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Abstract The thermal forcing of the Tibetan Plateau (TP)
is analyzed to investigate the formation and variability of
Tibetan Plateau Summer Monsoon (TPSM), which affects
the climates of the surrounding regions, in particular the
Indian summer monsoon precipitation. Dynamic compos-
ites and statistical analyses indicate that the Indian summer
monsoon precipitation is less/greater than normal during
the strong/weak TPSM. Strong (weak) TPSM is associated
with an anomalous near surface cyclone (anticyclone) over
the western part of the Tibetan Plateau, enhancing (reduc-
ing) the westerly flow along its southern flank, suppress-
ing (favoring) the meridional flow of warm and moist air
from the Indian ocean and thus cutting (providing) mois-
ture supply for the northern part of India and its monsoonal
rainfall. These results are complemented by a dynamic
and thermodynamic analysis: (i) A linear thermal vorticity
forcing primarily describes the influence of the asymmet-
ric heating of TP generating an anomalous stationary wave

< Fei Ge
fei.ge @mpimet.mpg.de

Plateau Atmosphere and Environment Key Laboratory

of Sichuan Province, College of Atmospheric Sciences,
Chengdu University of Information Technology, Chengdu,
China

Max Planck Institute for Meteorology, Hamburg, Germany

Collaborative Innovation Center on Forecast and Evaluation
of Meteorological Disasters, Nanjing University
of Information Science and Technology, Nanjing, China

KLME, Nanjing University of Information Science
and Technology, Nanjing, China

Meteorological Institute, Hamburg University, Hamburg,
Germany

Hamburg University, Klima Campus, Hamburg, Germany

flux. Composite analysis of anomalous stationary wave flux
activity (after Plumb in J Atmos Sci 42:217-229, 1985)
strongly indicate that non-orographic effects (diabatic heat-
ing and/or interaction with transient eddies) of the Tibetan
Plateau contribute to the generation of an anomalous
cyclone (anti-cyclone) over the western TP. (ii) Anomalous
TPSM generation shows that strong TPSM years are related
to the positive surface sensible heating anomalies over the
eastern TP favoring the strong diabatic heating in summer.
While negative TPSM years are associated with the atmos-
pheric circulation anomalies during the preceding spring,
enhancing northerly dry-cold air intrusions into TP, which
may weaken the condensational heat release in the middle
and upper troposphere, leading to a weaker than normal
summer monsoon over the TP in summer.

Keywords Tibetan Plateau summer monsoon (TPSM) -
Tibetan Plateau thermal forcing - Asymmetric influence -
Indian summer monsoon rainfall

1 Introduction

The Tibetan Plateau (TP), with an average altitude of over
4000 m, is the highest and most extensive geographic fea-
ture on the world (Fig. 1a). The mechanical and thermo-
dynamic forcing and its impact on the atmospheric general
circulation and the Asian monsoon systems have long been
a central theme of research in the past several decades (Yeh
1950; Flohn 1957; Hoskins and Kalory 1981; Wu 1984).
In addition to the regional climate effect of TP, the thermal
influence of TP as an elevated heat source or sink for the
large-scale atmospheric circulation has been discussed in
many analyses (Yeh et al. 1957; Flohn 1968; Nitta 1983;
Yanai et al. 1992; Wu and Liu 2003; Liu et al. 2004).
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Fig. 1 a The topography of TP and the grids location for define the
TPSMI (black dots). b Standardized time series of the Tibet Plateau
summer monsoon index (TPSMI) and Indian summer monsoon index

Numerical experiments confirmed that the thermal forc-
ing of TP plays an important role on the establishment and
development of the Asian summer monsoon (Broccoli and
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(ISMI). ¢ Original TPSMI and 9-year running mean. d The stand-
ardized time series of the original TPSMI minus the 9-year running
mean

Manabe 1992; Liu et al. 2001, 2004; Schneider and Bor-
doni 2008; Wu et al. 2012b; Tang et al. 2013; Chen et al.
2014). In the preceding spring season, the surface thermal
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status and its asymmetric heating over TP are well related
to the onset of the Asian summer monsoon (Wu and Zhang
1998; Wu and Liu 2003; Duan and Wu 2005; Wu et al.
2007). Generally, the TP functions as a huge heat engine
exhibiting direct influences on Asian monsoon variability.
For example, an enhanced atmospheric heat source over
the TP tends to coincide with positive precipitation anoma-
lies over the middle and lower reaches of the Yangtze and
Huaihe River precipitation and with reduced rainfall over
Southeast China (Zhao and Chen 2001; Duan et al. 2005;
Wang et al. 2014).

Traditionally, the Asian monsoon system consists of sev-
eral sub-components, such as East Asian monsoon, South
Asian monsoon and Australian monsoon. In addition, the
atmospheric response to the TP—the uplifted thermal forc-
ing establishes a topographically driven monsoon circula-
tion, the Tibetan Plateau monsoon (TPM). Various pio-
neering studies have indicated that the TPM has a decisive
influence on the weather and climate in the neighboring
areas (Tang et al. 1979; Ye and Gao 1979; Reiter and Gao
1982; Tang and Reiter 1984; Tian et al. 2001). (i) Circula-
tion: it is well known that there also exists a cyclonic cir-
culation around the TP during the summer season, which
changes to an anti-cyclonic circulation in winter. Obser-
vations show that the TPM is the dynamic link between
Tibetan snow cover and the Indian summer monsoon rain-
fall. (ii) Precipitation: recent research has shown that the
TPM has different influences on precipitation over Tibetan
Plateau and its vicinity. For example, a strong Tibetan Pla-
teau summer monsoon (TPSM) can significantly influence
the rainfall distribution over TP and northwest China (Liu
1999; Bai et al. 2005). Bai and Li (2015) suggest that the
seasonal advance of the rain belt over TP corresponds to
the transitions between the summer and winter TPM. The
east—west spatial correlation between Tibetan snow cover
and the Indian summer monsoon rainfall changes in sign
around 1985, and attributes to the transition from a weak
to a strong TPM (Kripalani and Kulkarni 1999; Saito et al.
2004; Zhao and Moore 2004). (iii) Variability: Analyz-
ing the precipitation (1961-2010, 39 meteorological sta-
tions) in the Tarim River Basin indicate a trend from dryer
towards wetter conditions after the middle of the 1980s
(Borth et al. 2016; Tao et al. 2016). Zhao et al. (2015)
examining the relationship between TPSM and the precip-
itation over Tarim Basin (northwest of TP) show that the
anomalous anticyclone in the upper troposphere is associ-
ated with the strong TPSM transporting cold air from high
latitudes into the western part of TP and southerly winds
intensifying east of the cooling region. Thus, the summer
precipitation increases over the Tarim Basin. Overall, both
dynamic and thermodynamic features of TP are important
for the regional and global climate. This issue remains a
scientific challenge and concern.

In this paper, our analyses are focused on the asymmet-
ric thermal heating over TP during strong and weak TPSM
years, with the aim to explore possible clues which estab-
lish the TPSM and to account for its variability. The paper
is organized as follows: datasets and methods of analysis
are described in Sect. 2. The interannual variability of pre-
cipitation associated with TPSM is shown in Sect. 3. Also
in this section, we present the asymmetric heating over TP
during the strong and weak TPSM years, its association
with TPSM in the preceding season. Finally, the conclu-
sions and further discussion are provided in Sect. 4.

2 Data and methods
2.1 Data

A high-resolution precipitation field (CRU TS3.1) is
obtained from Climatic Research Unit (CRU) (Mitch-
ell and Jones 2005; Harris et al. 2014) for the period of
1961-2010 is employed to investigate the relationship
between TPSM and Indian summer precipitation. For lack
of enough observations and long-term data over TP, the
analysis of TP thermal impact on the global climate is often
a difficult task, particularly on the surface heat flux. In this
paper, the National Centers for Environment Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
reanalysis and Twentieth Century Re-Analysis Project for
the period of 1961-2010 are used to reveal the large scale
atmospheric circulation anomalies and total atmospheric
diabatic heating patterns (Kalnay et al. 1996; Whitaker
et al. 2004; Compo et al. 2006). These reanalysis datasets
for examining thermal status over TP (such as sensible
heating, radiative and latent heating) has been validated
by many previous studies (Liu et al. 2001; Duan and Wu
2008; Wu et al. 2012a, 2016). Note that the long-term lin-
ear trends in all datasets have been removed.

2.2 Methods

To investigate the spatial and temporal variability of TPSM
and its association with the Indian summer rainfall, two
monsoon indices are used in this study which is introduced
as follows:

The Indian summer monsoon index (ISMI) is defined
by the averaged total rainfall (JJAS) over the Indian sub-
continent (Parthasarathy et al. 1992, 1993). Here, we use
the geopotential height anomaly (JJA) at 600 hPa to define
a Tibetan Plateau summer monsoon index (TPSMI), with
larger (smaller) values representing stronger (weaker) sum-
mer monsoon over TP (Tang and Reiter 1984). The grids
used to define the TPSMI are shown in Fig. la.
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According to Yanai et al. (1973) and Yanai and Li
(1994), the apparent heat source (Q1) and moisture sink
(Q2) are used to calculated by

TPSMI = H(32.5°N, 80°E) + H(32.5°N, 100°E) + H(25°N, 90°E)
+ H(40°N, 90°E) — 4H (32.5°N, 90°E)

a(@)
op
(1)

6(5]’(0’)
op

@)
where 6 is the potential temperature, g the mixing ratio of
water vapor, V the horizontal wind, @ the vertical p-veloc-
ity, k=R/C,, R and C, are the gas constant and the spe-
cific heat at constant pressure of dry air, L the latent heat,
Po=1000 hPa, Qp the radiative heating rate, s=c,T + gz
the dry static energy, c¢ the rate of condensation per unit
mass of air and e the rate of re-evaporation of cloud and
rain water. When examining the statistical significance of
the correlation and composite analysis, the effective num-
ber of degrees of freedom is considered according to Davis
(1976). All statistical significance tests for correlations are
analyzed employing the two-tailed Student’s 7 test.
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3 Results

The complex surface topography and the remarkable alti-
tude difference between the eastern and western part of TP,
may cause the asymmetric thermal heating on the TPM.
Although most of previous studies have been focusing on
the heating effect of the TP, the following questions are still
open: (1) How do interannual variations of TPSM influ-
ence the Indian monsoon precipitation? (2) What are the
predominant processes in the preceding season favoring
TPSM? (3) How is the TPSM associated with the diabatic
thermal heating? These issues are discussed in the follow-
ing sections.

3.1 Interannual variations of precipitation associated
TPSM

The time series of the TPSMI and ISMI shown for the
period from 1961 to 2010 (Fig. 1b). The correlation of
TPSMI with ISMI is —0.44, satisfying a 95% confidence
level. This indicates that the year-to-year TPSM variations
are closely related with the Indian summer monsoon. In
contrary, the correlation of TPSMI with Nino3.4 index is
only —0.029, indicating that the impact of ENSO is week.
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By removing the interdecadal signals (9-year running
mean) from the original TPSMI (Fig. 1c, d), the interan-
nual variability of TPSM, can be grouped into anomalous
strong/weak years between 1961 and 2010 by selecting
TPSMI anomalies exceeding +1 standard deviation. This
yields six positive (strong) years (1965,1972, 1974, 1981,
1987 and 1998) and six negative (weak) years (1971, 1978,
1984, 1994, 1997 and 2001), which are composited to
examine the anomalous precipitation associated with strong
and weak TPSM. The composite analyses show the follow-
ing results: summer precipitation anomalies during positive
(negative) TPSM years (Fig. 2a, b) are less (more) intense
than normal over the northern part of India and Indochina
Peninsula. The difference shows that significant positive
anomalies occur in the western and northern part of TP and
while negative anomalies predominantly appear in northern
India (Fig. 2c). That is, TPSM-variations appear to modu-
late northern Indian precipitation. In the following sections,
the modulating mechanism is elucidated by analyzing the
regional atmospheric circulation and the diabatic heating
anomalies during strong and weak TPSM years.

3.2 Anomalous atmospheric circulation links
to the TPSM

Wind field composites of strong (weak) TPSM years are
characterized by a cyclonic (anti-cyclonic) circulation
anomaly over the TP surface (500 hPa, Fig. 3a, b). Com-
pared with the climatological mean flow, the northern
part of India is dominated by enhanced westerlies (east-
erlies) associated with the cyclonic (anti-cyclonic) flow
anomaly, which is shared by the vertically integrated water
vapor flux composites (Fig. 3¢, d). The composite station-
ary wave activity flux (WAF) anomalies based on the for-
mula of Plumb (1985) are displayed in Fig. 3e, f. The WAF
anomalies at 300 hPa provide some insights into the quasi-
stationary wave propagation during strong (weak) TPSM
years. The corresponding positive (negative) quasi-geos-
trophic stream function fields illustrate that the cyclonic
(anti-cyclonic) circulation also occur at upper level over
TP, which are consistent with the wind field composites at
300 hPa (not shown). Note that the cyclonic (anti-cyclonic)
circulation appear over the western part rather than over
the central of TP at both lower and upper level, revealing
an anomalous retrograde propagation of stationary wave
energy over TP. In summarizing: summer precipitation over
northern India is influenced by the anomalous atmospheric
circulation associated with the TPSM variability.

(i) During the strong TPSM years, a reduced summer
monsoon precipitation over northern India can, there-
fore, be explained by anomalous westerlies along the
southern flank of the extended and enhanced Tibetan
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Fig. 2 Composites of seasonal precipitation anomalies in JJA during the positive and negative anomalous years (unit: in mm per season): a
positive year, b negative year, and ¢ positive minus negative year (grey dots indicate statistically significant at the 95% confidence level)

Plateau cyclone. And, due to the associated anomalous 3.3 Diabatic heating asymmetry during strong

anticyclone over central India, the moisture import and weak TPSM years

from the southwest (Arab Sea) is suppressed by the

easterlies along the southern flank of the anticyclone. Over centuries the major role of the Tibetan plateau on the
(ii) During the weak TPSM years, a reversed pattern  generation of stationary waves by orographic vorticity forc-

occurs over India and TP. The increased summer mon-  ing is well known. Secondly, the TP has been regarded as

soon precipitation over northern India which can be  an elevated heating source in boreal summer exerting sig-
explained by anomalous easterlies along the southern  nificant impact on the large-scale atmospheric circulation.
flank of the extended and enhanced Tibetan Plateau It implies that the thermal heating status over TP is closely
anticyclone. And, the central Indian cyclonic flow  related to the circulation and rainfall over its surround-
steers the moisture transporting from the southwest  ing areas. To further illustrate the effects of the TPSM on
via the Bay of Bengal to northern India. the anomalous atmospheric circulation, we first show the
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Fig. 3 The composite wind field anomalies (m/s), vertical integral of
moisture flux anomalies [kg/(m s)] and Plumb’s stationary wave flux
anomalies (mz/sz, arrows; contours: QG stream function) at 300 hPa

apparent heat source {Q,> and moisture sink, <Q,)
anomalies in Fig. 4. The following results are obtained:

(i) The strong TPSM years show positive diabatic heatin-
gatmosphere the quasi-geostrophic {Q,)> anomalies,
which appear over the eastern and northwestern part of
the TP, while the negative heating anomalies {Q,)
occur over the central TP and northern India (Fig. 4a).
Positive moisture sink anomalies {Q,)> are dominat-
ing over the eastern and northern part of TP and nega-
tive {Q,» anomalies appear over the Himalaya and
northern India (Fig. 4¢).

@ Springer

- (b) Negative Year 500hPa wind field (JJA)
e,

Ay
el
ceeee]

20N+

60'sd)Negotive year integral of water vapour flux (JJA)

T =

ARSI v

’5:..-:r;‘,,.~--.‘1. e

YA rmaaaaaan
Aar amra e

40N {

' NNl
20N 82337 ST £,

I ITES
LS e 5

80

60N

40N -

20N+

20E 160E

5

during strong and weak TPSM years. Shaded areas are statistically
significant at the 95% confidence level. The solid curve indicates
where the elevation exceeds 3000 m

(ii) In weak TPSM years, positive {Q,)» anomalies exist
almost only over the Indian subcontinent (Fig. 4b),
while the negative {Q,> heating anomalies are pri-
marily located over the TP. Positive {(Q,)> anomalies
are predominantly over the India and negative {Q,)
anomalies occur over TP (Fig. 4d).

(iii) The difference of strong-minus-weak TPSM com-

posites show spatial distributions of the <{Q,> and

{Q,) -fields (see Fig. 4e, ), which reveal a dipole-
like pattern connecting the eastern part of TP and
northern India. This indicates that the eastern part of
TP is more sensitive to diabatic heating and the asym-
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Fig. 4 The vertical integral of {Q,> and (Q,) anomalies (con-
tour interval 20) in strong (weak) TPSM years (a—d). The difference
between positive and negative years (e—f). Blue dots indicate statisti-

metry of this anomalous heating between TP and
northern India may have impact on the atmospheric
circulation associated with the TPSM.

Over the Tibetan plateau, strong (weak) TPSM is asso-
ciated with anomalous cyclonic (anti-cyclonic) vertically
averaged (column) vorticity () , which is induced by
the diabatic heating anomalies ¢Q,)> and the associated
thickness change. That is, the thermal vorticity change
A (&) as a function of {Q,> and time interval At,
A O =f {Q,, Ar) ) is derived as follows:

For the barotropic atmosphere the quasi-geostrophic vor-
ticity equation for a homogenous fluid of variable depth A(x,
y), an upper boundary at a fixed height H, and a forcing by a
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cally significant at the 95% confidence level, contour interval 40. The
solid curve indicates where the elevation exceeds 3000 m

longitudinally dependent diabatic heating pattern, we formu-
late for the vorticity anomaly (following Holton 1992).

dég+H _ foan )
dt H dt
Interpreting the right hand side as forcing by longitudi-
nally dependent diabatic heating patterns, we can formulate
the vorticity forcing (right hand side) by further applying the
quasi-geostrophic scaling I&,| < f; and by omitting the local
change %:

¢ f, b
dr ~ gH " ox @
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With introducing the definition of the relative topog-
raphy gA,(Az) = A,(A®)=RA,T,, In (P,/P,) (subscript
h is indicating the horizontal change), using the relation
vV (Q;) =VT,C,with {Q) the vertically integrated
apparent heat source of the thermodynamic energy equa-
tion (Eq. 1) and 7,, the mean temperature of the air col-
umn, and assuming that an advected air volume adiabati-
cally follows the level of constant potential (or absolute)
vorticity, thereby squeezing or stretching its isohypses
by A®=H—h, we obtain the thermal vorticity forcing
equation.
a9 _ 2 -

5 o R/(C,Hg")In(P,/P)v - V(Q,) &)
where H is the scale height and R is the gas constant. The
other parameters are identical to those introduced in Eq. 1.
Note, that the purely longitudinal dependency of the heat-
ing pattern is replaced by a 2-dimensional horizontal one,

(a)

Positive Year thermal vorticity forcing (JJA)

which makes almost no difference in the results due to the
normally weaker meridional flow anomalies.

The thermal vorticity forcing (right hand side of
Eq. 5) composites of strong (weak) TPSM years are
shown in Fig. 5a—c with the P;, P, are 150, 500 hPa,
respectively, which reveal a reversed pattern during the
strong (weak) TPSM years. The negative forcing appears
over central TP and northern Himalayan ridge and the
positive forcing exists over the northwestern of TP and
northern India in the strong years (Fig. 5a), whereas in
weak TPSM years negative forcing appears over west-
ern TP and northern Himalayan ridge and positive forc-
ing exists over the northern India (Fig. 5b). Especially
(Fig. 5¢), the difference of strong-minus-weak compos-
ites reveal a tripole-like pattern over TP and northern
India. That is, the anomalous cyclonic (anticyclonic)
circulation is primarily modulated by anomalous ther-
mal vorticity forcing over the western of TP and north-
ern Himalaya. Actually, the relative warming (cooling)
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Fig. 5 The thermal vorticity forcing (107'° s=2) anomalies in strong
and weak TPSM years (a, b). The difference between positive and
negative years (c¢). Dark blue dots indicate statistically significant
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at the 90% confidence level, contour interval 0.1. Maskout regions:
0-20°N. The solid curve indicates where the elevation exceeds
3000 m
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TP (see the Fig. 4a, b) in strong (weak) TPSM years
acts as an elevated (lowered) topography, associated
with strengthening (weakening) of the subtropical jet
upstream of TP and the vertical gradient of zonal wind
velocity (see Fig. 5 from Park et al. 2013). That is, the
TP diabatic heating (cooling) induces a wavenumber 4—6
stationary forcing pattern with a localized cyclone (anti-
cyclone) upstream of the diabatic forcing in the same
manner as a lowered (elevated) topography would do.
The reverse applies to the downstream flow. Thus, the
westward stationary wave propagation, induced by the
anomalous heating over TP, leads to cyclonic (anticy-
clonic) anomalous circulation upstream propagating out
of the heating (strong TPSMI)/cooling (weak TPSMI)
regions.

The asymmetric diabatic heating over TP and its pat-
tern changing during strong and weak TPSM years may
be related to different p-velocity anomalies . This is
shown in Fig. 6a—d, with positive (negative) values rep-
resenting descending (ascending) motion. During strong
TPSM years (Fig. 6a, b), anomalous ascending motions
with higher values over the western TP, is separated (by
the Himalaya) from the descending motion over north-
ern India. The vertically integrated divergence of mois-
ture flux anomalies (Fig. 6e—f) shows a remarkable con-
vergence over the TP for strong TPSM. The intensified
convergence and the anomalous southerlies result in
above-normal rainfall over the TP. In contrast, enhanced
moisture divergence associated with anomalous dry con-
tinental westerlies reduces precipitation over northern
India (Fig. 6e). During weak TPSM years, this situation
is reversed. The anomalous descending motion appears
over the TP, especially pronounced over its eastern part.
The corresponding ascending motions occur primarily
over northern India (Fig. 6¢, d). With increasing eleva-
tion, the upward motion increases gradually. Anomalous
water vapor flux convergence, originating from the Bay
of Bengal, results in above-normal rainfall observed
over northern India, while enhanced divergence causes
decreasing precipitation over the TP (Fig. 6f).

Besides the thermal (sensible and latent heat) forcing
in summer, the preceding season’s thermal forcing can
also influence the atmospheric circulation. Results of
numerical studies suggested that stronger (weaker) sen-
sible/latent heat fluxes correspond to higher (lower) soil
temperature as well as less (more) soil moisture, thereby
extending the direct spring influences into summer (Wu
and Zhang 1998; Duan et al. 2005). Therefore, we exam-
ine the surface diabatic heating in the preceding season
in order to explain the possible clues of the generation of
TPSM in the following section.

3.4 Relating the anomalous TPSM to the preceding
spring season

The composite dynamical flow patterns, which are associ-
ated with the strong and weak TPSM in preceding spring,
highlight the external influences of cold air from high lati-
tudes (Fig. 7). The following results are noted:

(i) The spring season (MAM) preceding strong monsoon
years is characterized by cold air flow from the north-
east, which is associated with the Mongolian anti-
cyclone, occurs north of the northern edge of the TP
(Fig. 7a). That is, most of the TP is affected by these
easterly anomalies combined with easterlies from the
West Pacific transporting abundant warm and moist air
into the plateau.

(i1) The spring season (MAM) preceding weak monsoon
years is characterized by a westward shifted Mongo-
lian anticyclone (Fig. 7b). Northeasterly winds along
the eastern flank of the Mongolian anticyclone import
colder air from higher latitudes, which contributes to
the middle and upper level cooling over TP.

The difference of latent and sensible heating (LH and
SH) and the vertically integrated horizontal temperature
advection anomalies are shown in Fig. 8. To highlight—
on interannual time scale—the difference of asymmetric
heating patterns in the preceding spring season, variations
longer than 10 years are filtered out by a Fourier filter. The
strong-minus-weak TPSM composites show that the asym-
metric diabatic heating has already onset over the western
and eastern part of TP during the preceding season. The
significant positive LH anomalies appear over the central
and western TP in the preceding winter (Fig. 8a), while the
negative anomalies occur over the central TP in the preced-
ing spring (Fig. 8b). In contrast, the negative SH anoma-
lies predominantly appear over the central and western
TP in the preceding winter (Fig. 8c), whereas the positive
SH anomalies dominate over the central and eastern TP in
the preceding spring (Fig. 8d). The diabatic heating Q, is
balanced by the three terms of the thermodynamic energy
Eq. (1): local change, horizontal and vertical advection.
The difference of integrated horizontal temperature advec-
tion anomalies are shown in Fig. 8e, f: Positive anomalies
are observed over the north and central plateau during the
preceding winter, while in the preceding spring, the posi-
tive anomalies occur over the eastern part of TP and nega-
tive anomalies over western part. Further results are noted:

(i) The spring seasons (MAM) preceding strong monsoon
years are characterized by positive SH over the eastern
TP (Fig. 8d), with stronger heating of the dryer surface.
Meanwhile, the LH flux anomalies are also positive at

@ Springer



F. Geetal.

4210

Positive Year Velocity (90—100E) (JJA)

Positive Year Velocity (70—80E) (JJA)

=z

T o

- O o o O o o ©O O o o ov
ao n o un O o O O O v o
— — N N ™M <+ O © ™~ 0 O
e —

Negative Year Velocity (90—100E) (JJA)

(d)

Negative Year Velocity (70—80E) (JJA)

Negative Year

Positive Year

pringer

As



The link between Tibetan Plateau monsoon and Indian summer precipitation: a linear diagnostic... 4211

«Fig. 6 As in Fig. 5 but for the vertical velocity (10° Pa/s) (a—d) and
the vertical integral of divergence of moisture flux (107¢ kg m=2 s™1)
anomalies (contour interval 10) during strong and weak TPSM years,
shaded areas (a—d) and blue dots (e—f) indicate statistically signifi-
cant at the 90% confidence level, respectively. The solid curve indi-
cates where the elevation exceeds 3000 m

the eastern edge of the TP (90° to 100°E), where the
integrated horizontal temperature advection is also
higher (over eastern TP, Fig. 8f). The cold air advec-
tion associated with the Mongolian anticyclone only
occurs north of the northern edge of the TP (Fig. 7a).
That means that positive sensible and latent heating
anomalies (dSH >0, dLH>0) over the eastern TP in
conjunction with humid easterlies from West Pacific
play a main role in the spring season preceding strong
TPSM years as they support enhanced diabatic heating

(Q,> in summer which, in turn, may be linked to a
stronger TPSM.

(i) In contrast, the dry and colder air associated with the
westward shift of the Mongolian anticyclone (Fig. 7b)
leads to less condensational heat release (dLH <0)
into the atmospheric column in the preceding spring
season (MAM) which, when cooling the surface
over the TP (dSH <0), suppresses the diabatic heat-
ing {Q,> in summer. Consequently, it may relate to
weaker-than-normal monsoon seasons over the TP.

4 Conclusion and discussion

The Indian summer monsoon precipitation can be related
to strong versus weak Tibetan Plateau Summer Monsoon
(TPSM) and its preceding spring season. The following
results are obtained and comprised in a schematic diagram
(Fig. 9).
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(i) The rainfall is less (more) intense than normal over
the North of India during strong (weak) TPSM years,
which is associated with an anomalous near surface
cyclone (anticyclone) over the western part of the
TP. The central Indian (anti-cyclonic) cyclonic flow
reduces (enhances) the warm and moist air transport-
ing from the ocean to northern India (Fig. 9a, b). These
major anomalous steering centers are induced by sta-
tionary waves (wavenumber 4-6), which originate
from the diabatic heating anomalies over TP. Positive
(negative) anomalies induce cyclonic (anti-cyclonic)
vorticity upstream of the heating.

(ii) The anomalous thermal vorticity forcing is signifi-
cantly influenced by the asymmetric heating of TP.
Westward cyclonic (anticyclonic) vorticity anomalies
during strong (weak) TPSM years are associated with
the anomalous thermal vorticity forcing over west-
ern TP and the northern Himalayan ridge, leading to
cyclonic (anticyclonic) circulations upstream the heat-
ing (cooling) region.

(iii) During spring seasons preceding strong TPSM sum-
mers, the positive SH anomalies over the eastern part
of the TP lead to the strong ascending motion which
favor, due to enhanced condensational heat release,
rising temperatures in the mid-troposphere. Cold air
advection, is induced by the Mongolian anticyclone
which occurs only north of the northern edge of the
TP. Meanwhile, easterly anomalies from the West
Pacific transport sufficient warm air into the plateau.
That is, the persistent SH and LH in conjunction with
humid easterlies from West Pacific favor a strong
TPSM (Fig. 9c).

(iv) During spring season preceding weak TPSM summers,
cold air intrusion from higher latitudes reduce con-
densational heat release as northeasterly winds along
the eastern flank of the westward shifted Mongolian
anticyclone transport more cold air from the higher

(b) Negative Year 500hPa wind field (MAM)
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Fig. 7 The composite 500 hPa wind field anomalies during the preceding season in strong and weak TPSM years
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Fig. 8 The difference of latent heat flux (LH), sensible heat flux (SH)
and horizontal temperature advection anomalies (contour interval 3)
during the preceding season in strong and weak TPSM years, blue

latitudes, and, subsequently, cools the surface over the
central and eastern TP (Fig. 9d). Insufficient SH during
the preceding spring season occurs in conjunction with
reduced soil heat content, which is also not favorable
for convection supplying the condensational heating in
summer. Therefore, the TPSM is weaker than normal.

The thermal forcing of TP is the key contributing fac-
tor for the formation and maintenance of the cyclonic
circulation, which interacts with atmospheric circula-
tion and climates of the surrounding areas (Ye and Wu
1998; Wu and Liu 2000). Duan et al. (2005) suggested
that the abnormally strong sensible heating in the preced-
ing season may influence the rainfall and atmospheric
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dots indicate statistically significant at the 90% confidence level. The
solid curve indicates where the elevation exceeds 3000 m

circulation in the following summer over the East Asian
monsoon region. The study shows that the diabatic heat-
ing status over TP is well related to the TPSM. But, it
should be noted that significant correlations and differ-
ences of composites do not necessarily indicate causality.
Although our results show that the precipitation anoma-
lies over northern India are associated with the diabatic
heating variability over the TP, the dynamical mechanism
is still unclear. The composite analysis indicates several
possible clues of the generation of TPSM, and hence
numerical experiments are required. However, the climate
warming over TP during the last decades has been proved
by many studies (Liu and Chen 2000; Duan et al. 2006;
Duan and Wu 2008). Zhao and Moore (2004) noted that
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Fig. 9 Sketch map of circulation anomalies associated with TPSM.
Red/blue shaded areas (a, b) indicate positive/negative diabatic heat-
ing anomalies. A/C represents the anomalous anticyclone/cyclone.
Green arrows indicate the moisture transporting. Red shaded areas
(¢, d) indicate positive surface sensible heating anomalies. Pink

the TPSM has weakened since 1970s, indicating that the
interannual-interdecadal variations of TPSM. All these
issues deserve further studies in the future. In any case,
the present results obtained through this study are useful
for understanding of atmospheric circulation over the TP,
especially in terms of how the interannual variability of
TPSM relates to Indian summer monsoon rainfall.
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