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investigate the spatiotemporal characteristics of surface sensible heating over the Tibetan Plateau (TP) in boreal spring, as
well as their effect on the onset of the Indian summer monsoon (ISM). The EOF results show that the most evident
interannual variability of sensible heat occurs over the central-western TP in spring; this is primarily attributed to the
interannual variability of the land—air temperature difference in situ. This is demonstrated by statistical analysis, which
shows that the ISM builds up early (late) with strong (weak) spring sensible heat over the central-western TP, which is not
significantly correlated with ENSO events. In fact, the spring sensible heat over the central-western TP could alter the
ISM onset time by changing the meridional thermal structure in both the upper and lower troposphere over the ISM region.
When the spring sensible heat over the central-western TP is stronger, local ascent is enhanced followed by descent to the
west of the TP, which is to the north of the ISM region. Thus, the anomalous warming induced by the adiabatic process
could accelerate the seasonal transition of the meridional mean temperature gradient in the middle and upper troposphere
from winter to summer. Meanwhile, the subsidence anomaly to the north of the ISM region could prevent rainfall
development in situ causing the land surface temperature to increase. Thereafter, the strengthened diabatic heating of the
land leads to the warm center in the lower troposphere, increasing the land-sea thermal contrast in the ISM region. As a
result, the anomalous warming in both the upper and lower troposphere contributes to the early onset of the ISM under the
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influence of the stronger spring sensible heat over the central-western TP.
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Fig. | EOF analyses of surface sensible heating flux (units: W m?) over
the Tibetan Plateau (above 3000 m): (a) The first EOF mode, (b) the second
EOF mode, (c) principal components (PCs) of the first and second EOF
modes (red line: PC1; blue line: PC2; black line: standardized surface
sensible heat without linear trend of the stations over western Tibetan
Plateau). In (a) and (b), solid and open dots are for the No. 55228 and
55248 stations over western Tibetan Plateau, respectively. The explain
variances of the first and second EOF modes are 50.8% and 10.2%,

respectively
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Fig. 2 Composite differences of (a) surface sensible heat (units: W m™),
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units: K) between strong and weak spring surface sensible heat years over
central-western Tibetan Plateau (strong minus weak). Black contours
surround the region exceeding 90% confidence level, while dashed line is

for the 3000 m orography
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Fig. 3 Pressure—longitude cross sections of composite differences of 30°~35°N averaged diabatic heating and its components (interval is 0.1 K d™') between

strong and weak spring surface sensible heat years over central-western Tibetan Plateau (strong minus weak, gray shading is for the topography): (a) Total

diabatic heating, (b) solar radiation heating, (c) longwave radiation heating, (d) convective heating, (¢) large scale rainfall heating, (f) vertical diffusion heating



6 KA R A5 AR R Ji R AN AR PR A s AR A R i B HEoxT B JEE B2 XU RN 1) 4 5 )
No.6  ZHANG Yingying et al. Interannual Variability of Surface Sensible Heating over the Tibetan Plateau in Boreal ... 1065

17 Nifio 3.4 SST W), R G R
T AR IS ] R AR MR (B3 o IX U WIS B
T R I 8] (R AR B AR T 5, A7 e S A 1 4
brAzAk 5 ENSO HFAFRIFF R ZE, H P JLPAH A
SL, PRI e SR T A RE A A DAy BN R 3 2 XA
SIS TV S — TR A 170 R SCKE T4 )38 B A
BV, ISR e, RS
JE T AR i B8 52 2 KRR e e 1 P BRI R

F1 THATEENELRESEE (MAM) FESE
RERABE (TPSH) FFREM. (PC2). Nifo 3.4 X
IR E BUHE R R AR X R E R+ 43 Bl FRIREB I 90%70 95%
fEEKT 123

Table 1 Correlation and partial correlation coefficients of
the tropical Asian summer monsoon onset dates with the
interannual variability of Tibetan Plateau sensible heating
(TPSH PC2) and the Niiio 3.4 SST (¥ and ** are for the

values exceeding 90% and 95% confidence levels,

respectively)
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Fig. 4 (a) The pressure—latitude cross section of 60°-75°E averaged
potential temperature (units: K); the horizontal distributions of composite
differences of (b) 250 and (c) 700 hPa potential temperature (units: K)
between strong and weak spring surface sensible heat years over
central-western Tibetan Plateau (strong minus weak). Dark gray shading is

for the topography
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Fig. 5 Composite differences of 500-200 hPa averaged (a) diabatic
heating, (b) temperature advection, and (c) adiabatic heating (units: K d™")
between strong and weak spring surface sensible heat years over
central-western Tibetan Plateau (strong minus weak, bold black lines are
for the 3000 m topography) Gray shading is for the region exceeding 90%

confidence level
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Fig. 6 Composite differences of (a) the 500-200 hPa averaged divergent
wind (m s™') and (b) the 25°-35°N averaged zonal circulation between
strong and weak spring surface sensible heat years over central-western
Tibetan Plateau (strong minus weak). Black lines in (a) are for the 3000 m

topography, while shading in (b) is for the topography

BpE SECT MR (B 7a 1 b)), [AEE, AERT
PR LA BE LI H), (HIX I B ZR A
XTFURE IR AR i 59 (8 7o), Tk b
THE B3 B A AT, DR EBATHr A1T i e 38 23 1
YR EEBHILT A L (B 4a). mri,
BB X (Rt 2 o 38, A Bl A1 o 0
(1) S ¥4 Hh o R 12 XU LBt b 1 S B8 v
DHATEER MTG “rgadbE™) dsr, M
M4 B B 2 MR R AR K
4.2 FENEERXEM X LG

B T 62 R BB R, B da RN ¢ B R
A > e S P P S R R I, BRI LA
i B E 2 0 0 R B AR — R B .
Kawamura (1998) [FIHFFCEK B, X282 1
25 [ hek 52 s 5 485 K M 6 0 5 ) B S 5 R AT AR R
N (7] o

L5 2 R R e T LA /], a5
JEARE S50 8 0 IR T B Jed M A & A0 FAAH
WA (B 7e)e — 7, 75 s S Hh o e i o ek



6 KA R A5 AR R Ji R AN AR PR A s AR A R i B HEoxT B JEE B2 XU RN 1) 4 5 )
No.6  ZHANG Yingying et al. Interannual Variability of Surface Sensible Heating over the Tibetan Plateau in Boreal ... 1067

p/hPa

20°N 30°N 40°N 50°N

, adiabatic process
RS

p/hPa

30°N 40°N 50°N

'?\/\/vdiabatic heating

20°N

p/hPa

50°N
Bl 7y 60°~75°E PR (a) AZifSFRIL (b) e AR (o)
AR PR B s— FRE T0 T 7E A7 75 e J5L o 7 3 T A i
SRAE A 94 T A (O SR 2 i 55 46 R (B B R,
EA PR 90% 15 B ¢ KB X1 . SEELMIRE A 0.2
Kd'
Fig. 7 Composite differences of the pressure—latitude cross section of
60°-75°E averaged (a) horizontal advection of potential temperature, (b)
diabatic heating and, (c) adiabatic heating between strong and weak spring
surface sensible heat years over central-western Tibetan Plateau (strong
minus weak, dark gray shading is for the topography). Light gray shading
represents the region exceeding 90% confidence level. Interval of contours
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Fig. 8 Composite differences of (a) 500 hPa vertical motion (units: 107
Pa s'), (b) OLR (Outgoing Long Wave Radiation), and (c) surface
temperature (units: K) between strong and weak spring surface sensible
heat years over central-western Tibetan Plateau (strong minus weak). Black
solid contours surround the region passing ¢ test at 90% confident level,

while black dashed lines are for the 3000 m topography
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Fig. 9 Composite differences of (a) 10-m height wind field (units: m s™'),
(b) advection of surface air temperature (units: K d '), and (c) 2-m height air
temperature (units: K) between strong and weak spring surface sensible heat
years over central-western Tibetan Plateau (strong minus weak, black
dashed lines are for the 3000 m topography). Black solid contours surround

the region passing ¢ test at 90% confidence level
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Fig. 10 Composite differences of 200-hPa wind field (vectors, m s™') with
(a) divergence (contours, units: 10 s™) and (b) relative vorticity (contours,
units: 107 s™') between strong and weak spring surface sensible heat years
over central-western Tibetan Plateau (strong minus weak, bold black lines
are for the 3000 m topography). Gray shading is for the region exceeding

90% confidence level
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Fig. 11 Composite differences of (a) the 360 K isentropic potential
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exceeding 90% confidence level



N W 39 %

1070 Chinese Journal of Atmospheric Sciences

Vol. 39

SRR B B R B 2 KU R LR IR IEE &R, {HL e J
VG i A S ﬁﬁMﬁ%&%ﬁEéM@ﬁﬁ@
PREMHIGEA R . F b, SR ARG

X v FE LR AR E*ﬂ%ﬁkﬁ@%w
W 1] 6 56 N T, 9, EAEFR R L, Mao and Wu
(2007) 48 H AT &A= i I 2R 0 R 5 A Inhis 5
Z AP R I (R A7 A0 J8 35 IR AR DG, SR HE AR K HY
(2002) A HZE I R (27.5°~40°N, 80°~
100°E) J&kH S 15 B it B 20 XUAR R I TR) A7 7 S AH
o WA, T iy B 22 A5 5 1T 445 1) ENSO
HUR T B%, AL s i EZ R
T T IR AR AR 1k 5 ENSO 4 1 £ AH 5 I
B i, PR R USRI ENSO
AR WY Z KR R R HERE S R ) L (R S, 0ot
A T B A I 9 B 2 X A R T A B AR A LA
TR E R X

SEZ3#k (References)

Cui Y, Wang C H. 2009. Comparison of sensible and latent heat fluxes
during the transition season over the western Tibetan Plateau from
reanalysis datasets [J]. Prog. Nat. Sci., 19 (6): 719-726.

Dee D P, Uppala S M, Simmons A J, et al. 2011. The ERA-Interim
reanalysis: Configuration and performance of the data assimilation
system [J]. Quart. J. Roy. Meteor. Soc., 137: 553-597.

Begz I, S 2003, 7 F 7 w5 OKACHRg 2 o i) 2 e L5 R
KAFTMBEAR AR [7]. G EM, 61 (4): 447-456. Duan
Anmin, Wu Guoxiong. 2003. The main spatial heating patterns over the
Tibetan Plateau in July and the corresponding distributions of circulation
and precipitation over eastern Asia [J]. Acta Meteorologica Sinica (in
Chinese), 61 (4): 447-456.

Duan A M, Wu G X. 2005. Role of the Tibetan Plateau thermal forcing in
the summer climate patterns over subtropical Asia [J]. Climate Dyn., 24,
793-807.

Duan AM, Wu G X. 2008. Weakening trend in the atmospheric heat source
over the Tibetan Plateau during recent decades. Part I: Observations [J]. J.
Climate, 21: 3149-3164.

Duan A M, Li F, Wang M R, et al. 2011. Persistent weakening trend in the
spring sensible heat source over the Tibetan Plateau and its impact on the
Asian summer monsoon [J]. J. Climate, 24: 5671-5682.

Duan AM, Wang M R, Lei Y H, et al. 2013. Trends in summer rainfall over
China associated with the Tibetan Plateau sensible heat source during
1980-2008 [J]. J. Climate, 26: 261-275.

SR, 1985, BT I b B TR B RO ROAE
H 0], A% 241, 43: 208-220. Huang Ronghui. 1985. The influence
of the heat source anomaly over Tibetan Plateau on the Northern
Hemispheric circulation anomalies [J]. Acta Meteorologica Sinica (in
Chinese), 43: 208-220.

fRSEER, Boe R, 2002. 75 5w I N $437 H A6 I 2 KUK,

HREE [1]. #ir %
Huibang. 2002. Impact of the diurnal variation of the surface heating in

%2E4), 18 (3): 269-275.  Jian Maoqiu, Luo

the Tibetan Plateau on the general circulation over the Asian monsoon
region [J]. J. Trop. Meteor. (in Chinese), 18 (3): 269-275.

Joseph P V, Eishcheid J K, Pyle R J. 1994. Interannual variability of the
onset of the Indian summer monsoon and its association with atmospheric
features, El Niflo, and sea surface temperature anomalies [J]. J. Climate, 7:
81-105.

JuJ H, Slingo J M. 1995. The Asian summer monsoon and ENSO [J]. Quart.
J. Roy. Meteor. Soc., 121: 1133-1168.

Kalnay E, Kanamitsu M, Kistler R, et al. 1996. The NCEP/NCAR 40-year
reanalysis project [J]. Bull. Amer. Meteor. Soc., 77: 437-471.

Kawamura R. 1998. A possible mechanism of the Asian summer
monsoon—-ENSO coupling [J]. J. Meteor. Soc. Japan, 76: 1009-1027.

Liebmann B., Smith C A. 1996. Description of a complete (interpolated)
outgoing longwave radiation dataset [J]. Bull. Amer. Meteor. Soc., 77:
1275-1277.

LiuB Q, Wu G X, Mao J Y, et al. 2013. Genesis of the South Asian high and
its impact on the Asian summer monsoon onset [J]. J. Climate, 26:
2976-2991.

%Jlﬂ*ﬂlfé XURE, XS, 4. 1999, 2% ] 45 5] i Fhond w Fty v F 8 R A2

S T BT R R PRl m D] AR FR, 57 (4
385-396. Liu Yimin, Liu Hui, Liu Ping, et al. 1999. The effect of
spatially nonuniform heating on the formation and variation of
subtropical high. Part II: Land surface sensible heating and East Pacific
subtropical high [J]. Acta Meteorologica Sinica (in Chinese), 57 (4): 385—
396.

Liu YM, Wu G X, Liu H, et al. 2001. Condensation heating of the Asian
summer monsoon and the subtropical anticyclone in the Eastern
Hemisphere [J]. Climate Dyn., 17: 327-338.

Luo H B, Yanai M. 1984. The large-scale circulation and heat sources over
the Tibetan Plateau and surrounding areas during the early summer of
1979. Part II: Heat and moisture budgets [J]. Mon. Wea. Rev., 112 (5):
966-989.

BILE. 2001, =15 Fe 0 30 1A g 45728 52 A0 2 U B LRI 9T (D]
o 2 158 KA BT S i T L 2447 18 S, 139pp.
2001. Studies on the pattern variation of subtropical high and the

Mao Jiangyu.

mechanisms for monsoon onset during the seasonal transition [D]. Ph. D.
dissertation (in Chinese), Institute of Atmospheric Physics, Chinese
Academy of Sciences, 139pp.

Mao J Y, Chan J C L, Wu G X. 2004. Relationship between the onset
of the South China Sea summer monsoon and the structure of the
Asian subtropical anticyclone [J]. J. Meteor. Soc. Japan, 82 (3): 845—
849.

Mao J 'Y, Wu G X. 2007. Interannual variability in the onset of the summer
monsoon over the eastern Bay of Bengal [J]. Theor. Appl. Climatol., 89:
155-170.

North G R, Bell T L, Cahalan R F, et al. 1982. Sampling errors in the
estimation of empirical orthogonal functions [J]. Mon. Wea. Rev., 110:
699-706.

Onogi K, Koide H, Sakamoto M, et al. 2005. JRA-25: Japanese 25-year

re-analysis project—progress and status [J]. Quart. J. Roy. Meteor. Soc.,



6 KA R A5 AR R Ji R AN AR PR A s AR A R i B HEoxT B JEE B2 XU RN 1) 4 5 )
No.6  ZHANG Yingying et al. Interannual Variability of Surface Sensible Heating over the Tibetan Plateau in Boreal ... 1071

131: 3259-3268.

Pan W J, Mao J Y, Wu G X. 2013. Characteristics and mechanism of the
10-20-day oscillation of spring rainfall over southern China [J]. J.
Climate, 26 (14): 5072-5087.

Quadrelli R, Bretherton C S, Wallace J M. 2005. On sampling errors in
empirical orthogonal functions [J]. J. Climate, 18: 3704-3710.

Rajagopalan B, Molnar P. 2013. Signatures of Tibetan Plateau heating on
Indian summer monsoon rainfall variability [J]. J. Geophys. Res., 118:
1170-1178.

Shi Q, Liang S. 2014. Surface-sensible and latent heat fluxes over the
Tibetan Plateau from ground measurements, reanalysis, and satellite data
[J]. Atmos. Chem. Phys., 14: 5659-5677.

Tamura T, Taniguchi K, Koike T. 2010. Mechanism of upper tropospheric
warming around the Tibetan Plateau at the onset phase of the Asian
summer monsoon [J]. J. Geophys. Res., 115, D02106, doi: 10.1029/
2008JD011678.

Tian S F, Yasunari T. 1998. Climatological aspects and mechanism of spring
persistent rains over central China [J]. J. Meteor. Soc. Japan, 76 (1):
57-71.

Wan R J, Wu G X. 2007. Mechanism of the spring persistent rains
over southeastern China [J]. Sci. China- Series D: Earth Sci., 50 (1): 130—
144.

Wan R J, Zhao B K, Wu G X. 2009. New evidences on the climatic causes
of the formation of the spring persistent rains over southeastern China [J].
Adv. Atmos. Sci., 26 (6): 1081-1087.

EAR, XM, PRI, S5 2011, AR AR R R Rl B AR
HEMI T EE KR D] AU SIS, 16 (3): 310-321.
Wang Lin, Liu Peng, Lin Zhaohui, et al. 2011. The distribution of surface
sensible heat flux in spring over central and eastern Asia and its
relationship with summer precipitation in China [J]. Climatic and
Environmental Research (in Chinese), 16 (3): 310-321.

TR, MM, TS 2013, 3 60 4F 76 m JHh X Hh KHUE (1
IS EARRFAE [J]. WA, 32 (6): 1557-1567.  Wang Xuejia, Yang
Meixue, Wan Guoning. 2013. Temporal—spatial distribution and evolution
of surface sensible heat flux over Qinghai—Xizang Plateau during last 60
years [J]. Plateau Meteorology (in Chinese), 32 (6): 1557-1567.

Wang Z Q, Duan A M, Wu G X. 2014. Time-lagged impact of spring
sensible heat over the Tibetan Plateau on the summer rainfall anomaly in
East China: Case studies using the WRF model [J]. Climate Dyn.,: 2885—
2898, doi: 10.1007/s00382-013-1800-2.

T, KNIZUE. 2000, FIJEN G SRECHIE S LB E RS
[0 KARI, 24 (4): 433-446.  Wu Guoxiong, Liu Yimin. 2000.
Thermal adaptation, overshooting, dispersion, and subtropical
anticyclone. Part I: Thermal adaptation and overshooting [J]. Chinese
Journal of Atmospheric Sciences (in Chinese), 24 (4): 433-446.

Wu G X, Zhang Y S. 1998. Tibetan Plateau forcing and the timing of the
monsoon onset over South Asia and the South China Sea [J]. Mon. Wea.
Rev., 126: 913-927.

Wu G X, Liu B Q. 2014. Roles of forced and inertially unstable convection
development in the onset process of Indian summer monsoon [J]. Sci.
China Earth Sci., 57 (7): 1438-1451.

STE b, AR, M, S5, 1997, T I A UAENE P B AR X

[CY/ wHaiE. BJuma &Ik, Jbut: BRag il ctt, 116-126. Wu
Guoxiong, Li Weiping, Guo Hua, et al. 1997. Tibetan Plateau sensible
heating air-pump and Asian summer monsoon [C]// Ye Duzheng, Essays
in Honor of Zhao Jiuzhang (in Chinese). Beijing: Sciences Press,
116-126.

Wu G X, Liu Y M, Wang T M, et al. 2007. The influence of mechanical and
thermal forcing by the Tibetan Plateau on Asian climate [J]. J.
Hydrometeor., 8: 770-789.

Wu G X, Guan Y, Liu Y M, et al. 2012. Air—sea interaction and formation of
the Asian summer monsoon onset vortex over the Bay of Bengal [J].
Climate Dyn., 38: 261-279.

Yanai M, Tomita T. 1998. Seasonal and interannual variability of
atmospheric heat sources and moisture sinks as determined from
NCEP-NCAR reanalysis [J]. J. Climate, 11: 463-482.

YangK, Guo X F, He J, et al. 2011. On the climatology and trend of the
atmospheric  heat source over the Tibetan Plateau: An
experiments-supported revisit [J]. J. Climate, 24: 1525-1541.

MR, s, BUYE, 4 1979, HimE RS M) deat Bl
i #t, 316pp.  Ye Duzheng, Gao Youxi, Luo Siwei, et al. 1979.
Meteorology of Tibetan Plateau [M] (in Chinese). Beijing: Sciences Press,
316pp.

Yeh T C. 1950. The circulation of the high troposphere over China in the
winter of 1945-46 [J]. Tellus, 2: 173-183.

You Q, Kang S, Pepin N, et al. 2010. Relationship between temperature
trend magnitude, elevation and mean temperature in the Tibetan Plateau
from homogenized surface stations and reanalysis data [J]. Global Planet.
Change, 71: 124-133.

SRHS, ERACHT. 2002, T S T AR E PR XU R g 5 [J].
MU % 2B AR, 25 (3): 298-306.  Zhang Yan, Qian Yongfu. 2002.
Thermal effect of surface heat source over the Tibetan Plateau on the
onset of Asian summer monsoon [J]. J. Nanjing Institute of Meteorology
(in Chinese), 25 (3): 298-306.

Zhang Y N, Wu G X, Liu Y M, et al. 2014. The effects of asymmetric
potential vorticity forcing on the instability of South Asia high and
Indian summer monsoon onset [J]. Sci. China Earth Sci., 57 (2): 337—
350.

Zhao P, Chen L X. 2001la. Interannual variability of atmospheric heat
source/sink over the Qinghai—Xizang (Tibetan) Plateau and its relation to
circulation [J]. Adv. Atmos. Sci., 18 (1): 106-112.

Zhao P, Chen L X. 2001b. Climatic features of atmospheric heat source/ sink
over the Qinghai—Xizang Plateau in 35 years and its relation to rainfall in
China [J]. Sci. China- Series D: Earth Sci., 44: 858-864.

Zhao P, Zhou Z J, Liu J P. 2007. Variability of Tibetan spring snow and its
associations with the hemispheric extratropical circulation and East Asian
summer monsoon rainfall: An observational investigation [J]. J Climate,
20: 3942-3955.

Zhou W, Chan J C L. 2007. ENSO and the South China Sea summer
monsoon onset [J]. Int. J. Climatol., 27: 157-167.

JAFERE, BT, BRAEH, A 2009, e R MR R GRS i e
ML (1. PEERE D #: kR, 39: 1473-1486.  Zhou Xiuji,
Zhao Ping, Chen Junming, et al. 2009. Impacts of thermodynamic

processes over the Tibetan Plateau on the Northern Hemispheric climate



N W 39 %

1072 Chinese Journal of Atmospheric Sciences Vol. 39
[J]. Sci. China Ser. D Earth Sci. (in Chinese), 39: 1473-1486. Zhu X Y, Liu Y M, Wu G X. 2012. An assessment of summer sensible heat

ML 2011, B ZRE G 2 RORE R sRaA RN 450 55 28 XUAE Bk A2 AEAR B flux on the Tibetan Plateau from eight data sets [J]. Sci. China Earth Sci.,
ALK A [D]. P E BRSBTS L 2 R 5, 117pp. 55 (5): 779-786.
Zhu Xiaying. 2011. Subtropical multi-scale thermal forcing in boreal REH, T, S 2009, 7 7 R AR S S B 5 R R K
summer and its association with the interannual and interdecadal FIRSIT ST [J]. KARFE, 33 (5): 903-915.  Zhu Yuxiang, Ding Yihui,
variability of East Asian summer monsoon [D]. Ph. D. dissertation (in Liu Haiwen. 2009. Simulation of the influence of winter snow depth over
Chinese), Institute of Atmospheric Physics, Chinese Academy of the Tibetan Plateau on summer rainfall in China [J]. Chinese Journal of

Sciences, 117pp. Atmospheric Sciences (in Chinese), 33 (5): 903-915.



