X5REX, H 60 FALK, FiglmRgiREx5IinX —5, HEmT42
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Figure 3.7 Annual generation number of TPV with lifespan greater than or equal to 6 h in
the warm season during 1979-2020: (a) the blue solid line represents the annual generation

number sequence, the dotted line represents the 5-year moving average and the red line
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indicates the trend line; (b) MK mutation test; (c) the IMF1, (d) the red noise confidence test
of the IMF1, (e) the IMF2, and (f) the R residual term of the EEMD, respectively.

& 3.7a, fE 1979-2020 EMEZE, A s>6h () Eikit 4953 4>, H1Y 0.8
A AR E FER A 170 A E R, SO R 70 A, iR A sk
H 2B ER sy, HAMEEmEN 10 110a, LA R, HtAEdaLe>6h
v R AN B R 2 KA R . B 3.7b & MK KR, UF H&EH 1979
R ETHEY, 1982 FFAL AR ES, 1989 5 T, JFT 1996 fFiid
2 KT 95% I Im A4k, UF F1 UB HIAZ fiAE 1993 4, BRI b oF A2 B
F 1993 FE R AERA G, 1996 4FELUG 2 8 E ks .

A= i SRS >6 h 1R SRR AR AR U B #EAT EEMD 2, 19314 IMF
BRART, AT SN, BRI 7 2 5 (B 3.7¢-H), Ht
SN 0.2, HEAFEARKUN 100, fEREZ, Edr$>6 h (iR P aEEE
fi% 136 A, H IMFL S AEE 3 E M, T ZE DTk 41.64%, HARIEIE(E N
0.01 [y A S (& 3.7c-d), H IMF2 BESAELE 10 4R F I, J7 Z 5Tk A 9.33%

(K 3.7e), HegiE(EREDy 0.01 B BFEMERL (KRS, HT IMF3 & H#I0 21
B, OMXTT 42 TR BOR UL, AR RN, BIASCE ARHE IMF3 5
. A EEMD 73 EHIRDEKE, &Rk AR E BEEIEY, J7Z vl
41.19%, X5 JFEARRE K S AR — B0 .

T A i Sk 1 v S A BB TR K R AN R, 2R 1 2 X AN [ A i B R v
JEIRANEAES GHEAT EEMD 20 #4321/ IMFL. IMF2 IR T R, IMFL J7 Z DTk
HEGE—¥, AR 2-3 A, MmEiREAE R A EE, RAEA =601
IR AEIE IS By 0.05 FEEVERES, (HAEEIREA RN B s, HE
A iy 50>24 h i RIS BEIEIAE B 0.05 R E MR . IMF2 /7£7E 6-8 411
JARA, BT A IR A H A 288 500 1 e S A7 A AT RR SR A5 D 0.05
R PR SR, U0 = RIS R I 6-8 SRR RS, HAh, BRI R 453
R sA 2 G na Hy, Forh A A s>6 h s IR AN o W3, J7 ZZ 5T 41.19%,
A i S0>6 h [ JER I BB B3, T ZE DTN 25.33%, AR =12 h 1) R
WA BN, T7ETTRRCN 16.41%, ARG N A TTEIL T 10%.
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£ 3.1 AEEHEFERELE RS EEMD 45

Table 3.1 EEMD decomposition of annual generation frequency of different types of TPV.

TEAE AL IMF1 IMF2 R
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BTk . DAk Gh HR(% 13
D B (2 IIH o 9% ik (%)
(%)  J%0.05) %)  (ERE
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EMEERANE 2 5636 AfE 7 3124  fRe 489 B
AdrsE>6hEm 3 41.64 it 10  9.33 fie 4119
JE AN
A s>12 h 11 2 4163 Nt 6  14.16 g 1641 Bl
= BRI A A
A 52>24 h 11 3 5279 N 7 3245 g 6.7 g
i R IR AL
Al 3 53.05 fe 7 1753  Rf: 1116 H4n
Edri>6h O 3 40.66 i 7 1652 fe 2533 B
e
drE=12h ) 3 43.27 At 7 1263 fe 10.88  Hain
IRV
Adr>24n i) 3 5033 i 6  26.78 g 741 B

A %
A 5>6 h v R TR K B T B, ] 3.8 &% H A sE>6h 1 R
ERECE AR, mEEIRAE R T HikZ, 9 H&/b, 5-8 HEHNES, 9 A
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EHb@Es, b7 AR 8 HlaREnE, LMEMRIE NE 10 1 3-4 s
JR, B 99% ) i MEAG G, HAR H M A REE I B A G . i B AR A 5E>6
h R Kt R 35 7, 8 H w5 imaE A siEus ng .

50 (@) (b)
T 009602 % - 1723 T 00539 % -2832
40
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(d)

T 03518 x-6745
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30 . (e)
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&l 3.8 1979-20204F (a) 5 A. (b) 6 A, (¢) 7 A, (d) 8 HFI (e) 9 HAEME>6h [
HRIRAE B B FERAM, ABLRFEHE
Figure 3.8 Annual variation of the number of TPV with lifespan greater than or equal to 6

h from 1979 to 2020 in (a) May, (b) June, (c) July, (d) August, and (e) September. The red

line indicates the trend line.

35 BRAFERBSSEREESRIKBML ST

v Bt DX AR AR IR A A VAR RS I G RIS v 14 XA A R 14 T
R (Guo %5., 2021). Ay S2>6h 1 i 2 IR E I IE Y, A bR A
H A 755 e S M R SRR I AT R 7 A /N AT BRI I — R )

47



T 42 SRR ZE SRR I SR THRAIE « AL K H 5 MCS (AR BLAE

0.6
77 0.07132x-0.03658 /" 0.30
0.5 L7
L7 1682(<0.001}0.25
E e
204 7 0.20
2 - 0.15
E 0 3 ”/
2 .
= I 0.10
B 0.2 R 980(0.032)
/ 0.05
0.1 302(0. 024)
0.00
93(0.134) ?4(0 002) 149(0 088)
0.0 -0.05

[2.5,3.0) [3.0,3.5) [3540) [4045) [4.5,5.0) [5.0,5.5)
Elevation(km)

B 3.9 1979-2020 £F 6-8 H 4w 526 h IR RIRHL B sFARAL B = E K240

Figure 3.9 Annual trends in the number of TPV with lifespan greater than or equal to 6 h
as a function of altitude in June-August from 1979 to 2020.
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Figure 3.10 (a) Spatial distribution of interannual trends of stations mean temperature in
June-August from 1979 to 2020; (b) Interannual variation of temperature trends with height
on the Tibetan Plateau in June-August from 1979 to 2020.

AT D3 7 1979-2020 4 6-8 7 iy SR uk s L A IERIKAT LR .
56, Beik TR BRI R 1979-2020 4 6-8 H SE B BUA R s, T A
kg, HpikfE 2.5-5 km DX[8] )l £l — 384 58 4>. SRJe, THHEAu5 RAE 1979-
2020 4F 6-8 U P9I E, & 3.10a /& 1979-2020 4 6-8 J difi xS Moyl FE 4R R AR
W F R B oA, KRRzl R 6-8 HF AR AT EE 7 95% 0L F
R BB MR, = IR b 94.8% )l sl AR I 115 5y 95% M) 3 kA g, I
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e 2 D TR P Rl s B H G5 SRR, i A 6-8 - Xl FE FR UM 9 i v 32 S 3
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a5 (& 3.10b).
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Figure 3.11 (a) Spatial distribution of interannual trends of accumulated precipitation at
stations in June-August from 1981 to 2020; (b) Interannual variation of cumulative

precipitation trends with height at stations in June-August 1981-2020.
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E4E  TRXESFE R RIEFHER KRR

41 3|F

o R 3 R R K UL X PR I BB R R R G (M IE A A
1979; Lin 5., 2021a), PRILHIFFE e i BOVE AR RFAE A0S B /K R 52 m BAT 22
S PR R S BN . BRI TE R AR KRB, REIEE K 2 RRTE
s R LT, AR ST, SRR LU s R, SR IRE TR YRR
R X (Rt Bk, B, 1998 AFAK VTR ke Kk S R iR 1A B Al
RBAEZVINELR (Tao Ml Ding, 1981; Feng %&., 2014; Yu ., 2014; #k
E5R, 2015; Li %, 2019d).

KA LLR, o S i PR AR BB A 2 v St 8 R B A, AT A R F R 7 — &
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IKFEAERZIN 23X B2 [ BT R 56 AR . BTG, AR TN IR o e A
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Figure 4.1 (a)Number of quasi-stationary (QS), moving but not out of the Tibetan

Plateau(MV-noouts) and moving out of the Tibetan Plateau (MV-outs) TPV, and the
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percentage indicates the proportion of the number of various types of TPV in the TPV with
the lifespan =6 h; (b) The number of MV-outs and MV-noouts TPV, and the percentage
indicates the proportion of the number of various types of plateau vortices to the number of
MV TPV. The numbers in brackets indicate the number of TPV.
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Figure 4.2 Tracks of three types of TPV: (a) QS; (b) MV-noouts; (c) MV-outs, where the

blue dot represents the generation position of the TPV, the green dot represents the death

position of the TPV, the red line represents the track of the TPV, the shaded represents the
terrain, and the bold black line represents the Tibetan Plateau boundary.
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Figure 4.3 The percentage of TPV in different lifespan of QS(blue), MV-noouts(green) and

MV-outs(orange) TPV.
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Figure 4.4 Temporal variation of the number of the QS and MV TPV: Panel (a) represents
annual variation, where the green columns represent QS, the red columns represent MV, and
the blue line represents the TPV with the lifespan >6 h; Panel (b) represents monthly
variation, where the yellow represents QS, the green represents MV, and the numbers on the

columns indicate the number of TPV generated in that month as a percentage of the warm
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season; Panel (c) represents diurnal variation, where the LST represents the local standard
time, the dashed line represents QS, and the solid line represents MV; QS-2m and MV-2m
represent the diurnal variation of temperature at 2 m when the QS and the MV TPV is

generated. Panel (d) is the same as Panel (c), but the red line, blue line and green line
represent diurnal variation of total precipitation (tp), surface sensible heat flux (sshf), and

surface latent heat flux (slhf) at the generated time of TPV, respectively.

K 4.4c T LLLRos PSSR IR AR BB H ) H AR, R i D o A e %) 2>
At 52 B Y, R Bl R AN AR L0 Y v S0 A S 22 AR U AR 73 3 E ERAE 19 INF AT 22 I
Mo B v S o A RIS 220 B v i LT v B b i 3 he ERF I TYAIRS B0 i i
Az R 2] 2 m LR VAR 2 3 HE BILAE 12 ISP 15 B, 3 Rk A R AR 3 i) HY
PUAE 12 AN 13 ), R LA ey i 2 ) 2 m i B2 ANk il 4 RS LE RS 3h B
e, WEAE T B AT 3 h A0 1 he SRR HTHER LT e e A R AR T
TN, TR s A A AR Bl . AR SEAL, AT e S R 21
AR R o R LR S v T A RS 2 F) s A AL K AT, R s B M
7R P A RS 22 A VLA H IR 13 I, RS IR RURIRZ B R v e
Az BT S B AR (R AFL 2 3 HH BILAE 15 BP0 16 BT, 7 i o 28 s i i A B B B 7K 1)
W B LA B A i B b I 1 b, IX SRS R BT 2R AT S O A, FREKE
GV FARETBONS - e i i R A B B

au'\'"(b)
e . 13
§oaie Al 38N
T e
i) . 30N
r ! = 25N
5 E 0 E 05°E NE 507 [ 90" E I 1007 1 105"

B 45 RERERMZRE A () #EBIER; (b) B3hH, IERLRSRELR

Figure 4.5 Spatial distribution of generated frequency of (a) QS and (b) MV TPV, and the

bold black line represents the Tibetan Plateau boundary.
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Figure 4.6 (a) Schematic diagram of eight moving directions; (b) Proportion distribution of
different moving paths of the MV-outs (inner circle) and MV-noouts (outer circle) TPV; (c-f)
Composite background circulations at 500 hPa at the generated time of the MV TPV with
different moving paths: eastward (c), northeast (d), southeast (e), and westward (f). The
black solid line represents the geopotential height with an interval of 10 gpm, the shaded
indicates the zonal wind, the blue dots represent the TPV generated location, the red large
point represents the average generated location of the TPV, and the black bold line
represents the Tibetan Plateau boundary.
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Figure 4.7 Composite background circulations at 200 hPa at generated time for the (a) QS,
(b) MV-noouts and (c) MV-outs TPV: higher-level jets (shading, unit: m/s), geopotential
height (black solid line, unit: gpm), temperature (red solid line, unit: °C); Composite
background circulations at 500 hPa at generated time for the (d) QS, (e) MV-noouts and (f)
MV-outs TPV: specific humidity (shading, unit: kg/kg), geopotential height (black solid line,
unit: gpm), wind field (blue wind barb, a full barb is 4 m/s), the blue solid line is the ridge
line of the subtropical high; Panel (g)-(i) are consistent with Panel (d)-(f), but for the 500 hPa
lagrange composite field. The black bold line represents the Tibetan Plateau boundary, the
small blue dots represent the generated position of the TPV, and the large red dots represent
the generated position of the TPV. The box-and-whisker plots of the latitude and longitude
positions at generated time for three types TPV: the lower and upper whiskers cover the 5-
95% percentiles, the boxes cover the 25"-75™ percentiles, the horizontal lines in the boxes
mark the median values, and the stars represent the mean values.
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Figure 4.8 Lagrange composite field at generated time for the (a) QS, (b) MV-noouts and
(c) MV-outs TPV: divergence (shading, unit: 10-°s1), relative vorticity (black solid line, unit:
10°s1) , and vector [(u, —100®), black vector, the unit of vertical velocity is Pa/s, the unit of
horizontal wind is m/s]; Lagrange composite circulation at generated time for the (d) QS, (e)
MV-noouts and (f) MV-outs TPV: temperature deviation (shading, unit: °C), full wind speed
(black solid line, unit: m/s) and relative humidity (blue contour line, unit: %6).
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Figure 4.9 Vertical profiles of averaged (a) vorticity, (b) divergence, (c) vertical velocity, (d)
relative humidity in a 2°x2° box near the QS (black line), MV-noouts (green line) and MV-
outs (red line) TPV centers at generated time.
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Figure 4.10 Evolution characteristics of the averaged vorticity, divergence and vertical
velocity in the 500 hPa in a 2°%2° box near the QS, MV-noouts and MV-outs TPV centers
during the generated stage (t indicates the generated time, t-1 indicates 1 hour before the

generated time).
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Figure 4.11 Evolution characteristics of the vorticity budget over a 2°x2° box near the QS,
MV-noouts and MV-outs TPV centers during the generated stage (STR: divergence term;
TIL: tilt term; HAV+BT: horizontal advection term of absolute vorticity; VAV: vertical
advection term; TOT=STR+TIL +HAV+BT+VAV).
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Figure 4.12 Spatial distribution in the warm season during 1979-2020: (a) total
precipitation (unit: mm); (b) vortex-related precipitation of all TPV (unit: mm); (c)
contribution of vortex-related precipitation of all TPV(unit: %o).

P 4.12a A2 = SR PR Z= AP I B K 22 (8] 041, n] DUE I v Jd F K 2 3L

71



T 42 SRR ZE SRR I SR THRAIE « AL K H 5 MCS (AR BLAE

[ 25 7 ) DG AL IR KO 0 AR AL . 52 MR N2 AT, BR 4R T34 K &
IR A ZE IR, SRR E NG, PR K EAE 100 mm, J&TF
ALK, B SR L kR R R R R X, PR K BT E A 1000
mim LA o e S50 DG B 7K R S B SZ v S s ) 14 B 7K 2 [R] 3 AT R AE (1] 4.120),
e S A B TR LG AR 3 B 2R B K 20 /N — AN 2, B 7K AR X H BLE 7 3 50
(85°E-93°E, 30°N-34°N, [l 4.12b £I4E 1), FF/KEET 110 mm, —JTLJEHX
([ 4.12b £THE 2) J AR S MK TE 90 mm Ll o 4 73— 48 m m ER o
MR K I DTHR, AR SO T B 2R AP 1 v SR AR G B K o BRI K I E 43 L, A
4.12¢ PRI LAE H, SRR LXK (A8 = BRI 62.38%) e St ) b
IKTTEREEE 10%, 7E & iR TE B mi X (80°E-90°E, 31°N-36°N, [l 4.12¢ 41
HED, I X N AT 7T4%I1 10 X 5 [ 36 2 /K sk i 20%, &) st X AT LA 3 40%.
K 4.13 [em T kR L BURIRS B R i on) SR B K i BTk . ] 4.13a-b 43l
R 2001-2020 AEREZEAEF 45 e 1 BURURS 3 2 v SR MR S PR /K 0 A o 1 1128
 E IR AR SRR K SRR e s P A X (30°N-33°N, 83°E-91°E, [ 4.13a £LHE),
o 20y 70 v i K G B 7K R AR X 90 ] B v e 1 2R s S iR K, 4 Hh 7 5 J o 48 (30°N-
35°N, 85°E-102°E, ¥ 4.13b ZIHE) . Xof LU 25 v S5 I IR 2 sy Jd i A D B K o e o
TR A1 oA RN o i SR AR B AR, T DA I, SR IR A P K DT R T 2
e JE K RBUE S IBCE DIA G, F AR B, m IR TE SR (&
4.13e-F), FHXJ R bR DTk (B 4.13c-d) o 9 28 i J 3R 0 Ja B 4 K BT ik AT
UK 72 e, R 1L o Do e ot ) e B 7K T iRk DR A DX A T s JE P (79°E-85°E,
32°N-35°N, ¥ 4.13c &l 4.13e £IHE), ZIX A 61.25% 1 X i 1H A4 w5
IR TR Tk 10% LA b, B2 A v S i o S Bee 7K T R DK ARL IX 7 v S 7
(84°E-92°E, 32°N-38°N, & 4.13d I 4.13f ZTHE), ZIX LA 64.34%HIHLIX P
B 120 1 TR P /K ST R 10%, 6 20 28 e Jir TR 6 =) 1 AR 7K DT R R AL X L B
IR IR BE K, R iR o BE i 2R

72



5 4 T ANE) A v e 1 PR PR AR AR SO B K R

25°N{ |
b} =
95°E  100°E  105°E  76°FE S80°E  85°E  90°E  95°E  100°E 105°E

0 4 3 12 6 20 M4 23 32 36

30N

25°N &
76°E 80°E 85°E  90°E 95°E 100°E 105°E  76°E 80°E 85°E 90°E 95°E 100°E 105°E

40°

35°

30°

25°N U 25°N
76°E S0°E  85°E  90°E  95°E 100°E 105°E  76°E 80°E 85°E  90°E 95°E 100°E 105°E
0 3 6 12 18 30 45 60

Bl 4.13 2001-2020 £EREZ4EFHY. WERIER (o) MEBEFHE (b) BEBMHERK (&
fr: mm); #EEIER (o) MBEEE (d) BIRRMAFXBKIEER (BAL: %); (o) BER
BEIER (o) MBHE () BEREFIESHH

Figure 4.13 Spatial distribution in the warm season during 1979-2020: vortex-related
precipitation of the QS (a) and MV (b) TPV (unit: mm); contribution of vortex-related
precipitation of the QS (c) and MV (d) TPV (unit: %); accumulated activity frequency of the

QS (e) and MV (f) TPV.
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Figure 4.14 Percentage of the area of vortex-related precipitation contribution to the entire
Plateau area: all (15,644), QS (3,055) and MV TPV (1,898), and the Plateau area refers to the
area in the Plateau boundary in Figure 4.13.
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Figure 4.16 Contribution of vortex-related precipitation at different hourly precipitation
levels in the warm season during 2001-2020 (unit: %): (a)-(c) are the all TPV ; (d)-(f) are the
QS TPV; (9)-(i) are the MV TPV. (a), (d) and (g) show 1>p>0.1; (b), (e) and (h) show 3>p=>1;

(c), (f) and (i) show p=3, p represents the hourly precipitation.
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Figure 4.17 Precipitation on the moving path of the MV-outs TPV in the warm season 2001
to 2020: (a) hourly averaged precipitation, (b) hourly maximum precipitation, where scatter
points represent precipitation, unit: mm, and the black line represents the trajectory , the
shaded indicates the terrain, and the solid red line indicates the Tibetan Plateau boundary.
(c) The box-and-whisker plot of the hourly mean precipitation of the MV-outs TPV (the
highest point and the lowest point of the line segment are the maximum value and the

minimum value, the upper and the lower frame line of the box shape are the 75" and the 25"
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percentile value, the line inside the box is the median, count in the table refers to the number
of samples, mean refers to the mean, std refers to the standard deviation, min refers to the
minimum value, 25%, 50% and 75% are the 25%, 50% and 75% quantiles, and max refers
to the maximum value).
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Figure 5.1 (a) Schematic diagram of the influent range (IR, red circle) of the Plateau MCS,
where a represents the semi-major axis of the MCS, and r is the radius of the IR (cited from
Mai et al., 2020). (b) Schematic diagram of the relationship between the TPV and the Plateau
MCS, where the red dots represent the relative time (RT), the blue lines represent the MCS
trajectory, and the red lines represent the TPV trajectory, the black line is the Plateau
boundary.
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FRIRD, B GEE R R B sz BIAACES (B 5.1b s BT, 1H 5L

82



%5 T R A E IR MCS AR ELAE A
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FERTBEHHELZ A RT, e L RT A e i 208 e FAH G %1 CED Earliest
relative time, %% ERT). 40, P 5.1b 2&— K& JE MCS Al R im AR B AR A i
2, ZLAERR SR MCS By, 2012 4F 6 H 20 H 10-12 BFIX =AM ZIN RT,
H 20 H 10 B4 ERT.

Az IR A BN %) (TPV generated time, fi#X VGT). & & MCS A%
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(B) M5 EA & I MCS (C) = K38, M4 ERT M VGT (CGT) H)4e /=i
FPoCGRAEZD XN AR (1D MHRMARE (20 . BItbAZE I A 5 AL
A2 B, BAIC [HE

#®51 WERAEERE MCS HEEMSR

Table 5.1 Classification of interaction between the TPV and the Plateau MCS

H 1 H 2 i (LIEN

VGT<CGT (A) ERT=CGT (1) EIRIEE I E R MCS Ak Al

ERT>CGT (2) R E R MCS RE - A2

VGT>CGT (B) ERT=VGT (1) = MCS 5200 = i AE R B1

ERT>VGT (2) i MCS suii s Jim Rk e B2

VGT=CGT (C) ERT=CGT (1) FEJRBMEIE MCS R4 C1

ERT>CGT (2) & JEimAlE R MCS [FIRf &k C2
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Figure 5.2 Annual variation of RT as a proportion of the activity frequency of the TPV
(orange) and the Plateau MCS (green).
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Figure 5.3 Number (a) and proportion (b) of various types of interaction between the TPV
and the Plateau MCS.
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Figure 5.4 Tracks of various types of interaction between the TPV and the Plateau MCS
(red line: the TPV, blue line: the Plateau MCS; green dots: generated position; green boxs:

vanished position), where (a)-(f) represent Al, A2, B1, B2, C1 and C2, respectively.
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Figure 5.5 Lifespan of various types of interaction between the TPV and the Plateau MCS

(purple column: the TPV; blue column: the Plateau MCS), where (a)-(f) represents Al, A2,

B1, B2, C1 and C2, respectively, and the height of the column represents the percentage of

the number in the lifespan to the total number of this category.
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Figure 5.6 Diurnal variation of various types of interaction between the TPV and the

Plateau MCS (red column: ERT; green column: VGT; orange column: CGT), where (a)-(f)

represents Al, A2, B1, B2, C1 and C2, respectively, and the height of the column represents

the percentage of the number in the lifespan to the total number of this category.

= MCS A i)z H AR 1k 5 g

2008; # ¥, 2020). /¥ 5.6

g, WA R &R MCS 78 05-12 B4
B, 12 B S e R MCS A2 e H P B, 14-16 B AR s

W B ROt

& e R IR AN = I MCS A ELAE I H A8 4k, M ERT (40

R RKE, 14-22 B2 E iR AT R MCS A5 EAE ) E 2 B . = R iR AT e

88



%5 T R A E IR MCS AR ELAE A

J& MCS tHEAEHAE 05-12 B KA JEH /D, R EE X —B B AR = IR MCS 251
BIE R, MM 2.2.4 s im e HARRE, mRiRTE 05-12 I8 A s 3
H /b T HARR B B1 28 CGT 437l 7E 14 B Rk g(E, X5 & E MCS H & H
AR —5, Bl 3% ERT IE{HA VGT IE{EAE 19 WHERE(Y, W:T CGT
WEfE 5 h, X EBEGIX—2K5] @ E MCS #0050, MEAERKES
ARG mIR MCS (E 5.6¢). 1 ALl 2% ERT W&fH EZAE 15-22 ), VGT Ug{HFI
CGT U fE th 3 B sh7EIX — I B, 15 B v JR i A i J MCS AH LR FH 1 H AR 4k 52
BEZE RS % H I H AL (& 5.6a). R A SEMHAEL, R iR
FAGH BRIV P FE B AE 13 I, 2m IR B2 B AE 15 I A2 sk P /K I B 7E 16 B
(R% 22271, mEHBLE LIS T &R MCS 1A, =R MCS 1A
W2 Y BIAE 15 I 24T, X2 B v S50 MIC'S o i B 0 8 2 R A 0 2 25 g ik
i JE BUNAN G2 o T MCS It B 1) K 45 78 VRO 58 1 e X i) BT is
B SARZ A, ARJZ5R G IR e 75 24— B i R AR 3R A R 31 v SR TR
AR EESR, DRI S TR TR IR MCS S g B B — e i e P, IXAE—
SEREE 15 VGT UE{ALE 22 I BT AEXT B 3X A AR AT A 1E S I MCS Fl
JRRH EAE R, =R MCS Semi s R AR (B HISRAL R £ .

54 &SJE MCS xt&EEimERA{ER

HT AL 1 Bl B8 b2 ARG REER, AR X w2 m R i
e A GBS AREAE SR B R N MR I v S i A 5 S MICS FRIAH ELAE FALER . A/
TR E R MCS X & s AR BUVE R, Hor AL S87E VGT & s i i AE
AN 5 L MCS 2 R 5 R MCS MRZE 8D, B1 357E VGT & En
e JEA A 2 i R MCS S

89



T 42 SRR ZE SRR I SR THRAIE « AL K H 5 MCS (AR BLAE

T0PE BPE S0°E 100°E LHO"E 120FE T°E B0°E 9°E 100°E 1FE 120°E

25 26 27 28 29 30 31 32 33 34 35
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Figure 5.7 200hPa euler synthetic circulation field at VGT of (a) A1-TPV and (b) B1-TPV:
higher-level jets (shading, unit: m/s), geopotential height (black solid line, unit: gpm),
temperature (red solid line, unit: °C), where the bold black line represents the Plateau

boundary, the small blue dots represent the generated position of the TPV, and the large red

dots represent the average generated position of the TPV.
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Figure 5.8 500hPa euler synthetic circulation field at VGT of (a) Al and (b) B1: specific
humidity (shading, unit: kg/kg), geopotential height (black solid line, unit: gpm), wind field

(blue wind barb, a full barb is 4 m/s), the blue solid line is the ridge line of the subtropical
high; (c) the difference between the 500 hPa vertical velocity of the B1 and Al at VGT, unit:
Pa/s, the black bold line represents the Plateau boundary; (d) longitudinal profile of B1 and
Al water vapor difference at VGT along 29°N, the gray shading represents the topography,

and the horizontal green dotted line represents the center level of the Plateau vortex (525-

475 hPa).
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Figure 5.9 Dynamic field evolution of Al and B1 types of the TPV centers: (a-b) vorticity
(shading, unit: 10-5s%); (c-d) divergence (shading, unit: 10-5s); (e-f) vertical speed (shading,
unit: Pa/s). (a) (c) (e) represent Al; (b) (d) (f) represent B1, t represents the VGT, t-1
represents 1 h before the VGT, and t+1 represents 1 h after the VGT, the horizontal green
dashed line represents the central level of the TPV/(525-475 hPa), and the vertical green
dashed line represents the VGT.
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Wi, TOT=HAV+VAV+TIL+BT+STR), KFEELLERREFERIIFOLEK (525-475

hPa)

Figure 5.10 The synthesis of vorticity budgets with the without_ MCS and B1TPV at
generated stages (STR represents divergence term, TIL represents tilt term, HAV+BT
represents absolute vorticity horizontal advection term, VAV represents relative vorticity
vertical advection term, TOT= HAV+VAV+TIL+BT+STR), the horizontal black solid line
represents the central level of the TPV (525-475 hPa).
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Figure 5.11 Meridional lagrangian synthetic circulation field of A1 and B1 types of the

Plateau MCS centers at CGT: Al (a)- B1 (b): divergence (shading, unit: 10-°s1), vorticity
(black solid line, unit: 10-°s1), vertical velocity (black arrow, o*(-100)xu); Al (c)- B1 (d):
temperature dispersion (shading, unit: °C), wind speed (black solid line, unit: m/s) and

specific humidity (blue contour line, unit: kg/kg).
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Fig. 5.12 Dynamic field evolution of Al and B1 types of the Plateau MCS centers: (a-b)
vorticity (shading, unit: 10-%s1); (c-d) divergence (shading, unit: 10-5s%); (e-f) vertical speed
(shading, unit: Pa/s). (a) (c) (e) represent Al; (b) (d) (f) represent B1, t represents the CGT, t-

1 represents 1 h before the CGT, and t+1 represents 1 h after the CGT.
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Figure 5.13 Box-and-whisker plot of MCS parameters evolution with time (the highest and
the lowest point of the line segment are the maximum value and the minimum value, the
upper and the lower frame of the box are the 75" and 25% percentile value, the line inside

the box is the median): (a) MCS area (unit: 10° km?); (b) minimum TBB (unit: K); (c)
maximum TBB gradient (unit: K/km). Among them, red represents the Plateau MCS of the
Al type, yellow represents the Plateau MCS of the C1 type, brown represents the Plateau
MCS not affected by the Plateau vortex, t represents the CGT, and t+1 represents 1 hour
after the CGT.
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Figure 6.1 Lifespan and vortex precipitation of MV-noouts TPV sample in the warm
season from 2001 to 2020 (colored blocks indicate numbers). The upper histogram
represents the distribution of the number of samples in the corresponding lifespan period,
and the histogram on the right represents the distribution of the number of samples in the

corresponding precipitation interval.

102



o 6 B R A SRS i SR ) 2 B S LA LR 7 A

Cra B H AR A sk SR R PR K RN, AN B AR BN BUAE 14:00 Bt
i, A siiid 15 h CEar s 50 B0, LU ERE /KL 7.5 mm (4
i SEH AR 50 T A MREAR AR — 2RI SO AR AR . PRI SR AT
EIPEIT (EEEAEE, 2021): (1) AR i i 10 3= B 52 e 30 Bt o v A5 X0k
N 25°N-42°N, 78°E-110°E. (2) THHEARAAMIIA Bl ZIHT 6 h 24 RS 18 h ~F
1% 500 hPa 734 & fE 4 (AR MR IR TS 57 MR REIE) K BTA AN S
B\, (3) WHHEBMBIREN T SR FRIRR s AR NRERSD. (D
KA R X3 B3 oy — B T RS AR S R . (B) DR R
HEE 0.55 AARERIE ARG . (6) HIHEMHLILSI% % B & 2 A1
S A A .

st_time(UTC) st lat st_lon lifespan(h)

20140925 16 34.25 84.75 9
2019060213 .75 85.5 9
2014092113 3475 0.0 (3
2008062213 345 86.25 36
2013092815 345 R4S 13
2008090414 3325 () 3l
2020050714 335 ) 17
2004062112 340 $7.75 19
2016050815 3475 91.25 3l
20060627 14 340 RS 20
2019051813 35.75 56.75 30
2007061515 3395 8825 18
2017083115 3425 845 24
2017090214 345 835 26
2003052316 35.0 845 20
2016052813 340 87.25 9

2018091013 3275 9225 0

78°N 83N 88°N 93N 98° N 03°N 108°N

Be62 (a) 17 MFARKEMERBRIEFERMINBIIBRER, HHEARrsRRERNLE
BALE, RERFREROETAE; (b) REFERAERR R EREE. EREEME
s

Figure 6.2 Panel (a) is the track of 17 similar long-lifespan TPV, where the blue dots
indicate the generated position of the TPV, the black dots indicate the extinct position of the
TPV; Panel (a) shows the generated time, latitude, longitude and lifespan of the TPV.
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Figure 6.3 Averaged 500 hPa field and their composite fields of 17 typical cases from 6 h

before the generated time to 18 h after the generated time, where the black solid line
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represents the potential height field, unit: gpm; the black arrow represents the vector wind

field, unit: m/s; the red solid line represents the Plateau boundary.
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Figure 6.4 (a) 1-h averaged precipitation and (b) 1-h maximum precipitation on the tracks
of 17 TPV, where scatter points represent precipitation, unit: mm, black lines represent
trajectory lines, shading represents topography, and red solid lines represent plateaus
boundary.
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#£ 6.1 WRF ST PE TR

Table 6.1 Physics schemes used in the WRF simulation.

do1 do2 EEPUN
USUE RIS RRTM Mlawer %%., 1997
(SN E IS Dudhia Dudhia %., 1989
WRETT % YSuU Noh %., 2001
GHITTBOREPIE S NOAH Chen F1 Dudhia, 2001
I H R T % Monin-Obukhov Jiménez £., 2012
(AP S Kain-Fritsch ¥ Kain £%., 2004

(eyb S WSM6 Hong #1 Lim, 2006
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88.5°E), 17 AR I A i B v (34.13°N, 86.85°E), FRHULLL 17 /MR
WP A B R 2R 1.65°, BSIRES 0.13°, 4 ki1 e 5 AL i Bl (33.75°N,
90°E), AR LL A I v LR A7 B AR 7Y 1.5°, WAL 0.25°, ARIUL ) v JaL it A ik
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Figure 6.5 (@) Two domain for semi-ideal synthetic simulations (shading: terrain, units: m)
(b) TPV track (red line indicates TPV traced by ERAS reanalysis; blue line indicates TPV
traced by WRF simulation; the green point represents the generated position of the TPV; the
black point represents the extinct position of the TPV).
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Figure 6.6 Simulated (left column) and synthetic (right column) circulation situation fields,
blue contour: 500 hPa geopotential height, unit: gpm; red dotted line: temperature, unit: °C;

shading: 200 hPa wind speed, unit: m/s.
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Figure 6.7 Simulated cumulative precipitation (shading, unit: mm) over the entire lifespan
of the TPV, the corresponding accumulated precipitation calculated by GPM exceeds 4 mm
of 17 events average for composite, and the red solid line represents the Plateau boundary.
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Figure 6.8 Time-averaged 500 hPa simulated wind field and vorticity field (shading, unit:

10°s1) over the entire lifespan of the TPV, the red solid line is the Plateau boundary, and the

red box represents the key area.
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Figure 6.9 (a)-(r) 500 hPa geopotential height field (shading, unit: gpm) and wind field
(black arrow, unit: m/s) simulated by WRF, the purple box center is the TPV center
identified by the objective algorithm, where the major semi-axis is 3° and the minor semi-
axis is 1.5°. The red solid line represents the Plateau boundary.
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Figure 6.10 Evolution of simulated (a) 1-h average precipitation (red column, unit: mm)
and 1-h strong precipitation (blue solid line, unit: mm) (b) the averaged vertical velocity

(black line, unit: m/s), vorticity (red line, unit: 10-5s%), divergence (green line, unit: 105s1)
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and potential vorticity ( pink line, unit: PVU) in the key area of the TPV over time, triangles
represent characteristic moments in Figure 6.12.
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Figure 6.11 Simulated 500 hPa geopotential height field (blue line, unit: gpm), TBB
(shading, unit: °C), temperature field (red line, unit: °C) and wind field (black arrow, unit:
m/s), the black solid line represents the Plateau boundary, and the purple rectangle

represents the TPV key area.
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Figure 6.12 Pressure-longitude profiles along 35°N from WRF simulation at (a—) t=25.5 h
and (d-f) t=33.5 h. Panel (a) and (d) are divergence (shading, unit: 10-5s'%), vorticity (contour,
unit: 10-5s%), and wind vector (black arrow); Panel (b) and (e) are temperature difference
(shading, unit: °C) and full wind speed (contour, unit: m/s); Panel (b) and (e) are potential
vorticity (shading, unit: 1PVU=10"% K m? kg~* s™!) and relative humidity (contour, unit: %),

the grey shading is the terrain, and the red dashed box represents the TPV key area.
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Figure 6.13 Simulated pressure-time diagrams of averaged (a) vorticity (shading, unit: 10
5s1), (b) divergence (shading, unit: 10-°s1), (c) vertical velocity ( Shading, unit: m/s) and (d)
potential vorticity (shading, unit: PVU) in the key area of the TPV, the gray shading
represents topography, and purple vertical lines represent characteristic moments.
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Figure 6.14 Simulated time-averaged wind and vorticity fields (shading, units: 10-°s%) and
the changes of area averaged TOT term of the vorticity budget (shading, units: 10°s) in the
key area of the TPV in (a) (d) first stage, (b) (e) second stage and (c) (f) third stage. The red
solid line is the Plateau boundary, the red box represents the key area of this stage, the

abscissa represents time (UTC), and the ordinate represents pressure (hPa).
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Figure 6.15 Changes of averaged the vorticity budget in the key region of the TPV in the
first stage. (a) STR represents divergence term; (b) relative vorticity vertical advection term;
(c) HAV represents relative vorticity horizontal advection term; (d) TIL represents tilt term.

The abscissa represents time (UTC) and the ordinate represents air pressure (hPa).
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Figure 6.16 As in Figure 6.15, but for the second stage.
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Figure 6.17 As in Figure 6.15, but for the third stage.
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	图6.5  （a）半理想合成模拟的区域设置（阴影：地形高度，单位：m）（b）高原涡轨迹（红线表示ERA5合成的数据追踪的高原涡轨迹；蓝线表示由WRF模拟的数据追踪的高原涡轨迹；绿点表示高原涡生成位置；黑点表示高原涡结束位置）
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	图6.7 模拟的高原涡整个生命史内的累积降水（阴影，单位：mm），黑色实线表示用于合成的17个个例平均的GPM累积降水超过4 mm的区域，红色实线表示高原边界
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