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Abstract During the period of June 28 to July 1, 2016, a Tibetan Plateau (TP) vortex was generated, which developed
and moved eastward to the subtropical region of China, resulting in precipitation in the lower reaches of the Yangtze
River. In this study, we used the potential vorticity (PV) to understand this process based on data from the second Modern-
Era Retrospective analysis for Research and Applications (MERRA-2) and precipitation data from the Tropical Rainfall
Measurement Mission (TRMM). The results indicate that surface heating over the TP causes obvious diurnal variation,
changing from a heat source in the daytime to a source of cold at night and directly influencing the vertical gradient of
diabatic heating. Negative PV is generated near the surface in the daytime and positive PV is generated at night, which
reflects a prominent diurnal cycle. When the nighttime generation of positive PV becomes very strong and cannot be
compensated for by the daytime generation of negative PV, a low-vortex forms over the TP. By the time this low-vortex
system moves to the eastern TP, diabatic heating associated with strong precipitation reinforces this vortex. As the low-
vortex system continues to propagate eastward, the PV advection increases with height and serves as a large circulation
background over the middle and lower reaches of the Yangtze River, which favors the development of rising air and
results in the occurrence of heavy precipitation.

Keywords Tibetan Plateau, Diurnal change of surface diabatic heating, Generation and advection of Potential Vorticity,

Formation and development of plateau vortex

1 5|5

H e R B E R AR sy 2 —, P
RAE 4000 K LA &, EtFt Bifgthim. HMEHRE
Fefm . WEFRERI, e R R B K B A
B (Chen and Dell” osso, 1984; 5K Jiii ] 25
2002; Liu et al., 2007; Duan et al., 2013; Wan et al.,
2017; Wu et al., 2018) . & E AR AL T AR I KX,
HA AR REE, B2 W. K. 7E5]
REERTFEFFRKPRIRGSY, &EERS
RAWEE T EENAG. BEARTEE LK
RAKERGEHR AR EIRME RS CEFE &R R A =
JRYIAR L) o v SR AR IR BT RN R AR AR s i H AR
fbo Lietal. (2014,2018) MBI E, mIERA
BRI g5 v B AE X2 b i TE) A (A
(18:00~00:00; A SIS [H] 35 2y 2 M bf [A] ), F 22
RAETE R T R R BLE AR
(06:00~12:00) . AT TR BT, JE48Hn
POt E R AE R A EEEH . XE RS ARG
P R X =R K RG, £ — & IS %A
RS KR ISR AR th s i, SR R E 2R
X B SR AR (R A A,
1979; Tao and Ding, 1981; 2= [ ¥ %5, 2002; Al il ¢
2,2012) W1 1998 AERVT S8 H B T 5 L I 4 4
PER M AL R E LR, HAGER 8 KKK RS
Him R AR5, 5l — kK, IfE i
W8 kg (PF S %, 1998; #7514, 2001; 7K
A%, 2002). BRGE R G4, Hm Rl T H

FEORIZN IR OER, fER FEWRMNRR ARG
AR BR X (k2 1R A iy HI 4, 1979; Ye, 19815 77 &
V4, 2016). FEH MBI ZA T, XX R
it TR s B, A T OB BB K (I
&5 2002; [ A OB ZE ) 2003; Yasunari and Miwa,
2006).

{73 (Potential Vorticity, fajFR PV) A HAL R
BN R B S AR B SR (Ertel,
1942), & — BN SR & R KR BRI Bl
PRV . BB A EEA R E
AIRT S, w2 N T R R G S W oA
/1 (Hoskins et al., 1985; Hoskins, 1997; Huo et al.,
1999; Griffiths et al.,, 2000; Bracegirdle and Gray,
2009) o 5 MESE (1995) . 5[ KR ZE RE
(1997) Mg I IRGETTRE K, AE 5 AL IR JT
FERFEAN b, B TC BEE R A B
TSR ROARFIE,  JF H T FE IR AR i R v 8 e T
WEER R JE, R R BE K JE B (Slantwise
Vorticity Development, fi #% SVD) . & ft £} 45
(2008) EILALIHZ W, XF 2003 2 F= A
HTA] — R LHE AU I K R R HEAT TRIETE, 48R
T AR TN R AR i 2 A S O B AR 1 3 1 E
A7 AR AE S JiE & & . Haynes and MclIntyre (1987,
1990) 5] AN A7 & % £ PVD (W) &, & X
W=pP, HrpR RBAESRMERE, PRR
fri. HITALR oA B BRgim &, k=
IF1 1 S 2 DR BRI, 6 i e 5 (R 5 22 B R A %
MRS E . AR EEMSREIN, 257 &K




xR M 44

474 Chinese Journal of Atmospheric Sciences

Vol. 44

JE KA 1) TR 25 22 Sl i R s, A A7 30 12 W 4y
Prig i TIKE RS BiFiEsE (2018) LA 2008 4F
WIFE AR Y UKIR 5 T 9, Fa R e i 2R
R KA MR A AL S IE A i % B sraa 34 n,  fpE
TEALIR % FERR B R A, 7 7 1B IX SR 2 T A 0t i
&P b e BE XSG IR =, AT ETHES K
J&. TS (2018) NdE I HE L — DR SE
T 2008 HEH] R iR R 007 e 580 8 ORT UE R g RS
RIEHIIEFE

2016 £ H FEREKITLREMEKHEmEZ, +
T B EARE, SR X Rk H R E (R
Z502017; m RS, 2017) . MM 6 A 30 HZE 7
H 6 H, FEPERE KA T X S 2 kR wW
R, FECT 1998 4 LUk b 5 Rk ok
&K 3391 TR, BEESHA 1061 127G (
INEIAE, 20170 ASCHE LA 2016 4F 6 F 28 H £ 7
H 1 HKILH R X — g iR oA, #)
FARLIA 77 FE K 8 B2 o A B 2= 9 e SR A R T
e RS HNT TR Ui AR R A

LEEZHW T 5 A A TR
S TR T AR AR B AL AL I 5 FE S LKA i I Al
MEEIBENIR R 5 = 1R AR 347 75 98
SR AR s 1) R A2 FR R R Tk A2 L s B 9 it SR A T A
XoF v JRAR R T A A B Tk o B DO SR AR v SRR
RS S I ST ) AR A X 2 LS B v AR 1R 5
M. S5 FIPHETESE HAT4h .
2 #ERFFE
2.1 #HR

ASCHER RS (1D EERZXNE
A58 AT R (NASA) #2417 MERRA-2 (the
second Modern-Era Retrospective Analysis for
Research and Applications) 73 #7 % Kl (Rienecker
etal., 2011; Lucchesi, 2012), ZS[E>HEF A (2/3)° X
(1/2)°, WA Zr HEA 3 /NI (2) #Gr i T2
(TRMMD $ALiR25 [8] 73 HE 3 0y 0.25°X0.25°, I [A]
rHREEN 3 /NIBE K BEEL (Huffman et al., 2007).
22 Fk
221 AfzimER BT AR

iR K23 AL im 5 BT AW R (Ertel,
1942; Hoskins at al., 1985; Hoskins, 1991, 1997,
2015):

i—f:a(g‘a-V€+VxF~V€), Q)

Hodr, 7 P2 BT 5T B B A8 6 iR KB S AT
B SR P=a&, V0, aNSIMIHE,
ENZHELIT IR, oNALIR, 6y 48 #n #4

@;%)Fﬁ@@ﬁo

AR A FR & AL P RITE AR, AR
IS AR & T AL 20 A, ARAEIUE (M) ~§{E
JAHAT

1
OM = pdxdydz = ——6x6YAp = ppdx6yop, 2
8

Hrr, sRRIABFRRIIIE R, Ap=-6p N R/K
ARBR R U 2 AR PR AN I LS, oo, 20
N ARIRAR RN ARPR R R E R, ik
AR ARAR R T KRR E Np, =g MAEE
AR &R T AL RN

vV, 90
P=—gfu-V,0=—glkx ﬁ_ph -V,,,,9+(f+§p)a—p]. (3

AR (3) [AREE A (1) a4 A
R T IR0 R A 7R

% = V.V, P—g(uy-Vp0+V,0-V,xF). (4

LR, SRR, GO ER
BB T JE A3 B B 1 A
222 fumbEAEHGRFZ

Hoskins et al. (2003) ¥ 3 Hiz 39 i N Bl
%%M%%ﬁ@ﬁ%ma%@wﬁénv@
AL B % 45 R FR 00 15 OF S5 005 T 4 B 1 4y
(Wﬁ—ég}ﬁﬁ%wW%%ﬁﬁm,%%ﬁ
ORRHERTIR, E I 0 e (R 5 2 A T B
I Bl R (0T B )

& 9
(N%ﬂﬂﬁaﬁwmzf&«%—cymn (5)

Hof, NNEESNE SR, PARESE V,
NHEE R CN RGBS o EHE i
QPV, HEARXN
o1 0¥
q=f+VﬁuvﬁE{555;) 6)
Kb, W OIREEL, VKPR R T
IR (5) FEIT 2K AT oI T A 1 1



301 g

T AR T A AN AR AR S i 8 W0 R M R 236 20

No. 3 MA Ting et al. Effect of Potential Vorticity on the Formation, Development, and Eastward Movement ... 475

It FFHizEsh. Wuetal. (20200 KAz (5)
W R R ALBR R T, A

2
(szi+faél )QHD fo-AVe=0)-Vig), @)

ﬁ*m@%gﬁﬁﬁ%Tﬁ%#%ﬁm%%ﬁE
SRS B

B

¥? =32(p) = -11(p)O,,
(8)

R
M(p) = ~(Ly.
P po
T4 — 28 UF Ertel A7 38 p AUHE R EE A7 IR g
WREITN XA (Nielsen-Gammon and Gold, 2008) :
P/[-gO,(p)] =g, »
Hrh, gREJIINEE; 0,(p)&iEAEME Ifae
ESH, NAKCPRIE P RARE . 2R (7)
A s N

(#%aﬁg)maf {[-80,(P] ™ (V- C) -V, P},

(10)
AR (100 FHITE RS 20 R B 5 IXE /N
ey, Ertel SO TR w4 ETHEZ R .

3 FEEERRANEZELZRILRE

B14H T 201656 H27H 18:00& 7 H 2
H 18:00 #% 29°N~33°N “F 34 [#] 500 hPa %5 [ [ I
(A AT K VAR B 11 N T R (e PV VA
A (B 1la) AT LEH, 2016 46 H 29 H
27TH1H, B—FWEESLRAL ALK
L KAE 0 F 6 A 29 H 18:00 H BLTE & & 4 3
X, 30 HFEH e . Bl G RS AR AL B KT
HREHLIX, BE T 7 H 1 H 18:00 EFH T, X
MK (K 1b), 2016 6 H 29 HE 7 H
1 H, A—%AEmERREINRIESRNT, %W
A S AR AR AR SRR R BOXT B Y7 Fif
Ve o e e R i P e SR SRS H I T DA
SPIRL,  RBFIR R K I AR i S A i i AR
JE AR AR I8 ] BeA B BB R
3.1 FEESEREKARTLONLZELARTRE

IERR E AR X B RS R EE RS
ERIWIEHR s, & el E W B H s R . H
K la A AT BLA H 500 hPa {7 i K AE H 0T 29
H 18:00 FF 46 5 i J57 i 7] 3 1B 2R 50 1 [X A% 5 (1) ik

Bl1 20164 6 H 27 H 18:00 CHHuEf ), FIED %7 4 2 H 18:00 # 29°N~33°N *F#4 ] 500 hPa 55 KT (a) f7iw (L. PVU, 1
PVU=10°Km’s ' kg ') M (b) AN T (Ztsk, . 10°PVUs D, FMoKE [ 5, BA: mm (3 h) '] I 1E—2 B2 i

Fig. 1 Time-longitude cross sections of (a) potential vorticity (PV) (units: PVU, 1 PVU = 10°Kms” kgfl), (b) zonal PV advection (contours,
units: 10° PVU sfl) and precipitation [shaded, units: mm (3 h)fl] at 500 hPa averaged over 29°N-33°N for the period 1800 LT (Local time) 27 June to

1800 LT 2 July, 2016
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Fig. 2 Evolution of PV process (shading, units: PVU, 1 PVU = 10 ‘Km’s™ kg '), wind (vectors, units: m s 'Y at 500 hPa, and precipitation (green
lines, units: mm h™"): (a) 1200 LT 27 June, (b) 0000 LT 28 June, (c) 1200 LT 28 June, (d) 0000 LT 29 June, (¢) 1200 LT 29 June, (f) 1800 LT 29 June,
() 0000 LT 30 June, and (h) 1200 LT 30 June, 2016. “/A” is the location of the original PV center and “O” is the location of the PV center. The black

solid and dashed lines indicate elevations of 3000 m and 4000 m, respectively
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Fig. 3 (a) Track of the vortex center at 500 hPa, (b) PV time series of the vortex center at 500 hPa (solid line, units: PVU) and the 1°X1° area

average precipitation surrounding the vortex center (column, units: mm h™") from 1200 LT 27 June to 0900 LT 30 June, 2016. The two blue shaded

columns indicate the generation period of the TP vortex and its rapid development period, respectively
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Fig. 4 Distribution of (a—c) PV (units: PVU), (d—f) the local change of the PV calculated based directly on data, (g—i) the local change of the PV

calculated based on the equation, (j—1) advection term in PV equation and (m-o) diabatic term in PV equation (units: 10° PVU sfl) at 500 hPa at 1200
LT 27 June (left column), 0000 LT 28 June (middle column), and 1800 LT 29 June (right column), 2016. “/\” is the location of the original PV center

(left column), “O is the location of the PV center during its generation (middle column) and development (right column) stages
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Fig. 5 Vertical profiles of diabatic heating for 0000 LT June 27, 1200
LT 27 June, 0000 LT 28 June, and 1800 LT 29 June, 2016 over the

position of the associated vorticity center (units: K d ™)
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Fig. 6 (a) Distribution of 48-h accumulated precipitation (units: mm),
(b) the evolution of the area-averaged (29.5°N-33°N, 112°E-119°E;
box area shown in Fig. 6a) 3-h accumulated precipitation (units: mm)
from 1800 LT 29 June to 1800 LT 1 July, 2016. The thick black solid

line indicate elevations of 3000 m
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Fig. 7 Evolution of the 3-hour accumulated precipitation (shading, units: mm), PV (contours, interval 0.4 PVU) and wind (vectors, units: m sfl) at

500 hPa from 0000 LT 30 June to 1800 LT 1 July, 2016. “O” is the location of the PV center, and the black box indicates the location of the area

shown in Fig. 6a.
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Fig. 8 Vertical cross sections of zonal PV advection (shading, units: 10° PVU sﬁl), meridional PV advection (contours, unit: 10° PVU sfl), and wind

(vectors, units: m s ') averaged over 112°E~119°E from 1200 LT 30 June to 1800 LT 1 July, 2016
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Fig. 9 Vertical cross sections of vertical differential PV advection (shading, units: 10

averaged over 112°E~119°E from 1200 LT 30 June to 1800 LT 1 July, 2016

7§73 Pa™') and vertical velocity (contour, units: Pa s ')
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