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Abstract This study investigates the climatological characteristics of atmospheric heat source and
cloud amount over Yunnan before and after summer monsoon rain onset using ERA5 reanalysis
and satellite-retrieved precipitation and cloud amount data during 2001-2020. The results show
that: (1) atmospheric heat source and cloud amount over Yunnan are strongly affected by the
summer monsoon circulation and exhibit significant monthly changes. In June, due to the
transport of water vapor by the southwesterly from the eastern Bay of Bengal, Yunnan summer
monsoon rain erupts. After the summer monsoon rain onset, regional atmospheric heat source
(especially latent heat) and cloud amount increase significantly relative to those in April-May,
while surface sensible heat and atmospheric radiative cooling decrease. (2) Based on the method
by Wang and LinHo (2002), the average onset time of the summer monsoon rain over Yunnan is
approximately pentad 31 during 2001-2020. The regional atmospheric heat source (latent heat)
and cloud amount correlate well with the total precipitation rate. The changes in the atmospheric
heat source and cloud amount with the summer monsoon rain over Yunnan show similar annual
variations as that over the adjacent South tropical monsoon region, with a single peak structure. (3)
The onset time of Yunnan summer monsoon rain exhibits obvious interannual variability. The
synthetic analysis shows that in early-onset years, low-level southwesterly from the southeastern
Bay of Bengal can reach the Yunnan region, where the dominant divergence flow is conducive to
the ascending motion and atmospheric heat source (latent heat) and cloud amount are much higher
than those in late-onset years. The southern branch trough in the Bay of Bengal is weaker and the
position of the Western Pacific subtropical high extends more westward in late-onset years, which
is unfavorable to ascent and precipitation over Yunnan. In the peak period of Yunnan summer
monsoon rain, the precipitation rate is relatively close in early- and late-onset years, but
atmospheric heat source (latent heat) and high cloud amount in late-onset years are slightly higher
than those in early-onset years.

Keywords: Yunnan, Summer monsoon rain, Atmospheric heat source, Cloud amount



1 5|8

mEAb TR, MBS IR 2R, FRER ], o RT3 1 5-10
H K] (544 85% A (T —IL AT, 1998; EXHEZE, 2000; FR#4%, 2006) .
M2 A2 2o i KRR R K 25 R AP DA R 24 A A K i OGBS EL BRI
IR A FES RS TR, amXIET R EMR, MU LR
FERIAERS RGUAT R EORHR, 1 H B R0 X 30K B A4 (Wang et al., 2015) .
[FI, = B AT PHZRRX, SR AN AR B 28 RIS 1592 DX 330 Pk 52 A L 2 2 1)
Z= 1224k (Wang and LinHo, 2002; FR$55%, 2015) o HHT-Ab 7 e 2= KRR 1.2
PRI I X3, 25 T PR R R UM [E IS 52 AN 2R T R GRS, N B AR R )
FRAE, 81512 X3 Y 22 BR A1 5 00 SRR IR A — E I RE . GBRAZRBEE, 2006;
Cao et al., 2017) . i, >k B FANFE P FE A KV A R i K AR R Al KR 2 =
P 2= XY 2R (1 B KVORIE . = BRI 0G 2 B2 R X, (H 2
L e S B A BE VA S B e (PRHE4AE, 2015; Cao et al., 2017; Z4THH4E,
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THA:
E = SHF + LH + NRF 1)
AT (D 1, SHF (surface sensible heat flux) J&ih & & #GEE, LH (latent heat
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LH = LpP. )
A (), LB RS, Bl 2.5X10° kg p /K, B 1.0>10°
kgm’; B NFEAKE, BAiZms'.
NRF =R_ — Ry = So — Sg — Fy — Fy, 3)
A (3 H, R MR T AN KA Z AR ST E &, S F 35 k3
A PAR &, T hRoof 0 MDY R SZTHMMER . A ORIE BRI — B, &
W TR 4R H ERAS 3 i kbt B Bl KRR T
P B ZE W 2R R P DA X3P 3 R (% (5 HD ARk kA 2t R AE
(Wang and LinHo, 2002) . AHF 5T 2% X 2= /e X IR 22 XU = 1 s 78, 5k
F GPM 2 H FF/K ¥k, EZ{KHE Wang and LinHo (2002) 7572k F b 2 5 [X 35
B2 =R A (8] o 10792508 AR s Jexd AR 1) H AP 3 Bk AR 135, 2
J& BT Y B K 0 5 %4F 1 H PR KR, R KE KT 5mmd’, %
T4l 2 SO E 2 X 2 K% . Wang and LinHo (2002) J5 583 T4 Bk
T S B s B K BEREAT I, A2 F T PN R UK R B K IR R A O S
MEHT. RN R IR e ERES M, ARHFFU45 4 Wang etal. (2004) Al
MR¥asE (20060 7715, WM BRGNS —PIRE: Bk &G RES: 3
204 2 R FHAHZAE 1 H Pk 258 5 mmd?, FINIX 4 A 1 341
Bk 2 2 A ELEE 15 mmd'e i 2 Bk S5 A B B N = B 2 2= KU ZR 0 R 0%

3 SERSER

3.14-7 BSREFRISH

U S, N E Z2RR 2 X W Z=18 % £ 5-6 H JF4h (Wang and
LinHo, 2002; Ding and Chan, 2005) . JAltt, 1XH4&HXHiT 20 4F (2001-2020) 1)
4-7 H, HZEAEMEDHXKESHR. KREN B SESS W6, o
AT IX AR B i 5 2 XU R AR A

&l 1 52 2001-2020 4 4-7 H S 3 B iR R ARk o0 A, 1] 2 520

5



PRSI &, 4 H, FiXiEk (BFFAF) &2 200hPa 258 78 XS
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Fig. 1 Climatological April-July mean 200hPa westerly (contour; units: m s '), 500hPa vertical
velocity field (shading; units: hPa d '), 850hPa wind (vector; units: m s '), and total precipitation
rate (shading; units: mm d ') during 2001-2020. The Yunnan domain is marked with solid black
line, the same as below. Wind fields with surface pressure below 850hPa are not shown
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Fig. 2 Climatological April-July mean atmospheric heat source (units: W m?), total cloud
amount (units: %), and high cloud amount (units: %) during 2001-2020
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Fig.3 Climatological pentad mean (a) total precipitation rate (units: mmd '), (b) 500hPa vertical
velocity (units: hPa d ), (c) atmospheric heat source (E; units: W m ) and its component terms, (d)
total and high cloud amounts (units: %) averaged Yunnan province during 2001-2020. SHF, LH,
and NRF denote surface sensible heat flux, latent heat released by precipitation condensation, net
radiation flux of air column, respectively; The X-axis scale denotes the pentad number
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JERSIEHIES), 1EE =0 IR KX R ESD . 1HE TS 2001-2020 4F
7o i DX S 2 1 B 2 R 2 A R B AT 240 24 28 31 4% (30.9 %) , 3% 5 Wang and
LinHo (2002) 25 R 8n. MK 3aml i, =m XK R T 13-41 % 2 H R
GRS, B 28 R BN 1 MK EE (5.0ommd ) 5 i IR
RO Z A R A B IR 1 850hPa PR i (B 1), Bk EZEHILT 2 B R
55 29 EFFK IR RIRTS, 2 JEEBHEN, 25 31 FiAF 5.1 mmd s HEFKE
AkELITR, R 41 ERAREM (9.2mmdY) , MEITIEE FEiEs. sHE
ZFEREK BN S KA E BT iash B % K & ; 500hPa HE EH 2 7E 30 i i 1E4%
B, FFIGHIVEZ ETHES) GRAFRD 8 31k L AHEshiZii g, X5 -
T 5 28 IR 2 (1 R B TRD AT < 3% 3R I 2 g B 28 RS 2= R K (R T 46 S 2 g B AN T
BRI R AR B, BN s 33 AN 41 i (I8 3a-b) . BEERER/KIEN,
KA CRENEERD REmamR K. WEE 27 (FIFUG, SR HAh
PR SR KA HRIR ) 32 3 I, SR B 5 B K AR 2 B T 3 0 4955 (&L 3¢ )
EAFERI R, & BRI A A AR S A B2 38 K, IS5 R <48
WA EERRSS (B 3c) . 500hPa i ELHE . KAEHIE GEHO KB EH
FELES 41 (A Bk, HEE 4 7 v-55.8 hPad '.295.7 (319.9)W m 1 92.8 %,
5 41 52 Ja X AR B R I R AR UR )N, ABATTRIEL B 7K 2R (1 [R] AF OC R 40053 )
9-0.95. 0.97 (0.99) F10.94, #-55 DX 35 B 7K [ B 8] A8 44 153 55 AH 5K

NT 0 BRI & B s MW R A FER BRI ZE S, (ki
2001-2020 - =’ X S0P 3 (I L 2R RN 2=t 72, GE L 3 N E:,  Fir 26-27 BAE
NEZERNIREKATBL, 33-34 {5 N ZENIRAR JGI B, 41-42 15y FY 2= a8 ]
BBt R 14GH TIX 3ANM B m X B KR EEHIZS) . Pk KA
i, ME 2 XN R . EBERRT (26-27 ) = FE XK HT
N T UTIZ S, Sk B IS 4 7 R ) A v K R[] 850hPa At 43 il IA F|
MR AR, AT R KR 22 51 2 e A AR A G T IR K &
B XIS = B 10% A4, RAMRAEFS (K 2) o By 5 A By,
= JE A XL RS IR = BRI A S 4 B AT . AR 2R R
AT, ZEXNENRKRIG (33-34 1) Bk =5 X KE T A B, X
KR TR Bz sh i RN BT (KB 2) . 500hPa 3 H# JE M 36.3 hPa d ' 4%
N-14.6 hPad', FE/KEM 31HE59mmd’; FEE ETHESIK B, M
AN o BN G PN, s s =K 103.5% (£ 1) o WZEN]
WG RS AE T 112.0 W m B8 225.0 W m™®, 00 3 Bk [ [R] 1 B 0
BRI N 116.4 W m* B2 2424 W m™) o BbAh, BRI SHR S A 2
A FH B 5 A L R 2 R AT RS9 1. E MBI B (41-42 f5) , BE KK
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EItiEg P2 -47.3 hPa d, HXTRINGE, K. RAMEN = EH
B ARG (R 1 AR 2) o B 2 T, mEEERWEELL T 7
Ao A), IR ZE RN LR EALENE, M E RS IEEEIENZ, KX
R ETHEE) . SR R R 58 T = AR T X

R 1 TFEKXH500hPa BEEE. KR, REMENZESTEENERRIE 34
R EXEFE. RPESABERBRT 26-27 REZRILER

Table 1 The mean values of 500hPa vertical velocity, total precipitation rate, atmospheric
heat source and cloud amount averaged over Yunnan in three periods of summer monsoon

rain onset. The values in brackets are the change rates in pentad 33-34 (41-42) compared
with pentad 26-27

26-27 {i 33-34 fi 41-42 {5
500hPa I EL# % (hPad ) 36.3 -14.6 (-140.2%) -47.3 (-230.3%)
SBPEKZE (mmd 3.1 5.9 (90.3%) 8.6 (177.4%)
B (Wm™) 69.3 385 (-44.4%) 28.3 (-59.2%)
BHHR(Wm™) 116.4 242.4 (108.2%) 290.9 (149.9%)
KAFHESHEE (Wm™ -73.7 -55.9 (-24.2%) -53.2 (-27.8%)
KA (Wm™) 112.0 225.0 (100.9%) 266.0 (137.5%)
B (%) 67.8 86.6 (27.7%) 89.8 (32.4%)
e (%) 11.4 23.2 (103.5%) 34.4 (210.8%)

NT HR LS NERIX 25, X BRATIEIS 2 XA 40 o n b
BT (15-25N, 80-96F) JKH[E ZRpg i X 3k (22-32N, 108-122F) , 434
A 2R A AR R P R S s 28 7 X3, B8 = AN KRB K . KA IR =
MR RRAE B X3k (R 22 5 B 4 AT L, 78 =N IXsko, e R B ZKORT
RAIEEA R FASIRRE, HIEEBEWRR K (Bl da-b) o 5 A2 Hl
Je AR X IR T2, B KB R BOE A K, 25 X I 2 SR ARG T 5
AN E AR R ST B, R DX KA A EI SR T AR 2 AN X, XS R )
KALHIES A (55 251%) ACNTUE, 12 pE AT E R 3 30 1 RS RN I
8 (Kl 4a,b,de ) . 6-8 KM KIIEEE, XL 7 Hh
TNEAREE (E 4a-b) o HET 2 NMXEAFRPE, FEREE 3-5 HH AR
ZPEK, BEARKEMKSERE T RN = m A X, 26 H Ak s K
B, ZJERKIFHEIES (K 4a,d) o = FE XIS B ZK 5 e 0 B ) 2 6 30 1A e ]
FHIR %5 7124 0.95 F1 0.59, R RIS A OC %05 7108 0.92 F1 0.67. X
SN Pl Ny N s S RS R U TR AR A Sy 27 i s e =R =
FEZEEH 35 HRZERTEZEMEL, 6 HEFXNNEEMEEIFERD: =
AR R 1) A 2 B AR IR BE 0, 3-7 F 2R ka5, w3 iR ) A %
AEEik 097 (H 4o » =AMXEE s RN EAREREALE, 3-7 H FRXE
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Fig. 4 Climatological pentad mean (a) total precipitation rate (units: mm d '), (b) atmospheric
heat source (E; units: W m°), (c) high and total cloud amounts (units: %), (d) latent heat released
by precipitation condensation (LH; units: W m™), (e) surface sensible heat flux (SHF; units: W
m®), and (f) net radiation flux of air column (NRF; units: W m“) averaged over three regions
during 2001-2020. SA, SEC, and YN denote South Asia (15-25N, 80-96 E), Southeast China
(22-32N, 108-122E), and Yunnan Province, (c) The solid and dashed lines indicate total cloud
amount and high cloud amount, respectively. The X-axis scale denotes the pentad number
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Fig. 5 The onset pentad (black solid line) of summer monsoon rain in Yunnan and its standard
deviation (gray bar) during 2001-2020. The left and right sides at Y axis are the onset pentad and
its standardized deviation, respectively. Here, the standard deviation is the bias between the onset
pentad in each year minus 2001-2020 mean onset pentad divided by the standard variance of
2001-2020 onset pentads. the red dotted line is 0.75 standard deviation
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2001-2020 = Fd 2 2= MR =R R 3T AR iE 2205, X 0.75 bl 22y, R M2
R H-4E 4 2001, 2002, 2004, 2006 F1 2007 4, “F¥HIE Z XN K 1% N 26.6
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Fig. 6 Climatological pentad mean (a) total precipitation rate (units: mm d ), (b) 500hPa vertical
velocity (units: hPa d '), (c) total cloud amount (units: %), (d) high cloud amount (units: %), (e)
atmospheric heat source (E; units: W m®), (f) latent heat released by precipitation condensation
(LH; units: W m®), (g) surface sensible heat flux (SHF; units: W m®), and (h) net radiation flux of
air column (NRF; units: W m®) averaged over three regions in the early and late years during
2001-2020 relative to 2001-2020 mean counterparts. The X-axis scale denotes the pentad
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FHigg). mi. RS RFEFVERI W, o 26-31 &%, (w41 Bk A L
THizshta T e FRg R, Fre MR s B E R, # 3 MU B =
[ oA s AT W, 1E 26-27 &%, (i E WO A BT (2
S T IEERR,  FNRTE X e H I —MICZ AU B FR R, 850hPa {IKJZ I
A S EH L T AR % 2 2 v P R, T T A 2 i DX B R b 7 31 R S X
g (& 7a) o AHECTREAAE, fWBRAELE 26-27 fig 178 K- Bl e o B A 7Y
200hPa 11t XUzt H ot (i e A 78, AEC = SR 5 B v 78 e e 2 [ 2R R 3
A i I VS BT P R S B R 55 TR AR, SR T KR A AR AR T Rl s, &R
K#B 200hPa =17 o4E &0, LRI T, b T+2, RASHREN S
A T E (B 7a-c, 8a-c; £ 2) a8 2N A -4 IR LT 35
X WA i R o [ AR B AR PR, X S RHESE N (2006) (45 BRIl 25 31 ik
Z S s A R R AF () B K ZR I AN W I s B, PRE 2 A K (B 6a; R 2) .
fir 5428 40 {5k B Bk DR, PO - GRS TRl i, D3R 41 {6, {H PRk g fE
s TR (BB 3) o fF 41-42 15, 2 B 5 2= XURT 200 A Al g 47 o I 35 R 350
FRIAR A I ¥ B 0 ) 2 i 7 e A s FREC 2 78 e i W o T B4, PR Pl
e P, F 2R e S X s e AR R (B 7d-f, 8d-P) s AR TR R,
i 6 4 [5) H 2 Fig X 3 B HE B, Bk AT & = B R T AR (R 2).
Ak, W dn E (2002) FIfmBGAE (2015) MV PHZERIRGR A6 T S B & i
25 RAHIT . I TT I, 2 B 2 2= AR 2R A B () AR 350500 B A5 B o Y i .
CHRp I 220 2 il S F BV I X 48D B2, Z XIS IEA = &2 1 FEBR
7 Al 32 B AR BB 2R XU 2R A A], T AEBE IS T R ZE 0 BN . IR S
TV 2= B X IR AR 2= 5 14 B AR AR KRR b 32 FL 2 2= XY 2= 43 K I
(A FRAR A ()50 . 2001-2020 4F 2 B X 38 55 28 XU 2R A I () (1 AR i 3%, 3=
L5 F BT B A R SR 55 R ER ) 2 R X ki KRR A G o X AR
BrAR Ak 34 5 B R IR I AR AR PR 84k A 5¢ (Moon and Ha, 2019; Ding and Gao
2020) , ERRARREMATREA —ETIEk (Wangetal., 2022) .

%2 ZHEHBRWEREARGIEN 500nPa BEEE . BHAE. KSHENE RS
BENZ=ZMBNX R4

Table 2 The mean value of 500hPa vertical velocity, total precipitation rate, atmospheric
heat source and cloud amount in early and late years rains stage in Yunnan

26-27 fi% 33-34 i 41-42 {5
A W WEE W REE (WA
500hPa T EL## (hPad™) -35.4 45.1 1.0 -15.0 -46.0 -54.8
MK (mmd™) 6.3 1.9 5.5 5.7 7.6 9.6
B (Wm™) 52.6 80.8 37.3 48.0 26.8 26.3

HH (Wm?™ 225.4 73.8 195.9 238.6 287.5 299.0
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Fig. 7 (a) Pentad 26-27 mean 200hPa westerly (contour; units: m s '), 500hPa vertical velocity
field (shading; units: hPa d '), 850hPa wind (vector; units: m s ') for summer monsoon early onset
years during 2001-2020 in Yunnan province. (b) is Pentad 26-27 mean results for summer
monsoon rain late onset year. (c) is the difference between (a) and (b). (d)-(f) are counterparts for
Pentad 41-42. In (c) and (f), the shading and contour denote 500hPa vertical velocity and 850hPa
vector, respectively
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Fig.8 Same as Fig. 7 but for 200hPa divergence (shading; units: 10°s) and 500hPa
geopotential height (contour; units: m)
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15 FFaE, BB RAIIRR 300, 1 EAFR S E RS A H TR K F =
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Fig. S1 Climatological April-July mean latent heat released by precipitation condensation (LH),
surface sensible heat flux (SHF), net radiation flux of air column heat (NRF) (units: W m ) during
2001-2020. The Yunnan domain is marked with solid black line, the same as below
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Fig. S2 Climatological mean 200hPa westerly (contour; units: m s '), 500hPa vertical velocity
field (shading; units: hPa d ), 850hPa wind (vector; units: m s '), total precipitation rate (units:
mm d '), atmospheric heat source (E; units: W m~), and high cloud amount (units: %) in pentad
26-27, 33-34, and 41-42 of 2001-2020. Wind fields with surface pressure below 850hPa are not
shown
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Fig. S3 Climatological pentad mean total precipitation rate in early and late years during
2001-2020 (units: mm d ). The black line is 2001-2020 mean total precipitation. The X-axis scale
denotes the pentad
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