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Abstract
Agency, the ERAS (the fifth generation of European Centre for Medium-Range Weather Forecasts Reanalysis) reanalysis

Based on the Himawari-8 satellite TBB (Black Body Temperature) data from the Japan Meteorological

data from the European Centre for Medium-Range Weather Forecasts, and a new energy diagnostic method that uses a
temporal scale for scale separation, the evolutionary characteristics of a convective cloud cluster from 0000 UTC 5 June
to 1500 UTC 6 June 2016 (lasted 40 hours) that formed over the Tibetan Plateau (TP), moved eastward, and induced
heavy precipitation in downstream regions were investigated in this study. The main findings are as follows. The main
influencing systems for the eastward-moving convective cloud cluster at different stages of its lifespan were different.
Before moving out of the plateau, the cloud cluster was mainly affected by a plateau vortex and a short-wave trough. As
the cloud cluster vacated the plateau, the plateau vortex dissipated, whereas the short-wave trough intensified with time,
and finally, the short-wave trough became the main influencing system of the cloud. The deep convection features of the
eastward-moving cloud cluster were significant. The eastward-moving cloud cluster induced a series of precipitations
from west to east, with the strongest precipitation occurring after the cluster had moved out of the plateau and its
convective had lowered in height. The energetics characteristics of the eastward-moving convective cloud cluster
experienced notable changes during the cluster lifespan, and the associated precipitation characteristics were also
significantly different. When the cloud cluster was over the TP (the first stage), the contribution from the background field
was a dominant factor. The background field provided energy for the evolution of eddy flow (by downscale kinetic energy
cascade), which directly induced heavy precipitation. During the second stage, the precipitation-related latent heating was
greatly enhanced, which significantly increased the APE (available potential energy) of eddy flow. Under the influences
of vertical motion, the APE of eddy flow was released and converted to the KE (kinetic energy) of eddy flow. This acted
as a dominant factor for the sustainment of the precipitation-related eddy flow. When the cloud cluster moved out of the
TP, the influence of the background field on eddy flow was enhanced again; however, the influence was not direct as in
the first stage. In this stage, the influence from the background environment favored the persistence of precipitation-
related eddy flow indirectly. First, the APE of the background field was transferred to the APE of eddy flow through a
downscale energy cascade. Then, a baroclinic energy conversion from the APE of the eddy flow to its KE occurred. This
acted as a dominant energy source for the KE of eddy flow. Furthermore, in the third stage, a remarkable upscale energy
cascade of KE was found, which reflected the feedback of eddy flow on its background field. However, the feedback

intensity was not enough to significantly affect the evolution of the background field.

Keywords Tibetan Plateau, An eastward-moving cloud cluster originating from the Tibetan Plateau, Heavy rain, Eddy
kinetic energy, Eddy available potential energy
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Fig. 2 (a) Time-longitude cross section of meridional (31°-34°N) mean TBB (units: °C) and precipitation (shadings, units: mm hfl) from 1500 UTC
5 June to 1500 UTC 6 June 2016. Spatial distribution of average TBB (units: °C) and 8-h cumulative precipitation (shadings, units: mm) during (b)
1500-2300 UTC 5 June 2016 (the first stage, the regions of the blue dashed circles represent zones with large precipitation), (c) 2300 UTC 5 June to
0700 UTC 6 June 2016 (the second stage), (d) 0700-1500 UTC 6 June 2016 (the third stage). The blue, red, and black lines represent TBB at —22°C,
—32°C and —42°C, respectively. The hourly precipitation data were obtained from CMORPH (Climate Prediction Center MORPHing) satellite

inversion of precipitation products
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Fig. 3 8-h averaged (a—c) TBB (units: °C, blue, brown, and black lines represent —22°C, —32°C and —42°C, respectively), 450-hPa stream field (gray
lines with arrows), 450-hPa ascent speed (shadings, units: Pa s ), and 200-hPa upper-level jet (pink lines, the contours interval is 5 m s, units: m sfl),
8-h averaged (d—f) 500-hPa geopotential height (gray solid lines, units: dagpm), 500-hPa convergence (shadings, units: 10 s '), 200-hPa divergence
(units: 10° 5!, the green, orange, and red solid lines represent 2X10° s, 6X10° s ', 8X10° s™', respectively), and TBB at —32°C (black solid
lines) during (a, d) the first stage, (b, e) the second stage, (c, f) the third stage. In Figs. d—f, the brown solid lines represent the trough line

BEEZERESGEMX (F 30, LFEzshFk SR FE I R AR B H R 2 AN KRR R GBI FIE
g, FEAKIARIER . =R AR = BIA R B R 45 B X JE B %% 2004; Zheng et al., 2008),
ARRFIE 55 H e B RIE % DA G KREE S ARERET| KBRS, sk

3 e P MR EE MR A (Fuetal, 2013, 2016b,
4 REERTHES 2018). NEDS /7 (Murakami et al., 2011) &
4.1 BRI AR T — M FRANF R EE R R G BAEHE

EF AR EHAT W T, REMEER MU H. HAl, kRN TR LR
W 7 ¥ A A A H R A, B R S W T VR AR fIBEE W (Fu et al., 2016b, 2018), 15+ R £
Fuetal. (2016b) FH FELNIAN4H. BRI, TASCHF RN S (mH. K 2
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). R NEDS 773k W = B 4 8 AN 5l
i, T ZORIE = BV WA ER S shRe KMEX, %
KAE X Bl 2 F ) Nk it ik, =3l
e R, HalgES ZHMRE R R
£ 350 hPa UL FHCAULEE (KRG, ahfeEEE
X LT e D A 0 R e R A v S, X PRI R A —
SEFEE FULE, 3 —Br B ARG R o E R 1
KRG LB T 350 hPa AT, X5&ER. &
G R e K BT A P B2 K — 3. BRI AE AR R A
F Y 350 hPa L F i fE 2

BT ERAS F M1 ZRH ] 43 3558 1 h, A
UEAETHE S TBB B, SO0 B g 38 40-8 ¥kl b AT
THE . RE IR BRI K (6 H 5 H 15K &
6 H 6 H 158, FIH 24 h i a) & 5F & 4 FHesh
RERIAT I

M da 7] LRI, HREhshaebE = B A%, I
HEE%E = BT RE Sh 3G am mi g o, MK Sbe i
A LUR I 2 B 5 R A (R VTR, X U B shi
RVZRB R B ESRmE T, Hik, NEDS
TEER T AR S (Fuetal, 2016b),

W5 4 50 3h g K 2= [ A 1) 4 2 3 i B (A
4a), TERBIE— B, Hahshfem/ N, FFKEE
W/ UelBEEEARGAMIEE, hahshhe
WERG R, MoKkt pE B, ERHE =, T
HEhBik Bl om (& 4a), FEIK[E LB &8 (
K2, giaW4a5K 220 LRI, LT
TBB (TBB & %G55 J5 ¥ 58 ), $ULah3hae 5 B K
BAE - E, Fitk, Hshahaext K
TRmE M. sesh, LRI 6 H 5 H 15/
b T R EA REE I N RSN, 7E 105°~110°E
Bt A BRI AN B ) R e R, HRHRE
HFIE KB R 8 . IXPHALRE AR IR [0l %
SIE MY Fuetal. (2016b) fFigik NEDS J5 %
EHMEREEN, BRME, 105°~110°E & KIHE
BEBFEESEERFHEME (K 4b-d, 1A
BT SR I U R ) = B 5 v S 5 v i e
FHAE

Kl 4a 1B BRI 2 = B s B R R B AR AL
S () 2 A [ B TR AN [F) H A PR e R/ ((ER BTk
KR RS A BRI E ), XA R — AN E
SR DRI AS [R] Z1) 2 (5] g B AR A LWL,
RE 5 B 2= [ 2R B8 1M Y a8 00 R AE AR N R 3 . T 1
4b—e 2 B8 B 1E 7] — M s — B a9 ()P 3R 0,

FE B A H SRR AEA R B 2 AR E . X
TV BB ) X A 3R 2 AR I — Bt 1] iy % 1k Ak
S FHRHECR, 2 MG I R 5 5 06V v 2 T B e
WATAA S = B SRR 2. IRIEIsh3hEE K = 14
AR, MBS B, 350~550 hPa
mahshie s = B BICEC LT (B 4by o), =M
TR Eh Bl RE I R TP B X, Bz B 3
i 1L X LB B e AR RO, IR R R 3 5 =
A R B £ AL T 350~550 hPa. 55 =Bt
H, mEPEE R KA X S H bRz B E B — &
Zr (E4d, MKEZE—SHENELT (F 40,
KRB =M BA, £ F =B RP s 3 2
FXRERE R TSR .

XT L = AN B ) A S DL AT LUK I, XHimiE S
AL PLBhBEhRe K KB = A ARG (5.
AR, 2 BRI Bl 5 FE AR A — e R FE b
A DLFB R B K A8 4, AR SCHF 72 R IR B 3 R 1
RIES KRB A N —3, dE— P R A
RERIBER = I Bk st —Fel i . =
HEE—B BN EE [ B, Pahahae seisiss fo e i,
B 7K 1R A8 At 52 A S B TR 55 1T 5 12 1 g ik . 17
5 B ALTE Bl 5 B 5 P30 20 R R AR Ak 5 I AH f 1A
ia%y, JeIsRiEmEs. XNAB B, tshahhe
KA X EFALT 400 hPa = E 2. BB+, %
Pl TR, mERshae RE g, KME
X AT 200~300 hPa. 2z XL i 2[RI e 56
IG5, AEIES JE B A 3 B2 AT SR BT AN B
TR
4.2 THEARTEIM e S5 HAFE

8 h i [H) BN RE B NME X 5 = A B A —
(KRS, Bt Shahshae i R
IKERAE X AL T 2b o R 2k Bl Bt il . JF H
8 h I [H] & P3N B HE S Bl S e b = E1n)
TR . ZRW] 8 h PLBHRT 2= A B /K ) 52 0 -+
YT, KR 8 h i) AT 2 R A E

BABE ARt ARREER RGN KR
WA BT A E CRFZAREE, 2000; Zheng et al., 2008) .
BRI, 23 BIAIH 24 h A 8 h I 8] & i SR Eh e A
T DA A BE AR 7R P KA. X L7
B AE, 24 h NANE T IFE IR A S E 8
h I (8] & BT S shift . 24 h A1 8 h i [8] & FT it
AR Z Tt 8~24 h I [ R ShR 0 vk«
IRl 20 ) A F 24 h A8 h B TE) B AT BT AR N
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Fig. 4 (a) Time-longitude cross section of meridional (31°-34°N) mean eddy kinetic energy (shadings, units: J kgfl) and TBB (black, brown, and
pink lines represent —22°C, —32°C, and —42°C, respectively). Spatial distribution of 8-h averaged vertical integral eddy kinetic energy (shadings, units:
T m?), flow field (gray lines with arrows), geopotential height (green lines, units: dagpm), TBB (black, brown, and pink lines represent —22°C, —32°C,
and —42°C, respectively) during (b) the first stage at 350-550 hPa, (c) the second stage at 350-550 hPa, (d) the third stage at 350-550 hPa, (e) during
the third stage at 600-800 hPa. In Fig. e, the gray area represents 750-hPa terrain height

XFEE 24 h BB S 8 h RBA M ZE 7 . BRIt A, ik 24 h Pishahfe 50 = B E VLR
24 h Pz 8 h a5 = HIMBCE R R, ATEA 1M #8137 £ 8 h $Lsh A3 Jhr e 5 = B UL .«
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Fig. 5 Variation characteristics of eddy kinetic energy (shadings,
units: J kgfl), hourly precipitation (bars, units: mm hfl), and convection
intensity (red solid line, the convection intensity is indicated by grid
numbers in the target area that satisfies TBB<—52°C) from 1500 UTC
5 June to 1500 UTC 6 June 2016. The black solid (dashed) line

represents the average latitude (longitude) of the cloud
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Fig. 6 Vertical integral of energy budget terms (shadings, units: W m 2) in the first stage of cloud lifespan for 350-550 hPa: (a) Energy transferring

rate from Ky (the kinetic energy of background circulations) to Kj (the kinetic energy of interaction); (b) energy transferring rate from K to Kr (the

kinetic energy of eddy flows); (c) three dimensional transportation of Kj. The black, brown, and pink lines represent TBB at —22°C, —32°C, and —42°C,

respectively
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Fig. 7 Vertical integral of energy budget terms (shadings, units: W mfz) in the second stage of cloud lifespan for 350-550 hPa: (a) Energy transferring

rate from Ky to Kj; (b) energy transferring rate from Kj to Kr; (c) diabatic generation rate of At (the available potential energy of the eddy flows); (d)

energy transferring rate from A4 to Kt. The black, brown, and pink lines represent TBB at —22°C, —32°C, and —42°C, respectively
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Fig. 8 Vertical integral of energy budget terms (shadings, units: W m ?) in the third stage of cloud lifespan for 350-550 hPa: (a) Boundary fluxes of
Kr7; (b) energy transferring rate from Kj to Kt. The black, brown, and deep pink lines represent TBB at —22°C, —32°C, and —42°C, respectively

40N —— .'l —aa b
35N = - -
30N - -
PIN I S —— S L ——
90E 95E 100E 105E 90E 95E 100E 105E 90E 95E 100E 105E
BT T T 77 7
02 -0.1 0 0.1 02 -02 -0.1 0 0.1 02 -50 0 50 100 150 200

40N =

30N

Tt ————r————
90E 95E 100E 105E 90E 95E 100E 105E 90E 95E 100E 105E

25N sty r—r——r

[ |
02 -01 0 01 02 02 -01 0 01 02 02 -01 0 01 02

B9 ZHI% =K B 600~800 hPa I ELA/ (A B (W, #04L: Wm™D: (a) Ky [ K (IR REERIE: (b) Ay 7 4 [1RE R
A (o) Am I Ky MR, () K 1 Kr MR E: (o) 4117 4y WBREHE, (D Ar 1 K (AR RE. BE, 55
M T2 4 I -22°C, —32°C FI-42°C [¥) TBB

Fig. 9 Vertical integral of energy budget terms (shadings, units: W m 2) in the third stage of cloud lifespan for 600-800 hPa: (a) Energy transferring
rate from Ky to Kj; (b) energy transferring rate from Ay (the available potential energy of background circulations) to 4 (the available potential energy
of interaction); (c) energy transferring rate from Ay to Kyvi; (d) energy transferring rate from Kj to Kr; (e) energy transferring rate from A; to Ar; (f)

energy transferring rate from A to Kt. The black, brown, and deep pink lines represent TBB at —22°C, —32°C, and —42°C, respectively
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Fig. 10 Diagrammatic sketch of energy transferring path in the third stage of cloud lifespan at 600-800 hPa
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