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A three-dimensional objective identification of the Tibetan Plateau
vortex based on reanalysis wind field with high spatial and temporal
resolution
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Abstract Tibetan Plateau vortex (TPV for short) is a kind of shallow mesoscale vortex system
generated in the main body of the Tibetan Plateau. It occurs frequently, affects a wide range and
causes strong disasters. It is one of the most important disaster-causing mesoscale systems in
China. To fully reveal the statistical characteristics of TPVs is to lay the important basis for the
study of TPVs. Among them, the accurate identification of TPVs is the key to the statistical
characteristics of TPVs. With the emergence of reanalysis data with high spatial and temporal
resolution, the study of TPVs has a better data basis. However, neither artificial identification
method nor objective identification algorithm based on coarser resolution can be effectively
applied to the current new reanalysis data. In this paper, a restricted vorticity based TPV
identifying algorithm is proposed, which is suitable for high resolution reanalysis data. The
method first determines TPV candidate points, divides multiple octants with the candidate
points as the center, and determines the center of TPV by limiting conditions of average wind
field in octants and counterclockwise rotation (the Northern Hemisphere ) conditions of octant

group. The advantage of this approach is that the horizontal and vertical tracing of vortices can
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be detected quickly without complicated calculation and different thresholds for each pressure
layer. A large sample evaluation of 15,466 TPVs (99,090 hours in total) in 42 warm seasons
(May-September) from 1979 to 2020 shows that the average hit ratio of RTIA is more than 95%,
the average false alarm ratio is less than 9%, and the average missing report rate is less than
5%. Therefore, the RTIA can accurately identify the centers of TPVs. In addition, the test results
also show that when RTIA is applied to the reanalysis data with different spatial resolutions
(e.g., 0.5°%r 0.25°), the high accuracy of TPV identification can still be maintained. The
identification results are mainly affected by the strength of vortexes themselves, and the
identification accuracy of weak vortexes is lower than that of strong vortexes. This method can

be used as a reference for the identification of other mesoscale vortexes.

Keywords Tibetan plateau vortex (TPV), objective vortex identification, mesoscale vortex,

restricted vorticity, RTIA
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e R (RIRRE D R E K. ik E i E I, oyt AR
Ho mEMRE AR A T RE R R IER, W AR TSR AR
SHMA L EERN (Zhaoetal., 2018; Huangetal., 2019). & JRKiE (FifkE &
W) SRR RCT e )R R B — - REERRIE (EP 200-2000 km; Orianski,
1975), HAE 500 hPa 5 Ay WL, SR KF ROEEDY JL I km, 3 EREZ) Y 2~3km,
BRI R GaEPRIm 20 4000m), R, @ R 7E AR S
11 5 R I P BRI Rt v SRR 1 PR AR S R R A B (I TR i R A,
1979; A[EF, 2020). AT ANMIB ORI, w82 =4 T e R PG, AT
JRFZER (Linetal., 20200, 7EAHFMARE ST, @mERRAT ISR, 9l
KR U IX ) % T, 3 Rl ™ B A vk 5 9¢ E (Tao and Ding, 1981; Zhao et al., 2020) .
41 1998 FEAKYLIR KM /K, 2003 4F HVERIBR AR kBT K, 5158 e R
TREDIRE . e R R i S K I B RS (M IERIE H4E, 1979), 'ERE
fi by —REERIRG TR, IS5 RAEMBAER RRHESE, 2017; Fu
etal., 2019; Li et al., 2020a), R iH %o iy S i T R VR A BIE F0K5AT B TR A e v J R
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AARGHIR, A B T3 T I S LR X 5 35 M R AU TR K P

e SR T 268 — DA dE R o 2 BEAT VRN 538 B o s SR b X A5 25 A PR
NG, AT, M SR ul S AT AR MR, T SRR K RUE
BN, PR R FH AR I 0 v B e HEAT TR0 BT AR K R BR 1% o Ak,
R R FE7 M GRS 25 70 3 3 ey LG KAUSEIUA B R SRR RE ), BRIy e
JEU i R TS ) 72 G vk 20 B i) e R SR U (3 — AR, 2018; SK1H AR, 2018;
Curio et al., 2019; 5% R AIZ=HR4E, 2019; Li et al., 2020b). & J5 IR (K18 HHRFIE 2 4
TN RIER R G CHE, X2 — T TAE S BRI EERERT 7 TAE. HAT, &ilim
F B N TR SR R A P R T VA AT IR A 58 R . N TR 2 HErfl i s
i B IR 5%, 2 2RI TN 5122 J5 B IR 15 2 B 45 R nT DAL e i
R SEAE AL AR, AN T UURIFER ECR, NI, B PR d = i 1 2
DA SIS 25 03 R i iy, N AR IAE DUMEAT S B R A SSRGSk AT
e WAR M AAELAT o AHEE N A, S MR BAT A B 2k )
LR AT R AR A R U AR AT AR T — R P i SR B R SR,
i, MESRSE (2013) ] 500 hPa i 37 fie/ IMER R A e B, R B AE
S R IR A, AR SEEEE R BN —8. Fengetal. (2014) 2TIREY
A7 VR ) v J i I DA v BE S HEAT Rr gy, R 300 R ) 45 28] 0 vy o 20 B B
R RO = R IR 2 . BT BRI BERE, Linetal. (20200 A& %3
W T, RIS S R R R R G B AR RGeSV
5 B B I R ) SR 22 A P IS 2 0 H A R Y 1320 b 5k H HAF AR B 1Y
RIRBELER (Fu et al., 20200, A ik 75 450 v 70 #5810 1 20 M B A T HE) v
i ) v JER e 25 L TR 1) B0

European Centre for Medium-Range Weather Forecasts (ECMWF) H Bt H! 1 3t
— 24 % kL ERAS (Hersbach et al., 2020), /K ~F43 32 =ik 0.25°%0.25°,
IS [B) 43 H 3 i /N S 3K e B R G TR et 1 e A SE 4 () Bt B Ailt, HL
ERAS I 75 i JR Ak LA BIFHIRSEE (Han et al., 2021), [, A3CLL ERAS
A B, R T — R E TS BRI OB BT XU P v SRR A v
(Restricted vorticity; Fu et al., 2020) 75 iR WA H % (Restricted-vorticity
based Tibetan-Plateau-vortex identifying algorithm; f&i#% RTIA). 7k (K 1) i
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FAVESE, VR SOEM, HEfEE S, PR ETER XA FE RN R, T
FEARFESEEEEARRE, LREXRITHE (Houetal.,2017), W] HRIHE L& A
TR =GB, A HR RO SR TE (1 1R RE R AR AETE — E A SR . kA,
HIFNGT o RUBE IR TR TR 0 10 AR T KARE AR 45 H 8 =Pl AR SO 1979-2020 4 5-
9 F ERAS FrHrgtkl, Xt 42 FE0EZ (5-9 H) & JFR IR AR T T W e
VP, FFERI T AN R A 1 KR, it — B IR T e R R RS
BT HRAE SR AL T A R0 78 LR, BRI TE R E TR AR DCHE T34t T 2
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2 FRIRTIE

2.1 &R

ARSCAE T WO AR SR 0 ECMWE E A7 1) 1979-2020 4F 5-9 F 4Bk
S AE 4 BT % OB ERAS  Chttps://www.ecmwif.int/en/forecasts/datasets/reanalysis-
datasets/era5; Hersbach et al., 20200, i [8] 73 #¥ %0 1h, 7% [A] 73 ## %y 0.25°%0.25°,
FAE S E T 0] E3AT 37 J2 A 78 3 48 H ERASL 7K WU AT i S5 i AR 7 o
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K 1 RTIA (Restricted-vorticity based Tibetan-Plateau-vortex identifying algorithm) J5 i FE K]
Fig.1 Flow chart of the Restricted-vorticity based Tibetan-Plateau-vortex identifying algorithm.

e JE 2 45 500 hPa ARG T- e B, A A6 55 s 2 IR B0 =it X
] AR ()2, 201D). S TFHLBRMIMARAN RIS, (UL
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AEB R, DRI, BRI 5 o0 e SR e BEAT A7 ROR 31 AT DA SR EE KPR
RTIA J7i22—Fd: TP X s w518 B (B D, HER A=
AN FER: O RBIEE . KB BRI I BB R
2.2.1 iR BIHER
2.2.2.1 RELAE FRALTE

e SR T B2 2 SO I B X AR AE B 2 B/ INREE RSN, O 1 I BRI
PRRIEITI, B Jext ERAS RUIZHEAT LRI, X Ja B9 Rz fi Al v s 22
77 AT SRR B CRIFRI D o XA — N N IERIA% A (L j) (e i A j 2301
ARG )5 R AL ] BOA mUP 80, 25 R R R DU AR R U], R 2 BA R 5%
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PRI R R BT IR AR, G SN S A R P B B D 0, FR b S BILIR FE  R
i3 B A (Fu et al., 2020): JLEFAL 7 ) b4 1) XU 2 164 AL ui, j+1)<0,
IERHE S Ui, j-1)>0, ZRIE7 1A g8 1m) XU A2 1E 28 i v(i+1, j)>0, 1EPEA% & v(i-
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—E IIRFRE, 25 FE R TETEARAL A IR B A Pk, K 26 1) R ) A8 48 X |u i j+1) u i j-
D) FNZ ) RO)AR XA (i+1, j)v(-1, )RS B E A [m,1m], % E m 1S
B B S AT RE IR e AR, AU MR G K I m=0.05 N ILZSH. WK
2 FiR, FEEx ol 3RoR 1ox LoV N (i 2 s SR A0 B RO A R B, Ferbr, R
HG I 10T AN o 26 S (Bl 2.2) A 18 A (] 2,005 FRHEWEH O
L 10-5s A AN 34 (B 2.b) R oAy (B 2.6, ks, fidinfE
1) B FRII IR E PR R AL, AT B R DK AR IR (R A% o (LR R A B S T B S e v 0
BHURFIIG), KKRFEIL T EEP BRI AL AR, X e 1 gl i i oo i
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Fig.2 500 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~°s~1). Panels (b) and
(f) show the restricted vorticity (shading, units: 10~5s~1). Panels (c) and (g) show the effective
vorticity (shading, units: 10~>s~1). 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
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(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).
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Fig.3 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 (0'), and the identification radius (Ry) determined the wind data from the center of the
candidate vortex (0') 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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Fig.4 The 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).
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Fig.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: 10~5s~1; the purple sold
line shows the boundary of the Tibetan Plateau; R is the vertical search radius; C, represents the
center of TPV tracked by the pressure layer (pressure layer K); Cy.,, represents the center of TPV
tracked by the next lower pressure layer; C,,_, represents the center of TPV tracked by the next
upper pressure layer).
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height field (blue contours, units: gpm), relative vorticity field (shading, units: 10~>s~1) and the
center of the TPVs (green dots) by RTIA. The brown lines show the boundaries of the Tibetan
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Fig.8 500 hPa stream fields (shading: relative vorticity, units: 10~5s~1; red dots: the centers of the
TPVs) from 2100 UTC to 2300 UTC 25 May 2000.
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Fig.9 The lifespan distribution of TPVs from May to September during 1979-2020, the number
above the column represents the percentage of the number of TPVs within this lifespan period in
the total TPVs from the RTIA (orange) and the actual situation (green).




371

372

373

374

375

376

377

378

379

380

381

382
383
384
385
386
387
388
389
390

391

R TP SR AR 1) A BRI, AR SR RN i SR A T AR
Az i S PN FE AR 22 RS A D% R4, FRATTE X T m R IR XA A O R 5 DA
2RI IS UROR AT — B 20 0 1 B A 0 0 IR 27 3 2° P 28 I XU 55 R o R 428 ] X
TR R, 448 1) 7 AH 5% 2R BRI 1) A7 AH 56 2 B0 B A il 2K e S 1)
MR RE . 1 e TS T B YR i JE R A G R, AR J5 S84 1 s I AH % R 8L
$2 RS 2 (U HE B T S AN TR B 207 O L e B AH 06 R 8. an &
10 7R, SRERFTRZE NI R RENNBIKHESE 5 F oA B #fE, 1979-
2020 FEAEFIIAHOC R HCH 0.81, MK T2 55 10 A Arxt M HUE,  1979-
2020 4FAESF IR O REUIIE 0.87, 1X UG 95%IHI B Vi SR IR AH D¢ R Ak I 0.8,
R REME B, T s R im TS BAR L, 43I s S5 A Ok R B~ ME
1A 0.95, X FE B RITA J7 00 & I R 7 vl 5.

1.00

0.95 /\_/\/\/_/\_N\ﬂ

0.90

0.85

0.80

0.75

07071980 1985 1990 1995 2000 2005 2010 2015 2020

K 10 1979-2020 4 5-9 H & i &I k2”7 x 2° KUz AHOC R B (SRERFTRZAF KUz A R R BN
ANEIRFESS 5 B A, KEOAETREE 10 BRI N IE,  ZL2& %5 BT A I OX
Ykl R R BT 4ED
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Fig.11 Evaluation of TPVs from the RTIA from May to September during 1979-2020. Panel (a)
means the box-and-whisker plot (The lower and upper whiskers cover the minima and maxima value,
the boxes cover the 25th-75th percentiles, the horizontal lines in the boxes mark the median value,
and the dots denote the mean value.). 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 1 Validation of the effect of identification of different vortex centers based on ERA5
wind field.

FEARET B IR Rt bR TR FiRkE

1999 £ 5-9 A mJsiin (500 hPa) 3099  95.98% 5.29%  4.02%

2008 £ 5-6 H  PhFgiw (700 hPa) 413 95.72% 2.42% 4.28%

2015 4F 7-8 H KJililiim (850 hPa) 479 96.06% 3.34%  3.94%
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